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I N  SECTION 7, SEISMOTECTONIC CONCLUSIONS ARE PROVIDED FOR THE FOLLOWING USBR DAMS 

Newton Dam, Newton Pro ject  

Hyrum Dam, Hyrum Pro ject  

Causey Dam, Weber Basin Pro ject  

Lost Creek Dam, Weber Basin Pro ject  

Pineview Dam, Weber Basin Pro ject  

Arthur V. Watkins Dam, Weber Basin Pro ject  

East Canyon Dam, Weber Basfn Pro ject  

Echo Dam, Weber Basin Pro ject  

Wanship Dam, Weber Basin Pro ject  

Jordanelle Damsite, Central Utah Project  

Deer Creek Dam, Provo River Pro ject  

So ld ier  Creek Dam, Central Utah Pro ject  

Monks Hollow Damsite, Central Utah Pro ject  

Mona Dam, Central Utah Pro ject  

Joes Valley Dam, Emery County Pro ject  

Scoffe ld Dam, Emery County Pro ject  



SUMMARY 

This repor t  presents the resu l t s  o f  a Bureau of Reclamation seismotectonic 
evaluat ion for  dams i n  the Wasatch Mountains i n  north-central Utah. The 
major object ives o f  t h i s  study were t o  i d e n t i f y  po ten t ia l  earthquake sources 
i n  the region and t o  estimate MCEs (maximum cred ib le  earthquakes) f o r  these 
sources. The conclusions presented i n  t h i s  repor t  are based on geologic 
mappi ng , trenching, study o f  ae r i a l  photography, mapping and cor re la t ion  of 
Quaternary deposits, s o i l  p r o f i l e  descr ipt ions and sampling, and analysis of 
h i s t o r i c  seismicity. The Regional Study area includes an area on the eastern 
margin o f  the Basin and Range province t h a t  extends east from the Wasatch 
Front t o  the Uinta Mountains and from the Idaho-Wyoming border south t o  the 
Wasatch Plateau. 

The Regional Study area l i e s  w i t h i n  the ISB (Intermountain seismic b e l t ) ,  a 
100-km-wide zone o f  contemporary se ismic i ty  on the eastern margin of the 
Basin and Range Province t h a t  i s  considered t o  have the highest l eve l  o f  
earthquake r i s k  i n  the United States outside o f  Ca l i fo rn ia  and Nevada. P lo ts  
o f  h i s t o r i c a l  se ismic i ty  i n  t h i s  por t ion  o f  the ISB show t h a t  the earthquake 
a c t i v i t y  i s  concentrated i n  two d i f f use  north-trending bands, one west of the 
Wasatch f au l t ,  and the other  20 t o  50 h east o f  the LJasatch f a u l t  w i t h i n  the 
Wasatch Mountains. 

I n  the ISB, large-magnitude h i s t o r i c  earthquakes and recent, we1 1-studied, 
moderate-magni tude earthquakes have been shown t o  r e s u l t  from dip-s l  i p 
displacement on general 1 y north-trending normal fau l t s .  The 1 arge-magni tude 
earthquakes a t  Hebgen Lake (M 7.5), Borah Peak (M 7.3), and Hansel Val ley 
(M 6.6) have occurred a t  foca l  depths o f  10 t o  15 Ian on mapped fau l t s  w i th  an 
i d e n t i f i a b l e  h i s to r y  o f  l a t e  Quaternary surface displacements. These 
h i s t o r i c a l  examples ind ica te  t h a t  po ten t ia l  sources o f  large-magnitude 
earthquakes i n  the region are normal fau l t s  w i t h  evidence o f  a h i s t o r y  of 
l a t e  Quaternary surface displacements. We consider f a u l t s  t ha t  have been 
i d e n t i f i e d  from previous geologic invest igat ions and those i d e n t i f i e d  i n  
invest igat ions undertaken as a pa r t  o f  t h i s  study as potent ia l  sources of 
large-magnitude earthquakes. 

Geologic invest igat ions f o r  t h i s  study focused on the back val leys o f  the 
Wasatch Mountains, Cenozoic s t ruc tu ra l  basins bounded by normal f au l t s ,  
smaller but s im i l a r  t o  the l a t e  Cenozoic basins i n  the Basin and Range 
Province t o  the west. Typ ica l l y  the p r i nc ipa l  f a u l t s  are known o r  inferred 
on the margins o f  the basins a t  the base o f  bedrock escarpments. Our review 
of a e r i a l  photography and low sun-angle ove r f l i gh t s  o f  a l l  o f  the back 
va l leys disclosed on ly  one, previously unrecognized f a u l t  scarp i n  
unconsolidated Quaternary deposits i n  the Regional study area. 

A 3-km-long, east-trending f a u l t  scarp displaces outwash deposits along the 
7-km-long James Peak f a u l t  adjacent t o  the East Cache f a u l t  a t  the south end 
o f  Cache Valley. Co l luv ia l  s t ra t igraphy i n  a trench across the 4-m-high 
f a u l t  scarp ind icates t h a t  two surface displacement events, each w i t h  about 
2 m o f  ve r t i ca l  displacement, have occurred i n  the l a s t  140 ka on the James 
Peak f au l t .  This suggests an average re tu rn  per iod f o r  surface displacements 
of 70 ka and an average s l i p  r a t e  o f  about 0.03 m/yr f o r  the James Peak 
f au l t .  Surface displacements o f  2 m are t y p i c a l l y  associated w i t h  rupture 
lengths of > 20 km suggesting t h a t  adjacent por t ions o f  the East Cache f a u l t  



rupture simultaneously w f t h  the James Peak f au l t .  Although Holocene 
displacements have occurred on the East Cache f a u l t  near Logan, Utah, 
pub1 i shed mapping indicates tha t  lacustr ine deposits of Lake Bonnevi 1 l e  
overl ie  the southern portion of the East Cache f a u l t  adjacent t o  the James 
Peak f a u l t  suggesting tha t  the most recent event on the James Peak f au l t  
occurred pr ior  to  about 14 ka. 

Morgan Valley is a Cenozoic basin bounded by north-trending normal f au l t s  i n  
the northern Wasatch Mountains. The basin is  f i l l e d  w i t h  eas t - t i l t ed  Eocene 
and younger basin f i l l .  The princfpal f a u l t  f n  the valley, the Morgan fau l t ,  
i s  located on the eastern margin of the valley. Along the northern portion 
of the Morgan fau l t ,  erosion surfaces, probably of ear ly o r  mid-Quaternary 
age, a re  t i l t e d  into the fau l t .  Triangular face ts  a re  preserved i n  Paleozoic 
rocks along the central portion of t h e  f au l t .  The Morgan f a u l t  was exposed 
i n  trenches across the base of the facets. Colluvial stratigraphy i n  the 
trenches show tha t  surface displacements of 0.5 - 1.0 m have occurred on the 
Morgan faul t .  Based on correlation of the faulted deposits w i t h  a l luvial  fan 
deposits dated by aminostratigraphy, an average Quaternary slip ra t e  of 
0.01 - 0.02 m/yr  and an average return period f o r  surface displacements of 
25 - 100 ka were estimated. 

Previous mapping, review of aerf a1 photography, and our mapping indicate that  
Cenozoic nonnal f au l t s  a re  a l so  present i n  Ogden Valley and along the East 
Canyon f a u l t  i n  the northern Wasatch Mountains. Based on a comparison of 
s t rat igraphic and morphologf cal evfdence from these f au l t s  w f t h  the Morgan 
fau l t ,  we concluded tha t  l a t e  Quaternary surface displacements have also 
occurred on segments of back valley nonnal f a u l t s  i n  Ogden Val ley and i n  the 
East Canyon area. All of these f a u l t s  a re  considered potential sources of 
1 arge-rnagni tude earthquakes. 

In the southern Wasatch Mountains l a t e  Quaternary surface displacements have 
also occurred on back valley normal fau l t s .  Trenching of f a u l t  scarps i n  
l a t e  Quaternary al luvial  fans' along the Strawberry f au l t  indicates tha t  the 
most recent event occurred during the Holocene, and tha t  surface 
d i  splacements have an average return period of 5 to  15 ka. Based on the 
s imi lar i ty  of the morphology of escarpments associated w i t h  the S t i n k i n g  
Springs f au l t ,  the L i t t l e  Diamond Creek f au l t ,  and f au l t s  i n  Round Valley to  
the morphology of the escarpments associated w i t h  the Morgan and Strawberry 
faul ts , we concl uded tha t  1 a t e  Quaternary surface d l  sp l  acements have a1 so 
occurred on these faul ts .  They are  considered potentfal sources of large- 
magnitude earthquakes. 

In the central Wasatch Mountains Cenozoic normal f a u l t s  were mapped i n  
Keetley and Kamas Valleys,. and were inferred in  Heber Valley and Deer Valley. 
The principal f a u l t  in Kamas Valley is the East Kamas f au l t  on the eas t  side 
of the valley, where borehole logs and gravity data indicate a minimum 
Cenozoic displacement of 500 m. Mapping shows tha t  alluvial  fans w f t h  an 
estimated age of > 140 ka overl ie  the East Kamas f a u l t  i n  two locations. The 
princfpal f a u l t  i n  Keetley Valley is the the Bald Mountain faul t .  I t  was 
exposed i n  trenches on the southwest margin of Keetley Valley. There, 
trenches also show tha t  basin f i l l  deposits w i t h  an estfmated age o f  > 140 ka 
overl ie  the faul t .  Trenching of a scarp i n  a l luvia l  deposits along the south 
margin of Heber Valley showed tha t  i t  had an erosional origin. Mapping also 
showed tha t  other scarps along the margins of Heber Valley were terrace 



remnants. Thus, although bore holes suggest t ha t  Cenozoic fau l t s  are present 
i n  Heber Valley, the locat ions o f  these f a u l t s  i s  unknown and there i s  no 
evidence tha t  l a t e  Quaternary surface displacements have occurred i n  the 
valley. I n  Deer Valley, no scarps are present i n  a l l u v i a l  fan deposits with 
an estimated age of > 140 ka. I n  Mountain Meadows, an east-trending 
sync1 i n a l  val l e y  developed i n  Mesozoic rocks and overlying ear ly  Te r t i  ary 
volcanics, a i r  photos revealed a l inear,  3-km-long, east-trending scarp 
associated wi th  a mapped f a u l t  on the south margin. A trench across t h i s  
scarp showed tha t  i t  was a f a u l t - l i n e  scarp. As there i s  no evidence tha t  
l a t e  Quaternary surface displacements have occurred on any o f  these fau l ts ,  
we concluded tha t  there are no potent ia l  sources o f  large-magnitude 
earthquakes i n  the back valleys o f  the central  Wasatch Mountains. 

The pr inc ipal  source o f  large-magnitude earthquakes i n  the region i s  the 
Wasatch fau l t ,  a 370-km-long, north-trending normal f a u l t  tha t  forms the 
western boundary o f  the Regional study area. While no invest igat ions o f  the 
Wasatch f a u l t  were undertaken f o r  t h i s  study, previous geologic studies have 
shown tha t  the fau l t  consists o f  6 t o  10 segments and tha t  repeated surface 
displacement events averaging about 2 m have occurred on the central  segments 
o f  the f a u l t  during the Holocene (Schwartz and Coppersmi th, 1984). An MCE o f  
magnitude 7 1/2 has been assigned t o  each o f  the segments o f  the Wasatch 
faul t .  MCEs wi th magnitudes ranging from 6 3/4 t o  7 1/2 are assigned t o  l a t e  
Quaternary fau l t s  i n  the northern and southern port ions o f  the back valleys 
o f  the Wasatch Mountains and t o  the l a t e  Quaternary fau l t s  on the Wasatch 
Plateau . 
Sei sum1 ogical studies of mainshocks and moni t o r i ng  o f  aftershocks o f  moderate- 
magnitude earthquakes i n  the IS0 have shown t h a t  they occurred on 'bl ind 
fau l t sn  ( fau l t s  tha t  have not been mapped a t  the surface) a t  depths o f  8- 
15 km. Therefore, we also consider a moderate-magnitude earthquake source, 
unrelated t o  mapped faul ts  and without accompanying surface rupture, f o r  a l l  
s i t es  i n  the Regional study area. As the threshold f o r  surface fau l t i ng  i n  
the IS0 i s  w i th in  the magnitude range o f  6 t o  6 3/4, we have estimated an MCE 
of magnitude 6 1/2 f o r  t h i s  potent ia l  source. Based on an analysis o f  the 
recurrence o f  moderate-magni tude earthquakes i n  the region, t h i s  MCE i s  
considered a local  event a t  any s i t e  i n  the back valleys. I n  the f i n a l  
chapter'of the report, MCEs and appropriate epicentral distances are 
tabulated f o r  fourteen ex is t ing  and two proposed USBR dams i n  the study area, 
and the hazard posed by potent ia l  foundation displacements i s  discussed f o r  
each o f  the dams. 

A s t a t i s t i c a l  analysis o f  h i s to r i ca l  seismici ty i n  the back valleys o f  the 
Wasatch Mountains, included as an appendix t o  t h i s  report, concludes tha t  
there i s  no evidence tha t  R I S  (reservof r induced seismici ty)  has occurred a t  
any o f  the USBR reservoirs i n  the region. 
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1. INTRODUCTION AND REGIONAL SEllING 

1.1 In t roduct ion 

This repor t  presents the resu l t s  o f  a seismotectonic study f o r  a por t ion  o f  
cen t ra l  Utah prepared by the Seismotectonic Section, Engineering and Research 
Center, USBR (U.S. Bureau o f  Reclamation). The Regional Study area includes 
the back va l leys o f  the Wasatch Mountains between the Idaho-Wyoming 
t h r u s t b e l t  t o  the north, the focus o f  a USBR Seismotectonic Study f o r  
Palisades Dam (P ie ty  and others, 1986) and the Wasatch Plateau t o  the south, 
the focus o f  a USBR Seismotectonic Study f o r  Joes Val ley and Scof ie ld  Dams 
(Foley and others, 1986) ( f i g .  1.1). The repor t  reviews current  geological 
and seismological data, evaluates cur rent  models o f  earthquake occurrence, 
and appl ies these models t o  a regional  and s i t e - spec i f i c  character izat ion of 
earthquake hazards by i d e n t i f y i n g  earthquake sources and associated Maximum 
Credible Earthquakes (MCEs) . The repor t  supersedes the previous D ra f t  Report 
(Su l l  Ivan and others, 1983). Within t h i s  p a r t  o f  the USBR Upper Colorado 
region there are 11 e x i s t i n g  USBR dams, and 2 proposed dam s i t e s  ( p l  s. l a  and 
lb) .  

Within the area o f  t h i s  Regional Study the Strawberry (Nelson and Van 
Arsdale, 1986), East Cache ( C l u f f  and others, 1974; Swan and others, 1983) 
and the Bear Lake f a u l t s  (Will iams, 1962) are the on ly  f a u l t s  east  o f  the 
Wasatch f a u l t  w i t h  recognized l a t e  Quaternary (< 125 ka) displacements on the 
Quaternary f a u l t  compl i la t ions o f  Nakata and others (1982) and Anderson and 
M i l l e r  (1979). Present day se ismic i ty  i n  t h i s  po r t i on  o f  the Intermountain 
Seismic Be l t  (ISB) i s  concentrated i n  a d i f f u s e  band extending from nor th  t o  
south through the area, bu t  shows li t t l e  co r re l a t i on  w i t h  spec i f i c  geologic 
structures. However, w i t h i n  t h i s  po r t i on  o f  the Basin and Range t r a n s i t i o n  
zone both s ing le  event and composite f a u l t  plane solut ions, and d r i l l h o l e  
hydrofracture measurements suggest contemporary stress release i s  occurr ing.  
on north-trending normal fau l t s .  The physiography o f  the back va l leys o f  the 
Wasatch Mountains suggests t o  us, as i t  d i d  t o  G i l be r t  (1928), t h a t  
development o f  the va l leys through normal f a u l t i n g  has continued dur ing the 
Quaternary (Su l l ivan and Nelson, 1983) ,  and i n  some val leys dur ing the l a t e  
Quaternary. 

Our emphasis i n  t h i s  inves t iga t ion  i s  on the evidence f o r  recurrent  l a t e  
Quaternary surface displacements on spec i f i c  f a u l t s  i n  the study area. Most 
o f  these fau l t s  are found o r  are i n f e r red  on the margins o f  the back val leys 
o f  the Wasatch Mountains which are the youngest s t ruc tu ra l  elements i n  the 
region and are expressed topographical ly  as l i n e a r  bedrock escarpments. 
These f a u l t s  share many charac te r i s t i cs  w i t h  normal f a u l t s  i n  the Basin and 
Range province t o  the west; most are range-bounding fau l t s  t ha t  have 
loca l i zed  the deposit ion o f  unconsolidated deposits i n  basins i n  the hanging 
wal l  s o f  the fau l t s .  The aggregate thickness and age o f  these deposits are 
in te rp re ted  t o  be re la ted  t o  the displacement h i s t o r y  o f  the fau l t s .  I n  
general, the thickness o f  the unconsolidated deposits i n  the back val leys i s  
s i g n i f i c a n t l y  less than t h a t  i n  the l a rge r  basins west o f  the Wasatch f au l t  
suggesting lower s l i p  ra tes on back va l l ey  fau l t s .  However, Wallace (1984) 
has discussed s i g n i f i c a n t  va r i a t i on  i n  l a t e  Quaternary s l i p  rates on l a t e  
Cenozoic f a u l t s  i n  the Basin and Range Province and has suggested t h a t  f a u l t  
a c t i v i t y  has been episodic throughout the l a t e  Cenozoic. Thus, obtain ing 
spec i f i c  data on s l i p  ra tes on l a t e  Cenozoic f a u l t s  i n  the Regional study 
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area was our goal. 

A c lose causal re la t ionsh ip  has been establ ished between the occurrence o f  
h i s t o r i c a l  earthquakes w i t h  associated surface displacements and f a u l t s  w i t h  
a h i s t o r y  o f  recurrent  l a t e  Quaternary surface displacements. The p r i nc i pa l  
method used t o  recognize such f a u l t s  i s  by i d e n t i f y i n g  f a u l t  scarps i n  l a t e  
Quaternary deposits. However, w i t h i n  area o f  t h i s  study determining the age 
o f  most recent displacement f o r  many o f  the f a u l t s  has proven t o  be 
d i f f i c u l t .  While no scarps i n  unconsolidated deposits are associated w i th  
most o f  the fau l t s ,  the deposits over ly ing o r  i n  the v i c i n i t y  o f  the fau l t s  
are mostly too young (< I5  ka) t o  provide useful  data f o r  f a u l t s  w i t h  
recurrence i n te r va l s  f o r  surface displacements o f  10-50 ka, the range we 
i n f e r  i n  t h i s  region. Late Cenozoic u p l i f t  o f  the Wasatch Mountains, 
p r i m a r i l y  re la ted  t o  displacement on the Wasatch f a u l t ,  has resu l ted i n  deep 
erosion and the removal o f  l a t e  Quaternary deposits from the v i c i n i t y  o f  many 
o f  the fau l t s .  We have i d e n t i f i e d  f a u l t s  i n  the region w i t h  displaced l a t e  
Quaternary datums and have r e l i e d  i n  pa r t  on a q u a l i t a t i v e  comparison o f  
geomorphic features t o  draw conclusions f o r  o ther  f a u l t s  i n  the region. 
These geomrphic parameters include the 1 i near i  ty  o f  1 a te  Cenozoic f a u l t  
traces and the height  and steepness o f  t r i angu la r  facets on the footwal ls  o f  
l a t e  Cenozoic range-bounding fau l t s .  

Our reconnaisance study o f  the neotectonics o f  the eastern Wasatch Mountains 
focused on mapped and i n f e r r e d  Quaternary f a u l t s  bounding the back va l leys 
east of the Wasatch f a u l t  ( f i g .  1.1). A1 though some f a u l t s  were mapped 
previously, most are i n f e r red  from our geomorphic i n t e rp re ta t i on  o f  1: 58,000 
scale co lo r  I R  photography o f  the whole area and 1: 15,000 t o  1:40,000 scale 
BW photography o f  selected areas. Various inves t iga to rs  have discussed- the 
value o f  low-sunangle a i r  photos i n  the i d e n t i f i c a t i o n  o f  l a t e  Quaternary 
f a u l t s  scarps ( f o r  example, C l u f f  and others, 1970; 1974). As low-sunangle 
airphotos are only ava i lab le  f o r  the Wasatch f a u l t ,  we undertook a ser ies o f  
three morning and afternoon low-sun angle o v e r f l i g h t s  o f  each va l ley  i n  a 
fixed-wing a i r c r a f t .  We reviewed 35 mm photographs o f  each va l ley  margin 
taken dur ing the low-sunangle over f l i gh ts .  These ove r f l i gh t s  and photos 
revealed possible Quaternary f au l t - r e l a ted  features i n  several area a l l  o f  
which were invest igated i n  more d e t a i l  on the ground. 

Mapping and r e l a t i v e  dat ing o f  Quaternary deposits w i t h i n  most o f  the back 
va l leys along w i th  our compl i lat ions o f  water we l l  logs (Utah State Engineers 
O f f i ce )  and unpublished soi  1 s data (Soi 1 Conservation Service) support our 
concept o f  continuing Basin and Range s t y l e  deformation w i t h i n  the region, 
but  w i t h  low Quaternary f a u l t  s l i p  rates. This work i s  a lso the basis o f  our 
summary o f  the geomorphic h i s t o r y  o f  the Provo River and Weber River drainage 
basins (sec. 3.6), which also argues f o r  r e l a t i v e l y  low ra tes o f  deformation. 
F ina l l y ,  mapping and exploratory trenching o f  scarps a t  several s i t e s  
provides our only de ta i led  data on ind iv idua l  f a u l t  s l i p  rates, and surface 
displacement event s ize and recurrence. We use our conclusions from these 
selected trenching s i t e s  t o  estimate these parameters f o r  other f a u l t s  i n  the 
study area. 



1.2 Late Mesozoic and e a r l y  Cenozoic s t ra t iqraphy and s t ructure 

On the western margin o f  the North American craton i n  cent ra l  Utah, marine 
carbonate and c l a s t i c  deposi t ion continued wi thout major i n te r rup t i on  from 
the Precambrian i n t o  the Jurassic. Two sedimentary sequences developed : a 
platform sequence i n  eastern Utah where Paleozoic carbonate and c l  a s t i c  rocks 
are 1500 m (5000 f t )  t o  3000 m (10000 f t )  th ick ,  and a t h i cke r  miogeoclinal 
sequence i n  western Utah where co r re la t i ve  rocks are 7500 m (25000 f t )  t o  
10000 m (35000 f t )  t h i c k  (Burchf ie l  and Davis, 1972). Lower Mesozoic rocks 
th icken westward i n  a s i m i l a r  fashion. The h ingel ine o r  t r a n s i t i o n  between 
these two sequences has been obscured by subsequent deformation, but  i t  
near ly  corresponds w i t h  the eastern margin o f  l a t e  Cenozoic extensional 
deformation. Isopachs o f  Cretaceous rocks ind ica te  a marked change i n  
sedimentary patterns fo l low ing  deposit ion o f  the Jurassic Morrison Formation. 
A wedge o f  c l a s t i c  s t r a ta  t h a t  thickens from 1800 m (6000 f t )  i n  eastern Utah 
t o  5000 m (16000 f t )  i n  cent ra l  Utah and abrupt ly  t h i ns  out  i n  west-central 
Utah ind icates a western orogenic source (Burchf ie l  and Hickcox, 1972). 

During the l a t e  Jurassic t o  Eocene Sevier Orogeny, the miogeocl i n a l  sequence 
was t h rus t  many tens o f  ki lometers eastward onto the p la t form on stacks o f  
imbr icate t h rus t  f a u l t s  (Armstrong and Orie l ,  1965). The main features o f  
t h i s  thin-skinned deformation, as o r i g i n a l l y  described from the Canadian f o l d  
and t h r u s t  bel t ,  are the accommadation o f  displacement on near hor izontal ,  
bedding plane f a u l t s  i n  incompetent rocks above a basal decollement near. the 
top o f  c r y s t a l l i n e  basement, and ramps o r  h igher angle f a u l t s  t ha t  step 
upsection t o  the east i n  competent s t r a ta  (Dahlstmm, 1970; Royse and others, 
1975; Boyer and E l l i o t ,  1982). North o f  the Uinta Mountains i n  the Idaho- 
Wyoming Thhs tbe l  t four  major t h rus t  p la tes have been ident f  f ied:  the Darby, 
Absoraka, Meade, and Wil lard-Paris from east t o  west and youngest t o  oldest  
(Armstrong and Orie l ,  1965; Royse and others, 1975; Blackstone, 1977; 
Woodward, 1981; Wiltschko and Dorr, 1982; Dixon, 1982). Although studied i n  
less d e t a i l  south o f  the Uinta blountains, the Charleston, Nebo, and 
Strawberry thrusts  are mapped as the easternmost major thrusts  (Eardley, 
1944; Bissel  1952; Baker, 1976). Six younger th rus ts  above the Charleston- 
Nebo decol lement t o  the west are described by Morris (1983). 

Late Cretaceous t o  Eocene age Laramide deformation contrasts i n  set t ing,  
timing, and s t y l e  w i th  Sevier deformation. The Laramide mountain blocks of 
the Rocky Mountains occur east o f  the leading edge o f  the Cord i l le ran 
Thrustbel t  i n  Wyoming, Utah, and Colorado and overlap only i n  a few 
l o c a l i t i e s .  Although orogeny was continuous i n  the Rocky Mountains through 
the Cretaceous and Paleogene, Armstrong and Or ie l  (1965) conclude t h a t  major 
Sevier age deformation occurred i n  the Cretaceous whi le major Laramide 
deformation occurred i n  the Paleogene. The s t ructure o f  Laramide mountain 
blocks i s  characterized by basement involved, steeply- o r  shallow-dipping, 
reverse and th rus t  fau l t s  such as the 300- 350 dipping Wind River Thrust 
which can be traced on r e f l e c t i o n  p r o f i l e s  t o  a depth o f  a t  l eas t  24 km and 
has an estimated minimum shortening o f  21 km (Brewer and others, 1980). 
Within the study area the east-west t rending Uinta an t i c l i ne  had previously 
been considered a Laramide structure,  and i s  bounded both on the nor th  and 
south by mountainward dipping reverse f a u l t s  t h a t  developed during the l a t e  
Cretaceous t o  Eocene (Campbell, 1975; R i  tzma, 1969; Hansen, 1983). 

Non-marine c l a s t i c  deposit ion of a l l u v i a l  fan and f l u v i a l  facies eroded from 



the eastward migrat ing t h rus t  sheets began i n  the Cretaceous i n  cen t ra l  Utah 
and continued i n t o  the Eocene (Nelson, 1971; Mann, 1974). Within the 
northern Wasatch Mountains par ts  o f  the F ron t ie r  Formation are re la ted  t o  the 
Par is-Wi l lard thrust ,  the l a t e  Cretaceous Echo Canyon Formation i s  re la ted  t o  
the Crawford-Meade thrusts,  and the ea r l y  Te r t i a r y  Evanston Formation i s  
re la ted  t o  the Absoraka t h r u s t  (Armstrong and Or ie l ,  1965; Wiltschko and 
Dorr, 1982). The general ly  f l a t - l y i n g  Eocene Wasatch Formation i s  the most 
extensive ea r l y  Cenozoic deposit  i n  the northern Wasatch Mountains. It 
appears t o  have been deposited as a continuous blanket o f  a1 l u v i a l  fan and 
f 1 u v i a l  sediment t ha t  over1 i e s  the synorgenic conglomerates and Paleozoic and 
Mesozoic rocks w i t h  marked angular unconformity i n  most areas, and i t  has 
subsequently been deformed i n  Cenozoic s t r uc tu ra l  basins. I n  the cen t ra l  
Wasatch Mountains the Wasatch formation had been removed dur ing the ea r l y  
Te r t i a r y  and the Keetley volcanics o v e r l i e  Mesozoic and Paleozoic sedimentary 
rocks . 
I n  the southern Wasatch Mountains, Mann (1974) suggests t h a t  the l a t e  
Cretaceous Pr ice River Formation and the l a t e  Cretaceous and ea r l y  Te r t i a r y  
Currant Creek and North Horn Formations are re l a ted  t o  the emplacement o f  the 
Charleston and Nebo Thrust plates. These are over la in  by the Wasatch, Green 
River and Uinta Formations t h a t  th icken eastward i n t o  the Uinta basin. 



1.3 Late Cenozoic f a u l t i n g  

Here we review l a t e  Cenozoic deformation i n the Basin and Range and the 
t r a n s i t i o n  zone w i t h  the Colorado Plateau and the Middle Rocky Mountains on 
i t s  eastern margin ( f i g .  1.2). H i s t o r i c  surface f a u l t i n g  and the surface 
expression o f  l a t e  Quaternary ( l a s t  125 ka) normal f a u l t i n g  i n  the t r a n s i t i o n  
zone suggest deformation re l a ted  t o  c rus ta l  extension as i n  the Basin and 
Range. However, recent i n t e rp re ta t i ons  of normal f a u l t  geometries and t h e i r  
r e l a t i onsh ip  t o  the s t r uc tu ra l  f ab r i c  i nhe r i t ed  from Mesozoic and Ear ly  
Cenozoic deformation suggest some d i f ferences i n  the s ty les  o f  Late Cenozoic 
deformation i n  the two regions. 

1.3.1 Basin and Range 

The mid and l a t e  Cenozoic evo lu t ion o f  the western Cord i l le ra ,  east o f  the 
S ier ra  Nevada Mountains has been dominated by extensional deformation as 
evidenced by physiography, l a t e  Cenozoic f a u l t  patterns, and surface f au l t i ng  
associated w i t h  h i s t o r i c  earthquakes. The Basin and Range physiographic 
province, inc lud ing the surrounding t r a n s i t i o n  areas w i t h  s im i l a r  geological 
and geophysical character is t fcs ,  occupies an area o f  more than one m i l l i o n  
square ki lometers (Eaton, 1982) ( f i g .  1.2). The Basin and Range province 
consists o f  a ser ies o f  general ly  north- t rending l i n e a r  mountain blocks, 
t y p i c a l l y  15 t o  20 ki lometers i n  width, separated by s t r uc tu ra l  basins of 
s i m i l a r  width. The ranges cons is t  o f  t i l t e d  and fau l ted  Te r t i a r y  volcanic 
rocks and o lder  igneous and sedimentary rocks which are separated by normal 
f au l t s ,  o'n one o r  both margins, from va l leys f i l l e d  w i t h  l a t e  Te r t i a r y  
sediment. The r e s u l t i n g  s t r uc tu ra l  re1 i e f  o f  i nd iv idua l  range-basin pa i rs  i s  
estimated t o  vary from 2000 t o  5000 m (Stewart, 1978). The r e l a t i v e  scarc i t y  
o f  sedimentary basin f i l l  deposits o lder  than 17 t o  18 Ma and the occurrence 
o f  numerous shee t l i  ke ash f low t u f f s  of e a r l y  Neogene age (25 t o  20 Ma) 
deposited across areas o f  1 i t t l e  re1 i e f  (Christ iansen and McKee, 1978) 
ind ica te  t h a t  t h i s  more recent phase o f  Basin and Range f a u l t i n g  dates from 
about 17 m.y. ago. 

The Basin and Range exh ib i t s  charac te r i s t i cs  t h a t  are s im i l a r  t o  those of 
cont inental  rift zones i n  which c rus ta l  extension i s  the fundamental 
mechanism o f  deformation. Recent papers by Stewart (1978), Eaton (19821, 
Zoback and others (1981), and Zoback (1983) discuss a basin-range topography 
o f  l i near ,  fault-bounded ranges separated by graben val leys con t ro l led  by 
l a t e  Cenozoic normal f a u l t s  as on ly  one cha rac te r i s t i c  which dist inguishes 
t h i s  region from surrounding areas. Others include: high heat flow, t h i n  
l i thosphere, the occurrence o f  low seismic ve loc i t i es  i n  the underlying upper 
mantle, a h i s t o r y  o f  long- l ived episodic magmatism, and a pronounced crusta l  
low ve loc i t y  layer  (Eaton 1982). 

Two general models o f  Basin and Range f a u l t i n g  have been proposed: 1) a 
l i s t r i c  f a u l t  model, i n  which normal f a u l t s  f l a t t e n  w i t h  depth and sole i n t o  
a near hor izonta l  detachment a t  depths o f  5 t o  17 km (e.g. Anderson, 1971; 
Pro f fe t ,  1971; E f f imo f f  and Pinezich, 1981), and 2)  a hors t  and graben model, 
i n  which planar, high-angle normal f a u l t s  are terminated by a low-angle 
normal f a u l t  (e.g. Wernicke, 1981; Anderson and others, 1983) o r  r o o t  i n  a 
mid-crustal zone o f  i n t r us i on  o r  p l a s t i c  f low (Eaton, 1982; Stewart, 1971; 
1978). In te rp re ta t ion  o f  seismic r e f l e c t i o n  p r o f i l e s  i n  the Sevier desert i n  
south-central Utah (MacDonald, 1976; Allmendinger and others, 1983; Anderson 
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and others, 1983) has suggested the presence o f  a low-angle detachment i n  
tha t  port ion o f  the Basin and Range tha t  terminates planar, high-angle normal 
fau l ts .  One such high-angle f a u l t  truncated by t h i s  detachment i s  on the 
east side o f  the Cricket Mountains. This f a u l t  has a minimum o f  187 m o f  
l a t e  Cenozoic displacement and a 2-m-high scarp, thought t o  be o f  Holocene 
age (Crone and Harding, 1984). These authors conclude tha t  Holocene surface 
displacements probably have occurred i n  response t o  movement on the low-angle 
detachment and suggest t ha t  i f  low angle normal f a u l t s  can store and release 
s t ra in  energy the most intense ground shaking associated wi th  a large- 
magnitude earthquake may be located many kilometers from the surface 
d i  spl acements. 

1.3.2 Basin and Range Transi t ion Zone 

The Basin and Range t rans i t i on  zone refers t o  a t rans i t i on  i n  geologic 
structure and crustal  thickness, delineated by contemporary seismici ty o f  the 
ISB, tha t  occurs over a distance o f  up t o  100 km east o f  the eastern margin 
o f  the Basin and Range ( f i g .  1.2). The Regional Study Area includes par t  of 
the t rans i t i on  zone i n  central  Utah between the Wasatch f a u l t  and the 
r e l a t i v e l y  stable Colorado Plateau and Middle Rocky Mountains Provinces on 
the east. As a resu l t  o f  profound, generally east-west oriented extension i n  
western North America, crustal  thickness varies from 15-20 km i n  the Basin 
and Range t o  40 km fu r ther  east (Ke l le r  and others, 1975) with related higher 
heat f low i n  the Basin and Range (Bodell and Chapman, 1982). Both 
contemporary stress ind icators and earthquake focal  mechanisms ind icate a 
change from east-west extension i n  the Basin and Range t o  compression i n  the 
Colorado Plateau (Zoback and Zoback, 1980). Recent studies have be t te r  
defined the locat ion o f  t h i s  change i n  the d i rec t ion  and magnitude o f  least  
pr inc ipal  stresses both i n  the Uinta basin (Martin and others, 1985) and on 
the Wasatch Plateau (McKee and Arabasz, 1983; Arabasz and Julander, 1986). 
Recent hydrofracture studies a t  two locat ions w i th in  the t rans i t ion  zone have 
also shown tha t  the region i s  characterized by east-west and northeast- 
southwest least  pr inc ipal  stresses (Haimson, 1984). 

This t rans i t i on  zone i s  a1 so manifested i n  regional topography. Average 
elevations o f  closed basins i n  the eastern Basin and Range vary from 4000- 
5000 ft and the basins are separated by t i 1  ted range blocks about 30 km 
apart. These basins t y p i c a l l y  have 1000 t o  1500 m o f  l a t e  Cenozoic basin 
f i l l  and are bounded by normal f au l t s  on one o r  both sides with estimated 
displacements o f  2 t o  5 km (Stewart, 1978). I n  contrast t o  the closed basins 
i n  the Great Basin, the t rans i t i on  zone i n  central  and southern Utah i s  an 
upland surface disrupted by north and northwest trending st ructura l  basins 
wi th  f loors  a t  elevations o f  6000-8000 f t  tha t  are incised by west-flowing 
drainages. I n  northern Utah, Wyoming, and Idaho the t rans i t ion  zone i s  not 
as well defined topographically; as displacement diminishes t o  the north on 
the Wasatch fau l t ,  a c lear  physiographic boundary between the Basin and Range 
and the Middle Rocky Mountains i s  not present. 

The ISB  and the Basin and Range t rans i t i on  zone are coincident wi th  the 
foreland o f  the Sevier Thrust Be l t  where geophysical data generated for o i l  
and gas exploration, l o c a l l y  detai led surface mapping, and seismologic 
invest igat ions indicate a complex in teract ion between l a t e  Cretaceous and 
ear ly  Ter t iary  th rus t  f a u l t s  and younger normal faul ts.  I n  the Idaho-Wyoming 
Thrustbel t port ion o f  the Basin and Range t rans i t i on  zone, seismic re f l ec t i on  



record sections del i neate a we1 l -def ined r e f l e c t o r  i n  lower Paleozoic rocks 
near the top o f  c r y s t a l l i n e  basement. On the records t h i s  r e f l e c t o r  appears 
undeformed, although normal f a u l t s  l o c a l i z i n g  the deposi t ion o f  as much as 3 
km o f  l a t e  Cenozoic basin f i l l  are evident above t h i s  r e f l e c t o r  on the 
sections. Fau l t  scarps as much as 10 m high i n  l a t e s t  Quaternary deposits 
are mapped along one o f  these normal f au l t s ,  the Star Val ley f a u l t  (P ie ty  and 
others, 1986), and l a t e  Quaternary displacements are i n f e r red  on others 
(Witkind, 1975a; 1975b). On the basis o f  the r e f l e c t i o n  data, l a t e  Cenozoic 
normal f a u l t s  i n  the Thrustbel t  have been in te rp re ted  as l i s t r i c  f a u l t s  t ha t  
shallow i n  d i p  w i t h  depth t o  j o i n  a near hor izonta l  t h rus t  f a u l t s  i n  the 
subsurface (Royse, 1975; 1983; Dixon, 1982). Late Cenozoic displacements of 
more than 3 km on ind iv idua l  normal f a u l t s  are in te rp re ted  t o  have been 
accommodated by a reversal  o f  the o r i g i n a l  sense o f  displacement on these 
former ly east-directed t h rus t  f a u l t s  t ha t  r oo t  i n  the basement tens o f  km t o  
the west. 

1.3.3 The Back Val leys o f  the Wasatch Mountains 

The back val leys o f  the Wasatch Mountains, as o r i g i n a l l y  described by G i l be r t  
(1928), r e f e r  t o  s t r uc tu ra l  and topographic basins i n  the Wasatch blountains 
inc lud ing Ogden Val ley, Morgan Val ley,  Kamas Val l e y  (Rhodes Val l ey ) ,  and 
Heber Val l e y  (Plates l a  and lb ) .  The s t r uc tu ra l  basins o f  Cache Val l e y  and 
the Bear Lake t o  the nor th  and Strawberry Val ley and L i t t l e  Diamond Creek 
Val ley t o  the south are a lso located w i t h i n  the t r a n s i t i o n  zone and are 
discussed i n  t h i s  report.  

The back val leys o f  the Wasatch Mountains have developed i n  a diverse 
geologic t e r r a i n  bearing the impr in t  o f  l a t e  Mesozoic and ea r l y  Cenozoic 
compressional defonnation, Oligocene i n t r us i on  and volcanism, and subsequent 
Basin and Range s t y l e  extensional deformation. The back val leys o f  the 
Wasatch Mountains are s i m i l a r  t o  basins i n  the Basin and Range i n  t h a t  they 
are s t r uc tu ra l  and topographic basins, l o c a l i z i n g  the deposit ion o f  Te r t i a r y  
and Quaternary sediment. However there are some dif ferences: (1 )  i n  some 
back va l leys unconsolidated deposits are th inner,  based on modeling of 
residual  Bouguer g rav i t y  anomalies (Stewart, 1958; Quitzau, 1961; Peterson, 
1970) and water wel l  d r i l l i n g  (discussed i n  secs. 4.0, 5.0 and 6.0), ( 2 )  
bounding normal f a u l t s  have shorter  s t r i k e  lengths i n  the back val leys; and 
(3) as a r e s u l t  o f  l a t e  Cenozoic u p l i f t  o f  the Wasatch Mountains, the back 
va l leys are drained by west-flowing streams i n  contrast  t o  the closed basins 
t h a t  have formed i n  the Basin and Range. 



2.0 SEISMOLOGY 

2.1 In t roduct ion 

The CUP study area occupies the central ,  north-south-trending por t ion  o f  the 
Intermountain seismic be l t ,  o r  ISB. The ISB i s  a 100-km-wide, 1300-km-long 
zone of ac t i ve  se ismic i t y  t ha t  extends from northwestern Arizona nor th  
through Utah, western Wyoming, and eastern Idaho, and terminates i n  
northwestern Montana ( f i g .  2.1). It i s  sometimes defined t o  include an 
eas te r l y  trending zone o f  se ismic i t y  nor th  o f  the Snake River P la in  which 
extends i n t o  cent ra l  Idaho. 

The ISB marks the eastern margin o f  a broad zone o f  l a t e  Cenozoic extensional 
deformation i n  the western United States (sec. 3.1). I n  the study area i t  i s  
roughly coincident w i t h  the boundary between the Basin and Range t o  the west, 
and the Colorado Plateau and Middle Rocky Mountains provinces t o  the east. 
Normal f a u l t i n g  due t o  general east-west extension predominates i n  the 
region, although s t r i k e - s l i p  and t h rus t  f a u l t i n g  have been observed i n  
loca l i zed  areas. Earthquakes occur i n  the ISB a t  r e l a t i v e l y  low rates when 
compared t o  p l a te  margins. Low s t r a i n  ra tes  (10-8 t o  10-9 per year) are 
ind icated from moment release ca lcu la t ions using contemporary seismici ty,  and 
from examination o f  l a t e  Quaternary faul t f n g  (e. g. , Doser, 1980; Greensfelder 
and others, 1980; Doser and Smith, 1982). 

Commonly observed features of earthquake occurrence w i t h i n  the ISB have been 
described by Smith and Sbar (1974), Smith (1978), and Arabasz and Smith 
(1981), and w i l l  be b r i e f l y  reviewed. Among these features are: 1 )  d i f f use  
se ismic i t y  which shows on ly  general co r re l a t i on  w i t h  locat ions exh ib i t i ng  
l a t e  Quaternary surface fau l t i ng ;  2) an apparent lack o f  co r re l a t i on  between 
small t o  moderate earthquakes and s u r f i c i a l  f a u l t s  o r  other geologic 
structures; 3) shallow foca l  depths ( less  than 15 t o  20 km); 4 )  sporadic 
occurrence o f  earthquakes both s p a t i a l l y  and temporally; and 5)  a pers is tent  
pat tern  o f  normal f a u l t i n g  i nd i ca t i ng  predominantly east-west extension. 

H i s t o r i c  se ismic i ty  and the l a t e  Quaternary geologic record both ind ica te  
t h a t  moderate t o  la rge magnitude earthquakes occur infrequent ly;  since the 
1880's there have been on ly  two events w i t h  magnitude greater than 7 and 
roughly twenty events w i t h  magnitude greater than 6 w i t h i n  the e n t i r e  I S B  
(Coffman and others, 1982; NOAA, 1985). Return periods o f  large magnitude 
earthquakes (7 o r  greater)  f o r  ac t i ve  fau l t s ,  as determined from the l a t e  
Quaternary geologic record, are t y p i c a l l y  on the order o f  one t o  ten thousand 
years o r  greater (Arabasz and Smith, 1981; Wallace, 1981; Doser and Smith, 
1983). Magnitude 6+ events are more frequent, and have occurred since the 
1880's a t  an average r a t e  o f  roughly once every f i v e  years f o r  the e n t i r e  ISB 
(Coffman and others, 1982; NOAA, 1985). 

The dominant geologic s t ruc tu re  w i t h i n  the study area, the Wasatch f au l t ,  
trends north-south f o r  370 km and i s  expressed topographical ly as the 
impressive Wasatch Front. While the Wasatch Front marks the physiographic 
boundary o f  the Basin and Range, the presence o f  north-south trending val leys 
t o  the east (termed the back va l leys)  ind icates t h a t  east-west extension has 
a lso occurred east o f  the Wasatch f a u l t  (see sec. 3.2). Although the f a u l t  
i s  included i n  the western por t ion  of the ISB w i t h i n  the study area, very 
l i t t l e ,  i f  any, seismic a c t i v i t y  has been d i r e c t l y  associated w i th  it. The 



Figure 2 . 1  Index map o f  the  Intermountain seismic be1 t. 
Epicenters o f  h i s t o r i c a l  mainshocks (M> 6 )  
shown as l a r g e  c i r c l e s ,  NOAA ep icenter r  
through 1974 as smal ler  c i r c l e s .  From 
Arabasz and Smith (1981) .  



largest earthquake i n  the historical record of the study area, the M 6.6 
Hansel Val ley event of 1934, occurred about 50 km west of the ~asatck fault,  
and i s  the only one for which surface displacement has been documented. 

Detailed observations of earthquakes occurring within the ISB suggest a 
complicated relationship between contemporary tectonic processes and regional 
seismicity patterns. The precise mechanisms are poorly understood, though 
several tectonic models have been presented. Contemporary seismicity has 
been related t o  a complex interaction among subplates of the North American 
plate (Atwater, 1970; Suppe and others, 1975; Smi th ,  1977; 1978). The 
resulting stress field i s  superposed on Laramide thrust faults, which further 
modifies an already complicated deformation process. 

In this section the seismological characteristics of the CUP study area will  
be discussed i n  light of the potential earthquake hazards of the region. 
Section 2.2 presents and describes the historical seismicity of the study 
area, and section 2.3 describes current thought on relationships between the 
seismicity and subsurface structures. Section 2.4 discusses the state of 
crustal stress from seismological and in situ techniques, and section 2.5 
describes wha t  we consider to be an appropriate earthquake occurrence model 
for the Intermountain seismic belt and the CUP study area. Section 2.6 
presents the results of studies of earthquake recurrence and seismic moment 
rates w i t h i n  the area of interest, and finally, the major findings are 
sumnarized i n  section 2.7. 



Seismici ty o f  North-Central Utah 

I n  t h i s  section, the h i s t o r i c  record o f  se ismic i ty  occurring w i t h i n  the study 
area w i l l  be presented, described, and discussed. The data sources f o r  the 
ep icent ra l  p lo ts  are the Univers i ty  o f  Utah earthquake catalog and previously 
published f igures o f  Un ivers i t y  o f  Utah o r ig in .  Descript ions o f  the larger,  
more s ign i f i can t  earthquakes w i  11 be presented, along w i t h  those f o r  which 
special f i e l d  studies were conducted. F ina l l y ,  the e n t i r e  h i s t o r i c  
se ismic i ty  record and how i t  re la tes  t o  the regiona,l evaluation o f  seismic 
hazards w i l l  be discussed. 

Because o f  several d i s t i n c t  changes i n  detect ion and recording capab i l i t i es  
t h a t  have occurred i n  t h i s  region through time, the h i s t o r i c  record has been 
d iv ided i n t o  three periods. The H i s to r i ca l  Era covers the per iod 1850-1962, 
when earthquakes were located l a rge l y  on the basis o f  f e l t  reports and 
sometimes w i th  the a i d  o f  a small number o f  widely spaced, low magni f icat ion 
seismographs scattered throughout the western United States. The Regional 
Network Era, 1962-1974, covers a per iod when several independently recorded, 
higher magni f icat ion seismograph s ta t ions were establ ished i n  the s ta te  o f  
Utah. The Local Network Era covers the per iod 1974-1986, corresponding t o  
the time when dense networks o f  h igh magnif icat ion, rad io  telemetered 
instruments were establ ished throughout the region. The fo l lowing 
discussions w i l l  be grouped according t o  these three time periods. Estimates 
o f  loca t ion  accuracies and detect ion thresholds w i l l  also be made. 

The H i  s t o r i  ca l  Era : 1850-1962 

The w r i t t e n  record o f  earthquake occurrence i n  Utah begins w i t h  the entrance 
o f  Mormon s e t t l e r s  i n t o  the region i n  1847. I n  a for tunate h i s t o r i c a l  
coincidence (from the standpoint o f  documenting h i s t o r i c a l  seismjci t y )  , the 
geographical development o f  human sett lement has fol lowed the trend of the 
ISB. Although a seismograph was establ ished i n  Sa l t  Lake C i t y  i n  1907, t h i s  
instrument operated a t  a very low magnif icat ion, and many o f  the seismograms 
have been l o s t  o r  misplaced (Arabasz, 1979). The s ta t ion  was therefore o f  
l i t t l e  use i n  loca t ing  earthquakes occurring i n  the regional study area. The 
earthquake record from 1850 through 1949 r e l i e s  almost exc lus ive ly  on f e l t  
reports compiled and documented by Will iams and Tapper (1953). By 1950 the 
U.S. Coast and Geodetic Survey had establ ished a s u f f i c i e n t  number o f  
seismograph s ta t ions i n  the western United States t o  al low the rout ine 
loca t ion  o f  earthquakes o f  magnitude 3 o r  greater i n  the Rocky Mountain 
region. Although t h i s  network represented a vast improvement over previous 
recording conditions, the loca t ion  o f  earthquakes from f e l t  reports continued 
t o  be an important aspect o f  catalog compilat ion u n t i l  about 1962 (Arabasz, 
1979). It i s  estimated t h a t  the h i s t o r i c  record w i t h i n  the study area i s  
complete f o r  events o f  magnitude 6.3 and above since 1850, magnitude 5.7 and 
above since 1880, magnitude 5.0 and above since 1940, and magnitude 4.3 and 
above since 1950 (Arabasz and others, 1980). Location accuracies vary 
g rea t l y  w i t h i n  the e n t i r e  time period, and are d i f f i c u l t  t o  judge. Ear ly 
events based on f e l t  reports are usual ly placed a t  the town repor t ing the 
ef fec ts ,  and may be i n  e r ro r  i n  maximum i n t e n s i t y  as wel l  as location. 
Accuracies o f  instrumental ly  located earthquakes would be d i f f i c u l t  t o  
estimate without examining the ind iv idua l  solut ions, but are probably on the 
order o f  5 t o  20 km. 



Figure 2.2 Epicenter map o f  north-central  Utah, 1850 
t o  June 1962. Locations o f  1850 to  1949 
earthquakes shown as open c i r c l e s ,  those 
f o r  1950 t o  1962 as s o l i d  c i r c l e s .  Young 
f a u l t s  shown f o r  reference. S i g n i f i c a n t  
events labe l led  by year.  From Arabasz and 
others ( 1980). 



Epicenters from the 1850-1962 per iod are shown i n  f i g u r e  2.2. This f i gu re  
has been reproduced from Arabasz and others (1980), and r e l i e s  c h i e f l y  on 
se ismic i t y  documented by Will iams and Tapper (1953) and Cook and Smith 
(1967). The open c i r c l e s  are from the per iod 1850-1949, and represent 
locat ions based pr imar i  l y  on f e l t  reports. The so l  i d  c i r c l e s  represent 
p r i m a r i l y  instrumental locat ions from the per iod 1950 through June, 1962. 

Earthquakes o f  i n t e n s i t y  V I I  o r  greater are l abe l l ed  i n  f i g u r e  2.2, and are 
described b r i e f l y  below. Most o f  the magnitudes o f  events i n  the 1850-1949 
per iod were determined from i n t e n s i t y  data by W i  11 iams and Tapper (1953) ; 
magnitudes f o r  earthquakes i n  the 1950-1962 per iod are general ly  
ins t rumenta l ly  determined and were taken from U.S. Coast and Geodetic Survey 
publ icat ions.  A l l  i n t e n s i t i e s  are i n  Modif ied Merca l l i  (MM) un i ts .  

1884, November 10, M 6. This event occurred a t  Bear Lake Val ley,  near the 
Idaho-Utah border. O r i g i n a l l y  associated w i t h  the Crawford Mountain 
f a u l t  (Wil l iams and Tapper, 1953). Arabasz and others (1980) i n f e r  a 
loca t ion  w i t h i n  Bear Lake Valley. I n t e n s i t y  V I I I  e f f ec t s  were 
reported i n  the ep icent ra l  area; i n t e n s i t y  V was reported i n  Sa l t  
Lake City. 

1900, A,ugust 1, M 5 1/2. Cal led the Eureka earthquake (seen about 50 km 
southwest o f  Provo i n  f i g .  2.2), t h i s  event caused i n t e n s i t y  V I I  
e f f ec t s  i n  the ep icent ra l  area. 

1909, October 5, M 6. The f i r s t  l a rge  Hansel Val ley earthquake, seen a t  
the nor th  end o f  the Great S a l t  Lake. I n t e n s i t y  I X  e f f ec t s  were 
noted i n  the ep icent ra l  area, and the earthquake was f e l t  over an 
area of 30,000 square mi les (78,000 km2) (Wil l iams and Tapper, 1953). 

1910, May 22, M 5 1/2. Near S a l t  Lake City; V I I - V I I I  e f f ec t s  were 
reported i n  t h a t  c i t y .  

1914, May 13, M 5 1/2. Near Ogden; f e l t  over an area o f  8,000 square 
mi les (21,000 km2). I n tens i t y  V I  e f f ec t s  were noted i n  Ogden; V - V I  
i n  Sa l t  Lake Ci ty.  

1934, March 12, MS 6.6 and 6.0. The second large Hansel Val ley event 
(a lso ca l l ed  the Kosmo earthquake) was f e l t  over an area o f  170,000 
square mi les (440,000 km2). I n t e n s i t y  V I I  e f f ec t s  were reported i n  
the ep icent ra l  area; i n t e n s i t y  V I  a t  Sa l t  Lake C i t y  (Neumann, 1936; 
Coffman and Von Hake, 1982). The two shocks occurred about 3 hours 
apart. Large quan t i t i es  o f  water were emitted from the ground, and a 
scarp 0.5 m h igh was formed (Shenon,' 1936). 

I n  summary, f i gu re  2.2 shows a t rend o f  a c t i v i t y  t h a t  coincides wel l  w i th  
t h a t  o f  the ISB as defined by more recent seismici ty.  While many o f  the 
earthquakes, and i n  p a r t i c u l a r  the 1910 and 1914 events, appear t o  be c lose ly  
associated w i t h  the Wasatch f a u l t ,  l oca t ion  accuracies o f  t h i s  per iod are not  
adequate f o r  drawing such a cor re la t ion.  It must be kept i n  mind t ha t  many 
populat ion centers are located a t  the very base o f  the Wasatch Front, and 
t h a t  epicenters o f  t h i s  per iod are understandably biased t o  those locations. 
The ep icent ra l  locat ions of the 1884 and 1900 events, and the 1909 and 1934 
Hansel Val ley events show t h a t  moderate (as large as MS 6.6) earthquakes have 



occurred away from the Wasatch Fault.  The p l o t  a lso ind icates t h a t  the I S B  
has been a stable feature i n  t h i s  region f o r  a t  l eas t  the past 139 years. 

2.2.2 The Reqional Network Era: 1962-1974 

The implementation o f  the Worldwide Standardized Seismograph Network (WWSSN) 
i n  1962 g rea t l y  benef i ted the status o f  seismological instrumentation i n  the 
s ta te  o f  Utah. During t h a t  year three-component short  and long per iod 
seismometers were establ ished a t  Dugway Proving Grounds (about 100 km 
southwest o f  S a l t  Lake C i ty ) ,  Price, and S a l t  Lake Ci ty.  I n  the 1960's and 
ea r l y  70's a s ta t i on  a t  Logan ( o r i g i n a l l y  i n s t a l l e d  i n  1940) was upgraded, an 
array o f  10 seismometers was emplaced i n  the Uinta basin, and a new s ta t i on  
was opened a t  Cedar C i t y  (Arabasz, 1979). 

Epicenters cataloged f o r  the per iod Ju ly  1962 t o  September 1974, taken from 
Arabasz and others (1980), are shown i n  f i g u r e  2.3. These earthquakes were 
located w i t h  informat ion from s ta t ions w i t h i n  and outside Utah, w i t h  
distances between s ta t ions  being on the order o f  75-150 km. Comprehensive 
e f f o r t s  were made t o  rev ise  the ep icent ra l  locat ions from t h i s  per iod using 
a1 1 possib le data and more advanced computational techniques ( Kast r i  nsky , 
1977; Arabasz, 1979). It i s  estimated t h a t  dur ing t h i s  per iod the earthquake 
record f o r  north-central Utah i s  complete f o r  events o f  about magnitude 2.5 
and above (Arabasz and others, 1980). Figure 2.3 shows a north-south 
t rending zone o f  a c t i v i t y  s i m i l a r  t o  t h a t  seen i n  f i gu re  2.2, about 100 km 
wide and roughly centered about the Wasatch f a u l t .  With the increased 
resolut ion,  however, some pat terns become evident. One o f  the most 
remarkable i s  t h a t  i n  on ly  i n  a few i so la ted  areas, namely near Brigham City,  
Sa l t  Lake City, and south o f  Nephi, does i t  appear t ha t  se ismic i ty  i s  
geographical ly associated w i t h  the Wasatch f au l t .  The gaps i n  a c t i v i t y  t ha t  
are evident along the Wasatch f a u l t  i n  t h i s  f i g u r e  and i n  the pat tern  o f  more 
recent se ismic i ty  have important impl icat ions f o r  the occurrence o f  l a rger  
earthquakes, and are discussed i n  more d e t a i l  i n  sec. 2.4. To the east o f  
the Wasatch, se ismic i ty  occurs i n  a north-south t rending band coincident w i th  
the back valleys, and scat tered a c t i v i t y  i s  seen t o  the west. 

I n  add i t i on  t o  rou t ine  data co l l ec t i on  and earthquake locat ion procedures 
ca r r ied  out  by the Univers i ty  o f  Utah, a number o f  special microearthquake 
studies were conducted i n  t h i s  por t ion  o f  the ISB during t h i s  time period. 
I n  1969 a portable 6-stat ion network was deployed i n  2 areas o f  the Utah I S B  
w i t h i n  the area o f  f i gu re  2.3 by sc i en t i s t s  from Columbia Univers i ty.  The 
Cache Val ley area near Logan and the cent ra l  pa r t  o f  the Wasatch f a u l t  zone 
were each monitored by s i x  s ta t ions f o r  roughly two weeks. The resu l ts ,  
summarized by Sbar and others (1972), showed a moderate leve l  o f  a c t i v i t y  a t  
shallow ( < 5 km) depths i n  the Cache Val ley area, w i th  a composite f a u l t  
plane so lu t ion  i nd i ca t i ve  o f  east-northeast extension. A remarkably small 
number o f  earthquakes were recorded along the cent ra l  po r t ion  o f  the Wasatch 
f a u l t  zone, adding credence t o  the quiescence seen along the f a u l t  south o f  
Sa l t  Lake C i t y  i n  f i gu re  2.3. 

During the 12 year per iod shown i n  f i gu re  2.3, a number o f  earthquakes i n  the 
magnitude 4 t o  6 range occurred i n  the study area, the la rges t  reaching 
magnitude 5.7. The s i x  la rges t  events t h a t  occurred i n  t h i s  per iod are 
labeled i n  f i gu re  2.3. Special studies conducted f o r  the aftershock 
sequences o f  fou r  o f  these earthquakes are .described below. 



Figure 2.3 Epicenter  map o f  north-central  Utah, July  1962 
through September 1974. Young f a u l t s  shown 
f o r  reference.  S i g n i f i c a n t  events a r e  l a b e l l e d  
by magnitude and year.  From Arabasz and others 
( 1980 ) . 



1962, Au us t  30, ML 5.7. The Cache Val ley earthquake (near Logan i n  f ig.  
2.3 ! , the la rges t  Utah earthquake since the 1934 Kosmo event, caused 
about $1 m i l l i o n  i n  damage. I n t e n s i t y  V I I  was assigned f o r  the 
ep icent ra l  area; i n t e n s i t y  V e f f ec t s  were reported i n  Sa l t  Lake C i t y  
(Lander and Cloud, 1964). A f a u l t  plane so lu t ion  f o r  the mainshock 
showed normal f a u l t i n g  on a north-south t rending plane (coincident 
w i t h  the t rend o f  the East Cache f a u l t )  t h a t  d ips e i t h e r  east o r  west 
(Smith and Sbar, 1974). An aftershock survey by Westphal and Lange 
(1966) showed an east-dipping aftershock zone (contrary t o  the west- 
dipping East Cache f a u l t )  a t  depths o f  6 t o  16 kilometers. 
Addi t ional  e f f ec t s  o f  the earthquake are discussed by Cook (1972). 

1962, September 5, ML 5.2. The Magna earthquake ( d i r e c t l y  west o f  Sa l t  
Lake C i t y  i n  f i g .  2.3) occurred a few days a f t e r  the Cache Valley 
event, and resources were not  ava i lab le  t o  study i t  i n  d e t a i l  
(Arabasz, 1979). I n t e n s i t y  V I  e f f ec t s  were reported i n  the 
ep icent ra l  area and i n  S a l t  Lake C i t y  (Lander and Cloud, 1964). 

,963, July 7, ML 4.4. The Juab Val ley earthquake can be seen a t  the 
southern end o f  the Wasatch f a u l t  zone i n  f i gu re  2.3. I n tens i t y  V I  
e f f ec t s  were noted i n  the ep icent ra l  region and a t  Nephi (Von Hake 
and Cloud, 1965). An aftershock study by Westphal and Lange (1963) 
indicated an associat ion w i t h  a f a u l t  bounding the west s ide of the 
Juab Valley graben. 

1972, October 1, mb 4.7. Aftershocks o f  the Heber C i t y  earthquake (about 
30 km northeast o f  Provo on f i g .  2.3) were studied by Langer and 
others (1979). A 5 km long northwest-trending zone was i den t i f i ed ,  
w i t h  hypocenters forming a steeply d ipping zone from 5 t o  14 km i n  
depth. The d i s t r i b u t i o n  o f  aftershocks and a composite f a u l t  plane 
so lu t ion  ind icated down t o  the northeast normal f a u l t i n g  on a 
northwest t rending plane. No co r re l a t i on  w i t h  surface f a u l t s  was 
evident. The maximum i n t e n s i t y  i n  the ep icent ra l  area was reported 
t o  be V I  (Coffman and Von Hake, 1982). 

2.2.3 The Local Network Era: 1974-present 

P r i o r  t o  October, 1974, on ly  nine widely scat tered seismograph s ta t ions 
ex is ted i n  the s ta te  o f  Utah (Richins, 1979). A f t e r  t ha t  date, w i th  the 
support o f  various agencies, the Univers i ty  o f  Utah began the emplacement o f  
a network o f  short  per iod seismometers located p r ima r i l y  i n  the north-central 
po r t ion  o f  the state. The s ignals are telemetered by rad io  o r  telephone l i n k  
t o  Sa l t  Lake Ci ty.  Signals were a t  f i r s t  recorded continuously on 
photographic f i l m  and earthquakes i d e n t i f i e d  by v isua l  inspection, but  i n  the 
e a r l y  1980's t h i s  system gave way t o  the d i g i t i z a t i o n  o f  the incoming s ignals 
and the i d e n t i f i c a t i o n  of seismic events by computer algorithm. A r r i v a l  
times are picked i n te rac t i ve l y ,  and locat ions computed using a standard 
invers ion technique which minimizes di f ferences between observed and computed 
t r ave l  times. As o f  1983 three d i f f e r e n t  ve loc i t y  models were used, 
corresponding t o  varying c rus ta l  propert ies i n  d i f f e r e n t  areas covered by the 
network. Magnitudes are derived from the s ignal  durat ion i n  a manner 
designed t o  equate the computed values t o  Richter  loca l  magnitude (ML). 
These and other technical  d e t a i l s  o f  the network operation and earthquake 
loca t ion  procedures are given i n  Richins and others (1984). As o f  1983 about 



40 s ta t ions  were operating w i t h i n  the area o f  f i g u r e  2.3. It i s  estimated 
t h a t  w i t h i n  the study area the catalog i s  complete f o r  earthquakes o f  
magnitude 2.0 and greater f o r  t h i s  time per iod (Arabasz and others, 1980; 
Richins and others, 1984). Kastr insky (1977) estimates t h a t  ep icent ra l  
e r ro rs  i n  north-central Utah f o r  t h i s  per iod are on the order o f  2 km, wi th  
depth e r ro rs  o f  about 4 km when the c losest  s t a t i o n  i s  nearer t o  the 
epicenter than the value o f  the foca l  depth. For epicenters recorded w i th  no 
near s ta t ions  foca l  depths are poor ly  constrained. 

Epicenters f o r  the regional  study area are shown i n  plates la,  lb, and l c .  
The data source, the Utah Region Catalog, was received from the Univers i ty  o f  
Utah i n  July, 1986. Although the area covered i s  smaller than t h a t  shown i n  
f igures 2.2 and 2.3, a l l  regions important i n  assessing earthquake hazards t o  
the Central Utah Pro ject  have been included. The data presented cover the 
time per iod October, 1974 through March, 1986. The regional  pat tern and i t s  
s ign i f icance i s  discussed below, along w i t h  descr ipt ions o f  special studies 
associated w i th  spec i f i c  earthquakes o r  se ismic i ty  i n  loca l i zed  areas. The 
discussion l a rge l y  fo l lows descr ipt ions by Arabasz and others (1979; 1980) 
and Kastrinsky (1977). 

Seismici ty occurring i n  the northern pa r t  o f  the study area i s  shown i n  p l a te  
la. The Wasatch f a u l t  trends north-northwest i n  t h i s  area, and the East 
Cache f a u l t  trends roughly north-south about 20 km t o  the east o f  it. The 
pat tern shows a c l us te r  o f  events i n  the northwest por t ion  o f  the p lo t ,  a 
north-south trending band o f  a c t i v i t y  coincident w i th  the Bear River Range 
and bordered by the East Cache f a u l t  on the west, and w i t h  the exception o f  a 
small c l us te r  o f  earthquakes nor th  o f  Brigham City,  an almost complete lack 
o f  a c t i v i t y  i n  the v i c i n i t y  o f  the Wasatch f au l t .  

The north-south t rending band o f  a c t i v i t y  pers is ts  t o  the south down t o  about 
l a t i t u d e  40.0, and i s  an important feature o f  the se ismic i ty  of north-central 
Utah. The northern por t ion  o f  t h i s  band has been qu i t e  ac t i ve  h i s t o r i c a l l y ,  
as shown i n  f i gu re  2.3 and by the occurrence of the ML 5.7 Cache Valley event 
o f  1962. That earthquake, however, showed no cor re la t ion  w i th  the East Cache 
f a u l t  despite i t s  occurrence d i r e c t l y  beneath i t  (Westphal and Lange, 1966). 
Zandt and others (1986), i n  a special study of the seismici ty,  geodetic data, 
and geologic structures o f  t h i s  area, concluded t h a t  very few, i f  any, 
earthquakes were occurring d i r e c t l y  on the East Cache fau l t .  

Although the zone o f  a c t i v i t y  i n  the northwest por t ion  o f  the p l o t  has been 
ac t i ve  h i s t o r i c a l l y  ( f i g .  2.3), many o f  the earthquakes seen there on p la te  
l a  are aftershocks of the ML 6.0 Pocatel lo Val ley earthquake tha t  occurred 
about 20 km north o f  the map boundary on March 28, 1975. An aftershock study 
and tecton ic  analysis o f  t h i s  event are described by Arabasz and others 
(1981). Normal f a u l t i n g  was found t o  have occurred on a northeast trending, 
northwest-dipping f a u l t  t h a t  had not been previously mapped. A complex 
aftershock zone devef oped t h a t  involved normal, s t r i k e  s l i p ,  and obl ique 
faul t ing.  No surface f a u l t i n g  was discovered. 

Plate l b  shows se ismic i ty  i n  the next segment o f  north-central Utah t o  the 
south, which includes the Sa l t  Lake C i t y  area. The ,band o f  a c t i v i t y  trending 
north-south about 20 km east o f  the Wasatch f a u l t  pers is ts  i n  t h i s  region, 
although the leve l  o f  a c t i v i t y  appears t o  decrease s i g n i f i c a n t l y  a t  about the 
l a t i t u d e  o f  Sa l t  Lake Ci ty.  This i s  also the l a t i t u d e  a t  which the Uinta 



Mountains t rend in te rsec ts  the Wasatch f a u l t .  Although t h i s  re la t ionsh ip  has 
been noted by researchers (e.g. Arabasz and others, 1980), t o  our knowledge 
no hypothesis f o r  the re la t ionsh ip  between the se ismic i t y  pat tern  and the 
geometry o f  these s t r uc tu ra l  trends has been presented. Scattered a c t i v i t y  
i s  seen about 30 km t o  the west o f  the Wasatch f au l t .  Although the f a u l t  
d ips t o  the west, these events are too shallow t o  be associated w i t h  i t  
(Arabasz and others, 1979). About 20 km t o  the east o f  Sa l t  Lake Ci ty,  i n  
the e ~ i c e n t r a l  area of the ML 5.2 Magna event o f  1962, a ser ies o f  small 
earthquakes (maximum magnitude ML 3.2) occurred i n  February and March o f  
1978. This sequence and i t s  e f f ec t s  are described by Cook (1979). With the 
exception o f  a c l us te r  o f  earthquakes adjacent t o  S a l t  Lake Ci ty,  the Wasatch 
f a u l t  i s  completely devoid o f  seismic a c t i v i t y .  The reso lu t ion  o f  the 
seismic network i n  the Sa l t  Lake C i t y  area i s  high, however, and a close 
examination o f  these events shows a negative co r re l a t i on  w i t h  the f a u l t  
(Walter Arabasz, o ra l  comnunication, 1986). A t  the south end o f  Utah Lake, 
an east-west t rending c l us te r  o f  a c t i v i t y  may be re la ted  t o  s t r i k e - s l i p  
f a u l t i n g  (Kastrinsky, 1977). The ep icent ra l  zone of the 1972 mb 4.7 Heber 
C i t y  earthquake (about 40 km northeast o f  Provo) a lso continued t o  be ac t i ve  
dur ing t h i s  period. 

P la te  l c  shows the next  segment o f  cen t ra l  Utah se ismic i ty  t o  the south o f  
p l a te  lb.  The p l o t  shows substant ia l  a c t i v i t y ,  despite s ta t i on  coverage 
bein less favorable i n  t h i s  region than t o  the nor th  (Arabasz and others, 
1980q. The south end of the Juab Valley, s i t e  of the HL 4.4 1963 event, 
continued t o  be act ive. Some o f  t h i s  a c t i v i t y  appears t o  be be coincident 
w i t h  the southern end o f  the Wasatch f au l t .  To the east o f  the Wasatch f a u l t  
there i s  scattered a c t i v i t y ,  but  w i t h  the we1 1-def i  ned north-south t rend seen 
t o  the nor th  no longer evident. The dense c l us te r  o f  epicenters i n  the 
northeast pa r t  o f  p l a te  l c  has been re la ted  t o  coal mining (e.g., Smith and 
others, 1974). 

Three special studies have been performed on earthquakes occurr ing south o f  
l a t i t u d e  40.0. I n  a study of events i n  t h i s  area using group locat ion 
techniques, Wechsler and Smith (1979) found a north-south t rend coincident 
w i t h  the nortbern end o f  Joes Valley, and t h a t  epicenters i n  the remainder o f  
the Wasatch Plateau remained d i f fuse.  McKee and Arabasz (1982) repor t  the 
resu l t s  o f  a ten-week, twelve s ta t i on  microearthquake survey conducted i n  the 
area o f  p l a te  l c  i n  1979. The authors found unusually shallow foca l  depths 
and a poor co r re la t ion  o f  se ismic i ty  w i t h  mapped f a u l t s  and physiographic 
features. None o f  the a c t i v i t y  could be cor re la ted w i t h  the Wasatch f au l t .  
Aftershocks of an ML 4.4 event t ha t  occurred i n  Goshen Valley (near the 
northern end o f  Juab Val l e y )  i n  May, 1980 were also invest igated by Mckee and 
Arabasz (1980). Normal f a u l t i n g  a t  depths o f  8-12 km due t o  east-west 
extension was ascertained from s ing le  and composite f a u l t  plane solut ions, 
but  the reso lu t ion o f  a f a u l t  plane based on the aftershock d i s t r i b u t i o n  was 
not  possible. 

I n  the summer o f  1984 a 40-stat ion temporary network was operated i n  the 
v i c i n i t y  o f  the mining-related a c t i v i t y  i n  the southeastern par t  of p l a te  l c  
by the Univers i ty  o f  Utah, the Bureau o f  Reclamation, and Woodward-Clyde 
Consultants. This 5-week mul t i -ob jec t ive  study focussed la rge ly  on the 
mining-induced a c t i v i t y ,  but  a lso involved the eastern Wasatch Plateau. Only 
two earthquakes were located i n  t h i s  region dur ing the study period, and were 
found t o  have occurred a t  shallow ( <  5 km) depths beneath Joes Val ley graben. 



This r e s u l t  supports the observation o f  low leve ls  o f  a c t i v i t y  seen i n  t h i s  
area i n  p l a te  lc.  The hypocentral reso lu t ion  was not s u f f i c i e n t  t o  be able 
t o  cor re la te  these events w i t h  surface f a u l t s  associated w i t h  the graben 
(Arabasz and W i  11 iams, 1985). 

I n  summary, the se ismic i ty  d i s t r i b u t i o n  i n  north-central Utah during t h i s  
time per iod shows a d i s t i n c t  lack o f  co r re la t i on  w i t h  the major f a u l t s  
(Wasatch, East Cache, and others) o f  the region. To date, i n  no loca t ion  has 
se ismic i ty  been proven t o  have occurred d i r e c t l y  on the Wasatch f au l t .  I n  
a l l  l o c a l i t i e s  other than the c l us te r  near Brigham City, network reso lu t ion  
has been s u f f i c i e n t  t o  disprove a possible cor re la t ion.  The question o f  
whether any o f  the se ismic i ty  nor th  o f  Brigham C i t y  i s  occurr ing on the f a u l t  
has y e t  t o  be resolved (Walter Arabasz, o ra l  communication, 1986). The 
general pat tern i n  north-central Utah shows a well-defined band o f  north- 
south trending a c t i v i t y ,  centered about 20 km east o f  the Wasatch f a u l t ,  
extending from the northern boundary o f  the study area south t o  about 
l a t i t u d e  40. Below that ,  a c t i v i t y  ex i s t s  along t h i s  t rend but becomes more 
d i f fuse.  Pockets o f  se ismic i ty  occur t o  the west o f  the Wasatch f au l t ,  but  
t h i s  zone o f  a c t i v i t y  appears t o  have less con t i nu i t y  along the north-south 
t rend than the band t o  the east. The overa l l  pat tern o f  se ismic i ty  from the 
1962-1974 per iod ( f i g .  2.3) i s  very s im i la r ,  implyfng a con t inu i t y  i n  the 
s t y l e  o f  earthquake occurrence f o r  a t  l eas t  the past 24 years. The lack o f  
co r re la t i on  between se ismic i ty  and major f a u l t s  i s  remarkable, and the 
occurrence of the 1975 ML 6.0 Pocatel l o  Val ley earthquake demonstrates t ha t  
events o f  a t  l eas t  t h i s  s i ze  can occur wi thout  being re la ted  t o  features 
mapped on the surface. The development o f  physical models explain ing the 
se ismic i ty  i n  terms o f  the propert ies and mechanical nature o f  the c rus t  i s  
cu r ren t l y  an area o f  in tens ive research (e.g., Arabasz and Julander, 1986) 
and i s  reviewed i n  the remainder o f  t h i s  section. 



2.3 The Relat ionship Between Seismici ty and Subsurface Structure 

I n  t h i s  sect ion we examine the d i s t r i b u t i o n  o f  se ismic i t y  i n  the subsurface, 
and explore possible in te rac t ions  w i th  l oca l  s t ruc tu re  and w i t h  rheological  
propert ies o f  the upper crust. It was shown previously t h a t  whi le earthquake 
epicenters i n  the study area occurred i n  the v i c i n i t y  o f  gross geologic 
features such as the Wasatch Front, the two-dimensional d i s t r i b u t i o n  (e.g., 
f i g .  2.3) o f  contemporary se ismic i t y  was scat tered and showed no obvious 
associat ion w i th  l oca l  s u r f i c i a l  geology. A1 though uncer ta in ty  i n  earthquake 
locat ions l i k e l y  played some pa r t  i n  masking the r e l a t i o n  between se ismic i ty  
and structure,  the complex ep icent ra l  d i s t r i b u t i o n  observed remains 
unaccounted for .  

Two modes o f  deformation i n  the upper c rus t  are suggested i n  the recent 
l i t e r a t u r e :  1) Deformation l a rge l y  con t ro l led  by the thermal and rheologic 
propert ies o f  the upper c rus t  (e.g., Sibson, 1982; Meissner and Strehlau, 
1982; Smith and Bruhn, 1984), and, 2) Deformation con t ro l led  p r ima r i l y  by the 
mechanical and s t r uc tu ra l  proper t ies  o f  the upper c rus t  (e.g., Arabasz and 
Julander, 1985). Understandf ng the f n te rac t ion  between release o f  seismic 
energy and loca l  geologic s t ruc tu re  requires a precise three dimensional 
knowledge o f  hypocentral d i s t r i b u t i o n  and earthquake source propert ies, i n  
conjunction w i th  a de ta i led  descr ip t ion o f  the subsurface geology. 

2.3.1 Focal Depth D i s t r i b u t i o n  and the Thermal-Mechanical Model o f  
Deformation 

A fundamental cha rac te r i s t i c  o f  ISB earthquakes i s  t h a t  near ly  a l l  foca l  
depths are less than 15 km, thus l i m i t i n g  b r i t t l e  deformation t o  the upper 
c rus t  (Smith, 1978). Earthquakes recorded i n  the per iod 1974 t o  1978 by the 
Univers i ty  o f  Utah regional  seismograph network which were located along, and 
west of,  the Wasatch Front showed a sharp decrease i n  numbers o f  events a t  
about the 10 t o  13 km depth, w i th  a peak a t  about 7 t o  9 km (Arabasz and 
others, 1980). A bimodal foca l  depth d i s t r i bu t i on ,  w i th  peaks a t  about 1 t o  
3 km and 7 t o  9 km was suggested f o r  those earthquakes located along the 
Wasatch f ront .  Detai led aftershock studies o f  the 1975 Pocatel lo Val ley and 
1976 Hansel Val ley earthquakes ind icated peaks i n  the foca l  depth 
d i s t r i b u t i o n  a t  about 4 t o  7 km, w i th  a rap id  decrease i n  numbers o f  events 
a t  about 7 t o  8 km. 

Focal depth d i s t r i bu t i ons  o f  low-level se ismic i t y  have been used t o  ind ica te  
the v e r t i c a l  extent  o f  b r i t t l e  deformation i n  the crust, and t o  p red ic t  
probable depths f o r  the nucleat ion o f  large earthquakes (e.g., S i  bson, 1982, 
1984; Meissner and Strehlau, 1982; Smith and Bruhn, 1984). The upper c rus t  
i s  modelled by two zones: 1) a shallow zone where deformation occurs la rge ly  
through f r i c t i o n a l  s t i c k - s l i p  f a u l t i n g  described by Byerlee's law (Byerlee, 
1968), and, 2)  a zone where deformation occurs by quasi-p last ic  creep. The 
boundary between the two zones i s  con t ro l led  by the temperature p r o f i l e  o f  
the upper crust. Within these two zones, shear resistance as a funct ion o f  
depth can be calculated f o r  a given s t r a i n  r a t e  and temperature p r o f i l e .  
Shear resistance increases l i n e a r l y  w i t h  depth i n  the f r i c t i o n a l  zone, peaks 
a t  the frictional/quasi-plastic boundary, and decays exponent ia l ly  w i th  depth 
i n  the quasi-p last ic  zone. I f  shear resistance i s  taken as a measure o f  the 
maximum value o f  shear stress w i t h  depth, then the occurrence o f  earthquakes 
w i t h  depth should general ly  f o l l ow  the shear resistance d i s t r i bu t i on .  



Regions of high shear resistance can a lso be shown t o  represent 
concentrations o f  e l a s t i c  s t r a i n  energy (Sibson, 1974), and have been 
in te rp re ted  t o  ind ica te  po ten t ia l  zones f o r  large earthquakes t o  nucleate 
(Sibson, 1982; 1984). Smith and others (1985) suggest t ha t  large magnitude 
earthquakes nucleate s l i g h t l y  deeper where shear resistance i s  changing a t  
i t s  maximum rate. 

The app l i ca t ion  o f  the shear resistance model t o  the foca l  depth 
d i s t r i b u t i o n s  found f o r  the Wasatch Front ind icates t h a t  the.  f r i c t iona l /quas i -  
p l a s t i c  t r a n s i t i o n  zone i s  a t  about the 7 t o  8 km depth (Smith and Bruhn, 
1984). Large earthquakes are suggested t o  nucleate a t  depth (Das and Scholz, 
1983), and the shear resf  stance model ind icates t h a t  earthquakes la rger  than 
about magnitude 5.5 are l i k e l y  t o  nucleate a t  depths equivalent t o  the 
maximum depths o f  aftershocks and low-magnitude se ismic i ty  (Smith and Bruhn, 
1984). The depth cu t -o f f  f o r  seismici ty,  and the maximum depth o f  f r i c t i o n a l  
s l i p  i s  therefore l a rge l y  con t ro l led  by the thermal and rheologSca1 
propert ies o f  the upper crust. 

The rap id  decrease i n  numbers o f  earthquakes a t  the 10 t o  14 km depth, w i th  
maximum depths o f  15 t o  16 km suggests t h a t  large magnitude earthquakes 
should nucleate a t  10 t o  16 km depths, which are s im i l a r  t o  depths o f  
nucleat ion observed f o r  the Hebgen Lake and Borah Peak earthquakes. Cenozoic 
normal f a u l t s  which are steeply dipping, a t  l e a s t  i n  the seismogenic zone a t  
a depth o f  8 t o  15 km, appear t o  be l i k e l y  candidates f o r  fau l t ing  given the 
contemporary s ta te  o f  stress. 

2.3.2 The Inf luence o f  Structure on Backqround Seismici ty 

While the maximum depth o f  se ismic i ty  i s  r e l a t i v e l y  constant i n  the regional 
study area, de ta i led  microearthquake studies ind ica te  t h a t  background 
(magnitude 3 o r  less )  se ismic i ty  i s  s t rongly  inf luenced by preex is t ing 
geological structure. McKee and Arabasz (1982) present resu l t s  from a 
microseismic survey across the Basin and Range - Colorado Plateau (BR - CP) 
t r a n s i t i o n  i n  cent ra l  Utah showing t h a t  h a l f  o f  a l l  well-resolved focal  
depths were less than 4 km. Most hypocenters were located i n  sedimentary 
rocks above the approximately 10 km-deep Precambrian basement inter face. 
While the subsurface s t ruc tu re  obtained from seismic r e f l e c t i o n  data 
ind icated predominantly low-angle fau l t ing ,  f a u l t  plane solut ions suggested 
s l i p  on moderate t o  high-angle fau l ts .  They concluded tha t  seismic s l i p  
occurred on moderate t o  high-angle f rac tu re  planes t h a t  possibly were the 
upper port ions o f  l i s t r i c  fau l t s ,  re la ted  a n t i t h e t i c  fau l ts ,  o r  secondary 
f a u l t s  w i t h i n  major f a u l t  blocks. 

For the BR - CP t r a n s i t i o n  i n  cent ra l  Utah Arabasz and Julander (1986) 
suggest t h a t  most background se ismic i ty  occurs shallower than about 6 t o  7 
km, and l i e s  above low-angle detachments. They also s ta te  tha t  while 
background earthquakes apparently occur a t  greater depths (below low-angle 
detachments) such events are much less frequent. Arabasz and Julander also 
present aftershocks from a magnitude 4.7 shock i n  the Thrustbel t  i n  
southeastern Idaho, where se ismic i ty  i s  c l e a r l y  loca l ized above subhorizontal 
detachments. They conclude t h a t  low-angle detachments exert  a fundamental 
inf luence on background seismici ty,  and t h a t  the frequency d i s t r i b u t i o n  o f  
focal depths i n  the upper c rus t  may l o c a l l y  be cont ro l led by s t ructure ra ther  
than rheological  and thermal propert ies. They f u r t he r  suggest tha t  maximum 



foca l  depths, ra ther  than depth o f  maximum numbers o f  earthquakes, are 
i n d i c a t i v e  o f  the t r a n s i t i o n  from f r i c t i o n a l  t o  quasi-p last ic  behavior. 

2.3.3 Focal Depths o f  Design Earthquakes 

Based on the above discussion we conclude t h a t  la rge  (M 7)  earthquakes w i l l  
nucleate a t  depths o f  10 t o  15 km i n  the CUP study area. Rupture o f  the 
f a u l t  surface from such an event would continue upwards i n t o  zones o f  lower 
shear stress resistance. For earthquakes i n  the magnitude range o f  5.5 t o  
6.5-7, a s im i l a r  depth o f  nucleat ion should be expected. Smaller magnitude 
earthquakes, however, may occur as shal lowly as 4 km, and w i l l  be s t rong ly  
inf luenced by preex is t ing geological st ructure.  While the apparent paradox 
o f  normal f a u l t i n g  on l i s t r i c  versus planar f a u l t s  i s  not  resolved (sec. 
2.5), the down d i p  lengths o f  l i s t r i c  f a u l t s  should s t i l l  be l i m i t e d  by the 
maximum depth o f  f r i c t i o n a l  s l i d i n g  (Smith and Bruhn, 1984). 



2.4 The State o f  Crustal Stress 

For the purposes o f  evaluat ing earthquake hazards i n  the study region, i t  i s  
desirable t o  determine, as best as possible, the nature o f  c rus ta l  
deformation inc lud ing p r i nc ipa l  stress or ienta t ions,  geometry o f  seismical l y  
ac t i ve  structures, and, i n  par t i cu la r ,  generation and type o f  episodic large 
surface-faul t i n g  earthquakes. Earthquake studies w i t h i n  the study region have 
provided t ime ly  informat ion relevant t o  the geometry o f  se ismica l ly  ac t i ve  
s t ructures and t o  pat terns o f  contemporary c rus ta l  deformation i n  t h i s  region 
o f  predominantly i n t r a p l a t e  extension. 

I n  the remainder o f  t h i s  sect ion we w i l l  discuss experiments t h a t  have been 
designed t o  lead t o  an evaluat ion o f  the stress s ta te  i n  an area t h a t  
encompasses the study region. These experiments range from i n  s i t u  
est imat ion o f  the three p r i nc ipa l  stress d i  rec t ions  obtained from 
hydrofracture techniques t o  microseismici ty experiments t h a t  involve 
temporary seismic arrays t h a t  serve t o  determine the sense o f  c rus ta l  
deformation t ha t  r esu l t s  i n  earthquake a c t i v i t y .  From such earthquake data 
the f a u l t  plane, sense o f  ground motion, and p r i nc ipa l  stress d i rect ions can 
be estimated. 

2.4.1 I n  S i t u  Stress Measurements 

The importance o f  making i n  s i t u  stress measurements has long been recognized 
by ear th  sc ien t i s t s  and engineers. The p red ic t ion  and type o f  c rus ta l  
earthquakes, and the proper i n te rp re ta t i on  o f  a  va r i e t y  o f  geologic phenomena 
requi re  knowledge o f  the p r i nc ipa l  d i rec t ions  and magnitudes o f  the stress 
f i e l d .  One way o f  est imating in s i t u  stress i s  known as the "hydrofrac" 
method (e.g. Zoback and others, 1977). The procedure involves measuring 
s t ress parameters a f t e r  hydrau l i ca l l y  f r ac tu r i ng  unfractured bedrock a t  depth 
i n  a  d r i l l  hole. From the measured parameters, the maximum, minimum, and 
intermediate p r i nc ipa l  stress d i rec t ions  can be calculated assuming t h a t  one 
o f  them i s  ver t ica l .  

Three hydrofracture experiments have been supported by the Bureau o f  
Reclamation i n  tw d i f f e r e n t  locat ions w i t h i n  the study region. Two 
experiments were conducted a t  the F i f t h  Water Underground Powerplant s i t e  
( labeled on pl .  l b )  i n  d r i l l  holes DH-103 and DH-101 which are separated by 
about f i v e  hundred feet (Zoback., 1981, and Haimson, 1981). The t h i r d  
experiment was car r ied  out  a t  the Jordanel l e  damsi t e  (Haimson, 1985 ) (see p l  . 
l b  f o r  locat ion).  

Fol lowing Zoback (1981), the resu l t s  o f  the study o f  the s ta te  o f  stress i n  
d r i l l  hole DH-103 i n  the North Horn Formation can be sumnarized as follows: 
The greatest  p r inc ipa l  stress i s  ve r t i ca l  and resu l t s  from the weight o f  the 
overburden. The magnitude o f  the leas t  hor izonta l  stress i s  qu i te  low and i s  
the same as t ha t  expected i n  areas o f  ac t i ve  normal fau l t ing.  The maximum 
hor izonta l  stress i s  o f  intermediate value between the leas t  hor izontal  
stress and the ve r t i ca l  stress, however much c loser  t o  the value o f  the 
minimum hor izontal  stress. The d i r ec t i on  o f  extension, o r  l eas t  compression, 
i s  S73W + 150, which i s  u i t e  s im i l a r  t o  other stress f i e l d  ind icators  f o r  
the regizn. Figure 2.4 ? from Zoback, 1981) i l l u s t r a t e s  the s i m i l a r i t y  o f  
l eas t  p r i nc ipa l  stress d i rec t ions  determined by four  d i f f e r e n t  methods. 
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Likewise, Haimson (1981) concludes t h a t  the s t ress estimates i n  hole DH-101 
are i n  general agreement w i t h  those i n  hole DH-103, i nd i ca t i ng  extension i n  a 
N15E + 100 d i rec t ion.  Furthermore, Haimson (1985) a a i n  estimates a general 
NE-SW-extensional environment a t  the Jordanel l e  d r i l  7 s i t e  a lso w i t h  stress 
magnitudes which suggest a s t ress regime close t o  the l i m i t  o f  s t a b i l i t y  
based on a simple model o f  f r i c t i o n a l  s l i d i n g  on proper ly or iented 
preex is t ing f ractures.  This conclusion was a lso reached by Zoback (1981) a t  
the F i f t h  Water s i te .  

The r e s u l t s  o f  these studies conf i rm t h a t  extensional stresses or iented east- 
west t o  east-northeast - west-southwest are dominant i n  the cen t ra l  Wasatch 
Mountains. The magnitude o f  the stresses measured and t h e i r  o r i en ta t i on  
ind ica te  t h a t  favorably or iented (north-south t o  northwest-southeast ) normal 
f a u l t s  i n  the area w i l l  l i k e l y  be subject  t o  f u t u r e  earthquake a c t i v i t y .  

2.4.2 Seismic Estimates o f  Crustal  Stress 

Pr inc ipa l  st ress d i rec t ions  and type o f  f a u l t i n g  throughout the study region 
can be estimated from the analyses of seismic data from earthquakes. 
Pressure and tension axes der ived from the earthquake foca l  mechanisms i s  one 
o f  the most comnonly used ind ica to rs  o f  tec ton ic  stress. However, p r i nc i pa l  
st ress o r ien ta t ions  obtained from f a u l t  plane so lu t ions are inherent ly  the 
l eas t  r e l i a b l e  ind ica to rs  o f  s t ress or ienta t ions.  McKenzie (1969) 
demonstrated t h a t  f o r  the general case o f  t r i a x i a l  s t ress the on ly  
r e s t r i c t i o n  on the greatest  p r i nc i pa l  s t ress imposed by the f a u l t  plane 
so lu t ion  i s  t h a t  t h i s  s t ress d i r e c t i o n  must l i e  i n  the same quadrant as the .P 
ax is  but  could i n  fac t  be near ly  normal t o  the P d i rec t ion.  .Th is  analysis i s  
based on the evidence t h a t  most shallow c rus ta l  earthquakes occur on 
preex is t ing f a u l t s  whose f a u l t  plane so lu t ion  i nco r rec t l y  estimates the 
p r i nc i pa l  st ress d i rec t ions.  However, Zoback and Zoback (1980) present 
arguments t ha t  lead t o  the conclusion t h a t  p r i nc i pa l  st ress d i rec t ions  
estimated from f a u l t  plane so lu t ions are l i k e l y  not  t o  be i n  e r ro r  by more 
than about 20 degrees. 

Several studies have been c i t e d  i n  sect ion 2.2.3 t ha t  have produced 
conclusions on the stress regime throughout the study region (e.g., Arabasz 
and others, 1980; Arabasz and Julander, 1986; Zandt and others, 1986). Focal 
mechanisms have been determined f o r  widely spaced earthquakes throughout the 
Intermountain seismic be1 t. Figure 2.5 (from Arabasz and others, 1980) 
schematical ly sumnari zes a1 l avai l ab le  data f o r  the Wasatch f r o n t  area (which 
includes CUP) a t  t h a t  time. Most o f  the so lu t ions shown on f i gu re  2.5 are 
composite so lu t ions which comprise f i r s t  motions from several c lose ly  spaced 
events. 

So lu t ion (a )  f o r  events along the East Cache Fau l t  ind icates d i p - s l i p  
extensional f a u l t i n g  and i s  s i m i l a r  t o  so lu t i on  ( f )  determined by Smith and 
Sbar (1974) and discussed by them fo r  the ML 5.7 Cache Val ley (Logan) 
earthquake o f  1962. Solut ions (b )  and (e )  are s im i l a r  t o  the ma jo r i t y  o f  
foca l  mechanisms i n  the study region which ind ica te  a c l ea r  predominance o f  
so lu t ions t h a t  are in te rp re ted  t o  represent normal fau l t i ng ,  w i th  s l i g h t l y  
varying trends o f  extension. Solut ions ( c )  and (d), on the other hand, which 
r e f l e c t  components of t h rus t  o r  high-angle reverse fau l t i ng ,  po in t  out  t ha t  
there are loca l  complications. 



Figure 2.5 Schcmz-lic sur3sary of fau l t -p lene  s ~ l u t i o n s  (1~t . ie r  
t w i  sphere p r o j e c t i o n s )  f o r  the L'asatch f r o n t  a r e a .  
Compressional quadrants  a r e  shaded. Trends c f  T axes 
a r e  shoi;n by heevy arroi:s. Large d o t s  s h o ~  I c c a t i ~ n  
o f  s ingle-event  s c l u t i o n s ,  and hachured zones shov; 
sariple a r e a s  f o r  composite s o l ~ t i o n s .  Sources: 
(a  t c  e j ,  t h i s  s t ~ d y  (keyed t o  Figure $ j ;  ( f  and i ) ,  
Sni th and Sbar  (1974);  ( h ) ,  Smith e t  a l .  (1974);  ( j ) ,  
Dewey e t  a l .  (1973); ( I ) ,  Bache e t  a l .  (1980); (11, k ,  
r, n ) ,  from a f t e r s h c c k  s t u d i e s  included i n  Arabasz 
e t  a l .  (1979).  (From Arabasz, e t  a1 . , 1980). 



Although aftershocks of the  m 4.7 Heber City earthquake of 1972 r e f l e c t  
normal f a u l t i n g  [solu t ion  ( g )  9 , so lu t ions  ( c )  and ( d )  f o r  nearby c l u s t e r s  of 
earthquakes ind ica te  s i g n i f i c a n t  horizontal  components of  compressional 
s t r e s s .  Earthquakes in  this area  a r e  near  the i n t e r s e c t i o n  of  the Wasatch 
f r o n t  and the  major east-west t rending Uinta f o l d  axis .  Solut ion ( h )  
determined by Smith and o t h e r s  (1974) f o r  shal  low earthquakes suggests  thrust 
f a u l t i n g  and is s i m i l a r  t o  so lu t ions  ( c )  and ( d )  suggesting t h a t  s t r e s s  
o r i e n t a t i o n s  in the southeastern p a r t  o f  the CUP region may have some 
inf luence  from the t ec ton ics  of  the northwestern p a r t  of the Colorado 
Plateau. The c o n t r a s t  i n  stress o r i e n t a t i o n  across  the boundary of the Basin 
and Range Province i n  this area  d i f f e r s  from t h a t  to  the north of S a l t  Lake 
Ci ty ,  where f a u l t  plane so lu t ions  imply t h a t  general east-west extensional  
s t r a i n  extends well e a s t  of the Wasatch f a u l t  zone and encompasses a l l  of the 
northern CUP region. 

Zandt and o the r s  (1986) recognized local  complications t o  the general eas t -  
west extensional  stress regime i n  a region north and e a s t  of  Brigham City. 
North of Brigham City,  a series of earthquakes occurred i n  1976-1980 w i t h  
dep th s  ranging from 2 t o  7 km (p l  . l a ) .  A composite mechanism using s i x  
events  shows normal f a u l t i n g  rep resen ta t ive  of  the general east-west 
extension. However, about 25 km north,  near  the town of Fielding,  a two day 
sequence of  earthquakes i n  Ju ly ,  1978 was a l s o  located near t h e  Wasatch 
f a u l t .  A s i n g l e  event mechanism was determined f o r  the l a r g e s t  event in  the 
two day sequence of  earthquakes ( Ju ly  29, 1978 14:04, ML 3.1, Depth = 4.2 
km). This mechanism shows reverse  d ip - s l ip  motion on a NW-striking plane 
ind ica t ing  a nearly horizontal  P-axis w i t h  azimuth S65W. About 15 km t o  the 
e a s t ,  another  reverse  mechanism was determined f o r  an earthquake on the edge 
of  a "hors tU- l ike  s t r u c t u r e  within the Cache val ley.  These reverse  
mechanisms a r e  unusual i n  this genera l ly  extensional  t ec ton ic  regime b u t  must 
lead t o  the observation t h a t  there e x i s t s  a complex pat tern  of predominant 
extension w i t h  l o c a l l y  s i g n i f i c a n t  a reas  of apparent compression. Zandt and 
o t h e r s  (1986) u s e d ' t h i s  information and some published geodetic  da ta  
(P resco t t  and o the r s ,  1979) t o  hypothesize westward block motion of  a por t i  on 
of the adjacent  Wasatch Mountains along a low-angle detachment w i t h  the  
mountain block. Modelling of the  s t r a i n  f i e l d  defined by the geodetic  
observations led t o  a conclusion t h a t  r e l a t e s  t o  the complexity of s t r a i n  
r e l e a s e  pa t t e rns  i n  the northern Wasatch Front area  and the l i k e l y  importance 
of low-angle decollement f a u l t s  in  accommodating extensional s t r a i n .  In 
p a r t i c u l a r  they suggested two t ec ton ic  models: aseismic s l i p  on a buried 
port ion of  a major normal f a u l t  t h a t  wi l l  produce a zone of compression a t  
the su r face  above the f a u l t  plane, o r  a l t e r n a t i v e l y ,  aseismic s l i p  on a 
" l i s t r i c "  normal f a u l t  within the footwall block of a major normal f a u l t  t h a t  
w i  7 1 a l s o  produce a zone o f  compression. These (non-unique) descr ip t ions  may 
r e l a t e  t o  the formation of back val leys  and l i s t r i c  back-valley f a u l t s .  In 
any case,  a compressional stress regime can occur i n  i so la ted  regions within 
the CUP region. However, the stress regime and sense of major f a u l t i n g  of 
concern t o  engineering app l i ca t ions  wi l l  only r e f l e c t  the major east-west 
extensional  environment. 

Another a rea  where the focal  mechanisms i n d i c a t e  a local  complication i s  the  
Idaho-Utah border area  north o f  the  Great S a l t  Lake (Arabasz and o the r s  
1980). Focal mechanisms i n  the Hansel Valley area  [solut ions ( j )  and ( k )  of 
f i g .  2.51 reflect a predominance o f  normal f a u l t i n g  w i t h  general east-west 
extension,  a s  does the  main shock of the 1975 M t  6.0 Pocatel lo Valley 



earthquake. However, aftershocks o f  t h i s  earthquake (again smaller magnitude 
events) displayed mixed mechanisms invo lv ing  normal, oblique, and s t r i  ke-sl i p  
fau l t i ng .  Solut ions (m) and (n )  are two o f  e i gh t  aftershock mechanisms t ha t  
i l l u s t r a t e  some o f  the complexity o f  the aftershock sequence. 

2.4.3 Discussion o f  Stress Var iat ions 

Several l i n e s  o f  evidence have been presented from which t o  assess the 
overa l l  p i c tu re  o f  st ress va r ia t ions  w i t h i n  the CUP region. Although we are 
handicapped by a lack o f  informat ion on large-scale seismic s l i p  re la ted  t o  
motion on major fau l t s ,  and we face uncer ta in t ies  o f  deal ing w i th  l i m i t e d  in 
s i t u  stress f i e l d  determinations and measurements based on seismic - 
deformation, we bel ieve there are important clues f o r  understanding c rus ta l  
deformation and the generation o f  episodic la rge surface-faul t ing earthquakes 
i n  t h i s  complex region. We note t h a t  the Basin and Range extensional 
environment undergoes a t r a n s i t i o n  t o  the compressional environment o f  the 
Colorado Plateau near the southeastern pa r t  o f  the study region. However, 
the -- i n  s i t u  stress est imations made near the se ismica l ly  determined 
compressiona1 anomal i e s  (and i n  p a r t i c u l a r  a t  the Jordanel l e  damsi t e )  
ind icated the more general extensional environment comnon t o  the study region 
as a whole. 

The overwhelming ma jo r i t y  o f  evidence leads t o  the conclusion t ha t  although 
there e x i s t  small anomalies t o  a uniform i so t rop i c  stress f i e l d ,  the 
predominant stress regime t h a t  w i l l  con t ro l  major f a u l t i n g  o f  concern t o  
engineering appl icat ions i s  t h a t  o f  east-west extension conducive t o  normal 
fau l t i ng .  

One l a s t  observation t h a t  may r e l a t e  t o  s t r a i n  va r ia t ions  along the Wasatch 
f r o n t  i s  the observation o f  apparent seismi c i t y  gaps. Several studies have 
recognized t ha t  anomalously low se ismic i t y  along segments o f  the Wasatch 
Faul t  deserves special discussion (see Sbar and others, 1972; Smith, 1974, 
1978; Smith and Sbar, 1974; and Arabasz and others, 1980). For example, 
quiescence o f  seismic a c t i v i t y  could be due t o  low s t r a i n  fo l lowing a large 
p reh i s to r i c  earthquake, o r  could be precursory, occurr ing a t  a h igh leve l  o f  
s t r a i n  (e.g., Wyss and others, 1978). Two s i t e s  t h a t  are p a r t i c u l a r l y  noted 
by Arabasz and others (1980) where gaps i n  se ismic i t y  appear t o  e x i s t  can be 
seen on p l a te  1. There appear t o  be two segments located t o  the nor th  and t o  
the south, respect ively, .of  S a l t  Lake C i t y  t h a t  have been seismical ly  qu ie t  
since a t  l eas t  1962. They mark areas o f  unusual ly low earthquake a c t i v i t y  
w i t h i n  a broadly ac t i ve  earthquake zone and along a major ac t i ve  f a u l t .  
Unfortunately, ex i s t i ng  data are inadequate e i t h e r  t o  characterize se ismic i ty  
during a complete cyc le  f o r  a la rge rupture event on the Wasatch Fault,  o r  t o  
determine which segments, i f  any, are i n  a l a t e  pre-earthquake stage. 
Uncerta int ies discussed by Swan and others (1980) regarding the t iming o f  the 
l a s t  sur face- fau l t ing events w i t h i n  the seismic gaps and the var ia t ion  o f  
in terevent  times o f  such events are such t h a t  one cannot conf ident ly  
determine whether the corresponding segments o f  the Wasatch Faul t  are i n  the 
i n i t i a l  o r  the l a t e r  stages o f  a seismic cycle. Thus, i f  a large earthquake 
i s  indeed due somewhere along the f au l t ,  the segments characterized by the 
pers is ten t  se ismic i ty  gaps are not  necessar i ly  the segments most l i k e l y  t o  
rupture next. F ina l ly ,  i t  i s  i n t e res t i ng  t o  note t h a t  the compressional 
s t r a i n  f i e l d  from geodetic measurements by Prescot t  and others (1979) 1 i e  
w i t h i n  the se ismic i ty  gap nor th  o f  Sa l t  Lake Ci ty.  However, once again 



conclusive data as to whether this i s  precursory evidence for an impending 
large earthquake are not available. 



2.5 An Earthquake Occurrence Model f o r  the I S B  

The re la t ionsh ip  between contemporary se ismic i t y  and geologic s t ruc tu re  i n  
the I S B  i s  not we11 understood. Targeting po ten t i a l  sources o f  moderate t o  
large magnitude earthquakes using seismologic versus geologic data o f ten  
leads t o  c o n f l i c t i n g  in terpreta t ions,  since data from these two avenues o f  
study are f requent ly  not  complimentary. As an example, locat ions o f  
recur rent  sources o f  large-magnitude (greater than 7.0) earthquakes are 
t y p i c a l l y  ind icated from geologic f i e l d  studies since evidence o f  
d i  sp l  acement w i  11 general l y  be preserved i n  the Quaternary record. However, 
studies o f  contemporary se ismic i t y  have not  demonstrated t ha t  epicenters o f  
small - and moderate- magnitude earthquakes, which general l y  do not  produce 
surface rupture, are concentrated near l a t e  Quaternary fau l t s .  Furthermore, 
the occurrence o f  events such as the 1975 Pocatel lo Val ley earthquake i n  
southeastern Idaho (magnitude 6.0), where se i  smologic evidence ind icates t ha t  
fau l t i n g  cuts across preex is t ing l a t e  Quaternary fau l t s ,  suggests t ha t  
locat ions o f  moderate-magnitude earthquakes (up t o  6.5) may no t  be ind icated 
i n  the s u r f i c i a l  geology (Arabasz and Smith, 1981; Arabasz and others, 1981). 

Because many o f  the charac te r i s t i cs  o f  moderate- and large- magnitude 
earthquakes are d iss im i la r ,  i t  i s  useful  t o  t r e a t  separately the two 
categories o f  earthquakes, and formulate a model o f  earthquake occurrence 
which recognizes the d is t inc t ion .  We subsequently review observations o f  
la rge and moderate magnitude earthquakes f o r  the ISB h i s t o r i c  catalog. 

2.5.1 Larqe-maqnitude ISB earthquakes: Hebgen Lake and Borah Peak 

Two earthquakes o f  magnitude exceeding 7.0 have been recorded w i t h i n  the 
e n t i r e  ISB. On August 18, 1959, a sequence o f  earthquakes shook the area 
around Hebgen Lake, Montana, causing i n  excess o f  11 m i l l i o n  do l la rs  i n  
damage and the loss o f  28 l i ves .  On October 28, 1983, a la rge earthquake 
occurred i n  cent ra l  Idaho, near Chal l is ,  which resu l ted  i n  2 deaths and a 
property loss o f  over 12 m i  11 i o n  do1 lars.  These are the la rges t  documented 
earthquakes i n  the h i s t o r i c  catalog f o r  the ISB, and provide d i r e c t  evidence 
f o r  character iz ing ground motion and surface f a u l t i n g  f o r  a "maximum cred ib le  
event". Geologic data from surface c u t t i n g  f a u l t s  i n  the ISB and Basin and 
Range supplement these observations and suggest a model f o r  the recurrence o f  
major earthquakes. 

The Hebgen Lake earthquake was o r i g i n a l l y  assigned a magnitude (approximately 
ML, Tocher, 1962) o f  7.1, but  recent analyses o f  the data suggest more l i k e l y  
magnitude values of ML 7.7 (Bol t ,  1984); a lso ML 7.6, mb 7.0, and MS 7.2 
(Doser, 1984); and f i n a l l y  MS 7.5 (Doser, 1985). The Borah Peak earthquake 
has been assigned magnitudes of ML 7.2 (Bol t ,  1984), and MS 7.3 (National 
Earthquake Information Service, 1983i. The seismic moment o f  the Hebgen Lake 
earthquake was estimated a t  9.2 x 10 6 dyne-cm by Doser (1984 . The moment I f o r  the Borah Peak earthquake was estimated a t  about 2.1 x 10 6 dyne-cm by 
Doser and Smith (1985), which i s  i n  good agreement w i t h  the value o f  3.12 x 
1026 dyne-cm found by Ekstrom and Dziewonski (1985). These values are very 
close t o  the geodet ica l ly  determined moment o f  3.3 x 1026 dyne-cm 
determined by Stein and Barrientos (1985). Stress drops f o r  the Hebgen Lake 
and Borah Peak events were estimated a t  97 and 17 bars, respect ive ly  (Doser, 
1984; Doser and Smith, 1985). 



Geodetic and seismological evidence s t rongly  suggests t h a t  the Hebgen Lake 
and Borah Peak events occurred on normal f au l t s  d ipping 45 t o  600. Rupture 
propagated u n i l a t e r a l l y  from one end o f  the f a u l t ,  and nucleation o f  rupture 
occurred a t  about the 15 km depth f o r  both events. Doser (1984) determined a 
f a u l t  d i p  of 45 t o  600 for  the Hebgen Lake earthquake from a deta i led r e  
analysis o f  the o r i g i n a l  seismic records. Waveform modeling ind icated a 
foca l  depth o f  15 km, near the base o f  the seismogenic zone, w i th  rupture 
propagating upwards t o  the surface and along the length o f  the f a u l t  zone. 
Many var ied observations o f  the Borah Peak earthquake ind ica te  t h a t  s l i p  
occurred on a 45 t o  600 dipping planar normal f a u l t  (e.g., Barrientos and 
others, 1985; Doser and Smith, 1985; Ste in  and Barrientos, 1985; Ekstrom and 
Dziewonski, 1985). The main shock hypocenter had a depth o f  14 t o  16 km, and 
rupture propagated u n i l a t e r a l l y  along the f au l t .  Barrientos and others 
(1984) modeled observed v e r t i c a l  deformation associated w i t h  the earthquake 
and suggested t h a t  moment release was concentrated i n  the depth range o f  8 t o  
12 km. 

Near- f ie ld  accelerat ion data are no t  ava i lab le  f o r  e f t he r  the Hebgen Lake o r  
Borah Peak earthquakes, however the Borah Peak event was recorded by strong 
motion f nstruments located a t  INEL (Idaho Natf onal Engineering Laboratory) 
some 100 km southeast o f  the main shock. These data were presented by 
Jackson (1985) and Jackson and Boatwright (1985). Peak hor izonta l  
accelerations recorded a t  two f r ee - f i e l d  s i t e s  were 0.04 and 0.08 g. 
Duration o f  the record segment where peak hor izonta l  accelerations exceeded 
0.02 g was 10 t o  15 s, and the accelerat ion amplitude spectra peaked i n  the 
frequency band o f  5 t o  15 Hz. Extrapolat ion o f  aftershock data recorded both 
a t  INEL and i n  the ep icent ra l  area suggested an upper l i m i t  o f  0.8 g f o r  near 
f i e l d  ground accelerat ion o f  the main shock. 

The Hebgen Lake and Borah Peak earthquakes produced extensive surface 
rupture, w i th  maximum recorded displacements o f  6.7 and 2.7 m, respect ive ly  
(Myers and Hamilton, 1964; Crone and Machette, 1984). The Hebgen - Red 
Canyon f a u l t  system showed an average surface displacement o f  about 2 m over 
a l en  t h  o f  about 30 km (Myers and Hamilton, 1964). Crone and Machette 
(19843 measured an average surface displacement o f  0.8 m along the 34 km 
scarp a t  Borah Peak. Both events occurred on f a u l t s  exh ib i t i ng  mu l t ip le  l a t e  
Quaternary displacements (Myers and Hamilton* 1964; Malde, 1971; Ha i t  and 
Scott, 1978; Pierce, 1985). 

Observed displacements from the Hebgen Lake and Borah Peak events were 
s i m i l a r  t o  paleoseismic single-event displacements measured on l a t e  
Quaternary normal f a u l t s  elsewhere i n  the ISB and Basin and Range. For 
example, Schwartz and Coppersmith (1984) measured single-event displacements 
exposed i n  trenches across several segments o f  the Wasatch f a u l t  zone. They 
found t h a t  displacements ranged between 1.6 t o  2.6 m, w i th  an average 
displacement per event o f  2 m. This su gests t h a t  the Hebgen Lake and Borah 
Peak earthquakes are representative o f  arge-magnitude events elsewhere i n  
the ISB. 

9 
Further examination o f  the paleoseismic record o f  the Wasatch f a u l t  suggests 
a model f o r  earthquake occurrence on recur ren t l y  ac t i ve  fau l t s .  Although 
Schwartz and Coppersmith (1984) were not able t o  r u l e  out single-event 
displacements o f  less than 0.5 m, they f e l t  t h a t  displacements o f  between 0.5 
and 1.6 m, had they been present, would have been observed. These 



observations l ed  them t o  suggest t h a t  a "charac te r i s t i c  earthquake" model , 
where ind iv idua l  f a u l t s  and f a u l t  segments tend t o  generate only earthquakes 
having magnitudes and displacements i n  a narrow range about the maximum, was 
appl icable t o  the Wasatch and other faul ts.  

The charac te r i s t i c  event model o f  f a u l t i n g  i s  i n  marked contrast  t o  the log  
l i n e a r  re la t ionsh ip  between earthquake frequency versus magnitude (Gutenberg 
and Richter, 1954) widely observed f o r  seismical l y  ac t i ve  regions. The 
charac te r i s t i c  earthquake model was i n i t i a l l y  suggested by A 1  l en  (1968) from 
observations o f  se ismic i t y  along the San Andreas f a u l t ,  and may a lso describe 
f a u l t i n g  i n  other tec ton ic  environments. I n  a de ta i led  study o f  both 
se ismic i t y  data and l a t e  Quaternary displacement on s t r i k e  s l i p  and reverse 
f a u l t s  i n  Japan, Wesnousky and others (1983) concluded t h a t  the 
character1 s t i c  earthquake model be t te r  describes the behavior o f  i nd iv idua l  
f au l t s  than does the Gutenberg-Richter re la t ionsh ip .  

The charac te r i s t i c  sizes o f  the Hebgen Lake and Borah Peak earthquakes are 
assumed t o  provide estimates o f  earthquake parameters which can be appl ied t o  
other normal f a u l t s  i n  the ISB. While s u f f i c i e n t  data do not  ye t  e x i s t  t o  
conclusively demonstrate the uni  versa1 appl i c a b i  1 i t y  o f  the charac te r i s t i c  
earthquake model t o  l a t e  Quaternary fau l t s  i n  the ISB, i t  i s  present ly the 
most favored model. Thus, i t  i s  assumed tha t  earthquakes t ha t  occur on l a t e  
Quaternary normal f a u l t s  i n  the ISB w i l l  be o f  a s i ze  which i s  i n  a narrow 
range about the maximum f o r  the p a r t i c u l a r  f a u l t .  For a s u i t e  o f  fau l t s ,  o r  
f o r  the region around a f a u l t ,  a Gutenburg-Richter type r e l a t i o n  i s  s t i l l  
assumed t o  be val id.  

2.5.2 Moderate-maqnitude earthquakes i n  the ISB 

Since 1870 there have been f i f t e e n  earthquakes reported i n  the ISB w i t h  
magnitudes i n  the range o f  approximately 6.0 t o  7.0 (Coffman and others, 
1982; NOAA, 1985). This f i gu re  does not  inc lude foreshocks o r  aftershocks. 
Earthquakes i n  t h i s  magni tude range, which we have ca l led  moderate-magni tude 
events, t y p i c a l l y  produce no surface displacement, and do not  appear t o  be 
re la ted  t o  ac t i ve  l a t e  Quaternary fau l t s .  The occurrence o f  these 
earthquakes i s  suggested t o  f o l l ow  a process qu i t e  d i s t i n c t  from t h a t  o f  the 
large-magnitude earthquakes discussed i n  the previous section. 

Precise magnitude determination f o r  earthquakes occurr ing before 1930 i s  
d i f f i c u l t ,  since these magnitudes were o f ten  based on the maximum i n t e n s i t y  
o f  ground shaking reported i n  the ep icent ra l  region, o r  on the s i ze  o f  the 
f e l t  area. Comparison w i t h  recent earthquakes i n  the ISB f o r  which 
instrumental magnitudes are ava i lab le  suggests t h a t  an earthquake o f  
magnitude 6 o r  greater produces a maximum Modi f i e d  Merca l l i  I n t ens i t y  o f  V I I  
o r  more, and i s  f e l t  over an area on the order o f  10 000 km2. Uncertainty i n  
the magnitude determination f o r  events no t  recorded instrumental ly  makes i t  
possible t ha t  three o r  more o f  the assumed f i f t e e n  magnitude 6.0 t o  7.0 
earthquakes were ac tua l l y  i n  the magnitude 5.5 t o  6.0 range. Regardless o f  
the ambiguity i n  some o f  the magnitude determinations, detect ion o f  moderate 
magnitude earthquakes has probably been uniform since a t  l eas t  1870 because 
o f  the large f e l t  areas such events produce. 

Surface rupture resu l t i ng  from moderate-magnitude earthquakes has r a r e l y  been 
observed. O f  the f i f t e e n  magnitude 6.0 t o  7.0 earthquakes documented i n  the 



ISB, only the magnitude 6.6 1934 Hansel Valley, Utah, earthquake has been 
associated w i t h  surface rupture (Shenon, 1936). This event produced 0.5 m 
maximum surface displacement along a discontinuous 10-km-long zone o f  en 
echelon scarps i n  predominantly unconsolidated sediments. Pardee ( 1926) 
reported t h a t  the 1925 magnitude 6.7 Clarkston, Montana, earthquake produced 
on ly  i so la ted  surface cracks o f  up t o  0.6 m re la ted  t o  l oca l  subsidence, but 
no observable scarp w i t h  surface displacement was found. 

Within the ISB there i s  evidence f o r  the existence o f  a threshold magnitude 
for  the occurrence o f  surface rupture. This magnitude apparently l i e s  i n  the 
magnitude 6 t o  6-3/4 range, and l i k e l y  var ies somewhat w i t h  location. Doser 
(1985) has noted t h a t  surface rupture has not  been observed f o r  magnitude 6.0 
t o  6.5 earthquakes i n  the ISB, and suggests t h a t  magnitude 6-1/2 i s  the 
threshold f o r  surface rupture. This was based on the observation t h a t  no 
surface rupture was recorded for the 1975 ML 6.1 Ye1 lowstone, Wyoming, 1975 
ML 6.0 Pocatel lo Valley, Idaho, and the 1947 M 6.3 V i rg i n i a  City, Montana 
earthquakes. Though the magnitude determinations f o r  the Hansel Val ley and 
Clarkston earthquakes are somewhat uncertain, they appear t o  have been near 
the threshold magnitude. 

Locations o f  moderate-magnitude earthquakes suggest t h a t  these earthquakes 
occur wi thout co r re la t ion  t o  l a t e  Quaternary fau l t s .  Evidence from the 
Pocatel l o  Val l e y  earthquake ind icates t h a t  the earthquake ruptured on a f a u l t  
which cuts across a major l a t e  Quaternary f a u l t  i n  the area (Bache and 
others, 1980; Arabasz and others, 1981). None o f  the magnitude 6 t o  6-3/4 
ISB earthquakes have been shown t o  have occurred on recur ren t l y  ac t i ve  range 
bounding fau l t s .  Earthquakes o f  t h i s  magnitude w i t h i n  the ISB may therefore 
occur on hidden subsurface fau l ts ,  wi thout apparent co r re la t ion  t o  the 
s u r f i c i a l  geology. 

S u m r y  

The Hebgen Lake and Borah Peak earthquakes are assumed t o  be representative 
o f  maximum magnitude earthquakes which occur on l a t e  Quaternary normal f a u l t s  
i n  the ISB. Earthquake occurrence on recur ren t l y  ac t i ve  normal f a u l t s  
appears t o  be l i m i t e d  t o  charac te r i s t i c  surface ruptur ing events t ha t  produce 
displacements greater than 0.5 m. Quoting Doser (1985), we suggest a model 
f o r  la rge earthquakes (magnitude 7 - 7.5) i n  the ISB which "would p red ic t  a 
f a u l t  rupture length o f  20 t o  30 km, an average surface displacement o f  1 t o  
4 m, a pauci ty of foreshocks, displacement along major f a u l t  systems showing 
repeated movements i n  Quaternary-Holocene times, and un i l a te ra l  rupture 
nucleat ing a t  a depth t h a t  i s  a t  o r  near the base o f  the seismogenic zone." 
Ground motion parameters f o r  such earthquakes are expected t o  be s im i l a r  t o  
those observed for  the Hebgen Lake and Borah Peak events. 

Because moderate-magni tude earthquakes i n  the ISB have not produced observed 
surface rupture o r  other evidence o f  nucleat ing on l a t e  Quaternary fau l t s ,  i t  
i s  u n l i k e l y  t ha t  po ten t ia l  s i t e s  o f  moderate-magnitude earthquakes may be 
predicted from Quaternary geology. Detai led geologic f i e l d  studies of each 
o f  the f i f t e e n  magnitude 6.0 t o  7.0 earthquakes observed i n  the ISB have not 
been conducted, but the ava i lab le  1 i t e r a t u r e  suggests tha t  the spec i f i c  
locat ions o f  these events could not  have been targeted from the surface 
geology (Arabasz and Smith, 1981). Potent ia l  s i t e s  o f  fu tu re  earthquakes i n  
the magnitude 6 t o  7 range might therefore remain un iden t i f i ed  i f  based on 



geologic data alone. Without f u r t h e r  advances i n  earthquake predic t ion ,  
enabling use of contemporary se ismic i ty  data,  i t  may only be possible t o  
assume t h a t  these events w i l l  occur on "b l ind"  structures having no surface 
expression. 



2.6 Recurrence Rates f o r  Moderate-Maqni tude Earthquakes 

The ISB i s  deffned by a concentrat ion o f  low-level earthquake a c t i v i t y ,  most 
of  which occurs on unmapped o r  "b l indu s t r u c t u r e s  having no apparent 
c o r r e l a t i o n  t o  l a t e  Quaternary surface  f a u l t s .  The frequency d i s t r i b u t i o n  of 
this a c t i v i t y ,  and the p r e d i c t a b i l i t y  o f  l i k e l y  loca t ions  f o r  f u t u r e  events ,  
is q u i t e  d i s t i n c t  from t h a t  of  large-magnitude earthquakes which apparently 
occur only on recur ren t ly  a c t i v e  su r face  f a u l t s .  

Seismical ly a c t i v e  regions o r  suites of a c t i v e  f a u l t s  have widely been 
observed t o  obey a log- l inear  r e l a t f o n  between earthquake frequency and 
magnitude (Gutenburg and Rdchter, 1954). The log-1 i n e a r  r e l a t i o n ,  however, 
has been shown t o  f nadequately descr ibe  se i smic i ty  on i ndividual f a u l t s  
exh ib i t ing  recur ren t  su r face  rupture.  Analysis o f  t renches dug across ac t fve  
l a t e  Quaternary f a u l t s  i n d i c a t e s  t ha t  the amount of sl ip produced by s i n g l e  
events  does not vary g r e a t l y  f o r  a p a r t i c u l a r  f a u l t  (e.g., Coppersmith and 
Schwartz , 1984). This observation has suggested t h a t  1 arge-magni tude 
earthquakes wfthfn the ISB may be described by the "characterf s t i c  
earthquakeu model, which pos tu la tes  t h a t  f o r  any recur ren t ly  a c t i v e  l a t e  
Quaternary f a u l t  only l a rge  earthquakes w i t h  magnitudes in  a narrow range a r e  
l i k e l y  t o  occur. The geologic record the re fo re  provides information on the 
occurrence o f  large-magnitude earthquakes, their r a t e ,  and their l i k e l y  
locat ions .  

In c o n t r a s t  t o  large-magnftude earthquakes, events  within the ISB of 
magnitude l e s s  than about 6-1/2 have not  been observed t o  occur on f a u l t s  
which d i sp lace  the surface. Asfde from minor loca l  subsidence, these events  
have not  formed scarps.  Because earthquakes of t h f ' s  s i z e  may cause 
s i g n i f i c a n t  ground motion, i t  is necessary t o  cha rac te r i ze  their probable 
loca t ions  and average rates o f  occurrence. Such information cannot be 
obtained s o l e l y  from the geologic record. The remainder of  this sec t ion  
reviews se i smic i ty  r a t e s  based on t h e  h i s t o r i c  earthquake ca ta log,  and a l s o  
on the  geologic record, and es t imates  the frequency of occurrence of moderate- 
magnitude earthquakes f o r  the CUP region. 

2.6.1 Recurrence Rates Based of  His to r i c  Seismici ty  and Geoloqic Information 

Earthquake recurrence s t u d i e s  f o r  the north-central  Utah area have been 
presented by Arabasz and o t h e r s  (1980) and Kastrinsky (1977), based on the 
e n t i r e  record of  se i smic i ty ,  from 1850 through 1978. Arabasz and o the r s  
(1980) analyzed earthquake recurrence in  north-central  Utah a s  a whole (the 
area  shown i n  f igs .  2.2 and 2.3) using three major documentation periods 
(1850-1962, 1962-1974, and 1974-1978). In doing so the  completeness periods 
f o r  various magnitude de tec t ion  thresholds  were determined, and accounted f o r  
i n  the computations, u t i l i z i n g  the methodology of  Stepp (1972). Because 
these  completeness periods a r e  important in  i n t e r p r e t i n g  h i s t o r i c a l  
se i smic i ty  a t  loca l  sites, they a r e  reproduced i n  Table 2.1. 



Table 2.1 Completeness Periods f o r  North-Central Utah 

Period I n t e n s i t y  - > 

* converted from i n t e n s i t y  by M~=(2/3)1 + 1 

Earthquake recurrence times were computed from the standard log-1 inear  
recurrence formula log(N) = a - b(M) (Gutenberg and Richter, 1954), where N 
i s  the number of events o f  magnitude M o r  greater, and the a- and b- values 
are constant. N was computed both as a cumulative number ( the number o f  
events greater than o r  equal t o  M) and as an incremental number ( the  number 
of events w i th  a given maximum i n t e n s i t y  o r  w i t h i n  a ce r ta in  magnitude 
range). 

I n  comparing recurrence i n t e r v a l s  f o r  the recent data set  (1962-1978) t o  
those calculated f o r  the e n t i r e  h i s t o r i c  record, Arabast and others (1980) 
found t h a t  the r a t e  of occurrence of ML > 4 events was s i  n i f i c a n t l y  lower i n  
the recent per iod than would be expected-from the extrapo 9 a t i on  o f  the e n t i r e  
record. Spec i f ica l ly ,  21 earthquakes of t h i s  s i ze  o r  greater would be 
expected i n  the 1962-1978 per iod based on the e n t i r e  record, whereas only 12 
ac tua l l y  occurred. They suggested t h a t  the cur rent  l eve l  o f  a c t i v i t y  i s  
anomalously low, and may be re la ted  t o  the prescence o f  se ismic i ty  gaps along 
much o f  the Wasatch f a u l t .  

Arabasz and others (1980) suggest t h a t  recurrence estimates based on the 
e n t i r e  129-year record are more appropriate f o r  earthquakes o f  ML 6.0 and 
greater. The computed values, derived from the methodologies described 
above, are l i s t e d  i n  t ab le  2.2. The narrow range o f  recurrence times shows 
t h a t  the resu l t s  are consistent  despite the usage o f  varying mathematical 
techniques. 

Table 2.2 Return Periods f o r  la rger  earthquakes i n  north-central Utah * 

Years 

* based on the 129 yr. (1850-1978) record 

Kastr insky (1977) a lso computed recurrence i n t e r v a l s  f o r  earthquakes w i th in  
the same study area, but  w i t h  data on ly  from the 1962-1974 period. While h i s  



computed values f o r  earthquakes o f  ML 6 and greater are very d i f f e r e n t  from 
those calculated by Arabasz and others( l980) based on the e n t i r e  h i s t o r i c  
record, t h i s  can be a t t r i b u t e d  t o  the extreme s e n s i t i v i t y  o f  the extrapolated 
values t o  the b- value i n  the recurrence r e l a t i o n  log(N) = a - b(M). 
However, f o r  magnitudes o f  5.0 and less, Kastr insky (1977)'s values are 
probably more r e a l i s t i c ,  and are l i s t e d  i n  t ab le  2.3. 

Table 2.3 Return Periods f o r  moderate earthquakes i n  north-central  Utah * 

Years 

* based on a 12 yr. (1962-1974) record 

Note t h a t  according t o  tab les  2.2 and 2.3 ML 6.0 events are predicted t o  
occur more f requent ly  than ML 5.0 events. This po in ts  ou t  again t h a t  the 
modern se ismic i t y  r a te  appears t o  be lower than the h i s t o r i c  rate. 

Estimates o f  long-term se ismic i t y  based on s l i p  ra tes f o r  Quaternary f a u l t s  
i n  Utah were made by Doser and Smith (1982). They i m p l i c i t l y  assumed tha t  
seismic1 t y  i n  the region surroundf ng (and inc lud ing)  the Wasatch f a u l t ,  could 
be described by a log - l i near  cumulative frequency versus magnitude recurrence 
re la t ion .  They f u r t h e r  assumed t h a t  most o f  the ne t  moment release i n  the 
region was accounted f o r  by s l i p  on Quaternary fau l t s .  By measuring 
parameters which r e l a t e  magnitude t o  moment, and using b-values from 
contemporary seismici ty,  they were able t o  est imate the recurrence ra te  of 
earthquakes i n  the region. I n  essence, they estimated an a-value from 
geologic data and magnitude-moment re la t ions ,  and combined t ha t  w i t h  the b- 
value from h i s t o r i c  seismici ty.  While they inappropr i  ate1 y combined 
re l a t i ons  obtained by Anderson (1979), who assumed a truncated form o f  the 
recurrence densi ty d i  s t r i  b u t i  on, w i t h  Mol nar  ( 1979), who assumed a truncated 
form o f  the cumulative recurrence re la t ion ,  the e r ro rs  introduced are 
probably w i t h i n  the prec is ion o f  the estimates o f  the measured parameters. 

Doser and Smith (1982) found good agreement between t h e i r  estimates o f  
se ismic i t y  based on geologic data w i t h  estimates obtained so le l y  from 
h i s t o r i c  seismici ty,  w i t h  the exception o f  the Wasatch Faul t  area. They 
a t t r i b u t e d  t ha t  discrepancy (about a f ac to r  o f  2 greater f o r  the geologic 
est imate o f  occurrence ra tes )  t o  the short  (20-year) per iod o f  h i s t o r i c  
se ismic i t y  data al'ong the Wasatch f a u l t .  For the Wasatch f r o n t  area ( the  
Wasatch f a u l t  and subsidiary f a u l t  systems) Doser and Smith (1982) found good 
agreement between the geologic and h i s t o r i c  data. I n  tab le  2.4 below we have 
extracted t h e i r  estimates o f  se ismic i t y  ra tes  f o r  magnitude 6 -plus 
earthquakes f o r  both the Wasatch f a u l t  and Wasatch f r o n t  areas, normalized t o  
a u n i t  area of 1 km2. Maximum and minimum estimates are shown because o f  the 
d i f f e r e n t  estimates provided by the geologic and h i s t o r i c  data. 



Table 2.4 Rate o f  occurrence per u n i t  area f o r  magnitude 6-plus 
earthquakes i n  the Wasatch f r o n t  and Wasatch f a u l t  areas. Data 
are from Doser and Smith (1982) and are based on geologic data 
as we1 1 as h i s t o r i c  seismici ty.  

Rate o f  magnitude 6-pl us earthquakes (10-7/~ear/km21 

Wasatch f r o n t  
(74 000 km2) 

Wasatch f a u l t  
(27 000 km2) 

Maximum r a t e  
Minimum r a t e  

2.6.2 Probabi 1 i s t i c  Estimates o f  Epicentral  Distance 

We have used a p r o b a b i l i s t i c  approach t o  assess the l i ke l i hood  o f  a moderate 
magnitude earthquake occurr ing i n  the v i c i n i  ty  o f  an a r b i t r a r y  s i t e  i n  the 
CUP region. It i s  assumed t h a t  earthquakes occur over time as a Poisson 
process and t h a t  the regional  earthquake a c t i v i t y  occurs uni formly over a l l  
sub-areas. Specifying an annual probabi l  i t y  o f  occurrence then f i x e s  the 
s i ze  o f  an area required t o  produce a t  l e a s t  one event i n  any p a r t i c u l a r  
magnitude range. The appropr iate equations on which these computations are 
based are de ta i led  i n  Appendix A. The occurrence r a t e  f o r  earthquakes o f  
t h i s  range i s  taken from tab le  2.4. 

P robab i l i s t i c  ep icent ra l  distances o f  moderate-magnitude earthquakes were 
estimated f o r  a wide range o f  annual p r o b a b i l i t i e s  o f  occurrence. Select ing 
an annual p r o b a b i l i t y  o f  occurrence f i xed  the radius o f  an area i n  which no 
event w i l l  occur, and t h i s  radius was in te rp re ted  as an epicentral  distance. 
Because o f  the d i r e c t  t rade-of f  between annual probabi 1 i t y  o f  occurrence and 
ep icent ra l  distance, the distance i s  essen t i a l l y  f i x e d  by se lec t ion of the 
p r o b a b i l i t y  ra ther  than by the recurrence re la t ion .  It should be emphasized 
t h a t  the concept of a "recurrence time" when appl ied t o  these p r o b a b i l i s t i c  
earthquakes i s  d i s t i n c t  from t h a t  o f  a l oca l i zed  source such as a fau l t .  
This r esu l t s  because, f o r  the p r o b a b i l i s t i c  case, we are de f in ing  the 
recurrence time by spec i fy ing an annual p r o b a b i l i t y  o f  occurrence. A 
distance i s  then calculated. Equivalent ly  a distance could be speci f ied,  and 
then an annual p r o b a b i l i t y  o r  recurrence t ime could be calculated. For the 
case o f  a loca l i zed  source, the annual p r o b a b i l i t y  o f  occurrence, and 
recurrence i n te r va l ,  are independent o f  ep icen t ra l  distance. We have l i s t e d  
i n  t ab le  2.5 ep icent ra l  distances a t  an a r b i t r a r y  s i t e  i n  the study area f o r  
a magnitude 6-pl us earthquake fo r  various annual p robab i l i t i e s  o f  occurrence. 



Table 2.5 Probab i l i s t i c  epicentral distances f o r  magnitude 6-plus 
earthquakes i n  the study area. Recurrence rates on which these 
estimates are based are given tab le 2.4. 

Epicentral distance 

Recurrence Annual probabi 1 i ty*  
ra te  used 1/ 100,000 1/50,000 1/ 10,000 1/1000 

Wasatch Front max 2.4 3.4 7.7 24 
Wasatch Front min 2.6 3.7 8.3 26 
Wasatch Fault max 2.4 3.4 7.7 24 
Wasatch Fault min 3.6 5.1 11 36 

* A l l  focal depths are assumed t o  be 7 Ian 
* Probabi l i ty  o f  occurrence o f  the event w i th  magnitude 6 o r  greater 

w i th in  the epicentral distance 

Gf ven the degree o f  uncertainty i n  recurrence o f  magnitude 6-plus 
earthquakes, the values l i s t e d  i n  tab le 2.5 provide only a general ind icat ion 
o f  the potent ia l  f o r  the local  occurrence o f  events or ig inat ing on "bl ind" 
structures. It seems clear, however, t ha t  f o r  commonly used probab i l i t ies  of 
occurrence, the epicentral  distance f o r  magnitude 6-plus events i s  l i k e l y  t o  
be less than 10 km. Applied t o  an a r b i t r a r y  sub-area w i th in  the region, such 
as the area around a damsite, these calculat ions imply tha t  f o r  a wide range 
o f  annual p robab i l i t ies  (about 1 i n  10 000 t o  1 i n  100 OOO), a near-f ield 
earthquake o f  magnitude 6-plus can be expected. As noted previously, ISB 
earthquakes i n  t h i s  magnitude range are not expected t o  produce surface 
rupture and are l i k e l y  t o  occur on "bl indu fau l ts .  



2.7 Summary 

The study area l i e s  w i t h i n  the se ismica l ly  ac t i ve  Wasatch f r o n t  area o f  the 
ISB. Earthquakes i n  the magnitude 3 t o  5 range, which are f e l t  over areas o f  
up t o  10 000 km2, have commonly occurred i n  the study region. Smaller 
magnitude events, which usua l l y  are not  f e l t ,  are widely d i s t r i bu ted  
throughout a well-defined band o f  seismic a c t i v i t y  which extends from 
northern Montana t o  northern Arizona, and passes through the study area. The 
presence o f  se ismic i ty  i s  in te rp re ted  as an i nd i ca t i on  o f  ongoing extensional 
tec ton ic  deformation. Contemporary se ismic i t y  has been analyzed t o  help 
evaluate the po ten t ia l  f o r  the occurrence o f  damaging earthquakes throughout 
the study area, and t o  character ize t h e i r  l i k e l y  e f fec ts .  

Potent ia l  s i t e s  f o r  large-magni tude earthquakes (magnitude greater than 6.5) 
are general ly  i d e n t i f i a b l e  from geologic data, since these events tend t o  
produce surface rupture which i s  preserved i n  the l a t e  Quaternary geologic 
record. The l i k e l y  s i t e s  o f  smaller magnitude events are much more d i f f i c u l t  
t o  i d e n t i f y  from e i t h e r  se i  smol ogic o r  geologic evidence. Moderate-magni tude 
earthquakes (magnitude less than 6.5) have not  produced surface rupture, and 
poor co r re l a t i on  o f  contemporary se ismic i ty  t o  mapped geologic structures has 
been observed. 

Although there have been on ly  two large-magnitude earthquakes recorded w i t h i n  
the ISB,  there are important charac te r i s t i cs  common t o  both events. Large 
magnitude earthquakes appear t o  nucleate a t  depths o f  about 15 km and rupture 
t o  the surface. Rupture i s  i n i t i a t e d  a t  one end o f  the f a u l t  and propagates 
u n i l a t e r a l l y .  Fau l t  planes are steeply di.pping, w i t h  45 t o  600 dips. There 
i s  no ind ica t ion  t ha t  the f a u l t  planes become subhorizontal a t  depth, and the 
geodetic data are wel l  explained by simple planar fau l t s .  A re la t ionsh ip  o f  
the f a u l t  plane w i th  o lder  t h r u s t  f a u l t s  i s  suggested, but  the f a u l t  planes- 
extend i n t o  the basement rocks. 

Earthquakes w i th  magnitude less than about 6.5 may occur wi thout  apparent 
co r re l a t i on  t o  l a t e  Quaternary f a u l t s  i n  the ISB. These events apparently 
occur on subsurface o r  "b l ind"  s t ruc tures which are not  revealed i n  the 
surface geology. Other than i n  a general sense, the loca t ion  o f  contemporary 
se ismic i t y  does not  necessar i ly  i nd ica te  the probable s i t e s  o f  fu tu re  events 
of t h i s  size. The depth o f  nucleat ion o f  these moderate events i s  most 
l i k e l y  t o  be i n  the 8-15 km range. 

The est imat ion o f  average rates o f  occurrence and locat ions o f  earthquakes 
w i t h  magnitude less than about 6.75 has been t reated w i th  a p robab i l i s t i c  
approach. Based on the h i s t o r i c  earthquake record f o r  the CUP study area, an 
earthquake o f  magnitude 6.0 o r  greater w i l l  occur c loser  than 1 km a t  an 
annual p robab i l i t y  o f  1 i n  100,000 f o r  any s i te .  

Fau l t  plane solut ions obtained from ind iv idua l  events and groups o f  
earthquakes indicated east-west extension on normal fau l ts ,  but w i t h  l oca l  
var ia t ions.  The s t r i kes  o f  possible f a u l t  planes were s im i l a r  i n  o r ien ta t ion  
t o  preex is t ing Laramide t h rus t  fau l t s .  It therefore  seems l i k e l y  t ha t  the 
present s ta te  o f  st ress provides condi t ions favorable t o  s l i p  on these 
planes. 

A1 though the Wasatch fau 1 t shows abundant geomorphic evidence o f  Holocene 



movement, seismicity documented since 1962 shows no d i r e c t  association with 
the f a u l t .  The presence o f  seismic gaps along much o f  the f a u l t ' s  length i s  
in t r igu ing ,  but o f fe rs  no clues as t o  the timing o f  future large earthquakes. 



3. QUATERNARY STRATIGRAPHY AND CHRONOLOGY 

In t roduct ion 

Accurate mapping and dat ing o f  Quaternary deposits are c r i t i c a l  t o  seismic 
hazard assessment because displacement o f  Quaternary deposits where they 
o v e r l i e  f a u l t s  i s  usua l ly  the ch ie f  evidence f o r  f a u l t  a c t i v i t y  i n  the recent 
geologic past. Understanding o f  the geomorphol og ica l  development of an area 
on l oca l  as wel l  as regional scales a lso requires maps o f  well-dated 
Quaternary deposits whose genesis i s  co r rec t l y  interpreted.  A 
geomorphological h i s t o r y  o f  an area, i n  turn,  i s  the means f o r  assessing the 
degree t o  which landform development has been con t ro l led  by tectonism 
( inc lud ing  large-scale deformation as wel l  as l oca l  f a u l t i n g )  and f o r  
est imat ing ra tes o f  deformation. Both i n d i v i u a l  f a u l t  assessment and 
regional  tec ton ic  geomorphology approaches are necessary f o r  a f u l l  
understanding o f  regional neotectonics and the r e s u l t i n g  seismic hazard posed 
by tec ton ic  s t ruc tures i n  the region. 

Be1 ow we out1 i ne the regional  geomorphol ogy and previous Quaternary geology 
studies i n  the Regional study area ( f i g .  1.1). Much o f  t h i s  sect ion i s  
devoted t o  a discussion o f  our age estimates f o r  Quaternary deposits using 
several independent methods. Fol lowing th is ,  we summarize our i n t e rp re ta t i on  
o f  the geomorphic h i s t o r y  o f  the area based on our mapping and age estimates, 
but  focusing on the f l u v i a l  te r race remnants along the Provo and Weber Rivers 
(p ls.  l a  and lb) .  The de ta i led  mapping o f  Quaternary deposits i n  the back 
va l leys and assessment o f  spec i f i c  f a u l t s  i s  l e f t  t o  sections 4 through 6 
where we discuss the neotectonics o f  speci f i c  areas w i t h i n  the Regional study 
area. 



Previous Studies 

Previous work on the Quaternary geology o f  the area has focused on the most 
extensive and eas i l y  cor re la ted landforms and deposits. These include the 
erosion surfaces o f  the back va l leys o f  the Wasatch Mountains; the shorel ines 
and deposits o f  Lake Bonnevi 1 l e  i n  Cache, Ogden , and Morgan Val leys ; and the 
g lac ia l  deposits o f  the Wasatch, Bear River, and Uinta Mountains and the 
Wasatch Plateau. The c o l l u v i a l  and a l l u v i a l  va l l ey  margin and f i l l  deposits 
which ove r l i e  most o f  the mapped and i n fe r red  f a u l t s  i n  the area have not  
been the subject o f  any deta i  l e d  studies. However, the compl i l a t i o n s  of 
Stokes and Madsen (1961) and Hintze (1980) show some Quaternary deposits not  
mapped by others. 

An e a r l i e r  seismotectonic study f o r  Sold ier  Creek Dam (Nelson and Martin, 
1982) and studies f o r  Joes Val ley and Scof ie ld  Dams on the Wasatch Plateau 
(Foley and others, 1986) and f o r  Monks Hollow Dam (Diamond Fork 
drainage) (Su l l  Ivan and others, 1987) are w i t h i n  the Central Utah Pro ject  
Regional Seismotectonic Study area. Because these s tud i  es w i l l  review the 
Quaternary geology i n  these areas we w i l l  no t  discuss i t here. 

3.2.1 The back val leys of the eastern Wasatch Mountains 

Although e a r l i e r  authors (such as Davis, 1903) discussed the evolut ion o f  the 
Wasatch Front, G i l be r t  (1928) provided the f i r s t  de ta i led  discussion o f  the 
physiographic development o f  the Wasatch Range as a whole and the back 
va l leys between it and the western terminus o f  the Uinta Mountains (p l .  1). 
Each o f  the back va l leys was b r i e f l y  described and Mantua, Ogden, and Morgan 
Valleys were suggested t o  be grabens w i t h  Parleys Park, Rhodes Valley, and 
Heber Valley in fe r red  t o  be a t  l e a s t  p a r t i a l l y  f a u l t  bounded. G i l be r t  (1928) 
concluded t h a t  the back va l leys developed dur ing u p l i f t  o f  the Wasatch Range 
as a horst, and t h a t  the cross drainage o f  the range i s  due t o  antecedence. 
More recently, Hunt (1982) a t t r i b u t e s  the transverse canyons o f  the Wasatch 
Range t o  a combination o f  superposit ion and antecedence termed anteposit ion. 
Threet (1959) and Hunt (1982) comnented b r i e f l y  on the physiographic 
development o f  most o f  the back val leys, but aside from s o i l  surveys (Carley 
and others, 1980; Erickson and Martensen, 1974) and general i r e d  USGS 
quadrangle mapping no deta i  l e d  studies o f  pre-Bonnevi 11 e Quaternary deposits 
have been made. Except f o r  comments on the d ivers ion o f  the Provo River 
(Anderson, 1915; Gi lber t ,  1928; Baker, 1970, p. 7 )  and an abstract  on pre- 
Bonnevil l e  terraces i n  the Weber Canyon by Eardley (1970), the r i v e r  terraces 
o f  the area are also unstudied (Marsell, 1963). O f  pa r t i cu la r  i n t e r e s t  would 
be work by N.C. Will iams i n  the headwaters o f  the Provo and Weber Rivers, 
re fe r red  t o  by Threet (1959), which has not been published. 

3.2.1.1 Weber Val l e y  erosion surface 

The most deta i led work on the Quaternary h i s t o r y  o f  the area i s  t ha t  of 
Lofgren (1955) and especfa l ly  Eardley (1933; 1944; 1955) and h i s  students 
(Egbert, 1954; Schick, 1955; Coody, 1957). Eardley (1944; 1952; 1955) argued 
tha t  the main r e l i e f  features o f  the region, inc lud ing the main l i n e s  of 
drainage, developed by north-south or iented f o l d i ng  and f a u l t i n g  beginning i n  
the l a t e  Eocene. Faul t ing and f o l d i ng  continued i n  the ea r l y  Oligocene w i th  
deposit ion o f  the Norwood Tu f f  and Keetley volcanics. A long period o f  
erosion followed, l a s t i n g  u n t i l  ea r l y  Pliocene time i n  Cache Valley and 



poss ib ly  t o  l a t e  Pliocene time i n  Morgan Valley. Due t o  antecedence 
(Eardley, 1944), possib ly basin capture i n  the e a r l y  Cenozoic (Threet, 1959), 
o r  more l i k e l y  a combination o f  antecedence and superposit ion termed 
anteposi t ion by Hunt (1956; 1983) the Provo, Weber, and Ogden Rivers must 
have crossed the Wasatch Range near t h e i r  present va l leys by the end o f  the 
Pliocene. The Herd Mountain erosion surface, which Eardley f e l t  was 
co r re l a t i ve  w i th  the G i l b e r t  Peak surface o f  Bradley (1936) i n  the Uinta 
Mountins, was cu t  dur ing t h i s  per iod o f  s t a b i l i t y .  Renewed f a u l t i n g  and 
u p l i f t  along many o l d  f a u l t s  i n  the l a t e  Pliocene elevated and g rea t l y  
dissected the Herd Mountain erosion surface and extensive fanglomerates were 
deposited on the va l l ey  margins ( fo r  example, Lofgren, 1955). 

The Weber Val ley erosion surface o f  Eardley (1944) then gradual ly  formed as 
fanglomerate deposi t ion gave way t o  pediment development during another long 
per iod o f  r e l a t i v e  s t a b i l i t y  i n  the Pliocene and e a r l y  Pleistocene. Eardley 
(1944) p ic tured the Weber Val ley erosion surface as consist ing o f  almost a1 1 
gent ly  s loping pediments, r i dge  crests, and o lder  a1 l u v i a l  and co l  l u v i a l  
surfaces between the c res t  o f  the Wasatch Mountains t o  w i t h i n  a few hundred 
f e e t  o f  present back va l l ey  f l oo rs .  "Submature" topography was thought t o  
have developed by the end o f  t h i s  period, bu t  t o t a l  r e l i e f  approached t h a t  of 
today. Renewed movement on the Wasatch f a u l t  i n  Pleistocene time w i t h  
eastward t i l t i n g  o f  the Wasatch Mountain block (Eardley, 1933; Hunt, 1982) 
l ed  t o  d issect ion o f  the Weber Val ley erosion surface and deepening of the 
back val leys. 

Two erosion surfaces o f  possib le Quaternary age, the Rendezvous Peak surface 
and the McKensie F l a t  surface, have been described from southern Cache Valley 
by Will iams (1958) and Mullens and I z e t t  (1964). Blau (1975, p. 22) reports 
t h a t  Will iams considers the basin on the nor th  f l a n k  o f  James Peak (see 
discussion i n  sec. 4.3) t o  be a remnant o f  the McKensie F l a t  surface. 
Because both surfaces are lower than Eardley's (1944) Herd Mountain erosion 
surface, they may have formed dur ing development o f  the Weber Val ley erosion 
surface. Both authors ( W i l l  iams, 1958; Eardley, 1955) f ee l  the Herd Mountain 
surface once extended over the Cache Val ley area. Other studies o f  
Quaternary features i n  Cache Val ley are l i m i t e d  t o  Lake Bonnevil l e  deposits 
which cover most o f  the val ley.  

I n  a thoughtfu l  review o f  the geomorphology o f  the area, Threet (1959) 
accepted t h i s  overa l l  scheme, but  the Herd Mountain surface was abandoned and 
the Weber Val ley surface r e s t r i c t e d  t o  " loca l  pediment remnants o f  
questionable c y c l i c  s igni f icance. " Threet (1959) 1 i s ts  nine types o f  
topographic surfaces present i n  the eastern Wasatch Mountains and argues t ha t  
very few o f  these features can be shown t o  have been produced by c y c l i c  
periods o f  erosion and pediment formation. For instance, he i n te rp re t s  the 
Herd Mountain surface as a s t r ipped s t ruc tu ra l  surface w i th  no necessary 
c y c l i c  s ign i f icance because i t  coincides w i th  f l a t - l y i n g  res is tan t  beds and 
does no t  have a cover o f  datable deposits. Campbell (1978) a lso notes t ha t  
the Weber Val ley erosion surface was no t  e n t i r e l y  developed p r i o r  t o  block 
f a u l t i n g  i n  the back va l leys as suggested by Eardley (1944). Thus, many o f  
the features grouped by Eardley (1944) i n t o  the Weber Val ley erosion surface 
developed dur ing the l a t e  Te r t i a r y  and Quaternary, but  they may wel l  span 
t h i s  e n t i r e  period. 



3.2.1.2 Glaciat ion 

Atwood (1909) d i d  the f i r s t  de ta i led  survey o f  g l ac ia t i on  i n  the Wasatch 
Mountains. A t  l eas t  two periods o f  g lac ia t ion,  the l a t t e r  less extensive 
than the former, were recognized based on d i f ferences i n  downvalley moraine 
pos i t i on  and i n  the degree o f  d issect ion and s o i l  development o f  moraines and 
weathering o f  va l l ey  walls. Most g l ac ia l  deposits occur on the western slope 
o f  the mountains, but on ly  a few o f  these areas have been invest igated i n  
more d e t a i l  than i n  the studies by Atwood (1909). I n  part icular , .  ea r l y  work 
by Atwood (1909), Hunt and others (1953), Richmond (1964). and Morrison 
(1965) i n  L i t t l e  Cottonwood and Be l l s  Canyons (where moraines and deposits o f  
Lake Bonnevi 1 1 e i n t e r f  i nger ) 1 ed t o  the recent - chronology o f  Madsen and 
Currey ( 1979) and t h e i r  students. These l a t t e r  invest igators  found evidence 
for :  "an e a r l y  canyon-mouth g lac ia t ion,  probably dur ing isotope stage 6; on a 
till, a paleosol dated a t  about 26 ka; over r id ing  t h a t  s o i l ,  a l a t e r  canyon- 
mouth g lac ia ton probably beginning p r i o r  t o  about 19 ka; a midcanyon 
deglacial  pause p r i o r  t o  12.3 ka; an upper-canyon deglacial  pause p r i o r  t o  
7.5 ka; and l a t e  Holocene per ig laciat ion. '  Except f o r  the study by Anderson 
and Anderson (1981) on Mount Timpanogos and the regional mapping o f  Bryant 
(w r i t t en  conmunication, 1983), recent work on g l a c i a l  deposits i n  the r e s t  o f  
the range consists on ly  o f  generalized mapping o f  undi f ferent ia ted moraines 
(Stokes and Madsen, 1961; Baker and Crittenden, 1961; Crit tenden and others, 
1966; Bromfield and others, 1970; Hintze, 1980) and scattered abstracts ( f o r  
example, Nielson, 1979). 

Lake Bonnevi 1 1 e 

The r i s e  o f  Lake Bonnevi l le and outwash deposi t ion dur ing the g lac ia l  periods 
o f  the Pleistocene f i l l e d  the va l leys w i t h  a1 luvium and i n  the case o f  Cache, 
Ogden, and Morgan Valleys w i t h  lake sediment ( f o r  example, Legette and 
Taylor, 1937). The most recent f a l l  o f  Lake Bonnevi l le allowed the a l l u v i a l  
t renching o f  Bonnevil l e  deposits i n  Morgan and 0 den Valleys (Eardley, 1944; 
Lofgren, 1955) and the lower Provo River Canyon ? Hunt, 1982). 

The extensive work on the chronology o f  the deposits o f  Lake Bonnevil le begun 
by G i  1 b e r t  (1890) and continued by Hunt and others (1953), Eardley and others 
( 1957), B i  ssel 1 (1963), Broecker and Kaufman ( 1965), and Morri son ( 1965) 
among many others has been revised and sumnarized by Scott and others (1983). 
The fo l lowing sumnary o f  the lake chronology i s  taken from the abstract  of 
t h a t  l a t t e r  paper: 'A subs tan t ia l l y  modif ied h i s t o r y  o f  the l a s t  two cycles 
o f  Lake Bonnevi l le i s  proposed. The Bonnevi l le lake cycle began p r i o r  t o  26 
ka; the lake reached the Bonnevi l le shorel ine about 16 ka. Poor dat ing 
cont ro l  l i m i t s  our knowledge o f  the t iming o f  subsequent events. Lake leve l  
was maintained a t  the Bonnevi l le shorel ine u n t i l  about 15 ka, o r  somewhat 
l a te r ,  when catastrophic downcutting o f  the o u t l e t  caused a rap id  drop o f  
100 m. The Provo shorel ine was formed as ra tes o f  i s o s t a t i c  u p l i f t  due t o  
t h i s  unloading slowed. By 13 ka, the lake had f a l l e n  below the Provo leve l  
and reached one close t o  t h a t  o f  Great Sa l t  Lake by 11 ka. Deposits o f  the 
L i t t l e  Val ley lake cycle are i d e n t i f i e d  by t h e i r  pos i t ion  below a marked 
unconformity and by amino ac id  r a t i o s  o f  t h e i r  f o s s i l  gastropods. The 
maximum leve l  o f  the L i t t l e  Val ley lake was wel l  below the Bonnevil le 
shoreline. Based on the degree o f  s o i l  development and other evidence, the 
L i t t l e  Val ley lake cycle may be equivalent i n  age t o  marine oxygen-isotope 
stage 6." 



3.2.2.1 Morgan and Ogden Valleys 

Studies o f  l a t e  Quaternary f a u l t i n g  along the Wasatch Front ( f o r  example, 
Swan and others, 1980) have been g rea t l y  f a c i l i t a t e d  by dated Bonnevi l le 
deposits associated w i t h  the Wasatch f au l t .  Bonnevi l le deposits cover much 
o f  the f loors  o f  Morgan and Ogden Valleys, but  no shorel ine deposits 
continuously cover the margins o f  the va l leys where val  ley-bounding f a u l t s  
have been mapped o r  in fer red.  

Lake Bonnevi l le s i l t s  and sands i n  Morgan Val ley were described by G i l b e r t  
(1890, p. 163-164) and mapped by Mullens and Laraway (1973). A considerable 
amount o f  de l t a i c  mater ia l  was deposited i n  the va l l ey  dur ing the high stand 
o f  Lake Bonnevi l le and the va l l ey  was f i l l e d  w i t h  sediment a f t e r  the f a l l  t o  
the Provo l eve l  below the no r t h  end o f  the va l l ey  (Eardley, 1944). Legette 
and Taylor  (1937), Lofgren (1955), Doyuran (1971), and Sorensen and 
Crit tenden (1979) provide somewhat more d e t a i l  on the Quaternary sediments of 
Ogden Valley. Sands and s i l t s  deposited over the f l o o r  o f  the va l l ey  up t o  
an e levat ion o f  1570 m (5150 ft) are t y p i c a l l y  12 m th ick.  The f l o o r  o f  the 
va l l ey  i s  graded t o  the Provo Lake l eve l  a t  the mouth o f  Ogden Canyon. Under 
the las t -cyc le  Bonnevi l le sediments l i e  about 30 m o f  dark, micaceous s i l t  
which i s  underlain by stream-laid gravels and sands more than 120 m t h i c k  i n  
the center o f  the val ley.  

It should be emphasized t h a t  although many o f  the deposits o f  Lake Bonnevi l le 
can be i d e n t i f i e d  by t h e i r  l i t h o l o g y  and elevat ion,  none have been dated 
d i r e c t l y  i n  e i t h e r  Morgan o r  Ogden Valleys. 

3.2.2.2 Cache Val ley 

W i  11 i am's (1962) mapping o f  Bonnevil l e  and Provo lake stage shore1 ines and 
deposits i n  southern Cache Val ley (p l .  1) remains the on ly  de ta i led  work on 
the Quaternary geology o f  a la rge  p a r t  o f  the va l l ey  since G i l b e r t ' s  (1890) 
work i n  the area. Mullens and I z e t t  (1963; 1964) fol lowed Wi l l iam's  (1962) 
mapping i n  t h e i r  study o f  the Paradise area. Maw's (1968) chronology o f  Lake 
Bonnevil l e  events i n  the Cu t le r  Dam area agrees w i t h  Scott and others (1983), 
except f o r  a reversal o f  f l ow through the Bear River narrows w i th  a r i s e  and 
f a l l  o f  the lake between the Bonnevi l le and Provo high stands (poss ib ly  due 
t o  the i s o s t a t i c  e f f ec t s  ou t l i ned  by Curry (1980)). Unl ike workers i n  Utah 
Valley, Will iams (1962), Mullens and I z e t t  (1964), and Maw (1968) found 
l i t t l e  o r  no d i r e c t  evidence f o r  an "Alpine" stage o f  the lake predating the 
Bonnevi l le stage which agrees w i t h  the more recent in te rp re ta t ions  o f  Scott 
and others (1983). 

3.2.3 Western Uinta Mountains 

The Central Utah Pro jec t  Regional Study area includes on ly  the westernmost 
por t ion  o f  the Uinta Mountains. The Quaternary chronology o f  the Uintas i s  
reviewed i n  the recent seismotectonic study f o r  Upper S t i l  lwater and Taskeech 
damsites (Mart in and others, 1985), and by Nelson and Osborn ( i n  press). For 
t h i s  reason, we mention here on ly  the few studies t h a t  deal w i th  the western 
end o f  the Uintas. Other regional  chronologies are discussed i n  the section 
on regional co r re la t ion  (sec. 3.6.2). 



Atwood's (1909) survey o f  g lac iat ion was the f i r s t  detai led study o f  
Quaternary features i n  the Uinta Mountains and i s  s t i l l  the basic reference 
f o r  the western Uintas. Atwood (1909) recognf zed the deposits o f  two 
episodes o f  g lac iat ion and found l im i ted  evidence f o r  a th i rd ,  e a r l i e r  
g lac ia l  event. Moraines o f  each event and adjacent outwash deposits were 
mapped i n  a l l  the major drainages. 

Other studies i n  the western Uintas are l im i ted  t o  la rge ly  unpublished 
theses. Eskelsen (1953, p. 31) traced the high-level Ter t iary  G i lber t  Peak 
erosion surface o f  Bradley (1936) as f a r  west as the North Fork o f  the 
Duchesne River and comnented b r i e f l y  on drainage development f n  the Soapstone 
Basin area. As par t  o f  a g lac ia l  and per ig lac ia l  geomorphic study o f  a par t  
o f  the Uinta Mountains, Barnhardt (1973) i d e n t i f i e d  a l a t e  "Pinedale" advance 
o f  very l im i ted  extent i n  the western Uinta Mountains f o r  which he obtained a 
minimum radiocarbon age o f  8.2 ka. Younger deposits a t  Bald Mountain consist 
only of ta lus cones, avalanche boulder tongues, and protalus ramparts, wi th  
some dating control provf ded by a second radiocarbon age and 1 ichenometry. 
The thesis work o f  Grogger (1974) i s  f o r  the most pa r t  concerned w i  t h  
Holocene and Neoglacial deposits i n  the upper parts o f  drainages on the north 
f lank o f  the Uintas and provides only generalized descriptions o f  the 
moraines deposited during e a r l i e r  periods o f  major glaciation. Grogger 
(1974) o f fe rs  no detai led r e l a t f  ve-age data o r  mapping t o  substantiate h is  
appl icat ion o f  a more deta i led subdivision o f  Bradley's (1936) g lac ia l  
chronology (which was based on correlat ions t o  Blackwelder's (1915) studies 
i n  the Wind River Mountains) t o  the moraines i n  the Uintas (Grogger, 1974, 
p. 43) o r  h i s  corre lat ion o f  t h i s  sequence t o  others i n  the western United 
States (Grogger, 1974, p. 202). 

3.2.4 Bear River Ranqe 

Young (1939) and Wi1 1 iams (1964) recognized g lac ia l  deposi t s  o f  two ages i n  
the Bear River Range (p l  . 1). W i  11 iams (1964) correlated these deposits with 
"Pinedale" and "Bull Lake" deposits elsewhere i n  the Rocky Mountains. I n  a 
more recent, detai led study o f  the en t i re  range, DeGraff (1976a) mapped a 
number o f  geomorphic features including cirques (1979), moraines, lands1 ides, 
a1 l u v i a l  fans (1975), and r e l i c t  patterned ground (1976b). A t  least  three 
periods o f  g lac iat ion (Bul l  Lake, ear ly  Pinedale, l a t e  Pinedale) were 
i d e n t i f i e d  and seven ages o f  a l l u v i a l  fans mapped using s o i l  p r o f i l e  
descript ions and the re lat ionship o f  the younger fans t o  Lake Bonneville 
deposits. A more recent manuscript on the a1 l u v i a l  fans by DeGraf, Oaks, and 
Southard (wr i t ten  comnuni c a t i  on, 1983) used re1 a t i  ve posit ion, degree o f  
dissection, and the degree o f  s o i l  p r o f i l e  development t o  i d e n t i f y  four 
episodes o f  a1 l u v i a l  fan deposition which they ten ta t ive ly  correlated wi th  
i n t e r g l  ac ia l - in ter lacustr ine in te rva ls  during the l a t e  Pleistocene. The most 
recent episode o f  a l l u v i a l  fan deposition i s  younger than the Provo shore1 ine 
and probably coincides wi th  semi-arid conditions during the mid-Holocene. 
The youngest o f  these fans are the only relative-age dated features that  
cross po ten t i a l l y  act ive f a u l t s  on the eastern margin o f  Cache Valley. 



3.3 St ra t iqraph ic  Terminology 

Most Quaternary chronology studies i n  the Rocky Mountain region have 
subdivided deposits o f  the most recent major g lac ia t ions  i n t o  those deposited 
dur ing Bu l l  Lake g l ac i a t i on  and Pinedale g l ac i a t i on  and designated o lder  
deposits as pre-Bull Lake (Richmond, 1965; Madole, 1976; Pierce, 1979). 
These groupings are usua l l y  based on relat ive-age (RD) data (Birkeland and 
others, 1979) such as r e l a t i  ve pos i t i on  i n  the landform sequence, landform 
morphology (such as the degree o f  humockyness o f  moraines o r  o f  d issect ion o f  
terraces), the degree o f  s o i l  development, and surface weathering data ( f o r  
example, number o f  boulders on the surface, thickness o f  weathering r i nds  on 
c lasts,  boulder weathering p i t  s i ze  and depth; see Burke and Birkeland, 
1979). Because the c r i t e r i a  used t o  subdivide these deposf t s  i n t o  these 
relat ive-age groups are r e l a t i v e  w i t h i n  the l oca l  sequence, deposits from 
d i f f e r e n t  sequences i n  the region assigned t o  the same relat ive-age group may 
be o f  widely d i f f e r i n g  ages (Pierce, 1979; Colman and Pierce, 1981; Porter  
and others, 1983). Confusion has resu l ted from the use the terms "Pinedale", 
"Bul l  Laken, and "pre-Bull LakeN by some as names f o r  g l ac i a l  events w i t h  
spec i f i c  ages and by others ( f o r  example, Nelson and others, 1979) as 
informal  regional diachronous a1 l os t r a t i g raph i  c u n i t s  (North American 
Comni t t e e  f o r  St ra t igraph ic  Nomenclature, 1983) w i t h  time-transgressi ve 
boundaries based on major, mappable weathering and morphologic breaks i n  the 
loca l  l a t e  Quaternary sequence. Fol low1 ng Pierce (1979) and Porter  and 
others (1983) we use these terms t o  name the more recent major Quaternary 
g lac ia t ions  i n  the Rocky Mountains and assume ages (discussed below) f o r  the 
deposits o f  each g l ac i a t i on  i n  our area based on cor re la t ions using RD data 
t o  numerical ly-dated g l a c i a l  deposits. 

The marine oxygen-isotope record (Shackelton and Opdyke, 1973) ind icates 
several periods o f  extensive worldwide g l ac i a t i on  younger than 600 ka, but 
o lder  than dated Bu l l  Lake deposits (discussed below). Eardley and others 
(1973) and McCoy (1981) have found evidence f o r  events possib ly co r re l a t i ve  
w i th  some o f  these g lac ia t ions  i n  the Bonnevi l le Basin. Uranium-series dates 
on speleothems suggest two co ld  i n t e r va l s  dur ing the younger p a r t  o f  t h i s  
per iod i n  the northern Rocky Mountains (Harmon and others, 1977) and Madole 
and Shroba (1979) have estimated the age o f  a pre-Bul l  Lake t i l l  i n  the 
Colorado Front Range a t  400-500 ka. But no e a s i l y  cor re la tab le  pre-Bull  Lake 
deposits have been numerical ly  dated i n  the cent ra l  Rocky Mountains. 

Oxygen-isotope r a t i o s  from the marine record suggest the more recent major 
periods o f  world-wide g l ac i a t i on  date from roughly 210-290 ka (stage 8) ,  130- 
190 ka (stage 6), and 15-75 ka (stages 2,3,4) (Shackelton and Opdyke, 1973), 
but  co r re l a t i on  o f  even these more recent major c l ima t i c  events between 
marine and cont inental  records i s  d i f f i c u l t  a t  best because o f  the complexity 
o f  responses t o  c l imate change and the problems o f  dat ing deposits beyond the 
range o f  radiocarbon dating. However, numerical ages have been obtained for  
Bu l l  Lake deposits i n  several areas (Pierce and others, 1976; Szabo, 1980; 
Colman and Pierce, 1981; Shroba and others, 1983) and a number o f  1 4 ~  
analyses set upper l i m i t s  on the ages o f  the various phases o f  Pinedale 
g l ac i a t i on  (Porter  and others, 1983; Carrara and others, 1984). Many Bu l l  
Lake deposits are probably about the same age as those a t  West Yellowstone 
dated a t  about 140 ka (Pierce and others, 1976; Shroba and others, 1983); 
some others may cor re la te  w i t h  the g l ac i a l  event i d e n t i f i e d  by Colman and 
Pierce (1981) dated a t  about 60 t o  70 ka. Although some may be as o l d  as 



this l a t t e r  event ,  most depos i t s  a s s i  ned t o  a major Pinedale g l a c i a t i o n  a r e  
probably i n  the range of  15 t o  30 ka 9 Pierce ,  1979; Por te r  and o t h e r s ,  1983). 
Most l a t e s t  Pinedale depos i t s  a r e  o lde r  than 11.5 ka (Madole, 1980; Por te r  
and o the r s ,  1983; Carrara and o the r s ,  1984), and those  deposited during 
Pinedale deglac ia t ion  probably d a t e  from 15-18 ka. 

Throughout the Central Utah study a rea ,  where we lack numerical-age es t imates  
based on independent da ta  (discussed below) we use relat ive-age ( R D )  da ta  
( c h i e f l y ,  measures o f  the degree o f  s o i l  development) first t o  group our  
deposi t s  i n t o  d i  f f e r e n t  r e l a t i  ve-age groups (RAGs) and then secondly, t o  
c o r r e l a t e  the RAGs w i t h  numerically-dated Pfnedale and B u l l  Lake depos i t s  i n  
the Rocky Mountain region. On t h i s  bas i s  we assume t h a t  the undated depos i t s  
of  each RAG a r e  about the same age a s  dated depos i t s  w i t h  s i m i l a r  s o i l  
development c h a r a c t e r i s t i c s  i n  the Rocky Mountain region. 



3.4 Relat ive and Numerical Dat inq 

I n  our mapping o f  Quaternary deposits i n  the Central Utah Project  area we 
have attempted t o  date deposits wherever p rac t i ca l  using several RD and 
numerical -age techniques (as defined by Colman and P i  erce, 1981). Only 
radiocarbon analysis and tephrochronology provide r e l i a b l e  numerical ages. 
Ages calculated using other methods are based on a number o f  present ly  
unver i f i ab le  assumpttons. However, where several o f  these methods can be 
used independently i n  the same landfonn sequence and compared w i t h  regional 
cor re la t ions based on RD data, we can be reasonably confident of our age 
estimates. 

3.4.1 So i l  P r o f i l e  Relat ive Dat inq 

3.4.1.1 Relat ive-dating methods 

Relat ive dat ing (RD) using the charac te r i s t i cs  o f  so l  1 p r o f i l e s  described on 
landforms was by f a r  the most c o m n  dat ing method we used. Other surface and 
subsurface weathering techniques are much less  su i tab le  because o f  the large 
di f ferences i n  l i t h o l o g i e s  (even l o c a l l y )  from one area t o  another. Methods 
u t i l i z i n g  di f ferences i n  landform mo~phology such as qua l i t a t i ve  o r  
quan t i ta t i ve  measures o f  f l u v i a l  d issect ion ( f o r  example, Bu l l  and McFadden, 
1977) o r  scarp morphology ( f o r  example, Hanks and others, 1984) were not 
p a r t i c u l a r l y  useful e i t h e r  because no s ing le  type o f  Quaternary deposit ional 
landforms are well-preserved o r  widely d i s t r i bu ted  i n  the Central Utah 
Pro ject  area. 

Despite the many problems i n  using r e l a t i v e  s o i l  development data f o r  
chronocorrelat ion (Pierce, 1979; B i  rkeland, 1984a), careful  comparison o f  
quan t i ta t i ve  relat ive-age data from deposits o f  unknown age wi th  data from 
s im i l a r  deposits i n  areas where numerical ages are ava i lab le  al lows f i r s t  
approximation age l i m i t s  t o  be set  f o r  some o f  the deposits o f  unknown age. 

3.4.1.2 Indices o f  s o i l  development 

To compare the degree o f  development o f  s o i l s  w i t h i n  the CUP Regional study 
area w i th  each other and w i th  s o i l s  i n  o ther  areas where numerical ages are 
avai lable,  measures o f  s o i l  development are needed. A number o f  indices 
which express how s o i l  propert ies vary w i th  time have been calculated using 
p r o f i l e  data from chronosequences i n  the Rocky Mountain region ( f o r  example, 
Birkeland, 1984; Meierding, 1977; Machette, 1978; Shroba and Madole, 1979; 
Pierce, 1979; Colman and Pierce, 1986; Hal l  and Heiny, 1983; Shroba and 
B i  rkeland, 1983) and e l  sewhere ( f o r  example, Harden and Marchand, 1977 ; Burke 
and Birkeland, 1979; Torrent and others, 1980; Meixner and Singer, 1981; Gi le  
and others, 1981; Muhs, 1982; Harden and Taylor, 1983; Birkeland, 1984b; 
Rockwell and others, 1984). A chronosequence i s  an array o f  re la ted  s o i l s  i n  
the same area t h a t  d i f f e r  p r ima r i l y  i n  the length o f  time over which they 
formed (Jenny, 1941, 1980). Other soi l- forming factors  such as cl imate, 
organisms, topography, and parent material tex ture and l i t ho logy  are assumed 
t o  be r e l a t i v e l y  constant f o r  a l l  s o i l s  i n  the sequence. Chronosequences and 
the many problems i n  the so lu t ion  o f  chronofunctions have been reviewed by 
Stevens and Walker (1970), Vereeken (1975), Yaalon (1971,1975), Bockheim 
(1980), Harden and Taylor (1983), and B i  rkeland (1984a). 



The s o i l  p roper t i e s  t h a t  vary the most sys temat ica l ly  w i t h  time in  the Rocky 
Mountain region include those  r e l a t e d  t o  horizon th ickness ,  co lo r ,  t e x t u r e ,  
and carbonate accumulation. Indices which express changes i n  these 
proper t i e s  include simple, widely-used ind ices  ( f o r  example, d e p t h  t o  base of 
Cox horizon and maximum c l a y  inc rease ) ,  p r o f i l e  sumnations ( f o r  example, 
Machette, 1978), and the ind ices  of Harden (1982) and Harden and Taylor 
(1983). Harden's ind ices  a r e  a refinement of  those  proposed by Bi lz i  and 
Ciolkosz (1977) and incorpora te  i n  a q u a n t i t a t i v e  way most of the concepts 
represented by development ind ices  used previously i n  the western U.S. The 
p r o f i l e  development index (Harden, 1982) is p a r t i c u l a r l y  useful because the  
degree of  development of  a l l  s e l ec ted  p roper t i e s  can be ob jec t ive ly  
sumnarized i n  a s i n g l e  value. However, i t  should be emphasized t h a t  many of 
these ind ices  a r e  derived from ordinal  s c a l e  da ta  and cannot be 
q u a n t i t a t i v e l y  compared using parametric methods. To avoid these problems we 
fol low Harden and Taylor (1983) i n  using x-y p l o t s  t o  compare ind ices  f o r  
d i f f e r e n t  so i  1 s (methods of Nel son and Taylor, 1985). 

3.4.1.3 Relat ive age groups based on s o i l  development i n  the e a s t e r n  Wasatch 
Mountains 

To determine broad, re la t ive-age  groupings of s o i l s  on Quaternary depos i t s  in  
the e a s t e r n  Wasatch Mountains we se lec ted  16 s o i l  p r o f i l e s  from the area  
which had some independent age cont ro l .  The age control  f o r  each of these 
p r o f i l e s  is  discussed i n  the sec t ion  on the a r e a  where they occur. Age 
control  cons is ted  of  d i r e c t  a s soc ia t ion  of  depos i t s  w i t h  moraines in fe r red  t o  
be of  Pinedale (15-18 ka) o r  Bull Lake (130-150 ka) age, amino ac id  r a t i o s  on 
s n a i l s  from depos i t s  beneath s o i l s ,  and, i n  one case ,  a radiocarbon d a t e  
beneath a s o i l .  A1 1 of  the s o i l  development ind ices  of  Harden (1982) and 
Harden and Taylor (1983) and g/cm2 and g/cm3 c l a y  and carbonate values f o r  
these 16 s o i l s  were compared using two-variable p lo t s .  The p l o t s  
demonstrated the general age dependency of  changes i n  co lo r ,  t e x t u r a l ,  and 
s t r u c t u r a l  p roper t i e s  and c l a y  and carbonate accumulation, b u t  no p l o t  
produced d i s t i n c t ,  widely-separated groups of  s o i l s .  A p l o t  of the 
r u b i f i  ca t ion  index versus the non-arid t o t a l  p r o f i l e  index provided groupings 
most cons i s t en t  w i t h  our previously determined ages ( f ig .  3.1). Using 
standardized p r o f i l e  depths, weighted means of p r o f i l e  proper t ies ,  o r  o the r  
commonly used s o i l  development ind ices  did not  produce more d i s t i n c t  o r  
consi s t e n t  groupings. 

OnTy f o u r  broad groups of  s o i l s  of d i f f e r i n g  r e l a t i v e  age (RAGS) can be 
dis t inguished on f i g u r e  3.1. However, almost a l l  previous studies attempting 
t o  demonstrate the u t i l i t y  of  s o i l  development ind ices  f o r  es t imat ing  ages 
have used chronosequences where most of  the s o i l  forming f a c t o r s  could be 
assumed t o  be r e l a t i v e l y  constant .  The v a r i a b l i l i t y  i n  source rock 
l i t h o l o g i e s ,  parent  material  t ex tu re ,  si te su r face  s t a b i l i t y ,  loca l  va r i a t ion  
i n  r a i n f a l l ,  and d i s t ance  from major dus t  sources f o r  our s o i l s  is  g r e a t e r  
than f o r  the s o i l s  s tudied i n  most o t h e r  chronosequences. In this regard, i t  
is  probably typica l  of many a r e a s  where mapped Quaternary deposi t s  a r e  
undated but need t o  be ( f o r  example, Hall and Heiny, 1983). Considering the  
v a r i a b l i l i t y  of  the s o i l  forming f a c t o r s ,  the d i s t r i b u t i o n  of s o i l s  i n  f i g u r e  
3.1 is, perhaps, more c o n s i s t e n t  than might be expected. 

Usin our independent age es t ima tes  f o r  the s o i l s  i n  each relat ive-age group 
(RAG7 and considering regional corre l  a t fon  of  major soi  1 proper t ies  and 
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Figure 3.1 S o i l s  indices graph fo r  a l l  s o i l  p r o f i l e s  i n  the Regional study area with some 
independent age-contro l .  



g l a c i a l  events ,  rough ages a r e  assigned t o  each RAG. The sediments in  which 
s o i l  W-16 i n  re la t ive-age  group 1 (RAG 1 )  is  developed a r e  >730 ka (sec .  
3.5.1), but  this s o i l  has been eroded and is not  necessa r i ly  r ep resen ta t ive  
of  this  g r e a t  age. On the b a s i s  of our  est imated age f o r  RAG 2, RAG 1 
depos i t s  a r e  probably >200 ka. In most regional comparisons (Richmond, 1965; 
Madole, 1976) o the r s  have used the same reasoning t o  place c o r r e l a t i v e  
depos i t s  i n  a "pre-Bull Lake" age category. Age es t ima tes  f o r  the s o i l s  in  
RAG 2, except  f o r  WR-18 (di  scussed i n  sec. 3.5.1), suggest deposi t ion of  the 
sediments on which these s o i l s  a r e  developed dur in  the Bull Lake g lac ia t ion  
near  the end of  oxygen-isotope s t age  6 (130-150 ka 1 . The th ick ,  reddish 
a r g i l l i c  horizons of  these soils a r e  s i m i l a r  t o  those  i n  s o i l s  on B u l l  Lake 
age depos i t s  elsewhere i n  the Rocky Mountain region (Shroba and Birkeland, 
1983; Hall and Heiny, 1983, t a b l e  11) which have been dated in  this age range 
i n  a few areas  (discussed above). Except f o r  s o i l  P-11, the s o i l s  i n  RAG 3 
a r e  developed on depos i t s  associa ted  w i t h  Pinedale degl ac ia t ion  (15- 18 ka) o r  
w i t h  the f a l l  of Lake Bonneville from i ts high stand (14-15 ka). These s o i l s  
a r e  va r i ab le ,  some w i t h  cambic B horizons and o t h e r s  w i t h  t h i n  a r g i l l i c  
horizons, but these c h a r a c t e r i s t i c s  a r e  typ ica l  of  s o i l s  i n  this age range i n  
the region (Shroba, 1980; Shroba, 1984; Machette, 1985b; Southard and 
Southard, 1985). Soil  P-11, on coarse,  cobbly modern f loodplain deposi t s ,  
may be no more than a few hundred years  old. Extensive i n f i l t r a t i o n  of s i l t  
and minor amounts of c l a y  f n t o  these coarse g rave l s  (probably during flood 
subsidence) and b r igh t  orange groundwater s t a i n i n g  of  the gravels  give this 
p r o f i l e  s o i l  indices  much higher than a r e  typ ica l  of Holocene s o i l s .  A 
radiocarbon d a t e  on peat  beneath the C horf ton o f  s o i l  M-6 (sec. 4.2) shows 
the s o i l  is <8 ka. The ffne-grained charac te r  of  the slopewash depos i t s  in  
which this s o i l  is developed may account f o r  i ts high carbonate content  (7  
g /m2)  and high non-arid f ndex ( f i g .  3.1) r e l a t i v e  t o  our  o the r  Holocene 
s o i l s  i n  the  area.  Thus, RAG 1 s o i l s  a r e  thought t o  be <lo-14 ka. 

3.4.1.4 Rates of secondary carbonate and c l a y  accumulation 

Rates of t o t a l  secondary carbonate accumulation i n  s o i l s  and t o  a lesser 
ex ten t  secondary c l a y  accumulation have proven useful in  est imating the  age 
of s o i l s  i n  a number of  a reas  i n  the a r i d  and semi-arid western U.S. 
(Machette, 1985a; 1985b; Pierce ,  1979; Shroba, 1984; Colman and o the r s ,  1986; 
Reheis, 1984). Except i n  a r e a s  of  very calcareous parent material o r  
deposi t ion  of carbonate by ground water, most carbonate i n  s o i l s  on s t a b l e  
sites i s  derived from a e r o s o l i c  sources such a s  dus t  and from Ca++-enriched 
r a i n f a l l  (Machette, 1985a; Gile and o the r s ,  1981). S imi lar ly ,  much of the  
secondary c lay  i n  a r g i l l  i c  horizons or ig inated  a s  d u s t  o r  p rec ip i t a t ion  
nuc le i i  f a l l i n g  on the s o i l  su r face  and t h i s  c l a y  has been t rans located  i n t o  
the B horizon (Colman, 1982; Shroba and Birkeland, 1983; Shroba, 1984). 
Increased r a t e s  of p r e c i p i t a t i o n  and accompanying vegetat ion changes due t o  
higher s o i l  e l eva t ions  o r  c l imate  change can leach s o i l s  of carbonate 
(Machette, 1985a; Birkeland, 1984a). I t  i s  a l s o  c l e a r  t h a t  dus t  i n f l u x  r a t e s  
mus t  have varied g r e a t l y  i n  most regions w i t h  the cl imate changes of the 
Quaternary (Bachman and Machette, 1977; Mayer, 1984; MacFadden and We1 1 s, 
1984). Thus, age es t imates  based on t o t a l  carbonate o r  c l ay  accumulation 
values cannot be r e l i e d  on f o r  s o i l s  s i g n i f i c a n t l y  younger than the l a s t  
i n t e r g l a c i a l  (125 ka) (unless  many regional c a l i b r a t i o n  (independently da ted)  
s o i l s  a r e  ava i l ab le )  because of the probable major changes i n  accumulation 
r a t e s  over this period. However, over longer time spans (50-100 kyr ) ,  
mul t ip le  cycles of cl imate change tend t o  a t t enua te  accumulation r a t e  changes 



and t h i s  r esu l t s  i n  r e l a t i v e l y  more accurate age estimates f o r  o lder  s o i l s  
(Machette, 1985a; 1985b; Shroba and Bi  r k e l  and, 1983; Colman and 
others, 1986). 

Based on the above studies, we attempted t o  use t o t a l  secondary c lay  and 
carbonate values as an independent method o f  assessing the age o f  s o i l s  i n  
the eastern Wasatch Mountains (methods of Machette, 1978; 1985a; 1985b; 
Nelson and Taylor, 1985). 

Total  secondary carbonate values provide on ly  minimum age estimates f o r  our 
s o i l s  because most s o i l s  have l i t t l e  o r  no carbonate and those few ( 6 )  
independently-dated s o i l s  t h a t  do y i e l d  carbonate accumulation ra tes 
s i g n i f i c a n t l y  higher than those f o r  most o ther  areas i n  the region. Based on 
3 s o i l s  (M-2, M-6, tab le  4.1; H-6, tab le  5.3) i n  Morgan and Heber Valleys, 
l a t e s t  Pleistocene-Holocene ra tes could be as high as 1 g/cm2/kyr; however, 
groundwater may have added carbonate t o  s o i l  M-2 and primary carbonate values 
are d i f f i c u l t  t o  estimate f o r  s o i l s  M-6 and H-6. Our longer-term (0-150 ka) 
r a t e  (again based on 3 so i l s ,  W-3, W-15, W-19, tab les  3.2 and 3.3) i s  roughly 
hal f  (0.5 g/cmz/kyr) o f  our Holocene-latest Pleistocene rate. Based on t h e i r  
locat ions east o f  the c res t  o f  the Wasatch Mountains, i t  i s  u n l i k e l y  t h a t  
l a t e s t  Pleistocene-Holocene carbonate accumulation ra tes f o r  our s o i l s  are 
higher than those calculated by Shroba (0.5 g/cmz/kyr) ( i n  Scot t  and others, 
1982) f o r  s o i l s  near S a l t  Lake Ci ty.  Based on ra tes o f  a b u t  0.15 g/cm2/kyr 
f o r  Fisher Val ley (Colman and others, 1986), 0.14 g/cm2/kyr f o r  the Beaver 
area (Machette, 1985a; 1985b), and maximum ra tes  o f  0.14-0.26 g/cm2/kyr f o r  
Spanish Val ley (Harden and others, 1985) elsewhere i n  Utah, Quaternary rates 
i n  the eastern Wasatch Mountains may wel l  have been <0.2 g/cm2/kyr. We use 
0.5 g/cm2/kyr as a maximum r a t e  t o  estimate minimum ages. Even so, t h i s  ra te  
combined w i th  amino ac id  age estimates f o r  deposits on which some o f  our most 
carbonate-rich s o i l s  are developed suggests some o f  our secondary carbonate 
estimates are too high. 

Many more o f  our s o i l s  f o r  which we have independent age estimates have 
s i g n i f i c a n t  secondary c l ay  accumulations than those w i th  secondary carbonate, 
but  less  i s  known about c l ay  ra tes and t h e i r  spacial and temporal v a r i a b l i l t y  
i n  the region than i s  known about carbonate rates. Shroba (1984), working 
w i t h  s o i l s  on t i l l  i n  the Rocky Mountains, derived ra tes o f  0.02-0.04 
g/cm2/kyr f o r  the Holocene, 0.01-0.06 g/cm2/kyr f o r  the l a t e s t  Pleistocene 
(Pinedale), and 0.03-0.04 g/cm2/kyr f o r  the 1 a te  and middle Pleistocene. 
Middle Pleistocene ra tes from Fisher Val ley are much higher (0.11 
g/cm2/kyr)(~olman and others, 1986) s im i l a r  t o  l a t e  Quaternary ra tes o f  0.14 
g/cmZ/kyr from McCall, Idaho, which are p a r t i a l l y  due t o  c lay  formation by in -  
s i t u  weathering o f  basa l t i c  parent mater ia l  (Colman and Pierce, 1986). Our 
r a t e  f o r  the eastern Wasatch Mountains i s  about 0.08 g/cm2/kyr, but  the 
amount o f  sca t te r  i n  our data, espec ia l ly  f o r  l a t e s t  Pleistocene so i l s ,  
should be noted ( f i g .  3.2). Because c l ay  accumulation i s  so var iab le  i n  
s o i l s  t ha t  are <50 ka, t h i s  average ra te  i s  less  useful f o r  est imat ing the 
age of younger so i ls .  We are uncerta in whether o r  no t  our ra te  appl ies t o  
s o i l s  >ZOO ka i n  the eastern Wasatch Mountains because we have no dated 
p r o f i l e s  >I50 ka. However, ra tes  from Fisher Val ley suggest assumming an 
average r a t e  of 0.08 g/cm2/kyr f o r  the middle Quaternary i n  the eastern 
Wasatch Mountains i s  reasonable. 



ESTIMATED AGE ( K A )  

Figure 3.2 Total secondary clay content and estimated ages f o r  soi ls  with some independent 
age control i n  the Regional study area. 



3.4.2 Age Estimates Using Amino Acid Ratios 

Amino ac id  r a t i o s  derived from the analysis o f  the organic matr ix  w i t h i n  
carbonate f o s s i l s  have proven useful  i n  the r e l a t i v e  dat ing and co r re l a t i on  
o f  a va r i e t y  o f  Quaternary s t ra t ig raph ic  u n i t s  worldwide (Schroeder and Bada, 
1976; Wehmil l e r ,  1982). This methodology, termed aminostratigraphy by M i  1 l e r  
and Hare (1980), i s  v a l i d  w i t h i n  a region as long as a l l  samples have had 
very s im i l a r  temperature h i s t o r i e s  and the if the amino acids i n  the species 
analyzed racemize a t  about the same r a t e  (Wi l l iams and Smith, 1977). Thus, 
D/L isoleucine r a t i o s  on f o s s i l  gastropods from Morgan Valley ( tab le  4.2) and 
along the Weber River Val ley ( tab le  3.1) can be used t o  determine the age o f  
the gastropods r e l a t i v e  t o  each other w i t h  no f u r t h e r  assumptions. 

Numerical age estimates are much more d i f f i c u l t  t o  obtain from amino ac id  
ra t ios .  These estimates requ i re  accurate k i n e t i c  models o f  amino ac id  
racemization (AAR) along w i t h  estimates o f  the temperature h i s t o r i es  fo r  the 
f oss i l  samples. A 2 1% uncer ta in ty  i n  the e f f e c t i v e  diagenetic tem erature 
(EDT) ( in tegrated chemical e f f e c t  o f  the sample's temperature h i s t o r y  9 r esu l t s  
i n  a 20% uncerta inty i n  the age estimate. S t i l l ,  D/L stereomeric r a t i o s  on 
carbonate she l l s  have provided useful  age estimates (o f ten minimum ages) i n  
many areas (Wehmi 1 l e r ,  1982). I f  s u f f i  c i e n t  independently-dated ca l  i bra t ion  
samples are ava i lab le  from the same region as the samples t o  be dated, f a i r l y  
accurate age estimates f o r  the undated samples can be made ( f o r  example, Bada 
and Protsch, 1973). 

Three types o f  parameters must be estimated i n  order t o  use the k i n e t i c  
models proposed f o r  amino ac id  racemiza t i o n  ( the  dependency o f  a I l e / I l  e 
r a t i o s  on t ime and temperature) i n  mollusks (Wehmiller and Be1 knap, 1978; 
La jo ie  and others, 1980; M i l l e r  and others, 1983) t o  estimate ages from snai l  
a I l e / I l e  ra t ios :  1) genus-dependent parameters i n  the k i n e t i c  equations must 
be estimated f o r  the sna i l  genera analyzed, 2) the non- l inear i ty  o f  
racemization (epimer izat i  on ) k i ne t i c s  i n  carbonate foss i  1 s must be 
quant i f ied,  and 3) the temperature h i s t o r y  o f  the sample must be estimated 
inc lud ing the e f fec ts  o f  near surface heating due t o  shallow (<2 m )  bur ia l .  

The r a t e  o f  the isoleucine epimerizat ion react ion has been shown t o  vary by 
as much as a f ac to r  o f  two from one mollusk genus t o  another (Mi 1 l e r  and 
Hare, 1980). Only recen t l y  have attempts been made t o  use amino ac id  r a t i o s  
measured on t e r r e s t r i a l  and freshwater gastropods i n  dat ing Quaternary 
deposits ( M i l l e r  and others, 1979; 1982; McCoy, 1981; Scott and others, 1983; 
Harmon and others, 1983; Nelson and others, 1984). Detai led k i n e t i c  data are 
ava i lab le  f o r  only one o f  the gastropod genera we have analyzed, Val l o n i a  
(Nelson and others, 1984), but  a I l e / I l e  r a t i o s  on the other genera used from 
the same s i t e s  ( M i l l e r  and Hare, 1980; Nelson, unpublished data) suggest t ha t  
isoleucine racemizes a t  about the same r a t e  i n  a l l  genera used i n  the eastern 
Wasatch Mountains. 

For t h i s  reason, i n  a l l  our ca lcu la t ions f o r  a l l  genera we used k i n e t i c  data 
f o r  Val lon ia .  I n  any case, paleotemperature uncer ta in t ies  and the non- 
1 i n e m  racemization k i ne t i c s  have a much more profound e f f e c t  on the 
age estimates than do in ter -gener ic  d i f ferences i n  racemization rates. 
Pyro lys is  o f  modern shel 1s ( M i l l e r  and others, 1982; M i l l e r  and others, 1983) 
and analysis o f  independently dated f o s s i l  shel 1s (Wehmil l e r  and He1 knap, 
1978; 1982) show tha t  the isoleucine racemization react ion i n  f o s s i l  she l ls  



~ & l e  3.1 D-alLoirolrucine/L-irolruinr rat ios i n  the to ta l  (free + -ti&-bawd) r i n o  w i d  fract ion 
md calculated .0.r for fossi l  wstrogodr fron a l l w i a l  rd c o l l w i a l  s e d i m t s  along the 
umber nd Provo River valleys, Utoh. -------------------------.---------------------------------------------.----.--.----------------------------...-. 

Dapth Ben Average 
INSTMA L& No. kl# r r p l e  no. of No. of Men Total M i n i u  age e s t i r t e r  
(Univ. of Colo.) mi- r u r f u e  w igh t  shells snp le  afle/ILe Holocene Q u r t e r ~  

Cm) Cm) ud PIP rat io* ED1 ' EDTO* ------.-------------------------------.----.-------------------------------------------.------------------...--.- 
D u r  Creek Raervoir (ED1 = 6.8-7.2 drg C); A on pl. 18 

DAN-1TI Or.oheLix cf. s t r i ~  2 25.6 *1 5 0.32+0.06 97-103 398-427 

E u t  rhore of Rockport Reservoir (ED1 = 7.2-7.7oC); 8 on pi. 18 
DAN-Zl& Ore&eLix cf. str igma 2.8 11.0 a1 1 0.19 49- 54 202-221 
DAY-2lI  O r d w l i x  cf. s t r i g o u  2.8 8.7 a1 4 0.UkO.OS 82-00 337-369 
DAY-218C Rgl 1 l a  b i n d l  2.3 2.5 2 1 0.13 36-39 la- 160 
DAY-2lQ Val l m i a  g r u i  licoata 2.3 1.9 3 1 0.13 36-39 146- 160 
DAY-17CA cf. Catinella 2.3 3.0 1 1 0.20 57-62 232-254 
DAY - 174B M i l l a  8p. 2.8 3.7 1 1 0.18 51-55 208-227 
DAN-113 cf. Catinella 5.4 3.7 1 2 0.149.01 39-42 159-174 

most shore of Rockport R - n o i r  (ED1 = 7.1-7.6oC); C on pl. 18 
DAN-175 0r.oheLix cf. r t r im 1.7 11.4 a1 3 0.t99.02 81 -08 331-362 

Uuuhip gr-1 p i t  (ED1 = 7.2-7.7oC); D an pl. 18 
DAN-21% Vallmia ap. 5 0.5 1 1 0.15 42-46 171-187 
DAN-2151 cf. Catinella 5 2.7 1 1 0.18 51-55 208- 227 
DAY-213 0nok.L i x  cf. s t r i m  20 3.2 a1 1 0.39 110-120 451-494 

P u b  Cnyon gravel p i t  (ED1 = 7.3-7.&C); E on pl. 1B 
DAY-2llA cf. C a t i d l a  4.2 5.6 1 3 0.14+0.01 38-42 117-l7l 
DAN-2llB Prpoidm a l b i l l b r  4.0 2.4 1 2 0.13+0.02 35-38 109-118 

Gravel p i t  west of Eor lv i l le  (ED1 = 7.3-7.800; F on pl. 11 
DAN-214A Oreohelix cf, s t r i m  8 6.4 e l  1 0.14 34-37 138-151 
DAN-2140 Orrohelix cf. str igom 8 9.2 <1 1 O.20+0.03 51-56 210-230 
DAN-2l4C VaLLonir cf. cyclophorei l a  8 0.9 1 2 O.ll+0.02 29-32 92- 100 
DAY-2140 Rpi L La b l w d i  8 3.0 3 4 O.ll+O.Ol 29-32 92- 100 
DAN-217 cf. C a t i n l l a  10 4.2 e l  1 0.17 47-51 192-210 

Fm rauthuest of H w f e r  (ED1 = 7.3-7.80C); G on pl. 1A 
DAN-176,192 0reohelixcf.strfgosa 2.1 16.3 e l  C 0.159.02 37-40 150-161 
DAN- 191 Oreohelix cf. strigosa 2.7 19.3 e l  3 0.39+0.01 108-118 U3-485 

Terrace north of Henefer (ED1 = 7.4-7.9oC); H on pl. 1A 
DAN-210 Oreohelix cf. strigosa 3.0 18.1 4 3 0.05+0.003 7.1-7.8 
DAM-2100 Vrl lonir cf. cytlophorella 2.8 4.0 2 1 0.05 11.4-12.4 --------------------.--------.----------------------------------------------------------------------------------- 
AIle/ l le  ra t io  (peak area) measured w ing  methods of Mi l ler  ud Hare (1980). Mean rat ios include one standard 
deviation. E x t r w o r ~  values rejected using mthodr of Dfxon (1365). 

# A* calculated using a linear kinetic model of isolewine racemitation tcqn. 18 i n  U i l l i m  a d  Smith (19T7), 
with k' = o.n, a U r n  ra t io  of 0.025 for  Oroohelix ud 0.014 for other species (Nelson, vlprb. data), 
Arrheniua parmaten detemined for  VaLLonia by Nelson ud others (I=), and values of constants i n  
in Arrhenius aqn. 9 i n  U i l l i r n r  ud Smith (19TI). 
Age calculated using an ED1 (Ychniller, 19T7) fo r  the Holocm r t i m t e d  using in r t r ramta l  mm a w l  
trparatures i n  the region (W, 1981), Limited so i l  tcrrparature data (Conrad, 1965, and vpub. data of 
Lee( na-, Soil Carrenation S e n i p ,  Coalvi l lr, UT), and data of Mi l ler and others (1962). 

* Age calculated using M ED1 for the Late Quaterrury i n  th is  region of 8 deg C less than present mm a m 1  
t-rature (Nelson rd others, 19&)(for exanpie, Uehmiller nd Belkrup, 1982). A* range crlculated 
using +/-0.25oC rmge i n  e s t i m t d  EDT. 
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fo l lows l i n e a r  k ine t i cs  a t  l e a s t  t o  a I l e / I l e  r a t i o s  o f  0.25-0.4 (Wehmiller, 
1982). For older samples w i t h  higher ra t ios ,  the apparent react ion ra te  
decreases by 0.3 t o  0.1 o f  the i n i t i a l  r a te  over a t r a n s i t i o n  zone o f  
var iab le  width between r a t i o s  o f  0.25-0.6 (Kriausakal and Mi t terer ,  1980; 
Wehmiller, 1982). The po in t  a t  which the react ion ra te  decreases (break 
po in t )  and the amount o f  decrease are dependent both on the shel 1 enus and 
probably on the absol ute temperature h i  s to ry  o f  the she1 1 as we1 1 9 Wehmi 11 er, 
1982). A I l e / I l e  r a t i o s  from sna i l s  i n  the Weber River Valley ( tab le  3.1) are 
a l l  <0.4 and most are <0.2, and therefore, we do no t  need t o  consider non- 
1 inear  models f o r  minimum age estimates on these samples. The o lder  samples 
from Morgan Valley ( tab le  4.2) have r a t i o s  as high as 0.61. For these 
samples, w i th  r a t i o s  >0.4, we assume react ion r a t e  parameters t yp i ca l  o f  
those ava i lab le  f o r  other mollusks (Wehmiller, 1982): a ra te  decrease o f  0.2 
o f  the i n i t i a l  r a te  and a break po in t  o f  0.4. 

Attempting t o  estimate the temperature h i s t o r i e s  (EDTs) o f  the sna i l  samples 
adds even more uncertainty t o  our age estimates. Because o f  the lower 
temperatures dur ing the Pinedale glaciat ion,  the average EDT experienced by 
our pre-Holocene samples was considerably lower than the Holocene e f f e c t i v e  
temperature. Recent paleotemperature estimates f o r  the l a s t  g l ac ia l  - 
i n t e r g l a i c a l  cycle ( the  l a s t  125 ky r )  i n  the Rocky Mountain region ( f o r  
example, Mears, 1981; McCoy, 1981; McCoy and Williams, 1983: Barry, 1983) 
suggest the per iod 25 t o  125 ka experienced an average temperature o f  about 
lOoC less  than present MAT i n  the eastern Bonnevi l le Basin and t h a t  the f u l l  
g l ac ia l - i n te rg lac ia l  change i n  temperature was between 90C and 160C, s im i l a r  
t o  values suggested by Pierce ( i n  Porter  and others, 1983) using d i f f e r e n t  
methods. McCoy (1981) used a I l e / I l e  r a t i o s  and radiocarbon ages t o  estimate 
temperatures 8.5oC below MAT f o r  the same area from 11 t o  15 ka. Using 
po l len data from Clear Lake cores i n  the northern Ca l i fo rn ia  coast ranges, 
Adam and West (1983) estimate only 70C t o  80C temperature change dur ing the 
l a s t  g l ac ia l  cycle, but  w i th  a period o f  f l uc tua t i ng  cl imate averaging 40C t o  
50C below present about 75 t o  125 ka. Most recent ly,  Nelson and others 
(1984) have estimated an average EDT f o r  the per iod 0-600 ka i n  the Rocky 
Mountain region of 80C less  than present mean annual temperature. 

To ca lcu la te  minimum age estimates f o r  our sna i l  samples we used the average 
Quaternary EDT estimated by Nelson and others (1984) because i t  i s  the 
simp1 i s t  and most reasonable paleotemperature model avai lable w i th  the 
present l i m i t e d  database. The model consists on ly  of an EDT o f  80C less than 
the present MAT f o r  the middle and l a t e  Quaternary. This value was estimated 
using some o f  the same sna i l  species analyzed here and i t  applies t o  the same 
region. Furthermore, almost a l l  o f  our samples appear t o  have experienced a t  
l eas t  one f u l l  g l ac ia l - i n te rg lac ia l  cycle making an average Quaternary EDT 
f o r  the region a reasonable approximation o f  the integrated thermal h i s to r y  
o f  each sample. Almost a l l  o f  our samples have been buried deeply enough 
t h a t  an increases i n  r a t i o s  due t o  near-surface heating e f fec ts  (Wehmiller, 
1977; M i l l e r  and others, 1982) do not  need t o  be considered. Considering the 
large uncer ta in t ies  i n  the temperature estimates used, more complex models 
( f o r  example, Wehmiller, 1982; Nelson and VanArsdale, 1986) are no t  
j u s t i f i e d .  Although there i s  considerable uncertainty i n  these calculat ions,  
fo r  several reasons (discussed i n  the l i t e r a t u r e  c i t e d  above), these age 
estimates are much more l i k e l y  t o  be minimum ra ther  than maximum ages. 



3.4.3 Relat ive dat ing  using maqnetic p o l a r i t y  of  sediment 

3.4.3.1 Quaternary polar i  t y  s t r a t i g r a p h y  

Paleomagneti sm has been used ex tens ive ly  f o r  determining the age of Cenozoic 
rocks and sediments. The e a r t h ' s  magnetic f i e l d  p o l a r i t y  has reversed in  
the pas t  and the record of these rever sa l s  is preserved i n  lavas  and 
sediments. The geomagnetic p o l a r i t y  time s c a l e  is a record of  normal and 
reversed p o l a r i t i e s  compiled from dated paleomagnetic sequences (Cox, 1969). 
This time s c a l e  can be used f o r  c o r r e l a t i o n  of  s t r a t i g r a p h i c  sequences whose 
general age i s  known, but  f o r  which  radiometric  d a t e s  a r e  not  ava i l ab le .  The 
most recent  major p o l a r i t y  change occurred about 730 ka (Mankinen and 
Dal rymple , 1979) ; most Quaternary depos i t s  containing only one component of 
magnetization i n  a normal d i r e c t i o n  a r e  probably younger than 730 ka. 
Quaternary depos i t s  formed p r i o r  t o  the begining of  t h e  present  normal 
p o l a r i t y  epoch will r e t a i n  a reversed component of  magnetization unless  this  
component is  so  s t rong ly  overpr in ted  w i t h  more recen t  normal p o l a r i t y  
components t h a t  the o r i g i n a l  reversed component cannot be recognized. 
Because e a r l i e r  normal p o l a r i t y  epochs preceded the l a s t  major reversed epoch 
p r i o r  t o  900 ka, i t  is d i f f i c u l t  t o  determine t h e  age of Quaternary sediments 
w i t h  a normal po la r i ty .  

3.4.3.2 P o l a r i t y  evaluat ion  and aqe es t imates  

A paleomagnetic s tudy of  Quaternary sediments i n  Keetley Valley and o the r s  
sites i n  the eas te rn  Wasatch Mountains (p l .  1) was conducted t o  determine 
whether sampled sediments re ta ined a we1 1 -defined reversed pol a r i  t y  component 
and were therefore  l i k e l y  t o  be >730 ka (App. A). 

Samples from 12 of t h e  30 sites sampled contain a s t rong indica t ion  of  a 
reversed component. On t h i s  b a s i s  samples from sites JT-2, JT-7A, JT-7B, JT- 
11, 5-13. 5-16, HV-2, DC-1, and WV-16 a r e  considered t o  be >730 ka. Some 
samples from the following d r i l l  cores from Keetley Valley a l s o  contain an 
unambiguous reversed component and thus must a l s o  be a t  l e a s t  this old: DH-R- 
101, DH-R-110, DH-R-111,  DH-R-114, DH-R-115. 

Several samples contain s c a t t e r e d  remanence d i r e c t i o n s  which a r e  r e l a t i v e l y  
s t a b l e  upon demagnetization o r  d i r e c t i o n s  which dev ia te  away from the present  
normal f i e l d  d i r e c t i o n  upon demagnetization. Although these samples contain 
a suggestion of reversed magnetization (App. A ) ,  the data  a r e  not compel1 ing 
enough f o r  us t o  conclude t h a t  these sediments a r e  reversed. We group these  
sediments with those t h a t  a r e  dominated by normal components and conclude 
nothing about their age on the bas i s  of the paleomagnetic analys is .  These 
include samples from sites JT-8, JT-9, J-4,J-17 ,HV-1 ,  JT-10, 3-6A, J-68, J- 
15, RV-1,  WD-1. 

3.4.4 Other Dating Methods 

3.4.4.1 Tephrochronoloqy 

Volcanic erupt ions  during the Quaternary produced tephra which was deposited 
over much of  the western U.S. Layers of tephra found in  sediments downwind 
from the volcanic source (o f t en  s l i g h t l y  reworked by col luvia l  and a l l u v i a l  
processes) ,  when cor re la t ed  using morphologic, opt ics1  , and chemical 



proper t ies  w i th  tephra o f  known age, are used t o  date the deposits i n  which 
the layers  occur. Tephra from two major volcanic centers, Long Val ley i n  
eastern Ca l i fo rn ia  and Yellowstone i n  northwestern Wyoming, have been 
i d e n t i f i e d  i n  cent ra l  Utah ( I ze t t ,  1982; Nash and Pope, 1977; I z e t t  and 
W i l  cox, 1982). Two o f  these tephras, the Lava Creek B Ash and the Bishop 
Ash, dated elsewhere a t  620 ka ( I z e t t  and Wilcox, 1981) and 730 ka ( I z e t t  
and others, 1970) respect ively,  have d i s t i n c t  mineralogical  and chemical 
charac te r i s t i cs  which a l low them t o  be r e a d i l y  i den t i f i ed .  Both o f  these 
tephras were found i n  Keetley Valley, but  nowhere e lse i n  the eastern Wasatch 
Mountains. A one-meter-thick bed o f  ash d i  scovered i n  s o i l  p i t  JS-15 ( f i g .  
3.3) was i d e n t i f i e d  as Lava Creek B ash by Ray Wilcox (U.S. Geological 
Survey, Denver, w r i t t en  comunication, 1983) on the basis o f  petrographic 
c r i t e r i a .  The Bishop Ash was found i n  a nearby roadcut and i d e n t i f i e d  i n  the 
same manner (discussed i n  sec. 5.6). 

3.4.4.2 Radiocarbon analysis 

Radiocarbon analysis i s  the most accurate and comnonly used method f o r  dat ing 
l a t e  Quaternary deposits, but  i t s  use i s  severely l i m i t e d  i n  the eastern 
Wasatch Mountains because o f  the lack o f  su i tab le  mater ia l  f o r  ana lys is  
associated w i t h  deposits near fau l t s .  The two 1 4 ~  ages from a s ing le  peat 
deposi t  i n  Morgan Val ley (sec. 4.2) are the on ly  radiocarbon dates obtained 
from our studies i n  the eastern Wasatch Mountains. Except f o r  some; minimum 
ages from f a u l t  scarp deposits along the Strawberry f a u l t  (Nelson and 
VanArsdale, 1986), we are aware of on ly  two publ ished 1 4 ~  ages from the area 
east o f  the Wasatch Front. However, speci a1 organ1 c concentration 
proceedures f o r  s o i l  samples (Scharpenseel, 1971; Mathews, 1980; K ih l ,  1975) 
and 1% atom counting by accelerator  techniques (Stuiver,  1978; Tucker, 1981) 
are being used i n  o ther  se i  smotectonic studies (Nel son and VanArsdale , 1986; 
West, 1984; Foley and others, 1986) i n  the cent ra l  Rocky Mountains. 

3.4.4.3 Faul t  and ter race scarp morpholoqy 

Analysis o f  topographic p r o f i l e s  across f a u l t  scarps developed i n  a l luv ium i s  
the most widely used method o f  est imat ing the recency o f  f a u l t  movement i n  
the Basin and Range ( f o r  example, Wallace, 1977; Bucknam and Anderson, 1979; 
Nash, 1980; Machette, 1982; Colman and Watson, 1983; Hanks and others, 1984; 
Mayer, 1984). Most o f ten  the r e l a t i o n  between f a u l t  scarp height o r  o f f s e t  
and maximum fau l  t-scarp-slope angle have been used as a relat ive-age measure, 
but  o ther  parameters such as the degree o f  scarp c res t  rounding (Wallace, 
1977; Sterr ,  1981; Peterson, 1983) a lso appear t o  be age dependent. However, 
these methods requ i re  a reasonably la rge sample o f  p r o f i l e s  across scarps o f  
s i g n i f i c a n t l y  d i f f e r i n g  heights f o r  real t ive-age comparisons t o  be made. 
Addi t ional  problems i n  comparing p r o f i l e  data from one area t o  another 
include di f ferences i n  climate, I thology, aspect, and f a u l t  displacement 
h i s t o r i e s  (s ing le  vs. mu l t i p l e  events o f  d f f f e r e n t  s izes) a l l  o f  which a f f e c t  
the r a t e  o f  scarp degradation and thus, the measures o f  scarp morphology. 
For example, a slope-height p l o t  f o r  the Strawberry Val ley f a u l t  scarps on 
the southeast edge of the eastern Wasatch Mountains was no t  p a r t i c u l a r l y  
useful  i n  est imat ing t h e i r  age (Nelson and Martin, 1982; Nelson and 
VanArsdal e , 1986). 

No f a u l t  o r  stream scarps o f  s u f f i c i e n t  ex tent  and o f  d i f f e r i n g  height  i n  
s im i l a r  l i t ho l og ies  o f  unconsolidated mater ia ls  were found i n  the eastern 



Wasatch Mountains. Thus, the other methods discussed above were judged t o  be 
most-l ikely t o  y i e l d  accurate age estimates. 
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Quaternary h i s t o r y  o f  Weber and Provo Rivers 

The drainage basins o f  the Provo and Weber Rivers encompass most of the CUP 
Regional study area (p l .  1). Although they are nowhere continuous f o r  any 
s i g n i f i c a n t  distance, the f l u v i a l  te r race and fan remnants preserved along 
the center o f  these two r i v e r  va l leys are the most widely d i s t r i bu ted  
Quaternary landforms i n  the area. Terraces have the add i t iona l  advantages o f  
prov id ing s tab le  s i t e s  where erosion i s  usua l l y  no t  s ign i f i can t .  Thus, s o i l s  
should r e f l e c t  the age o f  the ter race surface a t  these s i t e s  t o  a greater 
degree than s o i l s  developed on less  s tab le  landforms such as moraine crests.  
For the same reason, f a u l t  scarps, i f  present, should be preserved on the 
terraces longer than on o ther  landforms i n  unconsolidated deposits i n  the 
area. Thus, we chose t o  c o l l e c t  most o f  our s o i l s  data f o r  re lat ive-age 
da t ing  from ter race and fan remnants along the Provo and Weber Rivers. The 
s o i l s  data combined w i t h  o ther  RD data a1 low us t o  out1 i ne  the h i s t o r y  of the 
development o f  these drainage basfns and t o  est imate the con t r ibu t ion  t o  t h i s  
development made by neotectonic movement on f a u l t s  i n  the area. The pre- 
Quaternary h i s t o r y  o f  the area i s  reviewed i n  sect ion 3.6. 

3.5.1 Weber River drainaqe 

The Weber River drainage basin i s  much l a rge r  than the basins o f  o ther  
streams i n  the Wasatch Mountafns, encompasing an area o f  about 6200 km2 i n  
the cen t ra l  Wasatch and western Ufnta Mountains. The r i v e r  heads i n  the 
cirques o f  the Uintas, f lows westward and northward through several back 

. val leys,  and then cuts d i r e c t l y  west through the core o f  the Wasatch Range 
i n t o  S a l t  Lake Val ley ( p l .  1). Remnants o f  f l u v f a l  terraces and a l l u v i a l  
fans graded t o  them along several por t ions o f  the r i v e r  va l ley  provide a 
p a r t i a l  record o f  Quaternary events i n  the basin. Most remnants are h igh ly  
dissected, and on ly  the lowest terraces are continuous f o r  more than short 
distances ( f i g .  3.3). Terrace and fan remants can be grouped i n t o  1) those 
i n  the headwaters area inc lud ing  northern Kamas Valley, 2)  those along the 
cent ra l  po r t ion  o f  the va l l ey  from Peoa t o  the East Canyon fau l t ,  and 
3) those along the lower po r t i on  o f  the r i v e r  i n  Morgan Valley. No remnants 
are preserved i n  the narrow upper and lower canyons o f  the r i v e r  below the 
cent ra l  po r t ion  o f  the va l l ey  ( f i g .  3.3). 

3.5.1.1 Upper Weber River Val ley 

Remnants o f  a t  l eas t  f i v e  f l u v i a l  surfaces o f  a t  l eas t  three d i f f e r e n t  
r e l a t i v e  ages are preserved i n  the upper Weber River Val l e y  and Kamas Val l e y  
above Rockport Reservoir ( f i g .  3.3). 

The lowest major terrace, 10-12 m above the modern Weber River, appears t o  be 
continuous from above the mouth o f  Smith and Moorehouse Canyon t o  the 
northwestern corner o f  Kamas Valley, except f o r  a short  reach i n  the narrow 
canyon where the r i v e r  enters the va l ley .  This terrace grades i n t o  a set  o f  
arcuate moraines deposited by a g l ac i e r  i ssu ing  from Smith and Moorehouse 
Canyon (Atwood, 1909). About 2 km above the mouth o f  the canyon, moraines 
and g l a c i e r  t r im l i nes  are found near the va l l ey  f l o o r  ind ica t ing  t ha t  the 
Weber River Val ley g l ac i e r  reached t h i s  pos i t i on  i n  the val ley.  Athough they 
are small and p a r t i a l l y  bur ied by outwash, the moraines i n  t h i s  area are 
hummocky w i th  sharp crests. This morphology and the distance o f  these 
moraines'from the cirques i n  the mountains suggests these moraines were 



deposited dur ing  the  l a t e r  p a r t  o f  t he  l a s t  major g l a c i a t i o n  (Atwood, 1909), 
t he  Pinedale g lac ia t i on .  Exposures o f  coarse, bouldery gravel capped by 20- 
40 cm o f  loess i n  the  12 m te r race  conf i rm i t  i s  an outwash te r race  deposited 
dur ing  deglac iat ion.  S o i l  development i nd i ces  ( f i g s .  3.1 and 3.2) f o r  the  
s o i l  on t h i s  te r race near t h e  moraines ( s o i l  W - 1 ,  t a b l e  3.2) suggest i t  i s  o f  
l a t e s t  Pleistocene age (<20 ka); t he  outwash te r race  probably dates from 15- 
18 ka (Por te r  and others, 1983). 

A second te r race  a t  25 m above the  r i v e r  i s  preserved between two d issected 
moraines on the  south s ide  o f  t he  r i v e r  about 6 km below Smith and Moorehouse 
Canyon ( f i g .  3.3). A s o i l  p i t  i n  the  te r race  exposed gray, sandy t i l l, l i k e  
t h a t  i n  the  moraines, i n d i c a t i n g  t h a t  a t  l e a s t  t h i s  p a r t  o f  the  te r race  i s  
ground moraine r a t h e r  than outwash. Development i nd i ces  f o r  s o i l s  on the  
til l are  low ( f i g s .  3.1 and 3.4) i n d i c a t i n g  a Pinedale age f o r  t he  moraines. 
However, a 5-m-deep exposure i n  t h e  eastern moraine shows coarse outwash w i t h  
a 60-cm-thick, reddish a r g i l l i c  hor izon developed on i t  under ly ing gray till. 
A l l u v i a l  fan te r races from a small drainage on t h e  south s ide o f  t he  r i v e r  
about 5 km down r i v e r  from t h e  25 m te r race  appear graded t o  a former 
f l o o d p l a i n  a t  about t h i s  r e l a t i v e  e levat ion.  Thus, al though Pinedale 
g l a c i e r s  advanced down the  v a l l e y  as f a r  as the  moraines as r e c e n t l y  as 15- 
18 ka, a v a l l e y  t r a i n  o f  outwash was apparent ly  deposited a t  t h i s  r e l a t i v e .  
e leva t ion  (about 25 m) i n  the  v a l l e y  long before  the  depos i t ion  o f  t he  
Pinedale moraines and t h e  12 m outwash terrace. 

Two small ,  d issected remnants o f  surfaces a t  76 m and 122 m above the  r i v e r  
are preserved about 2 km west o f  the  moraines adjacent t o  the  25-m terrace.  
The s l i g h t  down-valley grad ient  o f  these remnants suggests they are remnants 
o f  f l u v i a l  terraces, b u t  small a l l u v i a l  fans and co l luv ium obscure t h e i r  
surfaces. 

A t e r race  about 10 m above t h e  n o r t h  s ide of t h e  Weber River  extends from the 
mouth o f  the upper Weber canyon t o  near t h e  western edge o f  Kamas Va l ley  
where i t  gradua l ly  merges w i t h  present f l o o d p l a i n  deposits. On the  basis o f  
r e l a t i v e  e leva t ion  above t h e  r i v e r  t h i s  te r race  co r re la tes  w i t h  the  12 m 
t e r race  up v a l l e y  ( f i g .  3.3), bu t  s o i l s  on t h i s  lower te r race i n  nor thern 
Kamas Va l ley  suggest i t  i s  much older .  Development ind ices  ( f i g .  3.4) and 
t o t a l  secondary c l a y  f o r  a s o i l  on t h i s  te r race  ( s o i l  W-12, t a b l e  3.2) 
suggest i t  i s  somewhat younger than most s o i l s  i n  RAG 2. However, o ther  
soi  1 s on t h i s  te r race (unpub. p r o f i l e  descr ip t ions ,  Lael Harvey, Soi 1 
Conservation Service (SCS) , Coalvi  1 l e ,  UT, 1982) have t h i c k  (60- 100 cm) , clay-  
r i c h  B horizons w i t h  5YR c o l o r  hues i n d i c a t i n g  a RAG 2 age. Regional 
c o r r e l a t i o n s  suggest t h i s  te r race  i s  probably r e l a t e d  t o  B u l l  Lake g l a c i a t i o n  
(130-150 ka) (discussed i n  sec. 3.4). 

A 25-m te r race  o f  coarse, bouldery gravel a l so  extends across most o f  t he  
nor thern  end o f  Kamas Val ley .  Eroded s o i l s  near the  edge o f  t h i s  te r race  
have >30-cm-thick a r g i l l i c  horizons ove r l y ing  carbonate w i t h  stage I 1  t o  1 1 1  
morphology. However, coales ing a l l u v i a l  fans along the  h i l l s  which form the 
nor thern edge o f  Kamas Va l l ey  appear t o  o v e r l i e  o r  grade i n t o  the  25-m 
te r race  and s o i l s  on the  fans are  more s t r o n g l y  developed than those on the 
10-m terrace. Most fan s o i l s  have >loo-cm-thick very c l a y - r i c h  B horizons 
(unpub. SCS p r o f i l e  descr ip t ions ,  s o i l  WR-2, t a b l e  3.2), some w i t h  stage I 1 1  
t o  I V  carbonate. Although development i nd i ces  place s o i l  W-2 on the d i s t a l  
edge o f  a fan  i n  RAG 2 ( f i g .  3.4), t h i s  s o i l  has been eroded, and i t s  stage 
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Figure 3.4 Rubification and non-arid pro f i l e  indices f o r  soi ls  i n '  the Weber River Valley, 
East Canyon area, and Parleys Park area. 



I V  carbonate morphology and 32 g / c q  o f  secondary c l ay  suggest i t  i s  much 
older. On t h i s  basis the 25-m ter race and the associated a l l u v i a l  fans are 
probably i n  RAG 1 (pre-Bull  Lake) and are >200 ka and possib ly 300-400 ka 
(sec. 3.4). 

A s o i l  p i t  ( s o i l  WR-6, t ab le  3.2) on the ter race remnant 120 m above the 
r i v e r  a t  the northeast corner o f  Kamas Val ley exposed coarse, bouldery 
gravels w i t h  a t  l eas t  stage I V  carbonate (dense carbonate prevented a 
bul ldozer from deepening the p i t  t o  the base o f  the carbonate). Secondary 
c lay  i n  the a r g i l l i c  horizon over ly ing the carbonate (15 g/cm2) suggests an 
age o f  roughly 190 ka ( f i g .  3.2). Solely on the basis o f  r e l a t i v e  elevat ion,  
t h i s  surface may cor re la te  w i t h  the small i so l a ted  remnant f a r t he r  up the 
Weber va l l ey  o r  w i th  remnants o f  small s t r a t h  terraces cu t  on the Keetley 
volcanics near the northwest corner o f  Kamas Val ley ( f i g .  3.3). However, 
because t h i s  surface 1) may have been displaced by f a u l t i n g  (discussed i n  
sec. 5.6), 2) i s  o f  such l i m i t e d  extent, and 3) i s  probably qu i te  o l d  (>mid- 
Quaternary), co r re la t ions  are speculatf ve. 

3.5.1.2 Central Weber River Val ley 

I n  the cent ra l  p a r t  o f  the Weber River Val ley between Browns Canyon and the 
escarpment o f  the East Canyon f a u l t  ( f i g .  3.3), remnants o f  a l l u v i a l  fans are 
preserved a t  the mouths o f  t r i b u t a r y  drainages; a l l  o ther  remnants o f  f l u v i a l  
surfaces are small and discontinuous. There are a t  l e a s t  f i v e  major leve ls  
o f  f l u v i a l  features ( f i g .  3.3). bu t  reconstruct ion o f  former f loodpla ins  i s  
d i f f i c u l t  because on ly  the lowest ter race extends cont iuously along the 
va l l ey  f o r  more than '2 km. More importantly, fan remnants t ha t  were once 
graded t o  the same l eve l  o f  the r i v e r  now occur a t  widely varying elevat ions 
because 1) the cone shape o f  the fans makes t h e i r  ax i a l  por t ions higher than 
t h e i r  f lanks, 2 )  the fans vary i n  s ize depending on the s ize o f  t h e i r  
drainage basins, and 3) many fans slope steeply i n t o  the va l ley  so t h a t  the 
greater the extent  o f  val ley-s ide erosion by the r i v e r  the higher the 
e levat ion o f  the fan remnant t h a t  i s  preserved. However, the l a rge r  fan 
sequences such as those near Wanship, near Henefer, and a t  the mouth o f  Pecks 
Canyon have a t  l eas t  two d i s t i n c t  fans i nse t  below the highest fan remnants 
suggesting a t  l eas t  three d i f f e r e n t  l eve l s  o f  former f loodplains.  On 
f i g u r e  3.3, the dashed 1 ines between remnants along the central  pa r t  o f  the 
Weber Val ley show the most l i k e l y  co r re l a t i on  o f  fan remnants and surfaces; 
the l i n e s  r i s e  and f a l l  because o f  the varying sizes, distances from the 
r i v e r ,  and degree o f  preservat ion o f  the remnants. 

The lowest major terrace along the r i v e r  i s  marked ( f i g .  3.3) p r i m a r i l y  by 
a1 l u v i a l  fans extending i n t o  the center o f  the va l l ey  above Echo Reservoir 
and by a continuous terrace, 5-8 m high, from the reservo i r  t o  the East 
Canyon f au l t .  Both the fans and the terrace have smooth surfaces and are 
undissected. Where the r i v e r  has eroded the fans t h e i r  edges are 5-15 m 
high, but  elsewhere they appear t o  grade i n t o  terraces t ha t  are <2 m above 
the present r i v e r .  

Exposures i n  the low ter race and the fans show they are composed p r ima r i l y  o f  
massive t o  interbedded clayey s i l t s  and sandy s i l t s  w i th  a few dispersed, 
subangul a r  c l  as ts  and occasional gravel lenses. Towards t he i  r heads the fans 
have more interbedded sand and gravel beds, bu t  none contain cobbles o r  
boulders. Thus, the fans appear t o  be the product o f  f l u v i a l  events o f  small 



t o  moderate discharge a l t e rna t i ng  w i t h  deposi t ion o f  loess and colluvium. 
The terrace deposits probably a lso consist  mostly o f  loess and co l  luvium near 
the sides o f  the val ley. Near the va l l ey  center, they must have mostly a 
slack-water f l u v i a l  o r i g i n  (except f o r  the low, cobbly terrace below 
Coa lv i l l e ) .  

Several l i n e s  o f  evidence ind ica te  the low fans and terrace are e a r l y  
Holocene t o  l a t e s t  Pleistocene i n  age. So i l s  on these deposits genera l ly  
have cambic o r  weak a r g i l l i c  horizons and of ten,  stage I carbonate 
morphology. Shroba (1980) has described s i m i l a r  s o i l s  o f  ea r l y  Holocene t o  
Bonnevi l le (15 ka) age near Sa l t  Lake Ci ty.  So i l s  on modern f loodp la in  
deposits i n  the Weber Val ley general ly  lack  B horizons (unpub. s o i l s  
descript ions, SCS, Coa lv i l l e ) .  Near the edge o f  the va l ley  f ine-grained 
c o l l u v i a l  deposits t h a t  appear t o  ove r l i e  o r  grade i n t o  the fans tend t o  have 
th ick ,  moderately developed a r g i l l i c  horizons, o f ten  w i t h  stage I and even 
stage I 1  carbonate. However, i t  i s  d i f f i c u l t  t o  t e l l  whether these deposits 
are the same age as the more d i s t a l  par ts  o f  the fans o r  whether they are 
older.  So i l  indices ( f i g .  3.4) suggest a fan south o f  Hoy tsv i l l e  ( p r o f i l e  W- 
10, tab le  3.2) and the low ter race j u s t  below Coa l v i l l e  ( p r o f i l e  W-13, tab le  
3.2) are i n  RAG 3, which i s  cor re la ted w i t h  Plnedale-age deposits. The 
boulders and cobbles i n  the low terrace below C o a l v i l l e  ( f i g .  3.3) ind ica te  
it was probably deposited dur ing Pinedale deglaciat ion,  but  the f ine-grained 
character and pos i t i on  i n  the center o f  the va l l ey  o f  most o f  the o ther  low 
fans and terrace suggest they are younger and post-date periods of h igh 
discharge associated w i t h  deglaciat ion. This i s  confirmed f o r  the low 
terrace a t  Henefer ( s i t e  H, t ab le  3.1) where a I l e / I l e  r a t i o s  on sna i l s  i n  the 
terrace suggest an age o f  7-12 ka. 

The next  major leve l  o f  f l u v i a l  deposits are almost a l l  par ts  o f  a l l u v i a l  
fans. They occur mostly as small, discontinuous remnants o f  fans plastered 
against the va l ley  wal ls  near t r i b u t a r i e s  a t  25-40 m, but  below the highest 
fan remnants. Gravel p i t  exposures i n  these remnants show sequences o f  
interbedded f i n e  (clayey s i l t s ,  f i n e  sandy s i l t s ,  f i n e  sands) and coarse 
(cobbly gravels and coarse pebbly sands) un i ts .  The b u f f  t o  pink, f ine- 
grained un i t s  are 0.2-1 m t h i c k  and are usual ly  massive o r  f a i n t l y  
s t r a t i f i e d .  Buried cambic and weak a r g i l l i c  horizons are sometimes developed 
i n  these uni ts.  Sands are 0.5-2 m th ick ,  ho r i zon ta l l y  s t r a t i f i e d ,  and 
occasional ly  planar c ross -s t ra t i f i ed .  Gravel s are usual ly  th i cker  (0.5-3 m) 
and are mostly planar cross-bedded u n i t s  o f  sand-matrix-supported gravel o r  
clast-supported gravel w i t h  a f i n e r  matr ix. Muddy matrix-supported gravel i s  
not  as common. Cobbles and most c las ts  are Uin ta  Mountain Group quartz i tes,  
but  these may have been reworked from the Cretaceous Wasatch Formation; they 
have not  necessari ly been transported by outwash streams from the Uinta 
Mountains. Bed contacts are p a r a l l e l  and continuous w i th  l i m i t e d  channel 
f i l l s .  These un i t s  have features charac te r i s t i c  o f  the more d i s t a l  por t ions 
o f  a l l u v i a l  fans where they merge w i th  b ra idp la in  deposits, possib ly i n  a 
c l imate more humid than the present w i t h  more evenly d is t r ibu ted  r a i n f a l l  
(Rust and Koster, 1984). Most o f  the f ine-grained un i t s  are loess and 
slopewash deposits, but  some are probably f l u v i a l  slackwater deposits. No 
good evidence remains o f  the charac te r i s t i cs  o f  the f loodplains t o  which 
these a l l u v i a l  fans were graded. A r e l a t i v e l y  wetter  cl imate seems t o  
characterize Pinedale degl ac i a t i on  (Porter  and others, 1983; Pierce and 
Scott. 1984; Funk, 1977) and t h i s  may be the case f o r  the wanning phases o f  
e a r l i e r  g laciat ions.  These a1 1 uv i a l  fan deposits atpear coarser than those 



now being deposited i n  the va l l ey  i n  s i m i l a r  set t ings.  For these reasons, 
these fan remnants may have been deposited dur ing an ea r l y  deglaciat ion. 

Amino ac id  and s o i l s  evidence from these fan deposits suggest they are 
broadly cor re la t i ve  w i th  oxygen isotope stage 6. A I l e / I l e  r a t i o s  on snai ls  
from these deposits a t  four  s i t e s  along the va l l ey  suggest ages o f  90-250 ka 
( t ab le  3.1, f i g .  3.3). Shel ls y i e l d i ng  much higher r a t i o s  are reworked. 
Deposits o f  several ages may wel l  be present a t  the same o r  d i f f e r e n t  s i tes ,  
but  the normal va r ia t ion  i n  r a t i o s  on sna i l s  i n  a l l u v i a l  deposits and the 
l i ke l i hood  o f  reworking i n  sediments o f  t h i s  type a lso mean tha t  a l l  these 
remnants could also be about the same age. If so, deposit ion dur ing the end 
o f  Bu l l  Lake g lac ia t ion  (130-150 ka) seems l i k e l y .  However, w i th  a few 
exceptions, s o i l s  on these deposits are almost as s t rongly  developed as many 
o f  the s o i l s  on much higher fan  remnants ( f i gs .  3.1 and 3.4). Thick, clay- 
r i c h  a r g i l l i c  horizons w i t h  5YR co lo r  hues o v e r l i e  horizons w i th  stage I 11  
and even weak stage I V  carbonate development. Ages f o r  these s o i l s  based on 
secondary carbonate and c l ay  accumulation ra tes  are general ly  >I30 ka, but 
the t o t a l  secondary c l ay  i n  s o i l  W-3 near Wanship ( t ab le  3.2) gives an age o f  
about 250 ka. I n  contrast, a s o i l  on the g rave l l y  fan sediment a t  t h i s  leve l  
a t  the mouth o f  Cherry Canyon a t  Wanship has on ly  a weak a r g i l l i c  horizon 
suggesting a r e l a t i v e l y  young age ( t h i s  s o i l  i s  probably eroded). However, 
sna i l s  i n  col luvium under a s o i l  (1-19, tab le  3.2) t h a t  y ie lds  ages of >I60 
ka (carbonate) and 141 ka (c lay )  have r a t i o s  s i m i l a r  t o  those fo r  sna i l s  i n  
these a l l u v i a l  fan deposits. Considering t h e i r  poor preservation we are 
u n l i k e l y  t o  obtain more accurate ages on these deposits. For t h i s  reason, we 
assume an average age o f  about 140 ka f o r  most o f  these deposits and suggest 
t h a t  they were deposited near the end o f  Bu l l  Lake glaciat ion.  

Fan remnants occur a t  the mouths o f  the l a rges t  t r i b u t a r y  drainages, such as 
near Wanship, Pecks Canyon, Hoytsv i l le ,  and Henefer, roughly 20-30 m above 
the remnants disscussed above ( f i g .  3.3). Iso la ted erosional remnants occur 
a t  s i m i l a r  e levat ions between Hoy tsv i l l e  and Wanship, a t  Coalv i l le ,  and near 
Henefer. So i l s  on these surfaces are general l y  no be t t e r  developed than 
those discussed above, probably a t  l eas t  p a r t l y  due t o  erosion a t  most s i tes ,  
but secondary c lay (32 g/cm2) i n  s o i l  W-4 ( t ab le  3.2) near Wanship suggests 
an age o f  400 ka. Based on t h e i r  height above the r i ve r ,  degree o f  
dissection, and overa l l  degree o f  s o i l  development we suggest t h a t  these 
deposits pre-date isotope stage 6 (>200 ka) despi te the f a c t  t ha t  the s o i l s  
are not  d i s t i n c t l y  d i f f e r e n t  than those on deposits we i n te rp re t  t o  be about 
140 ka. A f u r t he r  problem i s  t h a t  some p r o f i l e s  (W-5 and W-8, tab le  3.2) are 
developed i n  f ine-grained loess and col luvium which may ove r l i e  o lder,  
coarser f l u v i a l  deposits. So i l s  develop more r a p i d l y  i n  f ine-grained 
deposits and t h i s  adds f u r t h e r  uncertainty as t o  the age o f  these surfaces. 
These higher remnants i n  the cent ra l  Weber Val ley are about same height  above 
i n fe r red  stage 6 deposits as are s im i l a r  fan deposits i n  northern Kamas 
Val 1 ey (discussed above). 

Final  1 y, the highest recogni tab le  erosion surface remnants occur near 
Rockport Reservoir, Hoytsv i l le ,  and below Henefer a t  80-150 m above the r i v e r  
( f i g .  3.3). Clay p i t s  near Henefer expose p a r t i a l l y  l i t h i f i e d ,  debr is f low 
deposits o f  quar tz i te  c l as t s  supported i n  a red, clayey matrix; t h i s  i s  
probably the Pliocene? Huntsv i l l e  fanglomerate o f  Eardley (1952). Remnants 
o f  erosional surfaces cu t  on t h i s  deposit were labeled the Weber Valley 
erosion surface by Eardley (1944). Other Pemnants near Rockport Reservoir 



are cu t  on the Keetley volcanics. There i s  no way f o r  us t o  co r re la te  any of 
these highest i so la ted  remnants. Based so le l y  on e levat ion they must be >500 
ka, but  we have no o ther  age information. 

3.5.1.3 Lower Weber River Val ley 

No terraces o r  a l l u v i a l  fans o f  any s i g n i f i c a n t  ex tent  are preserved i n  the 
narrow tw i s t i ng  upper canyon o f  the Weber River between Henefer and Round 
Valleys. The few very small, steep a l l u v i a l  fans and t a l us  cones are 
probably of Holocene age. 

During i t s  l a s t  high stand about 15 ka (Scot t  and others, 1983), Lake 
Bonnevi l le extended through the lower canyon o f  the Weber i n t o  Morgan and 
Round Valleys ( f i g .  3.3). Except f o r  very small, young fans and t a l us  cones, 
no f l u v i a l  features o f  any extent  are preserved i n  the canyon. A number of 
small a l l u v i a l  fans and la rge  f l u v i a l  terraces a t  the mouths o f  Cottonwood, 
Peterson, Deep, and East Canyon Creeks are graded t o  leve ls  a t  o r  j u s t  below 
the high stand o f  the lake i n  Morgan Val ley ( f i g .  4.2). On t h i s  basis we 
assume t h a t  these features and wave-eroded scarps a t  t h i s  leve l  elsewhere i n  
Morgan Val ley are about 15 ka. A lower f l u v i a l  terrace extends along much of 
Morgan Valley a t  about 7 m above the r i ve r .  Because the lake dropped t o  
below the leve l  o f  the f l o o r  o f  Morgan Val ley dur ing i t s  f a l l  t o  the Provo 
shore1 i ne  about 14 ka (Scot t  and others, 1983), the 7-m terrace probably 
dates from 14-'15 ka. 

A few remnants o f  o lder  a l l u v i a l  fans and extensive fans along the Morgan 
f a u l t  occur 10-50 m above the Bonnevi l le shorel ine i n  Round and Morgan 
Valleys ( f i g .  3.3). On the basis o f  r e l a t i v e  elevation, degree o f  fan 
dissection, and s o i l  development on the Morgan f a u l t  fans (discussed i n  
sec. 4.2) these fans are >I00 ka, probably roughly co r re la t i ve  w i t h  remnants 
cor re la ted w i th  the isotope stage 6 upvalley. Patches o f  rounded quar tz i te  
cobbles 45 m above the r i v e r  on the h i l l s i d e  nor th  o f  the town o f  Morgan 
( f i g .  4.2) may be the remnants o f  a terrace o f  t h i s  age. 

Higher, o lder  remnants o f  fans and erosion surfaces occur 70-400 m above the 
r i v e r ,  espec ia l ly  i n  the northern h a l f  o f  Mor an Val ley ( f i gs .  3.3 and 4.2). 
These surfaces were included by Eardley (1944 3 i n  h i s  Weber Val ley erosion 
surface. A s o i l  on one o f  the lowest o f  these surfaces (W-16, tab le  3.2) i s  
s t rong ly  developed (RAG 2, f i g .  3.1), but  i t s  degree o f  development does not 
accurately r e f l e c t  i t s  age because t h i s  s o i l  s i t e  has been eroded and the 
r a t e  o f  most s o i l  development processes g rea t l y  slows i n  s o i l s  t h i s  o l d  
(Birkeland, 1984). Paleomagnetic analysis shows t ha t  sediments i n  the 
B horizon o f  t h i s  s o i l  are reversely magnetized and therefore >730 ka 
(sec. 3.4.). Surfaces above t h i s  s o i l  must be considerably o lder  than 
730 ka and the highest surfaces, which have been ro ta ted i n t o  the Morgan 
f a u l t  (sec. 4.2), may wel l  be pre-Quaternary. 

3.5.2 Provo River drainaqe 

The Provo River drainage basin i s  about 1/4 the s ize o f  the Weber River Basin 
and p r i o r  t o  the l a s t  i n t e r g l a c i a l  i t  was considerably smaller (discussed 
below). L ike the Weber, the r i v e r  heads i n  the cirques o f  the Uintas 
( p l  . l ) ,  f lows westward and southward through several back val leys, and then 
cuts d i r e c t l y  west through the core o f  the Wasatch Range i n t o  Utah Lake 



Valley. F l uv i a l  terraces i n  the upper Provo River Val ley and terrace 
remnants and a l l u v i a l  fans graded t o  them along several por t ions o f  the lower 
va l l ey  provide a p a r t i a l  record o f  Quaternary events i n  the basin ( f i g .  3.5). 
Reconstructing the h i s t o r y  o f  the r i v e r  through Heber Val ley i s  d i f f i c u l t  
because the va l ley  i s  so wide (5-13 km) making remnants f a r  apart. Terrace 
and fan remants can be grouped i n t o  1)  those i n  the headwaters area inc lud ing 
southern Kamas Valley, 2) those i n  Heber Valley, and 3) those i n  the lower 
canyon o f  the r i v e r  below Heber Valley. Few remnants are preserved i n  the 
narrow upper and lower canyons o f  the r f v e r  ( f i g .  3.5). 

3.5.2.1 Upper Provo River Val ley 

Four main terraces are preserved i n  the upper Provo River Val l e y  and the 
southern p a r t  o f  Kamas Valley. The lowest terrace, composed of bouldery 
gravel about 4-6 m above the r f ve r ,  i s  found a t  the junct ion o f  the South 
Fork o f  the Provo River w i t h  the main Provo River and along the North Fork 
j u s t  upstream (p l .  1). Farther up the North Fork the terrace cannot be 
dist inguished from f loodp la in  deposits. A s o i l  on t h i s  terrace a t  the 
junc t ion  lacks a B horizon ( s o i l  P-4, t ab le  3.3); s o i l  development ind ices 
suggest a l a t e  RAG 3 (Pfnedale) age ( f f g .  3.6) and the bouldery sediment of 
the ter race suggest i t was deposited dur ing the f f  na l  r e t r e a t  o f  the c i rque 
g lac ie rs  about 20 km up the val ley. 

A second terrace composed o f  bouldery gravel j u s t  below the confluence w i t h  
the South Fork i s  about .I2 m above the r i v e r .  Based on i t s  r e l a t i v e  
e levat ion t h i s  ter race i s  p a r t  o f  the va l l ey  t r a i n  which r i s e s  sharply t o  
j o i n  the moraines a t  the mouth o f  the North Fork o f  the Provo River val ley.  
A t  t h i s  confluence w i t h  the North Fork, sharp-crested, narrowly-breached 
moraines from both the North Fork and the main Provo va l ley  coalese. 
However, arcuate moraines and an outwash ter race p a r t i a l l y  dammed up against 
the moraines show t h a t  the l a s t  advance o f  the North Fork g l ac i e r  was 
s l i g h t l y  more extensive than t h a t  o f  the main Provo va l ley  g lac ier .  The 
morphology o f  these moraines and t h e i r  distance from the cirques suggest they 
were deposited dur ing the l a s t  major g l ac i a t i on  (Atwood, 1909), probably 
about 15-18 ka (sec. 3.4). Development ind ices ( f i gs .  3.1 and 3.6) f o r  s o i l s  
on the moraines ( s o i l  P-10, tab le  3.3) and on outwash ( s o i l  P-8, tab le  3.3) 
conf i rm a RAG 3 (Pinedale) age. Development ind ices show the s o i l  on the 
12 m ter race a t  the confluence w i t h  the South Fork (sof 1 P-3, tab le  3.3) i s  
a lso i n  RAG 3 ( f i g .  3.6) and therefore  about the same age. 

There are no exposures i n  the deposits o f  the next  highest terrace, which 
occurs along much o f  the upper va l l ey  about 20-30 m above the r i v e r .  A s o i l  
on t h i s  terrace near Woodland (unpub. descr ipt ion,  SCS, Coal v i l  l e )  has a 
t h i c k  (86 cm), c lay - r i ch  (30040% c lay)  a r g i l l i c  horizon w i th  5YR co lo r  hues 
1 i ke the s o i l s  on the extensive terrace about 10 m above i t  which i s  
cor re la ted w i th  the Bu l l  Lake g l ac i a t i on  (discussed below and i n  sec. 3.4). 
However, t h i s  i s  the highest  terrace preserved upstream along the North Fork 
( p l .  1) and i t  extends almost as f a r  upval ley as the morphological ly subdued 
terminal moraines descending the va l l ey  sides. These moraines have wider 
crests  and gent ler  slopes than the moraines 2 km t o  the nor th  a t  the 
confluence o f  the North Fork. This moraine morphology and development 
ind ices (RAG 2, f i g .  3.6) f o r  a s o i l  on these moraines ( s o i l  P-9, tab le  3.3) 
suggest they are s i g n i f i c a n t l y  o lder  than the Pinedale moraines j u s t  no r th  o f  
them. A t h i c k  ('60 cm) but  very patchy a r g i l l  i c  horizon consist ing o f  
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Table 3.3 Selected properti  es of so i ls  on fsn and tc*rraces rmnmtr along the Provo River, north c w t r a l  Utah <contirums newt pay.). - - -  ---- -.-----.-----.-----.---- .-----,-. - ---.----------.-.---- ------.-- -- -----.- .--- - -.----------. -------------- ------.---- ---------- - --------- ----- 
Average h n s e l l  ESTlNRTEO PERCENT W V O L W  PERCENr BV UEIGHT' 
4opt.h Parent dry Pobt~les Cobhl or  Boulders Sand S i l t  Clay Psrcmt8 PwcenCmH 

Prof il l Horizon# (cn) nater ia l  color (0.2-0cnh (8-25cn) <>25cm) (2-0.5nm:) C50-2uc> <<2lrc> cubonate orgwtic mat tor  -- -.-.---- ---------. - .-----.---- ------ ---- .----.- --------- ---- -- ---- -.---------------.---- - .---- ----------.----- ----- -.---- ----- ----- 
P- 1 fb 0- 10 loess 7.SVR 413 2 0 0 55 24 22 0.0 1.8 

A 10-24 loess 7.5YR 5.4 2 0 0 5 1  25 24 0.0 1.7 
AB 24-4 1 loess 7.5VR 4.13 2 0 0 54 25 2 1  0.0 1.3 
Bt 11-00 1 0 0 s ~  7SYR 6/4 5 0 0 30 33 2(r 0.0 0.8 

28t BO-113 outuash 7.5YR 5/6 20 40 2 62 20 la 0.0 0.4 
2CB 113-1%. outwash 7.5VR 5.16 20 40 2 @3 b 10 0.0 0.1 
2Cox 156-20Clt outwash 7.5VR 6.17 30 20 2 B0 5 ? 0.0 0.2 

P-2 RP 0.- 14 loess 7.5VR 5/3 5 1 0 27 54 19 0.5 6.6 
R 14 -10 loess 7.5VR S/4 5 1 0 26 55 19 0.0 4.1 

2139 48-6 1 outuash 7.5YR ? / I  30 , 20 0 39 41  M 0.0 1.1 
2Bt/CB 61- I 3 1  outuash SVR 5.17 30 20 1 60 17 24 0.0 0.5 
2ce 131.- 1704 outuash 5VR ?/6 30 20 1 73 11 16. 0.0 0.3 

P-3 Rp 0-10 loess 7.5VR 6/3 5 3 0 34 43 23 0.0 1.6 
R 10-22 loess 7.5YR 5-13 5 3 0 35 13 22 0.0 3.2 
Bt 22-5 1 l o e r r  7.5VR 6.15 5 7 5 34 46 20 0.0 0.7 

28C 5 1-60 outuash 7.5VR 5.16 20 1 5 36 45 20 0.0 0.5 
4 
4 2Cow 60-1004 outwash 7.5YR 5/6 30 20 35 05 7 a 0.0 0.1 

la- 4 Rp 0-7 looso 7.5VR 5/3 5 10 5 52 29 19 0.0 1.7 
A 7-30 loess 7.5YR 4/3 5 10 5 60 24 16 0.0 2.9 

2Cox 90-1424 outuash 7.5YR 6 . 4  20 20 20 94 4 3 0.0 0.1 

P-5 RP 0- 10 1 0 0 s ~  IWR 5/3 15 0 0 27 5 1  22 0.0 1.1 
R 18-34 loess 1WR 4/3 40 0 0 3 1 44 EI 0.0 1.4 

2Bt 1 34 -67 a1 l u v i  ucr 5VR 5/4 50 10 0 3 1  29 4(r 0.1 0.7 
2Bt2 67-167 alluvium 5VR 4/6 20 40 30 l 6  26 2@ 0.2 0.4 
2BC1 167-207 al luviun SYR 4/6 10 10 ?O 19  25 2 € ~  0.2 0.3 
2RC2 2fI7.-247'6 a1 l ~ t v i  um 7.WR 4/6 20 20 3 3  19  29 23 0.2 0.3 

la-7 R 0.- 16 al luviun IWR 513 SO 10 0 57 2(1 15 0.D 1.1 
Bt 16-36 alluvium IOYR 5-16 50 20 0 54 25 21  0.0 0.6 
Bk 36-61 alluvium lOYR 714 45 35 5 89 4 T 0.0 0.3 

2Ck j 67-1504 a l luv i  un IWR 614 10 0 0 56 30 11 0.0 0.2 
*_-._--_----__-.----.---------------.-.----.-.------------------- - -- --.-------__-.-- - ---_----.-- --.-----.--- ----- -------------.------------------------------ 
I % ~ i r o n  m o n c l a t u r ~  of Eiuthrie and Mi t t y  C1902) and Bi rke lmd C19H4) encept that master K horiron i s  not used. 
" P.rrt icle sixo d is t r ibut ion  of  (2 mn fract ion using 3ievw-pipette methods <for eb:anple, Carver,  1971) and a Sedilyaph fw sow 

s l l  t-clay Cract.ions u i t h  pr ior  r e n w n l  of car bunates wad organic n.rttor using wthods of Jacksam <I%). 
8 P~arcent carbonate by nethod of Dreim.sni s (19623. 
a,: Percent arqani c mat tur t " ~  met had of Ual k l r y  and HI .sck < 1934). 



rab'le 3.3 Sbleciesj properties of  soi 1s on fan and terrace remnants along the P r w o  River, north central Utah. 
-_.- _-. _._-__ - -- --.-._-- - - ---- - ---- _.____-.-- --.-- _--.- - ---- ---- - -.----.-.-- --.-- ------------------ --- -_.----- -----.--------------- -.----.------------------ --- 

Rveragr tlunsell ESrIfiRl'EO PERCENT W YOLUtE QERCENl W MIWl' 
depth Parent dry Pobbl es Cobbles Boulders S u l d  S i l t  Clay P u c o n O  ?rrcont.W 

F'reaf i 1 l Hori ton* Ccm.) material color C0.2-0cn) C0-25cn) <>2Scm) ( 2 - 0 . 5 ~ ~ )  t50-2ur) <<2w) carbonate orgrni c mat lu 
__._ _ _ _ _ _ _ _ _ _ _  _.-_-_-.__-_.-_- ---.- - - _ _ - - _ _ *  .-.- _-- ___-_-.----._._--- - ----.-.--- -.--- --.----------_ __-_ _--------_.-_ __--.-.---- - .-----.---- ----- -.-------- --- --_----  - ---.--- 

la* H1 0 11 loess-oui.uash IOt'R 1/1 15 5 0 17 39 15 0.0 4.T 
R2 14 23 loess-out.uash 7.5t'R 1/1 15 5 0 1 7 39 15 0.0 3.1 
B A 23 34 loess-outwash 7.5t.R 7/4 15 5 0 L.0 3 1  9 0.0 0.6 

2Bt 34 43 outursh 7.5tR 7/4 30 10 5 75 19 6 0.0 0.3 
2Bt /C 13 73 outuash 10l'R 7/4 40 20 10 04 14 2 0.0 0.2 
2Cox 73 854 outwash lOYR 7/4 40 20 10 07 12 2 0.0 0 .2  

1'-9 I31 0 12 t i 1  1 lOYR 512 30 25 S 50 37 13 0.1 5.1 
R2 12 25 t i l l  IOYR 5/3 30 25 5 54 35 11 0.0 2.5 
EB 25 40 t i l l  7.5t1R 7/4 30 25 5 76 10 6 0.1 0.1 

Bt/C 40 110 t i 1  1 10)'R 7/4 30 20 5 66 17 1 ? 0.1 0.2 
Con 110 1604 t i l l  10IR 7/4 30 20 5 64 21  15 0.0 0.2 

P.- 10 R1 0 18 t i 1  1 lOYR 2/2 20 25 5 5 1 36 13 0.1 6 .? 
R2 10 36 t i 1  1 7.5YR 3/3 20 25 S 63 25 12 0.1 4.7 
RB 36 57 t i l l  7.5YR 5/3 20 a 5 57 3 1  12 0.1 2 .l 
Bt 57 93 t i 1  1 IOYR 7/3 20 25 5 62 3 1  7 0.0 0 .S 

d 
I: 93 1.35, t i 1  1 10teR 7/3 20 25 5 72 23 5 0.0 0.2 - 

03 
P -11 H I  0 22 loess 10)'R 3/2 0 0 0 37 * 21  0.1 5.7 

A2 22 R4 loess lOYR 1/2 0 0 0 39 36 25 0.1 3 .a 
RB 04 96 a1 1 14vi LIN 1OI'R 4/2 25 S 0 S0 26 16 0.1 1.3 

2Bt 96 120 a1 1 uv i um 7.5t'R l / E I  I 0  20 0 76 14 10 0.2 0.7 
2C/B 120 170 a l l ~ ~ w i u m  10tDR 5/2 40 20 0 00 12 0 0.2 0 .Zi 
2C 170 2104 a1 lllvium 10I'R 5/2 40 20 0 83 12 S 0.2 0 .? 

P -12 R 0 22 loess 7.5YR 1/2 5 1 0 12 39 20 0.1 3.8 
Bt 22 30 1 oesr; 7.5YR 4/Cj 5 1 0 10 23 59 0.1 1.3 

2Bt 1 30 78 a111~v i~m 7.5t8R 4/3 30 10 10 45 25 30 0.1 0.7 
2Bt2 70 114 alluvium 7. SYR b/5 30 10 10 55 22 23 0.1 0.2 
3Btk 114 l:30* a l l u v i ~ m  7.5t9R 5/4 .30 10 10 43 20 29 1.1 0.1 

P  -13 RP 0 19 loess lOYR 5/3 3 0 0 29 * 23 0.0 
RB 19 45 10s si; 10YR 5/3 3 0 0 55 30 15 0.0 
Bt 45 75 loess 10YR 6/4 3 0 0 64 24 12 0.0 
BC 75 87 loess-1-011 u v i u  10I'R 6/4 .M 5 0 71 20 9 0.0 

2C 07 1784 a l l ~ ~ v i u m  IOt'R 7/3 60 10 0 92 6 3 0.0 - -.-.--_-.----.----------,-----.-.-- - -.-.-- - --.- ---.- -_--.-.---- -.-- -- - _---.-----.-.----_ ---- - .-.- ---- ---- ---- ----- -.---------- ------ ---- - .----. ------------- -- 
u Horizon nc~moncl ature of Ciuthrio end Ui tt.y < 1902) and Bi rkelend C1984) except that mastor K hori =~HI i s  not ~ n e d .  - P.rrtic'lo s i r e  distr ibut ion of <2 nm fracition using siewo-pipette methods <for eu4mplo. Carver. 1971) and a Sediqraph for sow 
s il C-clay fractions u i  t h  pr ior  renaw.rl of  carbonat 0.5 and organic nstter  using nuthods of Jackscm < 1%). 

8 Plarxent carbonate by method of' A1 li son and Ilcmo~ji o < 1965, p. 1:30?). 
M E  I 'wcol~t cargenic mat tor t ~ y  not hod Ua'Lk1c.y and R l  sc k 15139). 
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coal l es ing  c lay  bands ( f o r  example, Gile, 1979) characterizes t h i s  s o i l .  
Secondary c lay  values ( 4  g/cm2) suggest an age o f  roughly 54 ka. Thus, i t  i s  
possib le t h a t  these moraines are co r re l a t i ve  w i t h  an e a r l i e s t  Pinedale 
g l a c i a l  event dated by Colman and Pierce (1981) a t  about 60-70 ka near 
McCal 1 , Idaho (sec. 3.4). However, because the 20-30 m terrace extends 
almost t o  the subdued moraines and does no t  extend beyond them, we conclude 
i t  i s  probably about the same age as the moraines, and t ha t  both the terrace 
and the moraines probably date from the B u l l  Lake g lac ia t ion  (130-150 ka). 

The most extensive f l u v i a l  terrace i n  the Wasatch Mountains extends along 
most o f  both sides o f  the Provo River from i t s  confluence w i th  the South Fork 
o f  the Provo t o  the former co l  a t  the southwestern corner o f  Kamas Valley 
( f i g .  5.6). The terrace i s  f a i r l y  constant i n  height  a t  about 35-40 m above 
the r i v e r .  The slopes o f  the scarps o f  t h i s  ter race above the 20-30 m 
ter race are gent le (80-go), but  the terrace i s  l i t t l e  dissected. Exposures 
i n  the terrace deposits show i t  consists o f  horizontally-bedded, coarse 
bouldery t o  cobbly outwash. Sand-matrix-supported un i t s  are less  common than 
clast-supported uni ts,  but  10 m v e r t i c a l  exposures i n  a gravel p i t  show 
reddish (5YR hues) c l ay  i n f i l t r a t e d  i n t o  the mat r i x  o f  much o f  the sequence, 
espec ia l l y  i n  the upper 2 m. The terrace cannot be traced t o  any moraines 
upvalley, but  the Provo Val ley g l ac i e r  was probably a t  about the pos i t i on  o f  
the subdued moraines (discussed above) when the terrace was deposited. The 
th ick ,  reddish, c lay- r ich  B horizons o f  the s o i l s  on t h i s  terrace ( s o i l s  P -1  
and P-2, tab le  3.3, and unpub. s o i l  descr ipt ions,  SCS, Coa l v i l l e )  l ed  us t o  
co r re la te  these deposits w i t h  the Bu l l  Lake g lac ia ton (sec. 3.4) and t o  i n f e r  
an age of about 130-150 ka f o r  them (sec. 3.4). 

The age o f  the 35 m ter race i s  important i n  the development of the Weber and 
Provo River drainage basins because t h i s  age provides a maximum age f o r  the 
d ivers ion o f  the Provo River above Kamas Val ley i n t o  the present Provo 
drainage. Formerly, the upper Provo flowed nor th  though Kamas Val ley where 
i t  jo ined the Weber River (Anderson, 1915; Gi lber t ,  1928). A combination o f  
headward erosion o f  the Provo River up the present upper Provo Canyon 
(Woodf i l l ,  1972) and the f i l l i n g  o f  southern Kamas Valley w i th  an extensive 
sheet o f  outwash (Peterson, 1970) during the Bu l l  Lake g lac ia t ion  allowed a 
low col  a t  the southwestern corner o f  Kamas Val ley t o  be breached (Anderson, 
1915). Rapid down-cutting, probably by high-discharge me1 twater streams, 
lowered the col,  inc ised the outwash t o  form the extensive 35 m terrace, and 
confined f u r t he r  outwash deposi t ion t o  the narrow va l ley  below the terrace 
(Nelson and Krinsky, 1982). The extent  o f  the 20-30 m terrace along the 
va l l ey  suggests a per iod o f  f l oodp la in  s t a b l i l i t y  o r  aggradation 10 m below 
the high terrace, a lso dur ing Bu l l  Lake time. Thus, the divers ion o f  the 
upper Provo took place about 130-150 ka and the c u t t i n g  o f  the present upper 
canyon o f  the r i v e r  began a t  t ha t  time and has continued t o  the present. 

Few remnants o f  terraces o r  fans are preserved i n  the s t ra ight ,  narrow canyon 
o f  the upper Provo River. Tr ibutary  drainages i n t o  the canyon are small and 
most o f  the few small fans appear graded t o  the present f loodplain.  
Exposures i n  these small fans show col luvium w i t h  angular c las ts  and weakly 
developed so i l s ,  some w i th  stage I carbonate, suggesting a Holocene age. A t  
the head o f  the canyon the r i v e r  has eroded a fan on i t s  south side t o  form a 
ter race about 7 m high ( f i g .  3.5). Based on i t s  height  t h i s  terrace may 
cor re la te  w i th  the lowest terrace upriver; i f  so, i t  probably formed during 
the l a s t  phases o f  Pinedale deglaciat ion. 



The most s i g n i f i c a n t  f l u v i a l  f e a t u r e  along the  upper canyon i s  the well- 
developed paleovalley c u t  on the  Keetley volcanics on e i t h e r  s ide  of the  rim 
of the canyon. The paleovalley s lopes  about 2.4 m/km t o  the e a s t  and i t s  
t r i b u t a r y  drainages t rend eastward and jo in  i t  a t  acute  angles  showing t h a t  
the predominant drainage pa t t e rn  fn  the canyon area  was i n t o  southern Kamas 
Valley before the c u t t i n g  of  the present  canyon. Woodffll (1972, p. 25) 
noted a t e r r a c e  deposi t  of f l u v i a l  cobbles of Uinta Mountain Group q u a r t z i t e ,  
on the north rim of the canyon, which he f e l t  was a remnant of a t e r r a c e  
deposi ted by the upper Provo River when i t  flowed north through Kamas Val l ey  
t o  jo in  the Weber. 

3.5.2.2 Heber Valley 

Reconstruction of the h i s t o r y  of the Provo River i n  Heber Valley is  d i f f i c u l t  
because t h e  va l l ey  is too  wide (5-15 km) f o r  most of  t h e  fan and t e r r a c e  
remnants preserved on the va l l ey  margins t o  be d i r e c t l y  r e l a t ed  t o  a former 
f loodpla in  along the present  r i v e r .  In add i t ion ,  f l u v i a l  events  i n  t h e  
several  l a rge  t r i b u t a r i e s  which jo in  the Provo i n  the va l l ey  a l s o  influenced 
the d i s t r i b u t i o n  of  most remnants i n  the valley.  Alluvial  depos i t s  i n  the 
va l l ey  can be grouped i n t o  1) high, o lde r  fan sediments and pediments near  
the north end of the va l l ey ,  2) mid- t o  l a t e  Quaternary a l l u v i a l  and 
co l luv ia l  f ans  w i t h  a complex h i s t o r y  on the va l l ey  margins, and 3) the  
younger l a rge ,  gent ly  s loping fans  and alluvium t h a t  floor the val ley .  
Moraines extend t o  near  the va l l ey  f l o o r  i n  several  drainages ( f i g .  5.7). 

A t  the north end of  Heber Valley, about 2-15 m of  d issec ted  a l l u v i a l  fan 
sediments a r e  exposed overlying a bedrock (Oligocene Keetley volvanics)  
pediment. The fan surfaces  s lope  5-70 towards the r i v e r  from 40 t o  100 m 
above the r i v e r  on the e a s t  s i d e  and from 30 t o  120 m on the west side of the 
river (Qafo on f i g .  5.7). Cuts i n  these depos i t s  on the e a s t  s i d e  of the 
r i v e r  show a complex sequence of clast-supported channel f i l l s  and matrix- 
supported debr is  flow u n i t s  interbedded w i t h  f ine-grained loess  and col 1 uvial 
uni ts .  Shallow, west-dipping bed contac ts  cha rac te r i ze  the upper few meters 
of the sequence, b u t  many d i p s  i n  the lower t h i r d  of the exposures a r e  5-150 
t o  the e a s t  and southeast .  Because westward d i p s  would be expected in  fans 
t h a t  s lope  t o  the west, eastward d ips  could be in te rp re ted  a s  evidence f o r  
t e c t o n i c  ro ta t ion  of  the lower p a r t  of  the sequence. However, the geometries 
of indiviual  beds a r e  not  well-exposed and the eastward d ips  a r e  more l i k e l y  
t o  be deposi t ional ,  e s p e c i a l l y  if  a l a rge  a l l u v i a l  fan once occupied the 
northern end of Heber Valley. 

In any case,  a l l  the a l l u v i a l  fan sediments pre-date the l a t e  Quaternary and 
the lower p a r t  of the sequence is pre-mid-Quaternary. The r e l a t i v e  e levat ion  
and degree of d i s sec t ion  of the fans  and pediment suggest i t  i s  much younger 
than the paleoval l e y  above the upper Provo Canyon ( f i g .  3.5), b u t  o l d e r  than 
lower a l l u v i a l  and co l luv ia l  f ans  on the margins of the  va l l ey  t o  the  south 
(Qaf on f i g .  5.7). Paleomagnetic samples from the lower p a r t  of the fan 
sequence e a s t  of  the r i v e r  r e t a i n  a reversed component of magnetization 
ind ica t ing  they a r e  >730 ka (sec.  3.4.). The l i tho logy ,  r e l a t i v e  e levat ion  
above the r i v e r ,  and reversed magnetization of the sediments in  the lower 
p a r t  of  the sequence suggest they a r e  c o r r e l a t i v e  w i t h  s i m i l a r  d issec ted  
basin f i l l  sediments 5 km t o  the north i n  Keetley Valley ( a t  25 km on f i g .  
3.5)(sec. 4.5) which have a l s o  been shown t o  be a t  l e a s t  t h i s  old. 



Development indices f o r  a s o i l  on the fan surface ( f i g .  3.6, s o i l  P-12, 
tab le  3.3) place the s o i l  i n  RAG 2, but  the h i gh l y  weathered c l as t s  i n  the 
s o i l  suggest i t  may be much older. 

On a l l  three margins o f  Heber Val ley a l l u v i a l  and c o l l u v i a l  fans slope from 
the va l l ey  f l o o r  t o  as high as 150 m (Qaf  on f i g .  5.7). The fans are 
general ly  l i t t l e  dissected, but  scarps have been cu t  i n t o  the d i s t a l  port ions 
o f  many by streams p a r a l l e l i n g  the va l l ey  margins. Limited shallow cuts i n  
the fans expose a va r i e t y  o f  l i t h o l o g i e s  r e f l e c t i n g  both a number o f  
d i f f e ren t  source l i t h o l o g i e s  f o r  the fan sediments and complex deposit ional 
h i s t o r i e s  extending over much o f  the mid- and l a t e  Quaternary. 

The middle and upper por t ions o f  many fans are probably several hundred 
thousand years old, Their  pos i t i on  below the pediment a t  the nor th  end o f  
the va l l ey  and the co l  between Deer Creek Reservoir and Round Val ley 
(discussed below) ( f i g .  3.5) ind ica te  a t  l e a s t  the surface sediments on these 
fans are o f  l a t e  and mid-Quaternary age. Development indices ( f i g .  3.6) show 
t h a t  a s o i l  ( s o i l  H-1, t ab le  5.3) on a g rave l l y  a l l u v i a l  fan i n  B ig  Hollow 
( f i g .  5.8) predates RAG 2 (cor re la ted w i t h  the Bu l l  Lake g l ac i a t i on )  and 
t o t a l  secondary c lay  (39 g/cm2) suggests a age o f  almost 500 ka. Clay 
contents are high i n  a r g i l l i c  horizons and stage 111 carbonate i s  common i n  
f ine-grained c o l l u v i a l  deposits (stage I V  carbonate i s  found i n  some 
exposures) over ly ing g rave l l y  a1 l u v i a l  fan deposits here ( s o i l  H-2, t ab le  5.3 
and f i g ,  5.9) and near the mouths o f  o ther  drainages on a l l  three margins o f  
Heber Valley. 

Some o f  the smaller fans and the more d i s t a l  por t ions o f  the l a rge r  fans and 
the channels w i t h i n  them on the margins o f  the va l l ey  appear t o  be younger, 
o f  l a t e s t  Quaternary age. Shallow exposures i n  near-surface deposits show 
cambic and weak a r g i l l i c  horizons developed on f i n e  g rave l l y  alluvium, 
slopewash, and loess i nd i ca t i ng  t h a t  these por t ions o f  the fans have been 
ac t i ve  dur ing the l a s t  10-15 ka. For example, development indices for  a s o i l  
developed i n  loess and a l luv ium on the d i s t a l  po r t ion  o f  a fan northeast o f  
Midway ( s o i l  P-13, f i gs .  3.5 and 5.7, tab le  3.3) place i t  on the border 
between RAG 3 and RAG 4. I n  the Midway area ( f i g .  5.7), outwash and a l l u v i a l  
fan sediment from Snake and Pine Creeks i s  interbedded w i th  and over la in  by 
t u f f a  deposits from thermal springs (Baker, 1968). So i l  indices ( f i g .  3.6) 
show t h a t  s o i l s  on the morphological ly d i s t i n c t  terminal moraines near the 
mouths o f  Pine Creek ( s o i l  H-4, tab le  5.3) and Snake Creek ( s o i l  H-6, tab le  
5.3) are i n  RAG 3, cor re la ted w i t h  the Pinedale g lac ia t ion.  I f  o lder  g l ac i a l  
deposits are preserved i n  these drainages they have no t  been i den t i f i ed .  
Thus, the outwash which probably makes up much o f  the fan sediment near 
Midway i s  probably about 15-18 ka. The surface t u f f a  deposits which are 
>22 m t h i c k  i n  places (Baker, 1968) are probably mostly Holocene i n  age. The 
present Provo River has cu t  a 8 t o  10-m-high scarp i n  these deposits along 
much o f  t h i s  side o f  the va l l ey  ( f i gs .  3.5 and 5.7). 

The f l o o r  o f  Heber Val ley consists mostly o f  g rave l l y  a l luv ium deposited i n  
large, gent ly s loping (0.5-10) fans from the Provo River en te r in  the va l ley  

9 8 on the north, Lake and Center Creeks f l ow in  from the east, and an ie l s  Creek 
dra in ing the highlands southeast o f  the val  ey ( f i g .  5.7). D i s t r i bu ta r y  
channels can be i d e n t i f i e d  on a l l  three fans and those on the Provo River fan 
appear espec ia l ly  well-preserved sug es t i ng  many o f  these channels have  bee^ 
ac t i ve  during the Holocene. A s o i l  9 P-11, t ab le  3.3) on the Provo fan 



adjacent t o  the present channel ( f i gs .  3.5 and 5.7) i s  probably less than a 
few hundred years old, but  development ind ices place i t  i n  RAG 3 ( f i g .  3.1). 
Rapid i n f i l t r a t i o n  o f  slack-water f i nes  i n t o  the cobbly gravel parent 
mater ia l  o f  t h i s  s o i l  accompanied by groundwater s ta in ing  due t o  a high water 
tab le  produced higher than expected ind ices f o r  t h i s  s o i l .  Cuts i n  f l u v i a l  
deposi t s  along Daniels Creek near the mouth o f  Daniels Canyon, about 6 m 
below the leve l  o f  the fan deposited by Daniels Creek expose s im i l a r  cobbly 
Holocene soi 1 s w i th  i n f  i 1 t ra ted  sf 1 t and groundwater stain ing.  

On the main surfaces o f  the Daniels Creek and Lake Creek-Center Creek fans a 
number o f  exposures show s o i l s  w i t h  cambic and weak a r g i l  l i c  horizons. 
Development indices ( f i g .  3.6) place a s o i l  on the Daniels Creek fan ( s o i l  H- 
3, t ab le  5.3) near Big Hollow and a s o i l  on the Lake Creek-Center Creek fan 
southeast o f  Heber City ( s o i l  H-5, tab le  5.3) i n  RAG 3 suggesting a l a t e s t  
Pleistocene age (10-15 ka) f o r  much o f  the surfaces of the fans. The 
morphology and degree of s o i l  development on the terminal moraines i n  Lake 
Creek va l l ey  east o f  the va l l ey  ( f i g .  5.7) ind ica te  a s i m i l a r  age. Outwash 
spread ou t  i n t o  the va l l ey  dur ing Pinedale deglac ia t ion i s  o f  t h i s  age. 
However, a well-developed s o i l  on the d i s t a l  edge o f  the Daniels Creek fan 
( s o i l  H-7, tab le  5.3) has ind ices which c l e a r l y  place i t  i n  RAG 2 ( f i g .  3.61, 
suggesting i t  considerably predates much o f  the surrounding al luvium and the 
Pinedale glaciat ion.  Total  secondary c l ay  (11  g/cm2) i n  t h i s  s o i l  suggests 
i t  may cor re la te  w i th  s o i l s  on Bu l l  Lake outwash deposits w i th  s im i l a r  c lay  
values i n  the upper Provo Valley. 

So i l s  of RAG 4 (Holocene), RAG 3 (Pinedale), and RAG 2 (Bu l l  Lake) on 
a l l u v i a l  deposits o f  about the same e levat ion i n  the central  pa r t  o f  Heber 
Valley ind ica te  t h a t  a l luv ium has been deposited a t  about t h i s  r e l a t i v e  
elevation, a t  l eas t  i n  the cent ra l  pa r t  o f  the val ley,  f o r  the l a s t  130- 
150 kyr. Much o f  the Provo River fan may be younger than the Daniels Creek 
and Lake Creek-Center Creek fans; the present r i v e r  has cu t  about a 5-m-high 
scarp i n t o  the d i s t a l  edge o f  the Daniels fan nor th  o f  Deer Creek Reservoir 
( f i g .  5.7). Older scarps w i th  gent le slopes on the edge o f  fans nor th  o f  
Heber City show t h a t  the Provo River flowed along t h i s  pa r t  o f  the va l l ey  
since these fans were act ive.  Apparently, more recent deposit ion on the fans 
from Lake Creek and Daniels Canyon has kept the r i v e r  from occupying the east 
side o f  the val ley.  

The complex sequence o f  deposits o f  df f f e r i n g  ages i n  the fans bordering 
Heber Valley and i so la ted  deposits o f  RAG 2 i n  the center o f  the va l l ey  
suggest t h a t  fans graded t o  a f loodp la in  a t  close t o  the present r e l a t i v e  
e levat ion have persisted f o r  hundreds o f  thousands o f  years. Scarps i n  the 
fans may be due e n t i r e l y  t o  l a t e r a l  cu t t i ng  by streams; downcutting (as 
suggested by Eardley, 1933) i s  not  required. 

3.5.2.3 Lower Provo River Val ley 

A l l u v i a l  and c o l l u v i a l  fans on the sides o f  the va l l ey  along Deer Creek 
Reservoir are s im i l a r  i n  t h e i r  degree o f  d issect ion and pos i t ion  i n  the 
va l l ey  t o  the l a t e  and mid-Quaternary fans i n  Heber Valley, although the 
lower port ions o f  the fans are now covered by the reservoir .  Around the 
shores of the reservo i r  and i n  cuts along the adjacent highway, exposures 
show the fans l i n i n g  the va l l ey  are composed mostly o f  f i n e  g rave l l y  stream 
and debr is f low deposits, w i t h  over ly ing and occasionaly interbedded 



slopewash and loess. No very s t rong ly  developed, reddish a r g i l l i c  horizons 
were observed on these deposits. Surface s o i l s  and some bur ied f ine-grained 
u n i t s  i n  some cuts have cambic t o  weakly developed a r g i l l i c  horizons, such as 
those i n  the sequence o f  3 a l l u v i a l  cut  and fill u n i t s  along the west shore 
o f  the reservoir .  Carbonate contents are h i gh l y  variable, but  stage I 11  
carbonate morphology i s  common on fan u n i t s  i n  the lower ha l f  o f  exposures 
along the west shore o f  the reservo i r  and stage I V  was observed on c o l l u v i a l  
sediments i n  the road cu t  i n  the co l  between the Provo River Val ley and Round 
Valley. Amino ac id  r a t i o s  i n  sna i l s  from the sediments along the west shore 
suggest the lower fan sediments i n  the exposure ( the  lower por t ions o f  these 
fans are now beneath the reservo i r )  are a t  l e a s t  several hundred thousand 
years o l d  ( tab le  3.1) and paleomagnetic ana lys is  o f  samples from the road cut  
i n  the col suggest these deposits are >730 ka (sec. 3.4 and App. A). Thus, 
as i n  Heber Valley, the surfaces o f  many fans have been ac t i ve  i n  the l a t e s t  
Pleistocene and perhaps the Holocene, but  mid- t o  ea r l y  Quaternary sediments 
under l ie  these t h i n  younger sediments i n  many areas, espec ia l ly  on the upper 
por t ions o f  the fans. This suggests t ha t  these o lder  Quaternary sediments 
are s lowly being eroded as the r i v e r  va l l ey  i s  deepened. 

Pre-reservoir topographic maps ( 10 ft. contour i n t e r v a l  ) o f  the Provo River 
va l l ey  now covered by Deer Creek Reservoir do no t  show any major terraces 
along the r i v e r .  The a l l u v i a l  fans on the sides o f  the va l ley  slope smoothly 
t o  the va l l ey  f l oo r ,  but  there appears t o  be a sharp decrease i n  gradient  
where the fans merge w i t h  present f l oodp la in  deposits. There i s  a lso a sharp 
break i n  slope where the . f l oodp la in  sediments meet the steep sides o f  the 
va l l ey  and on the sides o f  bedrock i n l i e r s  i n  the val ley.  The gradient  o f  
the va l l ey  f l o o r  i s  considerably reduced near Deer Creek Dam and the r i v e r  
begins t o  meander considerably 6 t o  8 km above the dam. These features 
ind ica te  r e l a t i v e l y  recent aggradation o f  the r i v e r  above the s i t e  o f  Deer 
Creek Dam; the erosion o f  the r i v e r  va l l ey  a t  the dam has not  kept pace w i th  
the deepening o f  the va l l ey  upstream. 

The roadcut i n  the col  between the Provo Val ley and Round Valley ( f i g .  3.5) 
exposes f l u v i a l  sands and rounded cobbles o f  Keetley volcanics under the 
sediments w i th  a magneti c a l l  y reversed component. The 1 i thology o f  the 
cobbles wi th  a source i n  Heber Val ley (14 km t o  the east) shows t ha t  the 
Provo River once flowed through the co l  (Baker, 1976), more than 730 ka. 

Quaternary deposits i n  the lower Provo Canyon below Deer Creek Reservoir 
( f i g .  3.5) provide on ly  l i m i t e d  evidence o f  the Quaternary h i s t o r y  o f  the 
r i v e r  (Crone and others, 1983). Deposits along the canyon consist  c h i e f l y  o f  
Holocene al luvium i n  the f loodplain,  a l l u v i a l  and c o l l u v i a l  fans ( inc lud ing 
debr is flow, mudflow, ta lus ,  and avalanche deposits) deposited from t r i b u t a r y  
drainages, landsl ides (usual l y  re la ted  t o  outcrops o f  the Mannin Canyon 
shale), and coarse d e l t a i c  and shorel ine sediments below 1651 m 75360 f t )  
near the mouth o f  the canyon deposited dur ing the most recent h igh stand o f  
Lake Bonnevi l le (sec. 3. )(Baker, 1964a; 1964b; Baker, 1972; Baer and Rigby, 
1980). A t  f i v e  s i tes ,  small i so la ted  surfaces 50 t o  100 m above the r i v e r  
may be remnants o f  o lder  l a t e  Quaternary mainstream al luvium ( f i g .  3.5), but 
these are too discontinuous t o  co r re la te  and are u n l i k e l y  t o  be datable. The 
few exposures i n  the lower remnants o f  f l u v i a l  terraces and fans show very 
weakly developed s o i l  p r o f i l e s  on g rave l l y  a l luv ium i n  the lower canyon and 
somewhat be t t e r  developed s o i l s  on s im i l a r  deposits a t  about the same 
r e l a t i v e  e levat ion above the r i v e r  upstream. This suggests a greater degree 



o f  r e l a t i v e  u p l i f t  and d issect ion i n  the lower canyon as would be expected 
nearer the Wasatch f a u l t .  So i l  development on lands l ide deposits i n  the 
lower canyon i s  minimal (no a r g i l l i c  horizons i n  s o i l s  on clayey parent 
mater ia l ,  maximum carbonate stage i s  I) suggesting many s l ides have been 
ac t i ve  i n  Holocene time. 

The marked steepening i n  the r i v e r  gradient f o r  1.5 km below Vivian Park 
( f i g .  3.5) i s  probably the r e s u l t  o f  some combination o f  1) the upstream 
migrat ion o f  a knickpoint  produced by r e l a t i v e l y  rap id  u p l i f t  on the Wasatch 
f au l t ,  2) the r i v e r ' s  i n a b i l i t y  t o  remove the a l l u v i a l  f i  11 deposited i n  the 
canyon when Lake Bonnevil l e  reached t h i s  elevation, and possibly 3) the 
damning e f f e c t  from the la rge  a l l u v i a l  fans on the nor th  wal l  o f  the canyon. 

The best preserved o lder  f l u v i a l  deposits i n  the lower Provo Canyon are found 
imnediately below Deer Creek Dam ( f i g .  3.5). Weeks Bench, a remnant o f  a 
large, coarse, probably d e l t a i c  fan 60 m above the r i ve r ,  was deposited i n t o  
the canyon from Provo Deer Creek, probably dur ing g lac ia t i on  i n  the 
headwaters o f  the creek. The pos i t ion  o f  a la rge  lands l ide i n  the Manning 
Canyon shale south o f  the bench does sug e s t  t h i s  fan was b u i l t  by darning of 
the r i v e r  t o  t h i s  leve l  (1675 m; 5480 ft 3 by the lands l ide (Baer and Rigby, 
1980). Development ind f  ces ( f i g .  3.6) f o r  very we1 1-developed soi  1 w i th  5YR 
hues and up t o  50% h igh l y  weathered c las ts  ( s o i l  P-5, tab le  3.3) developed on 
the g rave l l y  a1 luvium o f  Weeks Bench ind ica te  i t  probably predates the Bu l l  
Lake g lac ia t i on  (sec. 3.4). The humnocky topography o f  the landsl ides nor th  
and west o f  the bench along w i t h  evidence o f  recent movement (Baer and Rigby, 
1980) show the s l ides  have been active, probably many times, since the 
deposi t ion o f  the bench. Landslides may a lso have inf luenced the development 
o f  an intermediate terrace, 28 rn above the r i v e r  below Weeks Bench, and 
several lower terraces a t  5 t o  10.m. The intermediate terrace surface was 
disturbed during construct ion o f  Deer Creek Dam making a s o i l  developed on i t  
( s o i l  P-6, f i g .  3.5) o f  l i t t l e  use i n  est imat ing i t s  age, but ind ices f o r  a 
weakly developed s o i l  ( s o i l  P-7, tab le  3.3) on the 10 m terrace ind ica te  a 
l a t e s t  Pleistocene age (10-15 ka). 



3.6 Summary o f  Late Cenozoic Geomorphic Development o f  the Eastern Wasatch 
Rountains 

We present below our i n t e rp re ta t i on  o f  the geomorphic development o f  the 
Weber and Provo River drainage basins, i nc lud ing  the back val leys, based on 
our reconnaissance study o f  the eastern Wasatch Mountains (p l .  1). This 
summary provides a framework w i t h i n  which t o  evaluate the l a t e  Te r t i a r y  and 
Quaternary neotectonics (and hence, seismic hazards) o f  the area. Each o f  
the back va l leys i s  unique i n  some ways and although the best approach f o r  
future de ta i led  work would be consider the o r i g i n  o f  each va l ley  separately 
(Threet, 1959), e x i s t i n g  data ind ica te  t h a t  the back va l leys developed i n  
response t o  the same tectonic,  c l imat ic ,  and geomorphic processes dur ing the 
l a t e  Cenozoic. P a r t i c u l a r l y  because o f  the cross-drainage o f  the major 
r i v e r s  through the Wasatch Mountains, events i n  some o f  the back va l leys 
profoundly influenced the development o f  o ther  back val leys. 

3.6.1 Late Te r t i a r y  and Ear l y  Quaternary 

We have no argument w i t h  Eardley's (1944, 1955) and Hunt's (1982) discussions 
o f  the e a r l y  physigraphic development o f  the area (sec. 3.2), although the 
Herd Mountain erosion surface a t t r i b u t e d  t o  t h i s  per iod may not  have regional 
s ign i f icance (Threet, 1959). Before the middle Ter t ia ry ,  drainage i n  the 
v i c i n i t y  o f  the Wasatch Range was general ly  from west t o  east, but  the 
present drainage pa t te rn  shows t h a t  streams a lso flowed t o  the nor th  and 
south around the Uinta Mountains. I n  the l a t e  Eocene and Oligocene the back 
va l leys began t o  develop by north-south or iented f o l d i ng  and fau l t i ng ,  but 
the northward course o f  the present Weber River and erosion surfaces near 
Smith and Moorehouse Val ley i n  the Weber River headwaters shows t ha t  the 
regional  slope i n  the area o f  the back va l leys nor th  o f  Heber Val ley was i n  
t h i s  d i rec t ion,  towards Cache Val ley and the Bear River Range. During a long 
per iod o f  erosion i n  the Oligocene and Miocene, the eastern pa r t  o f  the area 
was u p l i f t e d  higher than the western pa r t  and the consequent drainage t ha t  
had been d i rec ted t o  the east and north, no r th  o f  Heber Valley, and t o  the 
southeast south o f  Heber Val l e y  was reversed (Gi lber t ,  1928). Hunt (1956, 
1982) explains the transverse canyons o f  the Wasatch Range, inc lud ing the 
Weber and Provo Canyons, by a combination o f  consequent and antecedent 
drainage termed anteposit ion. Displacement on the Wasatch f a u l t  and the 
r e l a t i v e  u p l i f t  o f  the range, begun i n  the Miocene, continued i n  the Pliocene 
w i t h  renewed a c t i v i t y  on back va l l ey  fau l t s .  During t h i s  per iod the la rger  
consequent drainages gradual ly  became inc ised i n t o  the Wasatch block by 
antecedence, forming the narrow canyons t h a t  j o i n  some o f  the back va l leys 
and cu t  through the Wasatch Range. Moderately h igh ra tes o f  u p l i f t  on the 
Wasatch f a u l t  have continued i n t o  the l a t e  Quaternary (Machette, 1984) w i th  
lower ra tes on some back va l l ey  fau l ts ,  but  no evidence precludes periods o f  
r e l a t i v e  tec ton ic  quiescence on any o f  these f a u l t s  dur ing some par ts  o f  the 
Quaternary. 

Because no numerical-age dates have been obtained on post-Oligocene un i ts ,  
the fo l low ing  chronology o f  events i s  e n t i r e l y  re la t i ve .  To some extent  the 
development o f  the Weber and Provo basins can be l inked, but  the 
chronological pos i t i on  of events i n  one basin w i t h  those i n  the other i s  not  
always c lear.  



Paleo-Weber Drainaqe 

The s ize o f  the Weber drainage basin shows i t  has been the dominant basin i n  
the area from e a r l y  Te r t i a r y  times. The s ize  o f  the basin and f o r t u i t ous  
back va l l ey  f a u l t i n g  may have allowed t h i s  basin t o  capture drainages on i t s  
eastern margin (Hansen, 1969) and south o f  the Uinta axis, but  r e l a t i v e  
u p l i f t  o f  the Wasatch block must have a lso helped by increasing the ra te  o f  
headward erosion o f  streams due t o  the lowering o f  the base l eve l  o f  the 
r i ve r .  The northward slope o f  high erosion surfaces above Daniels Canyon 
southeast o f  Heber Valley suggest t h a t  even t h i s  area may once have been pa r t  
of the paleo-Weber drainage before the development o f  Heber Valley. Eardley 
(1944) po in ts  out  t h a t  the Weber River once flowed through the East Canyon 
area. 

Faul t ing c l e a r l y  d isrupted the paleo-Weber drainage, probably repeatedly. 
Paleochannels and numerous erosion surfaces which are lower than and 
therefore younger than those above Daniels Canyon and on Herd Mountain 
ind ica te  the Park City-Parleys Park area drained i n t o  Kamas Valley, which was 
s t i l l  p a r t  o f  the headwaters o f  the Weber Val ley dur ing t h i s  period. If the 
concentrat ion o f  d ra i  nage along the cent ra l  Weber Val ley was due t o  
displacement on fau l t s ,  the f a u l t i n g  i n  t h i s  area predates s i g n i f i c a n t  
displacement on the f a u l t s  t h a t  now form the margins o f  Parleys Park, 
Richardson F la t ,  Deer Val ley, and Keetley Val ley, because these younger 
f a u l t s  c u t  across the paleochannel s and erosion surfaces. Faul t ing along the 
margins o f  Heber Valley a lso  must have been l a t e r  than the cu t t i ng  o f  the 
younger erosion surfaces because lowering o f  the va l l ey  by fau l t ing  would 
have allowed the Provo River t o  capture the Keetley Valley drainage much 
e a r l i e r  than i t  did. Whether the Weber Val ley erosion surface predates o r  
postdates f a u l t i n g  (Eardley, 1955) i s  no t  re levant  because Eardley's (1944) 
concept o f  the surface includes features o f  probably l a t e  Te r t i a r y  t o  a t  
l eas t  mid-Quaternary age (sec. 3.2). These repeated temporary drainage 
d isrupt ions must have r a p i d l y  f i l l e d  the back va l l ey  basins and kept the 
r i v e r  channels on the higher areas between basins w i t h i n  a few tens o f  meters 
o f  bedrock. 

The basin f i l l  deposits i n  Keetley va l ley  are too coarse-grained and 
extensive t o  have been deposited by the present drainages on the western side 
o f  the val ley.  For t h i s  reason, the b a s i n - f i l l  deposits (dated by 
paleomagnetics , amino ac id  ra t ios ,  and tephrochronology a t  >730 ka) were 
deposited p r i o r  t o  displacement on the Frog Val ley f a u l t  and f a u l t s  w i th  
s i m i l a r  morphologies t o  the north. Thus, the development o f  Keetley Valley 
post-dates the paleochannels and surfaces s loping i n t o  Kamas Valley and pre- 
dates displacement on the Frog Valley f a u l t  and, by analogy, s i m i l a r  f a u l t s  
t o  the north. Because the escarpments i n  the western par ts  o f  Parleys Park 
and the Park City and Deer Val l e y  areas are steeper and the val leys  are 
covered w i th  young sediment, f a u l t s  bounding these val leys may have had more 
recent displacements than those i n  Richardson F l a t  and i n  Keetley Valley. 

3.6.1.2 Paleo-Provo Drainage 

I n  cont rast  t o  the Weber River, the Provo River has had a more d i f f i c u l t  time 
enlarging i t s  drainage basin although i t  has s t i l l  managed t o  maintain i t s  
course across the Wasatch Range and t o  extend i t s  basin eastward ( f o r  
example, Hansen, 1969) due t o  gradient steepening by u p l i f t  on the Wasatch 



block. As i n  other back val leys,  the lowering o f  Strawberry Val ley due t o  
displacement on the Strawberry f a u l t  preserved some o f  the southeastward 
f lowing drainage i n  t h i s  area from capture by streams eroding eastward from 
the Wasatch Front. However, barbed drainages west o f  Strawberry Resrvoir 
suggest t h a t  some o f  the present western p a r t  o f  the Strawberry Val ley 
drainage may have once drained i n t o  Hobble Creek o r  Spanish Fork River. I f  
so, the lowering o f  Strawberry Val ley was e a r l y  enough o r  the drainages small 
enough t h a t  t h e i r  capture was prevented. Lowering o f  Heber Val ley ( the  shape 
and s ize  o f  the present va l l ey  suggest l i t t l e  o f  t h i s  was due t o  erosion by 
the Provo River)  rejuvenated the drainage basin o f  the Provo, poss ib ly  
captur ing the drainage i n  an area t h a t  o r i g i n a l l y  flowed northward. This 
allowed drainage from the Daniels Canyon area t o  cu t  i t s  narrow canyon and 
allowed the stream a t  the nor th  end o f  Heber Val ley t o  capture Keetley 
Valley. However, the e n t i r e  Strawberry Val ley area d i d  no t  necessar i ly  ever 
d ra in  i n t o  Heber Valley. A drainage d i v i de  near the present loca t ion  of 
Daniels Pass may have s h i f t e d  back and f o r t h  depending on where the greatest 
amount o f  headward erosion was tak ing place. Thus, the lowering o f  Heber 
Val 1 ey and Strawberry Val 1 ey must be rough1 y contemporaneous and both are 
younger than the high erosion surfaces nor th  o f  Heber Val ley and the canyon 
c u t t i n g  by headward erosion o f  Wasatch Front  streams. 

Heber and Keetley va l leys may have i n i t i a l l y  developed during the same 
period, but  some displacement on Heber Va l ley  f a u l t s  which i s  more recent 
than t h a t  i n  Keetley Val ley (probably co r re l a t i ve  w i t h  displacements i n  Deer 
Val ley and Parleys Park) seems required t o  exp la in  the 1) depth o f  Heber 
Valley, 2) the depth o f  Daniels Canyon, and 3) the capture o f  the Keetley 
drainage by the Provo River i n  Heber Valley. 

The co ls  on Wallsburg Ridge ( f i g .  6.1) were probably cu t  by streams roughly 
p a r a l l e l i n g  the Provo River. Thus, displacements on the f a u l t s  bounding 
Round Val ley cannot be o lder  than the major per iod o f  lowering o f  Heber 
Valley, but  they could be younger. 

3.6.2 Middle and Late Quaternary 

Our evidence o f  mid- and l a t e  Quaternary events i n  the eastern Wasatch 
Mountains consists mainly o f  the pos i t i on  and r e l a t i v e  age o f  a l l u v i a l  fan 
and terrace remnants along the major r i v e r  val leys.  The major va l leys 
provide the l oca l  base l eve l  f o r  f l u v i a l  events i n  smaller t r i b u t a r y  
drainages. Because the e f f e c t  o f  base 1 eve1 changes decreases exponenti a1 1 y 
upstream (Hambl i n  and others, 1981), evidence o f  deposit ional responses t o  
events i n  the t r i b u t a r y  basins i s  less  d i s t i n c t  and less well-exposed than 
evidence i n  the major val leys;  exceptions are g lac ia ted basins o r  those w i th  
1 arge 1 andsl ides. Using our evidence from the major val leys  ( d i  scussed 
above) we i n f e r  the fo l low ing  sequences o f  events: 

3.6.2.1 Weber River Drainage 

1) It i s  c lea r  t ha t  the re  i s  a d i s t i n c t  group o f  fan and terrace remnants i n  
Kamas Val ley and the cent ra l  Weber River Val ley t h a t  are s i g n i f i c a n t l y  
o lder  than the remnants cor re la ted w i t h  the Bu l l  Lake g lac ia t ion  (130-150 
ka), but  younger than the erosion surfaces discussed above (sec. 3.6.1). 
This does not  necesar i ly  imply t h a t  these remnants are a l l  the same age; 
they may d i f f e r  i n  age by as much as 100-300 kyr. However, ind ices fo r  



s o i l s  on the remnants, the degree o f  d issect ion o f  the remnants, t h e i r  
pos i t i on  above better-dated, better-preserved remnants, and t h e i r  probable 
associat ion w i th  one o r  more of the pre-Bull Lake g lac ia t ions recorded by 
the marine isotope record suggest these remnants are >200 ka and <500 ka, 
poss ib ly  co r re la t i ve  w i t h  isotope stages 8 (230-300 ka), 10 (350-370 ka), 
and/or 12 (440-470 ka). 

These remnants are 20-30 m above the Bu l l  Lake remnants and vary from 45 m 
t o  70 m above the present r i ve r .  By p ro jec t ing  the slope o f  some o f  the 
be t t e r  preserved o f  these pre-Bull Lake remnants i n t o  the center o f  the 
val ley,  we estimate t h a t  f loodpla ins dur ing t h i s  per iod were about 30-50 m 
above the present va l l ey  f l o o r  i n  the cent ra l  Weber Valley and about 25 m 
above the present f l o o r  o f  northern Kamas Valley. Scarps, 10-15 m high, 
a t  the toe o f  a l l u v i a l  fans on the east s ide o f  Kamas Valley may have been 
cu t  when the channel o f  the Weber River was pu l led  towards the east side 
o f  the val ley, perhaps by displacements on the East Kamas f a u l t  dur ing 
t h i s  per iod before the Bu l l  Lake g lac ia t ion.  However, the scarps may also 
have been cu t  by the bu i l d i ng  o f  an outwash fan a t  the northeast comer of 
the va l l ey  which might have pe r i od i ca l l y  def lec ted the channel o f  the 
r i v e r  t o  the south dur ing pre-Bull Lake and l a t e r  g laciat ions.  The 
f l u v i a l  deposit 30 m above the southwestern corner o f  Kamas Val ley 
deposited by the former south f o r k  o f  the Weber River (Woodfill, 
1972)(discussed below), may be co r re la t i ve  w i t h  remnants i n  t h i s  age 
group. The net  average degradation along the r i v e r  above the East Canyon 
f a u l t  since these remnants were deposited appears t o  be <SO m. 

2) F luv ia l  remnants about 25-40 m above the cent ra l  Weber River (projected t o  
about 20-30 m above the present r i v e r ) ,  0-10 m above the r i v e r  i n  Kamas 
Valley, and about 25 m above the upper Weber River Val ley are correlated 
w i t h  the Bu l l  Lake g lac ia t i on  (130-150 ka). Based on ly  on t h e i r  e levat ion 
on the va l l ey  side, gravel remnants near the town o f  Morgan may also be 
corre la t ive.  These are outwash deposits i n  Kamas Valley and the upper 
Weber, although i t  i s  possible some o f  these deposits i n  the upper Weber 
pre-date the Bu l l  Lake g lac ia t ion.  Terraces cu t  i n  a l l u v i a l  fans during 
t h i s  per iod i n  northern Kamas Valley show t h a t  the Weber flowed both west 
and probably south dur ing t h i s  period. The cor re la t ion  o f  fan and terrace 
remnants along the cent ra l  va l l ey  w i t h  a deglacial  episode dur ing t h i s  
per iod i s  less certa in,  but  t h i s  i s the most reasonable cor re la t ion.  
These remnants cannot be s i g n i f i c a n t l y  'younger than the Bu l l  Lake 
g lac ia t ion.  Thus, roughly 10-20 m o f  degradation i n  both Kamas and the 
cent ra l  va l l ey  appears t o  have taken place between the end of the Bul l  
Lake g lac ia t ion  and previous major deposi t ional  (probably g l  ac i  a1 ) 
periods. 

During the Bu l l  Lake g lac ia t i on  the former south f o r k  o f  the upper Weber 
River was captured by the present Provo River, s i g n i f i c a n t l y  reducing the 
s ize o f  the Weber drainage basin and removing over h a l f  o f  the area o f  i t s  
g lac ia ted headwaters from i t s  basin. Formerly, the upper Provo flowed 
nor th  though Kamas Valley where i t  joined the Weber River (Anderson, 1915; 
G i lber t ,  1928). A combination o f  headward erosion o f  the Provo River up 
the present upper Provo Canyon through a zone o f  weakness i n  the Keetley 
vol canics (produced by hydrothermal ly-a1 tered in t rus ives  (Woodfi 11 , 1972) ) 
and the f i l l i n g  o f  southern Kamas Valley w i t h  an extensive sheet o f  
outwash (Peterson, 1970; Hansen, 1969) allowed a low co l  a t  the 



southwestern corner of Kamas Val l e y  t o  be breached (Anderson, 1915). 
Rapid down-cutting, probably by high-discharge meltwater streams, lowered 
the co l ,  inc ised  the outwash i n  the southern p a r t  of  Kamas Valley t o  form 
the  extensive 35 m t e r r a c e ,  and confined f u r t h e r  outwash deposi t ion t o  the 
narrow va l l ey  below the t e r r a c e  (Nelson and Krinsky, 1982). The ex ten t  of 
a lower 20-30 m t e r r a c e  along the Provo River suggests a period of 
f loodplain s t a b l i l i t y  o r  aggradation about 10 m below the high t e r r a c e ,  
a l s o  during Bull Lake time. Thus, the divers ion  of the  upper Provo took 
place about 130-150 ka. 

4) Deposition during Pinedale deglac ia t ion  (15-18 ka) produced d i s t i n c t  
terminal moraines i n  the upper Weber River Valley and an outwash t e r r a c e  
a t  10-12 m which grades i n t o  the present  f loodpla in  deposi t s  near  the  
northeastern corner of  Kamas Val ley.  A coarse,  bouldery t e r r a c e  deposi t  , 
8 m above the  r i v e r  near  Coalvil le, may have been produced a t  this  time, 
but o the r  exposures i n  the cen t ra l  va l l ey  show mostly f iner-grained 
sediments. Thus, Pinedale g lac ia l  depos i t s  a r e  apparently near  the  level  
of o r  below the modern f loodpla in  between the upper Weber Valley and 
Morgan Valley. No n e t  degradation seems t o  have occurred s ince  the end of 
the Pinedale g lac ia t ion .  This must be a t  l e a s t  p a r t i a l l y  due t o  the 
reduced discharge i n t o  the Weber River following the diversion of the  
present  upper Provo River. 

5 )  In Morgan Valley, t h e  high stand of  Lake Bonneville about 15-16 ka 
produced wave-cut scarps ,  d e l t a s  where major t r i b u t a r i e s  t o  the  Weber 
River e n t e r  the val ley ,  and nearshore depos i t s  a t  and below 1580 m (5180 
f t ) .  During the lower stand of the lake  a t  the Provo shore l ine ,  below the  
lower canyon of the Weber R i  ver  ( 13-14 ka ) , a f 1 uvial  t e r r a c e  was 
deposited over most of  the va l l ey  a t  about 7 m above the present  r i v e r .  
Because the r i v e r  flows on o r  near  bedrock in  the upper canyon of the 
Weber above Morgan Valley, .the f i l l i n g  of Morgan Valley by the lake  
probably had a neg l ig ib le  e f f e c t  on the r i v e r  gradient  upstream. 

6 )  In the cent ra l  Weber Valley, a continuous f l u v i a l  t e r r a c e  below Echo 
Reservoir a t  5-8 m above the r i v e r  and c o r r e l a t i v e  a l l u v i a l  and col luvia l  
f ans  t h a t  grade t o  near  the present  f loodpla in  probably date  from the  mid- 
t o  e a r l y  Holocene. Some of these  depos i t s  may be a s  old a s  the end of 
Pinedale g lac ia t ion  (15 ka),  but the fine-grained charac ter  of most of 
these  sediments i n d i c a t e s  they post-date deglac ia t ion .  Possibly,  most of 
these deposi t s  da te  from the mid-Holocene a l t i t h e r m a l ,  a period of low 
e f f e c t i v e  p rec ip i t a t ion  when a reduced vegeta t ive  cover may have resul ted  
i n  much higher-than-present sediment y i e l d s  during major storms. Thus, no 
more than 7-8 m of degradaion has taken place along the  r i v e r  va l l ey  s ince  
the mid- t o  e a r l y  Holocene. 

3.6.2.2 Provo River Drainaqe 

1)  Evidence of mid-Quaternary f l u v i a l  events  i n  the  Provo drainage basin i s  
found only in  Heber Valley and the upper p a r t  of the  lower Provo River 
Canyon. Probable remnants of moraines predating the B u l l  Lake g lac ia t ion  
a r e  found above the  35 m outwash t e r r a c e  on the  north s ide  of  the  r i v e r  
near  the junction w i t h  the South Fork of the  Provo (Bryant, i n  p ress ) (p l .  
1). Thus, e a r l i e r  g l a c i a t i o n s  were more extens ive  than the Bull Lake 
g lac ia t ion  in  the Provo headwaters, b u t  no outwash deposi t s  above the  35 m 



ter race are preserved. The size and bouldery l i t h o l o g y  o f  the large fan 
making up Weeks Bench j u s t  below Deer Creek Dam ( f i g .  5.7) suggest i t  was 
deposited dur ing a pre-Bull  Lake g lac ia t ion,  but  we have no d i r e c t  
evidence l i n k i n g  i t  w i th  a g l ac ia l  episode. It may be a response t o  the 
damning o f  the canyon by a landsl ide. Exposures o f  s o i l s  on some o f  the 
a l l u v i a l  fans on the margins o f  Heber Val ley  and the Provo Val ley along 
Deer Creek Reservoir show some par ts  o f  the fans considerably predate the 
B u l l  Lake g lac ia t ion.  Because the fans are being eroded and younger 
sediments have been deposited i n  channels and on the d i s t a l  por t ions o f  
the fans, the l oca l  base l eve l  f o r  the t r i b u t a r y  drainages ( the  main 
r i v e r )  must be being lowered. However, because port ions o f  the fans are 
hundreds o f  thousands o f  years o l d  and the fans are near the present f l o o r  
o f  the val ley,  the r e l a t i v e  depth o f  the Provo Valley i n  the past cannot 
have been g rea t l y  deeper than i t  i s  now. If i t  had been, extensive o ld  
fans l i k e  these would no t  be preserved on the va l l ey  sides. This a lso 
argues f o r  e i t h e r  r e l a t i  ve ly  1 i t t l e  displacement on valley-bounding f a u l t s  
o r  concurrent rap id  aggradation which has kept the f l o o r  o f  the va l l ey  
near i t s  present e levat fon dur ing most o f  the mid-and l a t e  Quaternary. 

During the Bu l l  Lake g lac ia t i on  g lac ie rs  advanced down the North and South 
Forks o f  the Provo River bu i l d i ng  moraines i n  the va l l ey  o f  the North Fork 
and deposi t ing an extensive va l l ey  t r a i n  which f i l 7 e d  the southern h a l f  o f  
Kamas Valley w i t h  outwash. This aggradation ra ised the leve l  o f  the r i v e r  
t o  the col a t  the southwest corner o f  Kamas Valley, d i ve r t i ng  the r i v e r  
i n t o  the upper canyon o f  the Provo River and i n t o  Heber Valley. The r i v e r  
then incised the outwash p l a i n  and the canyon a t  l eas t  10 m and probably 
enlarged the upper canyon considerably. A la rge  amount o f  outwash must 
have been deposited i n  northern Heber Val ley where the r i v e r  spread out 
over the wide f l o o r  o f  the val ley. We have no informat ion on timing, but 
qu i t e  possibly, the main r i v e r  channel was def lected t o  the east side o f  
i t s  a l l u v i a l  fan a t  the head o f  Heber Val ley dur ing t h i s  per iod and may 
have cut  the subdued scarps i n  the d i s t a l  par ts  o f  the fans on t h i s  side 
o f  the va l ley  a t  t h i s  time. The d issect ion o f  o lder  basin f i l l  deposits 
i n  Keetley Valley, begun by headward erosion o f  the Provo River before the 
diversion, must have accelerated dur ing t h i s  period. A s ing le  s o i l  on the 
edge o f  the Daniels Creek a l l u v i a l  fan shows t h a t  a large fan was also 
deposited from t h i s  drainage a t  t h i s  time. Probably, par ts  o f  the 
a l l u v i a l  fans along the margins o f  Heber Val ley and near Deer Creek 
Reservoir were per iod ica l  l y  ac t i ve  dur ing t h i s  period. 

Pinedale g lac ia t ion  i n  the headwaters o f  the Provo River was marked by the 
deposit ion of prominent moraines i n  the va l leys o f  the North and South 
Forks. The outwash terraces deposited a t  t h i s  time are much less  
extensive down-valley from the moraines than those deposited dur ing the 
Bu l l  Lake g lac ia t ion,  probably because the r i v e r  was confined t o  the 
narrow va l ley  i n  the upper canyon and t o  below the 25 m terrace i n  
southern Kamas Val ley.  High me1 twater discharges, probably dur ing 
deglaciat ion (15-18 ka), must have deeply (up t o  25 m) inc ised the older 
outwash, deepened the upper canyon, and spread large quan t i t i es  o f  outwash 
over the northern end of Heber Valley. During the same per iod much less 
outwash was being spread i n t o  the va l l ey  from g lac ie rs  i n  Snake and Pine 
Creek val leys on the northwest margin o f  Heber Valley and from Lake Creek 
va l l ey  i n  the southeast corner o f  Weber Valley. Alluvium was also 
deposited from Daniels Canyon, although no large g lac iers  occupied t h i s  



drainage. Based on the pos i t i on  o f  the Provo River on the west side o f  
the va l l ey  dur ing a t  l e a s t  the l a t e r  p a r t  o f  t h i s  period, deposi t ion from 
Lake Creek and Daniels Canyon must have been more extensive than from the 
northwest margin, f o r c i ng  the r i v e r  t o  the west side o f  the val ley.  
Another p o s s i b i l i t y  i s  t h a t  e a r l i e r  fans from these drainages were l a rge r  
than those from the northwest margin and thus, t h a t  the lowest p a r t  o f  the 
va l l ey  was along the northwest margin. We have no t  i d e n t i f i e d  any Bu l l  
Lake g l ac i a l  deposits i n  any o f  these drainages suggesting Bu l l  Lake 
g lac ie rs  i n  these va l leys were no more extensive than Pinedale g lac iers .  
Lake Bonnevi l le extended i n t o  the lower canyon about 15 ka and l e f t  
shorel ine deposits i n  the canyon and an extensive de l ta  a t  i t s  mouth. 

4) The l a t e s t  Pleistocene (< I5  ka) and Holocene h i s t o r y  o f  the r i v e r  i s  
marked by a low ter race along par ts  o f  the upper r i v e r  val ley,  Holocene 
channel scars over much o f  the northern t h i r d  o f  Heber Valley, by scarps 
i n  deposits o f  t h i  s age near Midway and on the d i s t a l  edge o f  the Daniels 
Canyon fan above Deer Creek Reservoir, and by a few i so la ted  terrace 
remnants i n  the lower canyon o f  the r i v e r ,  such as the 10 m ter race below 
Weeks Bench. Up t o  7 m o f  i n c i s i o n  were apparently produced above the 
lower canyon o f  the r i v e r  dur ing t h i s  period, bu t  there i s  considerably 
more i nc i s i on  nearer the Wasatch f a u l t  due t o  rap id  r e l a t i v e  u p l i f t  of the 
Wasatch Mountain block, Parts o f  the d i s t a l  por t ions o f  the a l l u v i a l  fans 
along the margins o f  Heber Val ley and near Deer Creek Reservoir were 
ac t i ve  dur ing t h i s  period. 

Thus, the wide f l o o r  o f  Heber Val ley seems t o  have been near i t s  present 
r e l a t i v e  leve l  f o r  the l a s t  several hundred thousand years even though the 
lower and probably the upper Provo Canyons have been deepened considerably 
over the same period. 

3.6.3 Neotectonic Conclusions 

A key premise i n  our i n t e rp re ta t i on  o f  the con t r ibu t ion  o f  tec ton ic  
deformation t o  the development o f  the Weber and Provo basins i s  t h a t  the 
l a rge r  streams i n  the area have been able t o  downcut a t  rates t h a t  equal o r  
exceed the highest Quaternary u p l i f t  ra tes  i n  the eastern Wasatch Mountains 
( f o r  example, Hamblin and others, 1981). Fol lowing these authors, a t  any 
given po in t  along a r i v e r  the apparent u p l i f t  o f  the r i v e r  p r o f i l e  due t o  
f a u l t  displacement i s  the sum o f  the t r ue  u p l i f t  p lus  the amount o f  channel 
degradation ( o r  minus channel aggradation) t h a t  would have occurred without 
displacement. 

3.6.3-1 Areas w i t h  the Hiqhest Quaternary Rates o f  Relat ive U p l i f t  

Total  r e l i e f  and the degree o f  f l u v i a l  d issect ion are the var iables we used 
t o  d is t ingu ish  areas w i t h  the highest r e l a t i v e  ra tes o f  Quaternary up1 i ft. 
S t a t i s t i c a l  analysis o f  quan t i ta t i ve  measures o f  drainage basin, stream 
p r o f i l e ,  and va l l ey  morphology (methods o f  Bu l l  and McFadden, 1977; Soule, 
1978; Mayer and Maclean, 1986) would document and show more subt le 
d i f ferences i n  r e l a t i v e  u p l i f t  from one area t o  another than the q u a l i t a t i v e  
approach used here; however, major conclusions should be the same whether o r  
not  quan t i ta t i ve  methods are used. 

The greatest r e l i e f  and steepest va l leys i n  the eastern Wasatch Mountains 



occur near the c res t  o f  the range about 15 km east o f  the Wasatch Front. 
Re l i e f  i s  high west o f  the crest ,  but  gradual ly decreases t o  a r o l l i n g ,  
moderately dissected topography about 40-50 km east o f  the Wasatch f a u l t .  
The Uinta Mountains are a major pos i t i ve  r e l i e f  element on the east edge o f  
the area. I n  the cent ra l  por t ion  o f  the area, t o t a l  r e l i e f  drops more 
sharply about 25 km east o f  the f a u l t  along the western edge o f  the more 
eas te r l y  back va l leys (Ri chardson F la t ,  Heber, Kamas, Strawberry) and the 
cent ra l  Weber River Valley. The widespread preservation o f  pre-Quaternary 
erosion surfaces i n  t h i s  area shows t h a t  l a t e  Cenozoic u p l i f t  was much less 
here than i n  the main p a r t  o f  the range t o  the west. Thus, except where the 
increasing height o f  the range i s  broken by back va l leys (Morgan, Ogden, East 
Canyon), evidence o f  r e l a t i v e  l a t e  Cenozoic u p l i f t  seems t o  increase from 
east t o  west t o  the Wasatch f au l t .  However, the development o f  the eastern 
back va l leys has lowered much o f  the landscape i n  the eastern p a r t  o f  the 
area reducing t o t a l  r e l a t i v e  r e l i e f  and the degree o f  f l u v i a l  dfssection. I n  
a r e l a t i v e  sense, t h i s  could be in te rp re ted  as evidence f o r  the western 
Wasatch Range r i s i n g  more as a hors t  (Gi lbert ,  1928) ra ther  than as a slab 
displaced along the Wasatch f a u l t  being t i l t e d  eastward. However, downward 
displacement o f  Sa l t  Lake Val ley along the Wasatch f a u l t  (Eardley, 1970) wi th  
much lower rates o f  s l i p  on the western back-valley-bounding f a u l t s  would 
produce the same topography. 

3.6.3.2 Apparent Sequence of Basin Development 

Only broad general izat ions can be made about the t iming o f  displacements on 
f a u l t s  t h a t  formed the margins o f  the back val leys. Kams Valley was one o f  
the e a r l i e s t  basins t o  develop i n  the cent ra l  eastern Wasatch Mountains, but 
the presence o f  the Norwood Tu f f  shows Ogden Valley, Morgan Valley, and the 
East Canyon area may have had an e a r l i e r  h i s t o r y  o f  normal fau l t ing .  The 
present physiography o f  the o ther  back va l leys south o f  East Canyon i s  a more 
recent development, but  the present va l leys are c e r t a i n l y  pre-Quaternary. 
Some f a u l t s  on the margins o f  these va l leys may not  have moved since t h i s  
time, but  many c l e a r l y  have had more recent displacements t ha t  are 
contemporaneous w i th  those i n  Deer Valley and Parleys Park. Port ions of the 
f a u l t s  bounding some o f  the va l leys have continued t o  move dur ing the l a t e  
Quaternary. Thus, a l l  the basins have had a long and complex h is tory ,  but 
those south o f  the cent ra l  Weber Valley (except f o r  Kamas Val ley) may have 
had a shorter  h i s to r y  than those f a r t he r  north. I n  any case, pat terns o f  
drainage development and va l l ey  margin morphologies show t h a t  ra tes o f  
development and thus o f  f a u l t i n g  var ied both spatially and temporally. 

Rates o f  Inc is ion  afonq the Weber River 

Rates o f  i nc i s i on  along the Weber River vary w i t h  the age o f  the datums used 
t o  estimate the rates. Rates are highest, 0.5-0.8 mn/yr, where l a t e s t  
Pleistocene and Holocene deposits are used as datums (upper Weber Valley, 
Henefer area, and Morgan Val ley) ,  and less than h a l f  these (0.18-0.3 mm/yr) 
where Bu l l  Lake deposits are used. Rates derived from projected pre-Bull 
Lake datums (RAG 1) i n  the cent ra l  Weber Valley are 0.1-0.25 mn/yr w i th  the 
t r ue  ra tes probably c loser  t o  0.1 than t o  0.25. Rates i n  Kamas Va l l l ey  are 
lower (0  mm/yr f o r  Pinedale, 0-0.07 Wyr f o r  Bu l l  Lake, and 0.05-0.12 m / y r  
f o r  pre-Bull Lake) because the r e l a t i v e  e levat ion o f  remnants i s  lower. 
However, i t  i s  unclear whether the lower e levat ion o f  the remnants i s  due 
e n t i  r e l y  t o  aggradation i n  the va l ley  dur ing Bu l l  Lake and Pinedale 



g lac ia t ions  o r  t o  agradational f i l l i n g  as a r e s u l t  o f  actual  downward 
displacement o f  the va l l ey  f l o o r  on valley-bounding fau l t s .  The d i f ference 
i n  r e l a t i v e  e levat ion between the remnants i n  Kamas Val ley and those i n  the 
cent ra l  va l l ey  ( f i g .  3.5) i s  too small (<20 m) and the remnants too 
discontinuous t o  argue f o r  s i g n i f i c a n t  displacement on normal f a u l t s  along 
t h i s  p a r t  o f  the r i ve r .  We have no other evidence t h a t  f a u l t s  crossing t h i s  
p a r t  o f  Kamas Val ley o r  the cent ra l  va l l ey  have been ac t i ve  dur ing the 
Quaternary (sec. 5.8 and 4.5). No cor re la tab le  pre-Bull Lake remnants are 
preserved above Kamas Valley. 

It i s  c l ea r  t ha t  the r i v e r  va l l ey  above the East Canyon f a u l t  has not  been 
g rea t l y  deepened dur ing the l a s t  200-500 kyr. Bedrock i s  a t  shallow depths 
on e i t h e r  side o f  the East Canyon f a u l t  i n  East Canyon Creek va l l ey  
(sec. 4.5) and the Weber River Valley, suggesting t h a t  apparent u p l i f t  rates 
on the f a u l t  have no t  exceeded r i v e r  i n c i s i o n  ra tes on the downthrown block 
o f  the f au l t .  This and other  wel l  data showing shallow depths t o  bedrock i n  
the cent ra l  val  l e y  suggest downcutting between episodes o f  aggradation i n  the 
Weber Val l e y  may have been 1 i m i  t ed  t o  roughly the depth o f  f i  11 by bedrock a t  
shallow depths beneath the r i ve r .  

The lack  o f  dated remnants <730 ky r  o l d  along the r i v e r  below the East Canyon 
f a u l t  makes i t  d i f f i c u l t  t o  draw conclusions about ra tes o f  va l l ey  erosion. 
However, t h i s  lack o f  remnants might wel l  be due t o  t h e i r  removal as a r e s u l t  
o f  h igh ra tes o f  erosion due t o  the high ra tes  o f  r e l a t i v e  u p l i f t  near the 
Wasatch f a u l t  i n  and near Morgan .Valley. The maximum r a t e  i n  Morgan Val ley 
der ived from the paleomagnetically-dated erosion surface i s  <0.18 m/yr. 
I nc i s i on  ra tes must have been much higher near the Wasatch f a u l t  than 
upstream o f  Morgan Val ley because o f  the h igh u p l i f t  r a te  on the f a u l t ;  
although discontinuous, pre-Bul l  Lake remnants are higher above the r i v e r  
c loser  t o  the Wasatch f a u l t  suggesting present and reconstructed pre-Bull 
Lake r i v e r  p r o f i l e s  diverge downstream. A1 so, the modern r i v e r  p r o f i l e  
steepens i n  the lower canyon o f  the r i v e r  i nd i ca t i ng  t h i s  por t ion  o f  the 
r i v e r  has no t  f u l l y  adjusted t o  recent u p l i f t  on the Wasatch f a u l t .  Thus, 
i n c i s i o n  ra tes upstream were probably considerably less than t h i s  maximum 
r a t e  over the same per iod o f  time. About 0.1 m/yr i s  a reasonable maximum 
r a t e  from the mid-Quaternary t o  present f o r  u p l i f t - r e l a t e d  i nc i s i on  by the 
r i v e r  above the East Canyon f a u l t ;  . ra tes  below the f a u l t  were higher, but 
probably <O. 15 m / y r  except adjacent t o  the Wasatch f au l t .  

Rates o f  I nc i s i on  alonq the Provo River 

There are less  datums along the Provo River than along the Weber from which 
t o  ca lcu la te  i n c i s i o n  rates. As along the Weber, l a t e s t  Pleistocene and 
Holocene ra tes derived from terraces i n  the upper Provo Val ley and i n  Heber 
Val l e y  (0.5-0.7 m / y r )  are c l e a r l y  much higher than long-term rates. Rates 
determined from Bu l l  Lake deposits i n  the upper va l l ey  are 0.18-0.25 mm/yr, 
but  i t appears t ha t  there has been l i t t l e  ne t  degradation i n  Heber Val ley 
over the l a s t  several hundred thousand years. The maximum ra te  derived from 
Weeks Bench, j u s t  below Deer Creek Dam, i s  s i m i l a r  (<0.2 m/yr). Longer-term 
maximum rates derived from the paleomagnetically-dated co ls  a t  the nor th  end 
o f  Heber Val ley and near Deer Creek Reservoir are <0.13 m /y r .  I nc i s i on  
ra tes  must be much higher than t h i s  i n  the lower canyon o f  the r i v e r  near the 
Wasatch f au l t ,  but  there are no dated deposits i n  t h i s  area, except f o r  the 
Bonnevi l le deposits a t  the mouth o f  the canyon (which y i e l d  a r a t e  o f  3 m/yr 



since 15 ka). 

The present p r o f i l e  o f  the Provo River i s  smooth except near Deer Creek Dam 
and a t  Viv ian Park. A decreasing gradient  above the dam and a steepening 
below the dam suggest the r i v e r  has no t  been able t o  maintain i t s  grade along 
t h i s  reach, probably due t o  lands l id ing  o r  f a u l t  displacement. The marked 
steepening i n  the r i v e r  gradient  f o r  1.5 km below Viv ian Park i s  probably the 
r e s u l t  o f  some combination o f  1) the upstream migrat ion o f  a knickpoint  
produced by r e l a t i v e l y  r ap id  u p l i f t  on the Wasatch f a u l t ,  2) the r i v e r ' s  
i n a b i l i t y  t o  remove the a l l u v i a l  f i l l  deposited i n  the canyon when Lake 
Bonnevi l le reached t h f  s e levat ion,  and possi b l y  3) the damning e f f e c t  from 
the la rge  a l l u v i a l  fans on the nor th  wal l  o f  the canyon. 

Thus, our conclusions on i n c i s i o n  ra tes f o r  the Weber River seem t o  a lso 
apply t o  the Provo Rf ver: maxfmum mid-Quaternary ra tes above Deer Creek Dam 
are probably <0.1 mn/yr, whi le  ra tes are higher than t h i s  c loser  t o  the 
Wasatch f au l t .  

3.6.3.5 Relat ive Rates o f  U p l i f t  on Major Faul ts 

Our o u t l i n e  o f  the geomorphic development o f  the two major drainage basins o f  
the regfon and estimated i n c i s i o n  ra tes  provide on ly  l i m i t e d  const ra in ts  on 
s l i p  ra tes  on f a u l t s  i n  the regfon. Because we have no numerical-age 
estimates f o r  l a t e s t  Ter t ia ry -ear l y  Quaternary u n i t s  i n  the area, pre-mid- 
Quaternary ra tes cannot be calculated. Except perhaps fmnedi ate1 y adjacent 
t o  the Wasatch f a u l t ,  r i v e r  i n c i s i o n  has kept pace w i t h  u p l i f t  (Hamblin and 
others, 1981). For t h i s  reason, the r a t e  o f  r i v e r  i n c i s i o n  i n t o  the upthrown 
block o f  a f a u l t  may be a good maxfmum estimate o f  the s l i p  r a t e  on the f a u l t  
i f  there i s  no aggradation above o r  below the f a u l t .  However, terrace and 
fan remnnats are much less  l f  ke ly  t o  be preserved on an u p l i f t e d  block (more 
rap id  erosion) unless s l i  p ra tes are very low. Inc f  s ion rates f o r  a r t s  of 
r i v e r  va l leys on downthrown blocks (such as Kamas and Heber Valleys 7 measure 
on ly  ne t  i nc i s i on  and because aggradatfon usua l l y  i s  extensive i n  t h i s  type 
o f  set t ing,  a s l i p  r a te  component cannot be separated from the i n c i s i o n  rate. 

Along the Weber River i n c i s i o n  ra tes and the re la t ionsh ip  o f  terrace and fan 
remnants t o  the modern r i v e r  p r o f i l e  suggest t h a t  mid- and l a t e  Quaternary 
s l i p  ra tes on f a u l t s  t h a t  cross the r i v e r  above Morgan Val ley are <0.1 mn/yr. 
H i  gher i n c i s i o n  ra tes derived from Bu l l  Lake and younger deposits are no t  the 
r e s u l t  o f  tec ton ic  displacement on f au l t s ,  but  deposits o f  these ages cannot 
be used t o  preclude displacements on f a u l t s  except a t  a few l o c a l i t i e s .  
Incf  sfon ra tes provide l i t t l e  d i r e c t  informat ion on the s l i p  r a te  o f  the 
Morgan f a u l t  because no o l d  remnants are preserved on the upthrown side o f  
the f a u l t  and because the va l l ey  i s  f i l l e d  w i t h  >200 m o f  lake and a l l u v i a l  
sediment on the downthrown side. Below Morgan Val ley our assumptions about 
i n c i s i o n  ra tes and s l i p  ra tes  may no t  apply. 

We i n f e r  s im i l a r  conclusions about f a u l t s  crossing the Provo River above Deer 
Creek Dam, but  because the r i n c i p a l  f a u l t s  bound va l leys (Kamas and Heber) 
w i t h  t h i c k  aggradational f i  I I s ,  i nc i s i on  ra tes  provide l i t t l e  d i r e c t  data on 
s l i p  rates. However, the complex sequence o f  deposits which are up t o  
several hundred thousand years o l d  i n  the fans bordering Heber Val ley and 
i so l a ted  deposits o f  Bu l l  Lake age i n  the center o f  the va l ley  suggest t ha t  
fans graded t o  a f l oodp la in  a t  close t o  the present r e l a t i v e  e levat ion have 



pers is ted f o r  t h i s  length  o f  time. This suggests i n f e r red  maximum s l i p  rates 
o f  0.1 mm/yr on these f a u l t s  are reasonable. 

The many northwest-trending t h rus t  f a u l t s  which t rend across the canyon o f  
the lower Provo River were ac t i ve  dur ing the l a t e  Cretaceous (Baker, 1964a). 
One o f  the la rges t  normal f a u l t s  i n  the canyon, the East Aspen Grove f a u l t  
displaces some th rus t  f a u l t s  and the e a r l i e s t  Te r t i a r y  volcanics i n  the area, 
but  does not  displace the youngest Ter iary  volcanics. The East Aspen Grove 
f a u l t  and the re la ted  West Aspen Grove f a u l t  are therefore no o lder  than 
Eocene (Baker, 1964a). St ruc tura l  re la t ionsh ips a t  several other s i t e s  i n  
the area ind ica te  Te r t i a r y  extension along preex is t ing t h rus t  planes (R. L. 
Bruhn , ora l  comnuni cat ion, 1982). 

Because the lower Provo Canyon area i s  undergoing rap id  d issect ion due t o  
u p l i f t  on the Wasatch f a u l t ,  scarps produced by r e l a t i v e l y  small 
displacements (cumulative displacement <SO m) on f a u l t s  i n  the area would be 
r a p i d l y  eroded. However, the major Te r t i a r y  f a u l t s  i n  the area appear t o  
have had l i t t l e  e f f e c t  on the present topography, and are thus, thought t o  be 
much o lder  than the Wasatch f a u l t  (Baker, 1964a) and the i n fe r red  f a u l t s  
bounding the back val leys. 

The higher e levat ion o f  bedrock beneath Deer Creek Dam than the base o f  wel ls  
d r i l l e d  e n t i r e l y  i n  a l luv ium upstream i n  Heber Val ley ind icates displacement 
on valley-bounding f a u l t s  beneath Deer Creek Reservoir (Baker, 1964a), 
probably w i th  aggradation along t h i s  p a r t  o f  the r i v e r  due t o  i n t e rm i t t en t  
ponding o f  drainage dur ing episodes o f  u p l i f t  (Baker, 1976; Hunt, 1982). 
However, Weeks Bench (pre-Bull  Lake fan)  i s  no t  much higher than the present 
e levat ion o f  Deer Creek Reservoir and even i f  minimal r e l a t i v e  u p l i f t  o f  the 
bench i s  assumed, damming due t o  e i t h e r  landsl ides o r  u p l i f t  here cannot 
account f o r  most o f  the a l l u v i a l  f i l l i n g  o f  Heber Valley. S t i l l ,  the change 
i n  gradient  o f  the present r i v e r  p r o f i l e  a t  Deer Creek Dam and aggradational 
landforms j u s t  upstream suggest Quaternary events o f  some so r t  perturbed the 
r i v e r ' s  p r o f i l e .  Bonnevi l le shorel ine sediments a t  the mouth o f  the lower 
Provo Canyon reach almost twice the height  above the present r i v e r  t ha t  Weeks 
Bench i s  above bedrock beneath the r i ve r .  This argues f o r  r e l a t i v e l y  l i t t l e  
u p l i f t  o f  Weeks Bench r e l a t i v e  t o  u p l i f t  on the Wasatch f a u l t  a t  the mouth o f  
the canyon. There i s  no prominent mountain f r o n t  escarpment near the dam and 
regional  evidence discussed above shows displacement rates must be much lower 
than those on the Wasatch f a u l t .  Thus, f a u l t s  beneath Deer Creek Reservoir 
may have had Quaternary displacements, but  long-term s l i p  rates on f a u l t s  i n  
t h i s  area are low. 



4. CENOZOIC FAULTING I N  THE NORTHERN WASATCH MOUNTAINS 

4.1 Tectonic Se t t i ng  

Although obscured by e a r l y  and middle Te r t i a r y  sedimentation and the 
development o f  the back val leys,  north-south t rending l a t e  Cretaceous and 
e a r l y  Ter t ia ry ,  east-d i rected t h r u s t  f a u l t s  extend south from the Idaho- 
Wyoming t h r u s t b e l t  through the northern Wasatch Mountains t o  the westward 
p ro jec t ion  o f  the Uinta Axis where they then t u r n  east on the northern margin 
o f  the Uinta reentrant  (Armstrong, 1968; Beutner, 1977). Except f o r  the 
o lder  Precambrian and some Paleozoic rocks between Ogden and Sa l t  Lake C i t y  
i n  the lower p l a t e  o f  the Wi l l a rd  thrus t ,  a l l  o f  the northern Wasatch 
Mountains are a la rge al locthonous block (Armstrong, 1968). The Wi l l a rd  
th rus t ,  exposed i n  Ogden Canyon, emplaces younger Precambrian rocks over 
o lde r  Precambrian and Paleozoic rocks (Eardley, 1969). Further east a ser ies 
o f  younger, s t r u c t u r a l l y  h igher th rus ts  inc lud ing  the Crawford, Absoraka and 
Darby th rus ts  are in te rp re ted  t o  f l a t t e n  w i t h  depth t o  j o i n  a detachment 
surface (Armstrong, 1968; Royse and others, 1975; Larnerson, 1982). 

Although r e f l e c t i o n  records from the back va l leys  i n  the northern Wasatch 
Mountains are few and o f  poor qua l i t y ,  publ ished in te rp re ta t ions  o f  
subsurface s t ruc tu re  i n  t h i s  Utah por t ion  o f  the Thrustbel t  suggest t h a t  some 
back va l l ey  f a u l t s  are s i m i l a r  t o  l a t e  Cenozoic normal f a u l t s  i n  the Idaho- 
Wyoming t h r u s t b e l t  such as the Grand Val ley and Star  Val ley f au l t s  (Dixon, 
1982; P ie ty  and others, 1986). The East Cache, Morgan, East Canyon, Bear 
Lake and Ogden Val ley f a u l t s  have been in te rp re ted  as l i s t r i c  normal fau l t s  
t ha t  sole i n  a sub-horizontal detachment a t  depth (Lamerson, 1982; Royse and 
others, 1975; Royse , 1983). 

G i l be r t  (1928) described the back va l leys  o f  Cache Val ley,  Ogden Val l e y  and 
Morgan Val ley as grabens. He re fe r red  t o  the Wasatch Mountains t o  the west 
as a hors t  w i t h  the Wasatch f a u l t  bounding the west side o f  the hors t  and 
back va l l ey  normal f a u l t s  bounding i t s  east side. Eardley (1933) 
acknowledges the possib le con t r ibu t ion  o f  normal f a u l t i n g  t o  the development 
o f  Ogden and Morgan Valleys, but  a t t r i b u t e s  the topographic expression of the 
basins p r i m a r i l y  t o  erosion, and i n t e rp re t s  a 3-40 eastward t i l t i n g  o f  the 
Wasatch Mountains as a response t o  displacement on the Wasatch f a u l t ,  
ascr ib ing the evo lu t ion o f  Heber Val ley t o  p reex is t ing  erosional r e l i e f  and 
migra t ion o f  a knickpoint  i n  the Provo River. Eardley (1944) re la ted  the 
Herd Mountain and Weber Va l ley  erosion surfaces o f  Miocene and Pliocene age, 
respect ively,  t o  displacement on the Wasatch f a u l t ,  t h e i r  d issect ion t o  
regional  u p l i f t ,  and concluded t h a t  the back va l leys  are ea r l y  Cenozoic 
sync1 ines, deepened by erosion. Eardley (1952) reviewed e a r l y  Cenozoic 
f o l d i ng  i n  the nor th  cen t ra l  Wasatch Mountains and describes the East Canyon 
f a u l t .  Eardley ( 1959) discusses Cenozoic volcanic s t ra t ig raphy and suggests 
t h a t  the Morgan and East Canyon f a u l t s  are l a t e  Cenozoic normal fau l t s .  I n  
unpublished theses h i s  students conclude t h a t  l a t e  Cenozoic displacement has 
occurred on normal f a u l t s  i n  the back va l leys  o f  the Wasatch Mountains 
(Br imhal l ,  1951; Egbert, 1954; Schick, 1955; Nelson, 1971). Threet (1959) 
reviewed the evidence f o r  cont ras t ing i n t e rp re ta t i ons  o f  the back va l leys  as 
eroded ea r l y  Cenozoic syncl ines and Cenozoic grabens and concludes t h a t  the 
o r i g i n  o f  each va l l ey  should be considered separately, as we have done below. 



4.2 Morgan Val ley 

Morgan Val ley i s  located i n  the northern Wasatch Mountains, 35 km northeast 
o f  S a l t  Lake c i t y  and about 20 km east o f  the Wasatch f a u l t  ( p l .  l a  and 
f i g .  4.1). I n t e r s ta te  84 and the Union P a c i f i c  Rai lroad f o l l ow  a 20-km-long, 
2 t o  3 km wide northwest-trending f loodp la in  o f  the Weber River across t h i s  
10- t o  15-km wide, north- t rending basin. East Canyon Creek enters Morgan 
Val ley from the south and j o i n s  the Weber near the town o f  Morgan and 
Cottonwood Creek enters the va l l ey  from the east  10 km downstream o f  Morgan. 

4.2.1 Se t t i nq  

Cenozoic deposits o f  three ages, separated by angular unconformi t i e s ,  are 
present i n  Morgan Val ley and suggest a deformational h i s t o r y  dat ing from the 
Eocene. The conglomerates o f  the Eocene Wasatch Formation, d ipping 40 t o  650 
t o  the east and northeast, are exposed on the west margin o f  the va l l ey  
unconformably over ly ing Mesozoic and Paleozoic sedimentary rocks (Mullens and 
Laraway, 1973; Bryant, 1984). The over1 y i  ng tuffaceous sandstones and 
conglomerates o f  the Norwood Tuff ,  described and dated as l a t e  Eocene t o  
e a r l y  Oligocene by Eardley (1944), are exposed throughout the va l l ey  dipping 
lo0  t o  400 t o  the northeast. Schick (1955) and Coody (1957) mapped a 
fanglomerate unconformably over ly ing the Norwood Tu f f  on the east s ide o f  the 
va l l ey  (Thv on f i g .  4.2) t h a t  they in fo rma l l y  cor re la ted w i th  the Huntsv i l l e  
fanglomerate, which i s  mapped i n  Ogden Val ley and near the East Canyon f a u l t  
( f i g  4.1). 

Northeast d ips t h a t  increase w i t h  age i n  the Te r t i a r y  rocks i n  the basin 
suggest t h a t  the d i p  o f  the f a u l t  shallows w i t h  depth, and i t  i s  i n f e r red  t o  
j o i n  the regional detachment below the north-central  Wasatch Mountains 
(Hopkins and Bruhn, 1983). The estimated 6800 m o f  Cenozoic displacement on 

. t he  f a u l t  (Hopkins, 1982) i s  consistent  w i t h  estimates o f  a minimum o f  3300 m 
o f  s t r uc tu ra l  r e l i e f  between the c res t  o f  the Wasatch Mountains and Morgan 
Val l e y  (Naeser and others, 1983). A g r a v i t y  study o f  the back va l leys o f  the 
Wasatch Mountains (Quitzau, 1961) defines a 20 mgal residual  Bouguer anomaly 
i n  the va l l ey  which a lso supports an i n te rp re ta t i on  o f  a s i g n i f i c a n t  
thickness o f  low densi ty Cenozoic deposits i n  Morgan Val ley.  

4.2.2 The Morgan f a u l t  

The Morgan f a u l t  i s  mapped on the east side o f  Morgan Valley a t  the base o f  
an escarpment formed i n  Paleozoic rocks (Mullens and Laraway, 1973). The 
escarpment consists o f  three l i near ,  4- t o  8-km-long sections t ha t  correspond 
w i t h  en-echelon steps i n  the t race o f  the f a u l t  and w i t h  dif ferences i n  
escarpment height  and the e leva t ion  o f  hanging wal l  deposits ( f igs.  4.2 and 
4.3). There are no f a u l t  scarps i n  unconsolidated deposits along the three 
sections o f  the f a u l t ;  however, t r i angu la r  facets  along the base o f  the 
escarpment t h a t  are 100 t o  250 m high and slope 200 t o  250 suggest t h a t  
Quaternary displacements have occurred on the f a u l t .  

I n  the fo l low ing  discussion, we have d iv ided the Morgan Valley i n t o  three 
sections w i t h  some cont rast ing character is t ics ;  however, ava i lab le  evidence 
su'ggests but does no t  es tab l i sh  d i f f e r i n g  l a t e  Quaternary s l i p  rates, 
recurrence, o r  age o f  most recent displacement as has recent ly  been proposed 
f o r  segments o f  the Wasatch f a u l t  by Schwartz and Coppersmith (1984). 
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EXPLANATION 
Ou - Ouaternar y undtvlded I 

Ts - Late Tertiary Salt Lake Formation 
Tn - Early Tertiary Narwood Tuff 
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Tu - Early Tertiary sedimentary rock, undivided 
Mu - Mesozoic and older sedimentary rock, undivided 
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0- Back Valley: CV=Cache Valley, OV=Ogden Volley, MV=Morgan 1 
Valley, MDV=Mantua and Dry Volleys, ECsEast Canyon --- Normal faults, dashed where ~nferred: JPF=James Peak fault, CMF= 
Crawford Moutaln fault, WF=Wasatch fault, for relative ages see 
Plate la, BRFZ = Bear River fault zone ! 

ma- Wosatch fault segment boundaries (Schrrcrtz and Coppersmith,l984) 
m- Thrust faults, dotted where concealed I 

i 

Figure 4.1 Geology o f  the nor thern  Wasatch Mountains. 
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4.2.2.1 The northern sect ion 

The preservation o f  t r i angu la r  facets and the tec ton ic  r o t a t i o n  o f  ea r l y  
Quaternary erosion surfaces suggest t h a t  l a t e  Quaternary displacements have 
occurred on the northern sect ion o f  the Morgan f a u l t .  This 10-km-long 
sect ion o f  the f a u l t  i s  mapped from from Big  Hollow nor th  almost t o  
Cottonwood Creek ( f i g .  4.2) as a ser ies  o f  p a r a l l e l  and en-echelon f a u l t  
traces a t  o r  near the eroded facets a t  the base o f  the bedrock escarpment. 
We have shown the l a t e  Quaternary Morgan f a u l t  dying out  between Bohman 
Hollow and Cottonwood Creek where the escarpment associated w i t h  the f a u l t  
has diminished i n  height  t o  less t h a t  50 m. 

Adjacent t o  the northern sect ion o f  the Morgan f a u l t ,  near Roswell Canyon, 
the Hun tsv i l l e  fanglomerate (QTc o f  Mullens and Laraway, 1973) over l i es  the 
Norwood T u f f  on a planar, east-dipping contact. Hopkins (1982, f i g .  5) shows 
the Huntsv i l l e  fanglomerate dipping 130 t o  the east w i t h  an estimated 
thickness o f  1000 m adjacent t o  t h i s  sect ion o f  the f au l t .  As t h i s  
fanglomerate i s  l o c a l l y  der ived from the foo twa l l  o f  the Morgan f a u l t  i t s  
o r i g i n a l  d i p  i s  assumed t o  have been t o  the west, thus the present east dips 
are in te rp re ted  t o  be the r e s u l t  of r o t a t i o n  by displacement on the Morgan 
f au l t .  Loca l ly  well-preserved, gent ly  (0.5 - 1.70) east-dipping erosion 
surfaces, c u t  on the Huntsv i l l e  fanglomerate, are preserved adjacent t o  the 
northern sect ion of the f a u l t  a t  an e levat ion o f  about 6100 ft ( f i g .  4.2). 
The pos i t i on  o f  these surfaces, adjacent t o  the Morgan f a u l t  scarp a t  Durst 
Mountain, suggests they were once graded t o  the Weber River and sloped t o  the 
southwest. We i n f e r  t ha t  subsequent dfsplacement on the Morgan f a u l t  has 
t i l t e d  these surfaces i n t o  the f a u l t  plane. 

No scarps were observed i n  unconsolidated deposits along t h i s  sect ion o f  the 
f a u l t ,  but  there are no deposits o lder  than mid-Holocene t h a t  d i r e c t l y  
o v e r l i e  t h i s  sect ion o f  the f a u l t  ( f i g .  4.2). A few eroded, discontinuous, 
mid-to l a t e  Quaternary o f  f l u v i a l  terrace remnants a t  about 100 m (330 f t )  
and 175 m (585 f t )  above Cottonwood Creek are found south o f  the creek 
(sect ions 20 and 29) near the westernmost t race o f  the northern f a u l t  sect ion 
( f i g .  4.2), and the morphology and drainage pat terns o f  small t r i b u t a r i e s  on 
much o f  t h i s  side o f  Cottonwood Creek va l l ey  (near the end o f  the northern 
f a u l t  segment) suggest large-scale lands1 i d i n g  dur ing the mid- and possib ly 
1 a te  Quaternary. Bonnevi 11 e-age shore1 i nes near the most-1 i kely  p ro jec t ion  
o f  the f a u l t  sect ion are undeformed but  do no t  cross the f a u l t  and a less 
continuous pre-Bonnevi l l le (> I5  ka) ter race about 40 m above the Bonnevi l le 
shorel ine angle does not  appear t o  be s i g n i f i c a n t l y  displaced, but a lso does 
not  extend f a r  enough up the creek t o  preclude post-Bonnevil le displacements 
on the f a u l t .  

About 1 km t o  the east o f  the northern sect ion o f  the Morgan f a u l t  a narrow 
north-trending val  l e y  i n  Paleozoic rocks ( " the Val leys" ) south o f  Cottonwood 
creek i s  in terpreted t o  be a narrow l a t e  Cenozoic graben on the basis o f  i t s  
s t r i k i n g  l i n e a r  t rend on topographic maps and a i r  photos and i t s  crosscut t ing 
re la t ionsh ip  w i th  the regional  drainage pattern. An eroded escarpment 
extends south from "the Valleys1' on t rend w i t h  the p ro jec t ion  o f  the s t r i k e  
o f  the cen t ra l  sect ion o f  the f a u l t  suggesting t h a t  the features are related. 
Except f o r  t h i n  a l l u v i a l  fan deposits and col luvium which lack scarps i n  "the 



Valleys", no Quaternary o r  Cenozoic rocks a r e  preserved i n  the  cen te r  of the 
graben. S t ructura l  r e l i e f  i n  the graben appears t o  be l e s s  than 500 m, 
s i g n i f i c a n t l y  l e s s  than the 6800 m estimated f o r  the northern sec t ion  
(Hopkins, 1982). We i n t e r p r e t  these  a s  subs id iary  f a u l t s  t h a t  jo in  the  main 
t r a c e  of the northern sec t ion  a t  depth.  

4.2.2.2 The cen t ra l  sec t ion  of  the  Morqan f a u l t  

Our inves t iga t ion  of  the Morgan f a u l t  focused on the cen t ra l  sec t ion  of the  
f a u l t ,  f o r  along this sec t ion  Quaternary a l l u v i a l  fans  (Qaof)  appear t o  have 
been displaced by the Morgan f a u l t  ( f i g s ,  4.2, 4.3, and 4.4). We i n f e r  the  
topographic low on the hanging wall of the  f a u l t  t o  be a 0.5- t o  1-km-wide 
graben f i l l e d  w i t h  a l l u v i a l  fan deposi t s  t h a t  is  bounded on the e a s t  by the  
main t r a c e  of the cen t ra l  sec t ion  of the Morgan f a u l t  and on the  west by an 
in fe r red  east-facing a n t i t h e t i c  f a u l t  ( f i g s .  4.2 and 4.4). Dissected 
a l l u v i a l  fan deposi t s  (Qaof) s lope  6-90 t o  the southwest within this infer red  
graben. The lower 50 m of some of the f a c e t s  s lope  1-30 more s t eep ly  than 
t h e i r  upper  portions. Thus, we i n f e r  the su r face  t r a c e  of  the f a u l t  t o  be a t  
the 50 t o  100 m wide break i n  s lope between the f a c e t s  and the fans. 
Although a few small,  discontinuous, Holocene fans  along the break in  s lope 
i n  the  l a rge r  drainages a r e  undissected, channels (some up t o  20 m deep) a r e  
inc ised  i n t o  the surfaces  of a l l  the l a r g e r  a l l u v i a l  fans along the  cen t ra l  
sec t ion  ( f i g .  4.4). Longitudinal p r o f i l e s  down these  channels show they a r e  
graded t o  the Bonnevi 1 le  shore l ine  along a1 1 b u t  their lowest reaches. 
Knickpoints in  the p r o f i l e s  due t o  the f a l l  o f  the lake (dated a t  15 ka by 
Sco t t  and o the r s ,  1983) do not  appear t o  have migrated more than 100 m up  the  
fan channels. Holocene a l l u v i a l  fans  have been deposited where the  channels 
reach the  f loodplain of  the Weber Rfver. Thus, we conclude t h a t  most of the  
sediment derived from the footwall of  the  f a u l t  is  being ca r r i ed  beyond the  
hanging wall fan surfaces.  Distinguishing t e c t o n i c  from cl imat ic  o r  changing 
baselevel responses in  a l l u v i a l  fan systems i s  d i f f i c u l t  a t  best ( f o r  
example, Funk, 1977; Bull,  1977), b u t  the d i s sec t ion  of o lder  fans along the  
cen t ra l  sec t ion  suggests f a u l t  slip r a t e s  a r e  lower than stream downcutting 
r a t e s  . 
4.2.2.3 The southern sec t ion  of the Morqan f a u l t  

The southern sec t ion  of  the Morgan f a u l t  is mapped a t  the base of  an 
escarpment in the west-dipping Wasatch Formation over a d is tance  of 4.5 km 
from the Weber River south t o  beyond Norwood Canyon. Triangular f a c e t s  w i t h  
s lopes of 180-200 and he igh t s  of 90-120 m a r e  preserved on a one km long 
portion of this sec t ion  of the f a u l t  south of the  Weber River. We have 
mapped the  south end of  the southern sec t ion  of the f a u l t  in  the  v i c i n i t y  of  
Norwood Canyon where i t s  associa ted  bedrock escarpment is  obscured by very 
subdued lands1 ide topography ( f i g .  4.2). An east-facing escarpment i n  the  
Norwood Tuff is ine terpre ted  a s  an a n t i t h e t i c  f a u l t  forming a narrow (150 m 
wide) graben f i l l e d  w i t h  a l l u v i a l  fan deposi t s  south of the  Weber River. 

We d i d  not map the southern sec t ion  in  d e t a i l ,  b u t  note t h a t  the  a l l u v i a l  
fans f loor ing  the graben have slopes and inc ised  channels very s imi la r  t o  
those along the  cen t ra l  sec t ion .  Small f a c e t s  along the  southern sec t ion  
have 20-250 slopes and a l s o  steepen near t h e i r  bases 1 ike . those  on the  
cen t ra l  sect ion.  T h u s ,  l a t e  Quaternary displacement seems l i k e l y  on the  
southern sect ion.  However, t o t a l  Cenozoic displacement on the  southern 
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section appears to be less than on the sections to the north as discussed by 
Hopkins (1982, p.35). She suggests that a syncline, defined by the west dips 
in the Norwood Tuff in the hanging wall of the fault, formed when the Morgan 
fault became locked as extension continued. 

4.2.3 Age of Quaternary deposits adjacent to the central section of the 
Morgan fault 

The Quaternary deposits along the central section of the Morgan fault consist 
of Holocene alluvium in the major drainages, deposits of Lake Bonneville, and 
older colluvial and alluvial deposits at elevations above the Bonneville 
shoreline (fig. 4.4). Soils developed in the alluvium in the larger 
drainages (Qay on figs. 4.4 and pl. 2) and in the fans (Qayf) deposited where 
the drainages reach the floor of Morgan Valley are weakly developed without 
argillic B horizons. Comparison of these soils with the Holocene soils 
described by Shroba (1982) indicates that the alluvium is of Holocene age. 
Soils began forming on the buff-colored sands and silts between the present 
floodplain and the highest stand of Lake Bonneville in the valley following 
the fall of the lake about 14 to 15 ka. A soil developed on these deposits 
near Robeson Springs (M-2, table 4.1 and pl . 2) lacks an argil lic horizon, 
but contains substantial amounts of pedogenic carbonate. A sequence of older 
fan deposits (Qaof on figs. 4.3, 4.4, and pl. 2) derived from the mountains 
to the east are exposed above the Bonneville shoreline. These deposits are 
overlain by thin (1- to 3-m-thick) hillslope colluvium (not shown on fig. 4.4 
except south of Cedar Creek) that thickens to 7 m adjacent to the Morgan 
fault near Mahogany Canyon. Exposures and test pits (a1 l sampling local i ties 
on fig. 4.4) show thick calcium carbonate soil horizons (stages I 1  and I11 of 
Gile and others, 1966) on both the colluvial and alluvial deposits; a 1-m- 
thick petrocalcic horizon (stage IV) in fan deposits was exposed beneath 
about 3 m of colluvium near Mahogany Canyon (locality 1, fig. 4.4). Thus, 
based on comparisons with similar soils developed in similar deposits 
elsewhere in the region (Machette, 1985a), many of these alluvial and 
colluvial sediments are probably of middle Quaternary age (125 to 730 ka). 
However, the differing degree of carbonate development in units of similar 
lithology, unconformities between most alluvial and overlying colluvial 
units, and uncertainty in correlating individual alluvial units between 
isolated exposures suggests units deposited during a number of episodes 
during the Pleistocene may be present. 

We used three relative dating methods to attempt to more accurately estimate 
the ages of the older colluvial and alluvial sediments along the central 
section of the Morgan fault -- two measures of the degree of soil development 
and amino-acid ratios measured on fossil gastropod shells in the deposits. 

Soil development indices (Harden and Taylor, 1983) provide an objective way 
of comparing the degree of soil development on deposits of unknown age with 
the degree of soil development on deposits of similar lithology in areas 
where numerical ages are available (Birkeland, 1984a). Several cal i brated 
(independently dated) soil profiles are available from Morgan Valley 
(discussed in sec. 3.4): 1) soil M-6 which overlies a peat dated at 8.3 ka 
and 9.1 ka in a trench near Robeson Springs (table 4.1 and pl. 2), 2) soils 
(M-2, table 4.1; W-9, W-18, fig. 4.2) on both fine and coarse materials 
younger than the Bonneville shoreline (14-15 ka), and profile W-16 with a 
reversely-magnetized B horizon that shows it to be >730 ka (fig. 4.2). 
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2Bh 44 52 rL lwim 7.5 YR V 2  20 10 0 32 48 20 0.4 47.9 
2Bk 52 88 a1 lwim 7.5 YR 8 / f  20 10 0 38 43 19 0.4 46.6 
3CB M 138 a1 Lwim 7 .5YR7 /4  40 1 0 31 48 21 0.2 41.6 
LC 138 149+ 81 Lwim 7 .5YR7 /4  5 0 0 34 48 18 0.2 46.0 

!-6 Ap 0 16 slopeuash c o l l w i r n  7.5 YR 4/2 5 0 0 31 % 13 9.8 10.7 
A 16 37 col Lwiu 7.5 Y 4 3  5 0 0 28 55 17 3.4 19.8 
Bt 37 69 col lwirn 7.5 YR 5 A  5 0 0 50 55 14 2.2 25.0 
clr 69 98 COL Lwiu 7.5 YR 713 5 o o n 57 10 1.4 12.4 

2c1 98 135 COL Lwiu 10 YR 7~ 10 o o a 49 23 0.9 36.4 
2 U  135 175+ eol lw iun 10 YR 7/3 5 2 0 23 50 27 1.0 11.6 -.--------------------.--------------------------------------------.----------------.-------------------------*----- 

loriron naomclature of Guthrie ad Ui t t y  (19112) ad Birkelmd (1984) except that nmster K horizon i s  not used. 
~ e r t i c l e  size distr ibut ion of *2 n fraction using sieve-pipette methods ( for example, Carver, 1971) and a redigraph 
:or s a  s i l t - c lay  freet iom u i th  pr ior removal of carbonates and organic m t t e r  using r thods  of Jackson (1956). 
wccnt  organic matter by rrthod of Ualklsy a d  Black (1934). 
Percent carbonate by method of Allison and Moodie (1965, p. 1387). 



Unfortunately, the  va r i ab le  b u t  high carbonate content  of the s o i l s  described 
on a l l u v i a l  and co l luv ia l  deposi t s  along the c e n t r a l  sec t ion  of the  Morgan 
f a u l t  ( t a b l e  4.1, f i g .  4.4) makes the  indices  of  Harden and Taylor (1983) 
( t a b l e  4.1) l e s s  useful in  es t imat ing  the age of  these  s o i l s  than the ages of 
many of the s o i l s  elsewhere i n  the Wasatch Range (sec. 3.4). 

Rates of t o t a l  pedogenic carbonate accumulation i n  s o i l s  is another method 
t h a t  has proven useful i n  est imating the age of s o i l s  i n  a number of  areas  in 
the  a r i d  and semi-arid western United S t a t e s  (Machette, 1985a). Age 
es t imates  based on t o t a l  carbonate values cannot be r e l i e d  on f o r  s o i l s  
s i g n i f i c a n t l y  younger than the las t  i n t e r g l a c i a l  (125 ka) (unless  many 
independent age es t imates  f o r  s i m i l a r  s o i l s  i n  the region a r e  a v a i l a b l e )  
because of  the  probable major changes i n  carbonate accumulation r a t e s  over 
this period. However, over longer time spans, mul t ip le  cycles of cl imate 
change tend t o  a t t enua te  accumulation r a t e  changes and this results in  
r e l a t i v e l y  more accura te  age es t imates  f o r  o l d e r  s o i l s  (Machette, 1985b; 
Colman and others ,  i n  press) .  

Using the methods of Machette (1985a) amounts of  carbonate i n  g/cm2 i n  the 
t o t a l  p r o f i l e  were ca lcula ted  f o r  the Morgan s o i l s  and compared w i t h  values 
f o r  carbonate-rich s o i l s  i n  the  northern Wasatch Range w i t h  some independent 
age cont ro l .  Lates t  Pleistocene-Holocene (0 t o  15 ka ) carbonate accumulation 
r a t e s  a s  high a s  1 g/cmz/kyr were calcula ted  (sec. 3.0) using two s o i l s  (M-2 
and M-6, t a b l e  4.1) i n  Morgan Valley and one s o i l  i n  Heber Valley (about 65 
km t o  the south). However, groundwater may have added carbonate t o  s o i l  M-2 
and primary carbonate values a r e  d i f f i c u l t  t o  es t imate  f o r  a1 1 s o i l s .  The 
longer-term (0-150 ka) r a t e  is 0.5 g/cmz/kyr (again based on only 3 s o i l s  
along the  Weber River) is roughly hal f  the l a t e s t  Pleistocene-Holocene ra t e .  
Based on t h e i r  locat ions  e a s t  of the c r e s t  of  the Wasatch Range, i t  i s  
unl i kel y t h a t  l a t e s t  P le i  stocene-Hol ocene carbonate accumulation r a t e s  f o r  
the  back val ley  s o i l s  a r e  higher than the 0.5 g/cmz/kyr ca lcula ted  by Scot t  
and o the r s  (1982) f o r  s o i l s  of s imi la r  age near  S a l t  Lake City. Based on 
r a t e s  of about 0.15 g/cmZ/kyr f o r  Fisher Valley (Colman and o the r s ,  in  
p ress ) ,  0.14 g/cmZ/kyr f o r  the  Beaver area  (Machette, 1985b), and maximum 
r a t e s  of 0.14-0.26 g/cmz/kyr f o r  Spanish Valley (Harden and others ,  1985) 
elsewhere in  Utah, middle and l a t e  Quaternary r a t e s  i n  the eas te rn  Wasatch 
Range may well have been c0.2 g/cmz/kyr. We use 0.5 g/cmz/kyr a s  a maximum 
r a t e  t o  est imate minimum ages of 70 t o  100 ka f o r  s o i l s  M-3, M-4, and M-5 
( t a b l e  4.1). These ca lcu la t ions  suggest s o i l s  on the a l l u v i a l  fans ( u n i t  
Qaof on f i g .  4.4) a r e  c e r t a i n l y  >50 ka and probably of  pre- las t  i n t e r g l a c i a l  
age (>I25 ka). Because the fans a r e  being eroded even f i n i t e  s o i l  ages would 
be minimum ages f o r  the fan sediments. 

Amino-acid r a t i o s  derived from the  analys is  of the organic matrix within 
carbonate f o s s i l s  have proven useful in  the r e l a t i v e  da t ing  and cor re la t ion  
of a va r i e ty  of Quaternary s t r a t i g r a p h i c  u n i t s  worldwide (Wehmil l e r ,  1982). 
T h i s  methodology, termed aminostratigraphy by M i  1 l e r  and Hare (1980), is 
val id  w i t h i n  a region a s  long a s  a l l  samples have had very s imi la r  
temperature h i s t o r i e s  and i f  the  amino ac ids  i n  the  species analyzed racemize 
a t  about the  same r a t e  (Williams and Smith, 1977). Although most s tud ies  
have used marine mollusks (Wehmil l e r ,  1982), recent  work ind ica tes  amino acid 
r a t i o s  from non-marine gastropods a r e  useful f o r  r e l a t i v e  dat ing (Mil ler  and 
o the r s ,  1982; Sco t t  and o the r s ,  1983; Nelson and o the r s ,  1984; Clark and 
o the r s ,  1986). The Paleozoic carbonates and a1 luv ia l  fan surfaces  w i t h  



carbonate-rich s o i l s  along the cen t ra l  sect ion o f  the Morgan f a u l t  provide a 
favorable environment f o r  1 ime-loving t e r r e s t r i a l  gastropods. The large 
t e r r e s t r i a l  gastropod Oreohelix c f .  s t r iqosa i s  abundant i n  the surface 
l i t t e r  along the t race o f  the f a u l t  and fragments and whole she l l s  o f  t h i s  
species were found i n  the o lder  a l l u v i a l  fan sediments (Qaof)  and over ly ing 
col luvium (Qc) a t  fou r  s i t e s  ( f i g .  4.4 and t ab le  4.2). Ratios o f  D- 
a1lo isoleucine t o  L-isoleucine i n  these samples i n  the a l luv ium are >0.4 
whi le  those i n  the c o l l u v i a l  u n i t s  range from 0.20 t o  0.57, suggesting the 
she l l s  are o f  several ages. 

Accurate numerical-age estimates are d i f f i c u l t  t o  obta in  from amfno-acid 
r a t i os .  These estimates requ i re  accurate k i n e t i c  models o f  amino-acid 
racemization i n  the mollusk genera of i n t e r e s t  along w i t h  estimates o f  the 
temperature h i s t o r i es  o f  the f o s s i l  samples. A + l o  uncer ta in ty  i n  the 
e f f e c t i v e  diagenetic temperature (EDT) ( in tegra tzd  chemical e f f e c t  o f  the 
sample's temperature h i s t o r y )  r e s u l t s  i n  a 20% uncer ta in ty  i n  the age 
estimate and we have no way o f  est imat ing the uncer ta in ty  i n  our EDTs. The 
diagenetic models we used were developed using d i f f e ren t  genera ( t ab le  4.2) , 
but the models f o r  many genera d i f f e r  l i t t l e  and a t  the present t ime there i s  
no reason t o  th ink  these models do no t  apply t o  Oreohelix she l l s  i n  Morgan 
Val ley. 

We used two k i n e t i c  models t o  ca lcu la te  ages (minimum ages) f o r  the samples 
( t ab le  4.2). The l i n e a r  model assumes a constant r a t e  f o r  the isoleucfne 
racemization react ion i n  shel ls ,  but  i t  probably on ly  appl ies t o  our younger 
samples because the react ion r a t e  has been shown t o  decrease markedly i n  
o lder  samples (Wehmil l e r ,  1982). One o f  several possib le non-1 inear  models 
suggests much greater ages f o r  the o lder  samples. A few o f  the samples which 
were co l lec ted  (2 m below the surface may have been af fec ted by seasonal 
temperature changes (which would increase t h e i r  apparent age), but  because 
the a l l u v i a l  fan sediments are being eroded most samples must have been 
bur ied more deeply dur ing most of t h e i r  b u r i a l  h is tory .  If the shallower 
samples were <2 m deep f o r  t h e i r  e n t i r e  b u r i a l  h is tory ,  the maximum possible 
surface heating effect would reduce our ca lcu la ted ages by about h a l f  ( f o r  
example, Wehmi 1 l e r ,  1977). Because o f  the 1 arge uncer ta in t ies  i n  sample 
temperature h i s t o r i es  and appropriate k i n e t i c  models only the linear-model 
age estimates ( t ab le  4.2) are used, which provide on ly  minimum age estimates. 
However, enough i s  known about EDTs i n  the region and the react ion r a t e  i n  
gastropods t o  suggest t h a t  the samples from the col luvium w i t h  r a t i o s  o f  0.20 
and 0.27 are < 400 ka and 6 0 0  ka respect ively.  

Thus, based on 6 samples ( t a b l e  4.2), the o lder  a l l u v i a l  fan deposits are 
>400 ka. The c o l l u v i a l  deposits o v e r l i e  these o lder  fan deposits a t  a l l  the 
sampling s i tes .  The lowest r a t i o  obtained from colluvium, i n  the trench near 
Mahogany Canyon, suggests an age o f  >ZOO ka. Hfgher r a t i o s  from other  
c o l l u v i a l  un i t s  ind ica te  t h a t  e i t h e r  these u n i t s  are o lder  o r  t ha t  she l l s  i n  
the slope col luvium are reworked from the o lder  fan deposits. The minimum 
age estimates from the s o i l  carbonate data are consistent  w i t h  these age 
estimates from amino-acid ra t ios .  

4.2.4 Trench invest jgat ions o f  Quaternary f a u l t i n q  on the cen t ra l  sect ion o f  
the Morqan f a u l t  

The Morgan f a u l t  i s  exposed a t  the base o f  the escarpment i n  2-m-high 



Table 4.2 0-al loisol .ucine/L- Irol .utfn r a t l o r  in  the to ta l  Cfm + peptide-bovd) n i n o  wid f r u t f o n  and 
calculatrd age8 f o r  Oreohelix cf. s t r igora  f ran  a l l w i a l  and c o l l w i a l  crdlamtr along the 
Morgan fault, Morm Valley, Utah ---------- ............................................................................................................ 

Depth .-..---------- Mini- age e s t i m t w  (La)-------- 

INSTMR Lab No. k l o u  NO. o f  Wen Total L l n a r  k i n t f c  d l #  Non-linear nmdel- Location on 
CUniv. of Colo.) wr face 8 n p l e  a I l e / l l e  ra t lo*  Holocene EDtw -----Purterrrrry EDTM------- f ig .  6.2, p l .  2 

(a) prcprrationr S i te  Unit 
~ ~ 

Modem surface f l oa t  (MAT m 7.2-7.70C) 

North W r g M  Spring8 (EDT 7.5-8.W)" 
DAN-190 a 3 0.619.05 174-189 W-m 1511-1660 4 Qaof 

t ravel  p i t  (EDT = 7.4-7.90C)~ 

DAN-207 2.3 3 0.27+0.06 71 -TI 317-289 
DAN-209 0.7 3 0.35+0.06 95-105 422-386 
DAN-189 3 2 0.419.06 113-123 556-503 
DAN - 208 5.5 3 0.43+0.W 119-129 48S-m 

2 Qc 
2 QC 

2 Oaof 
3 Qaof 

DAN- 198 ~1.6  3 0.30*O.W 82-90 337-369 1 PC 

DAW-l93,1%,1% *2 8 0.4*0.06 142- t55 582-637 861-942 1 0aof 
197,199 

Trench M-6, Hahogony Canyon CEDT = 7.2-7.7oC)" 
T r m h  rnit 

DAN-206 4a 1.7 3 0.20+0.01 52-57 214-231 1 &a 
DAN-201 2 5.0 3 0.35+0.05 98-107 400-438 1 2 
DAN-200 2 5.1 3 0.57+0.03 169- 184 691-757 1350- 1478 1 2 
DAN-203 2 6.0 3 0.40+0.05 113-123 463-508 1 2 
DAN-204 1 4.8 3 0.44+0.03 126-137 515-564 1 1 
DAN-205 1 5.8 3 0.46+0.03 132- 144 542-593 1 1 677- 740 

I------------------------------.------------------------.-----.--.--------.--------.---------.---.-------------------- 
* Alte/ILe r a t i o  (peak area) measured using methods of Mi l le r  d Hare (1980). Mean ra t ios  include one standard 

deviation. Extraneous values rejected using methods of Dixon (1965). 
# Age calculated using a l inear k i ne t i c  model of isoleucine rwan iza t ion  (qua t i on  18 i n  Uill icnrs a d  Smith (19TI) w i t  

k' = 0, a rnodcrn r a t i o  of 0.025 fo r  Oreohelix (Nelson, up&. data), Arrhenius prameters determined fo r  Vallonia 
by Nelson and others (19861, d values of constants i n  Arrheniur cqustion (no. 9 in Uil l iams a d  Smith, 19TI). 
' ~ g e  calculated using a non-linear madel (e.9. Uehmiller, 1982) wi th the $me relationships as for  the l inear model 

except that the reaction ra te  i s  assumed t o  decrease t o  1/5 the i n i t i a l  ra te  for samples with aILe/I le rat ios .0.4. 
** Age calculated using an EDT (mean ef fect ive diagenetic tanpcrature)(YehmiIler, 1 9 7 )  for  the Holocene estimated 

using instrunmtal  mean emu01 tcnperaturcs i n  the region (NOM, 19811, l im i ted  s o i l  tapcra ture  data (Conrad, 1965) 
and upb. data of Lac1 Harvey, So i l  Conservation Service, Coalvi l le, UT), a d  data of Mi l le r  Md others (1982). 

#U Age calculated using an EDT f o r  the l a te  Q u a t e m r y  i n  t h i s  region o f  8 C Less than 
present man annual tmpcrature (Nelson and others, 1984; Uehmi l l e r  a d  Belknap, 1982). Age range 
calculated using +/-0.25oC range i n  estimated EDT. 



exposures a t  Robeson Springs (p l .  2) as a planar, N70W s t r i k i ng ,  650 west- 
d ipping sheared contact between Paleozoic carbonates and l i g h t  brown, s i l t y  
colluvium. Sheared and a l t e red  dolomite i s  exposed f o r  a distance o f  about 
15 m t o  the east i n  the foo twa l l  o f  the f a u l t ,  but  no other shears are 
evident i n  the c o l l u v i a l  deposits i n  the exposure t h a t  extends about 25 m 
west o f  the f au l t .  This exposure and add i t i ona l  exposures a t  North Morgan 
Springs ( p l  . 2) showed t h a t  unconsol idated deposits, exposed above the 
Bonnevi l le shoreline, were displaced by a s i ng le  t race o f  the Morgan f a u l t  a t  
the base o f  the t r i angu la r  facets on the escarpment. 

The Robeson Springs trench s i t e  i s  located a t  the southern end o f  the cent ra l  
sect ion o f  the Morgan f a u l t ,  about 150 m south o f  Robeson Springs (p l .  2 ) .  
The l i n e a r  t race o f  the foo twa l l  escarpment ends a t  a small, east-trending 
ephemeral drainage south o f  the trench s i t e .  South o f  t h i s  drainage red 
sandstone and conglomerate o f  the Wasatch Formation are exposed dipping 400 
t o  the west and extending across the p ro jec t ion  o f  the cent ra l  sect ion o f  the 
f au l t .  Pro jec t ion o f  the southern sect ion o f  the f a u l t  nor th  across the 
Weber River ind icates t h a t  the Morgan f a u l t  steps westward about 200 m 
between the southern and cen t ra l  sections ( f i g .  4.4 and p l .  1). 

A t  the Robeson Springs s i t e  f ou r  trenches were excavated a t  o r  near the break- 
in-slope a t  the base o f  the foo twa l l  escarpment o f  the Morgan f a u l t  (p l .  2). 
The trench logs, a s i t e  map, u n i t  descr ip t ions and a discussion o f  the bases 
fo r  u n i t  cor re la t ions are included on p l a te  2. Two o f  these trenches (M2U 
and M4) exposed the main t race o f  the Morgan f a u l t .  Another normal f a u l t  
t rending northwest between the cen t ra l  and southern sections o f  the Morgan 
f a u l t  i s  exposed i n  trenches MZU, MI ,  and M3. The Devonian and Cambrian 
dolomite which forms the escarpment i s  exposed i n  a l l  the trenches. To the 
east i t i s  over la in  by Devonian and Mississippian sedimentary rocks t h a t  
general ly  d i p  t o  the west, but  t h a t  have been complexly folded and fau l ted  
(Mullens and Laraway, 1973). I n  trenches (M2U and M4) c o l l u v i a l  deposits 
ove r l i e  the dolomite i n  the hanging wal l  o f  the f a u l t ,  but  i n  the exposures 
a t  North Morgan Springs the c o l l u v i a l  deposits o v e r l i e  o lder  a l l u v i a l  fan 
deposits t h a t  are cor re la ted w i t h  s i m i l a r  deposits exposed a t  four  locat ions 
nor th  of the Robeson Springs s i t e  (sec. 4.2.3, f i g .  4.4, and p l .  2 ) .  

4.2.4.1 Strat iqraphy i n  Trench M4 

I n  t rench M4 the Morgan f a u l t  i s  c l e a r l y  expressed as a zone of sheared 
dolomite and f a u l t  ouge from w i t h i n  a meter of the ground surface t o  the 
base o f  the trench 9 p l .  2 ) .  The f a u l t  zone juxtaposes c o l l u v i a l  deposits and 
bedrock along a N7W s t r i k i ng ,  500 west-dipping planar contact. The east 
boundary o f  the f a u l t  zone i s  an abrupt planar shear separating f rac tured 
bedrock ( u n i t  1)  from rock f l o u r  ( u n i t  l b )  which i s  in terpreted t o  be a fine- 
grained f a u l t  breccia derived from the bedrock. Near the base o f  the trench 
a p l a s t i c  c lay  gouge ( u n i t  l c )  forms pa r t  o f  the f a u l t  zone. 

On the west margin o f  the f a u l t  zone a 4-m-thick sequence o f  c o l l u v i a l  
deposits have been displaced by the f a u l t  ( p l .  2, u n i t s  3, 6, 7a, and 7b). 
The co l  l u v i a l  deposits are a1 1 o f  s i m i l a r  1 i thology--clayey s i  1 t s  w i t h  
var iab le  but  small (<15%) amounts o f  dispersed, angular pebbles o f  dolomite. 
Using s l i g h t  d i f ferences i n  co lor ,  c l ay  content, carbonate content and 
indurat ion,  three main c o l l u v i a l  u n i t s  ( u n i t  3, u n i t  6, and u n i t  7 )  have been 
mapped and separate fac ies  w i t h i n  each u n i t  (small l e t t e r s )  have been 



i den t i f i ed .  Un i t  3 i s  massive, well-indurated, and contains upper and lower 
zones o f  pedogenic carbonate (stage 11). Un i t  6 i s  s i l t i e r ,  lacks carbonate, 
and i s  loose and unconsolidated. The modern s o i l  i s  developed i n  u n i t  7, 
inc lud ing a the cambic B-horizon w i t h  weak stage I 1  carbonate i n  some par ts  
( u n i t  7a). 

Discrete, downslope-thinning, c o l l u v i a l  wedges t h a t  are derived from erosion 
o f  the f ree  face o f  a f a u l t  scarp are t y p i c a l l y  found adjacent t o  f a u l t s  w i th  
scarps more than a meter h igh i n  unconsolidated deposits. The s t ra t igraphy 
and thickness o f  these c o l l u v i a l  wedges have been used t o  estimate the s ize 
o f  the ind iv idua l  surface displacements on f a u l t s  ( f o r  example, Schwartz and 
Coppersmith, 1984). Near the f l o o r  o f  trench M4, two 0.1-m-thick, 0.5- t o  
0.8-m-long f ingers of f a u l t  breccia ( u n i t  l b )  are interbedded w i th  c o l l u v i a l  
u n i t  3c (p l .  2). This interbedding o f  f a u l t  breccia and col luvium appears t o  
have resu l ted from the erosion o f  f a u l t  breccia from the f r ee  face o f  a scarp 
t ha t  was formed during two separate surface displacements on the f au l t .  The 
col luvium between these f ingers  o f  f a u l t  breccia i s  0.4 m th ick ,  and 0.5 m o f  
col luvium i s  preserved between the lower f i nge r  and the underlying bedrock. 
These thicknesses provide minimum estimates o f  the height  o f  the scarp and 
the v e r t i c a l  displacement t ha t  produced it. 

The lack o f  d iscre te  horizons w i t h i n  u n i t  3a suggests t ha t  i t  d i d  not  
accumulate as a succession o f  scarp-derived c o l l u v i a l  wedges. Un i t  3a 
consists o f  2 m o f  massive pebbly, clayey s i l t  deposited by surface wash aand 
creep from above the trench s i te .  The uniform thickness o f  f au l t  breccia 
preserved adjacent t o  t h i s  u n i t  along a planar 500 west-dipping contact 
ind icates t ha t  u n i t  3a has been fau l ted  i n t o  i t s  present posit ion. We 
i n t e r p r e t  t h i s  u n i t  t o  cons is t  o f  mul t ip le ,  ind is t ingu ishable  c o l l u v i a l  un i t s  
t ha t  have been downdropped along the f a u l t  dur ing successive small surface 
displacements and subsequently bur ied by cont inuing deposit ion from the 
escarpment above the fau l t .  These c o l l u v i a l  u n i t s  i n f e r red  t o  comprise u n i t  
3 are l i t h o l o g i c a l l y  iden t i ca l ;  unconformit ies between them or any 
di f ferences i n  s o i l  development from one u n i t  t o  another have apparently been 
masked by carbonate accumulation. Based on the depth o f  carbonate i n  the 
modern s o i l  ( u n i t  7a) the pedogenic carbonate zones o f  u n i t  3 probably 
developed 1 t o  2 m below the ground surface. The lack o f  interbedding w i t h i n  
u n i t  3 (other than a t  the f l o o r  o f  the trench where f ingers  o f  f a u l t  breccia 
d iv ide  port ions o f  u n i t  3c) ind icates t ha t  the displacements d i d  not  expose 
the f a u l t  breccia i n  the scarp f ree  face. This indicates t ha t  the ind iv idua l  
surface displacements were not  s i g n i f i c a n t l y  greater than the present 
thickness o f  slope col luvium ( u n i t  7c), about 0.5 m, on the footwal l  o f  the 
f au l t .  Thus, the displacements were probably about the s ize o f  the minimum 
displacements i n f e r red  from the thickness o f  col luvium preserved below the 
f ingers o f  f a u l t  breccia near the f l o o r  o f  the trench. 

The t o t a l  displacement since the deposit ion o f  u n i t  3c has been estimated by 
pro jec t ing the base o f  the u n i t  3 t o  the footwal l  o f  the f a u l t  using the same 
slope as the ground surface (p l .  2). The measured v e r t i c a l  displacement 
between the bedrock surface and the top o f  u n i t  3 i s  about 4.0 m. 

I n  the upper por t ion  o f  trench M4 the apparent displacement o f  the base o f  
u n i t  6a records the most recent displacement event on the f a u l t  a t  t h i s  
l o c a l i t y .  Un i t  6b i s  a s l i g h t l y  pebbl ier  upslope fac ies  o f  u n i t  6a, a key 
s t ra t ig raph ic  u n i t  which i s  present i n  a l l  o f  the trenches a t  the s i t e  and 



which over l i es  a dated peat deposit  i n  trenches M2 and M3 (discussed below). 
The amount o f  t h i s  displacement has been estimated by p ro jec t ing  the base o f  
u n i t  6a t o  the footwal l  o f  the f a u l t  using the same slope as t ha t  o f  the 
present ground surface (p l .  2). The measured v e r t i c a l  displacement between 
the bedrock surface and the base o f  u n i t  6a i s  about 1.0 m. The f a u l t  plane 
on which t h i s  displacement occurred i s  preserved i n  u n i t  2, a l i g h t e r  
colored, we1 1-indurated, pocket o f  co l  luvium, as a carbonate-impregnated 
plane d ipp ing 500 t o  the west. 

Estimated displacements o f  0.5 t o  1 m per event are small compared w i t h  those 
estimated f o r  o ther  Quaternary f a u l t s  i n  Utah ( f o r  example, Schwartz and 
Coppersmith, 1984; Nelson and Van Arsdale, 1986; sec. 4.3). These small 
displacements and empir ical  re la t ionsh ips  ( f o r  example, Boni l  l a  and others, 
1984) between earthquake magnitude and the amount o f  surface displacement 
suggest paleoearthquake magnitudes o f  6 1/2 t o  7 f o r  the Morgan f au l t .  
S im i la r  re la t ionsh ips between earthquake magnitude and f a u l t  rupture length 
a lso suggest paleoearthquake magnitudes o f  6 1/2 t o  7 f o r  the 16-km-long 
Morgan f au l t .  

The preservat ion o f  u n i t  3b d i r e c t l y  above the main f a u l t  appears t o  be 
re l a ted  t o  an e a r l i e r  displacement. A near-ver t ica l  carbonate-fi l l e d  shear 
extends from the base o f  u n i t  3b t o  the f l o o r  o f  the trench i n  the bedrock 
east o f  the main f a u l t  and s t r i k e s  N8E across the trench. Un i t  7a and i t s  
more pebbly upslope facies, u n i t  7b, are in te rp re ted  t o  be parts o f  a horizon 
o f  slope col1uvium downdropped t o  i t s  present pos i t i on  by the most recent 
displacement event on the main f a u l t  zone. U n i t  6b t h i ns  upslope t o  i t s  
contact w i t h  u n i t  2 i n  the hanging wa l l  o f  the f a u l t  and i t i s  not  c l ea r  i f  
i t ever extended across the f a u l t .  The predominance o f  s i l t  and the lack o f  
indurat ion i n  u n i t  6 suggest t h a t  i t  consists p r i n c i p a l l y  o f  loess ( o r  loess 
redeposited by surface wash) r a the r  than slope co l  luvium eroded from the 
escarpment. It i s  the on ly  c o l l u v i a l  u n i t  i n  t h i s  and other trenches t h a t  
thickens downslope suggesting t h a t  i t  was deposited on ly  on the lower parts 
o f  the slope and may not  have extended across the f a u l t  zone. 

4.2.4.2 Strat iqraphy i n  Trench M2U 

I n  t rench M2U the Morgan f a u l t  i s  manifested as a near v e r t i c a l  step i n  the 
bedrock surface s t r i k i n g  N7W across the upper p a r t  o f  the trench t h a t  i s  on 
the p ro jec t ion  o f  the f a u l t  exposed i n  trench M4 (p l .  2). However, no planar 
f a u l t  contact  i s  evident along the i r r e g u l a r  contact  b e t ~ e e n  the bedrock and 
colluvium, o r  w i t h i n  the bedrock a t  the base o f  the trench. A gradational 
contact  between r e l a t i v e l y  hard bedrock and the f a u l t  breccia below the 
v e r t i c a l  step i s  in te rp re ted  as the f a u l t  zone i n  t h i s  trench. 

Both the bedrock and the c o l l u v i a l  u n i t s  are cor re la ted w i th  those i n  M4. 
The upper slopewash (Uni ts 7a and 7c) i s  about 1.5 m t h i c k  and extends 
undisplaced across the f a u l t .  A middle u n i t  o f  loose s i l t  ( u n i t  6)  pinches 
out about a meter downslope of the f au l t .  The sequence o f  o lde r  c o l l u v i u l  
deposits ( u n i t  3)  over ly ing the bedrock on a 210 west-dipping contact i n  the 
hanging wal l  of the f a u l t  has the same l i t h o l o g y  and s t ra t ig raph ic  pos i t i on  
as co r re l a t i ve  deposits i n  trench M4. 

Although there i s  no c l ea r  evidence o f  shearing i n  the c o l l u v i a l  deposits 
i n  t h i s  trench, we i n f e r  t h a t  the preservation of u n i t  3 r esu l t s  i t s  



downdropping along the Morgan f a u l t .  The base of u n i t  3 is  estimated t o  have 
been displaced about 3.5 m (p l .  2) .  Although the contac ts  a r e  masked by 
carbonate the  upper, 0.2 m t h i c k  port ion of u n i t  3a appears t o  extend 
undisplaced across the  bedrock s tep .  Unit 7a is displaced i n  M4, b u t  no 
displacement of  this u n i t  i s  d iscernable  in  this trench although the  contac t  
between u n i t s  3a and 7a a r e  d i f f i c u l t  t o  d i s t ingu i sh  between s t a t i o n s  22 and 
24 where evidence of the  most recent  displacement would be preserved. Two, 
0.2 m t h i c k  col luvia l  horizons preserved a t  the base of  u n i t  3 may record 
evidence of  small,  individual  surface  displacement events. 

This t rench o r i g i n a l l y  was 31 m long, reaching a maximum depth of 3.5 m ,  b u t  
the cen t ra l  portion of this excavation, between s t a t i o n s  6.5 and 14 was not 
logged i n  d e t a i l  because i t  was backf i l led  immediately in  an attempt t o  
r e t a r d  the rapid inflow of groundwater. P r i o r  t o  backf i l l ing  the cen t ra l  
port ion of M2 we observed t h a t  both the  upper u n i t s  7 and 6 and the  bedrock 
a r e  continuous between the upper (M2U) and lower (M2L) port ions of the  trench 
shown on p l a t e  2. 

4.2.4.3 St ra t iqraphy i n  Trench M 1  

Trench MI, located about 8 m south of t rench M2, exposes a planar,  southwest- 
dipping contac t  between bedrock and colluvium, in te rp re ted  t o  be a f a u l t ,  
t h a t  strikes N65W and appears t o  terminate the north-trending f a u l t  exposed 
i n  t rench M2U and M4. In the trench,  p a r t i c u l a r l y  on the north face ,  the 
contac t  has two d i s t i n c t  segments: a lower, p lanar  f a u l t  contac t  dipping 700 
t o  the southwest t h a t  is highlighted by a seam of red clayey s i l t  ( u n i t  8)  
varying from 1 t o  200 mm i n  thickness;  and an upper i r r e g u l a r  contac t  t h a t  
appears t o  be unfaulted. Along both i ts  upper and lower segments this 
contac t  juxtaposes massive, brown si 1 t y  col luvium and bedrock. The bedrock 
( u n i t  l a )  is the same i n  M2 and M4 w i t h  loca l  zones of  yellow and green 
a l t e r a t i o n  and carbonate impregnated, s t eep ly  dipping f r a c t u r e s  s t r i k i n g  N65W 
across  the  trench. 

The upper segment of this contac t  juxtaposes massive l i g h t  brown s i l t y  
colluvium and bedrock. Based on the  color  and weak indurat ion of the  matrix 
and pebble l i t h o l o g i e s  this colluvium is cor re la t ed  w i t h  u n i t  6 i n  trench M4. 
The contac t  w i t h  an apparent d i p  of about 600 on the south wall of the  trench 
and an apparent d ip  of  350 on the north wall of  the  trench. We i n t e r p r e t  
this di f ference  t o  r e f l e c t  local  va r i a t ion  i n  the strike of the contac t  
across  the trench and i n t e r p r e t  this a s  ind ica t ing  t h a t  this upper port ion i s  
an erosional  contact.  This i n t e r p r e t a t i o n  i s  a l s o  supported by the  
i r r e g u l a r i t i e s  i n  the  contac t  and the  t runcat ion  of a N650W s t r i k i n g  50 - 700 
dipping shear  f a b r i c  i n  the  bedrock. 

Based on i t s  s i m i l a r i t y  t o  the  f a u l t  contac t  i n  t rench M4, the N650W-striking 
700 southwest-dipping contac t  between bedrock and colluvium in  the  lower 
portion of the  trench is in te rp re ted  a s  a f a u l t  contact .  A t h in  zone of red 
clayey s i l t  i s  smeared along this f a u l t  contac t  on both faces of the trench 
and on the  south face i t  extends i n t o  the upper  port ion of the  contact .  
While i t s  presence along the  f a u l t  contac t  suggests  t h a t  i t  may be f a u l t  
gouge, i t s  l i thology ind ica tes  i t  is not derived from e i t h e r  the  bedrock o r  
the colluvium. Based on i ts  occurrence i n  t renches M2L and bt3 discussed 
below we have concluded t h a t  this is sediment derived from the  underlying 
Wasatch formation t h a t  has been deposited along the  f a u l t  plane by 



groundwater upwell ing. 

The colluvium adjacent  t o  the  f a u l t  contac t  i n  t h e  lower port ion of  this 
trench ( u n i t  4?) includes pebble l i t h o l o g i e s  d i s t i n c t  from co l luv ia l  u n i t  3a 
t h a t  under l ies  unf t 6a i n  t renches M2U and M4. The upper contac t  w i t h  u n i t  
6a is c l e a r l y  defined between s t a t i o n s  13 and 15 on the  south face  of the  
trench. Based on matrix c o l o r  fn  t h i s  a rea ,  pebble l f t h o l o g i e s ,  and 
c o r r e l a t i o n  w i t h  u n i t s  underlyi ng u n i t  6a i n  M3 and MZL, t he  basal col luvium 
i n  the trench i s  in te rp re ted  t o  be u n i t  4, c o r r e l a t f v e  w i t h  u n i t s  described 
i n  M3 and M2L. The upper contac t  o f  this unf t  is in fe r red  t o  meet t h e  
bedrock contac t  a t  the segment break about l eve l  7.5. 

Overlying both the bedrock and the co l luv i  um is a 0.3 m th ick ,  undisplaced, 
gravel ly ,  s i l t y  slopewash ( u n f t  7c) ,  s i m i l a r  t o  i t s  c o r r e l a t f v e  i n  t rench M4 
w i t h  a weakly developed s o i l  proff le (MV-1) again suggestfng a Holocene age 
f o r  this uni t .  

4.2.4.4 St ra t iqraphy i n  Trench M2L 

In trench M2L a N550W, 600 southwest-dipping con tac t  between bedrock and 
colluvium occurs on the projec t ion  of the the N65W s t r i k i n g  f a u l t  contac t  in  
t rench M 1 .  This contac t  juxtaposes bedrock ( u n i t s  l a  and I d )  and a d i s t i n c t  
orange s i l t y  c l ay  ( u n i t  4c), t h a t  i s  underlain by a simi.lar,  b u t  brownish-red 
colluvium ( u n i t  4b). In t h i s  t rench the con tac t  is  not  sharp o r  p lanar  l i k e  
the f a u l t  contac ts  i n  M4 and MI, r a t h e r  i t  is i r r e g u l a r ,  and fn d e t a i l  the 
bedrock and colluvium appear t o  intertoungue. 

Bedrock in  this trench c o n s i s t s  of  a limestone o r  dolomite w i t h  d i s t i n c t i v e  
blobs of  yellowish, limey s i l t s t o n e  ( u n i t  I d )  which could be in te rp re ted  
either a s  p a r t  of  the Devonian dolomite o r  a s  the Cambrian limestone (C1 of 
Mullens and Laraway, 1973) t h a t  under l ies  u n i t  l a  along a 200 west-dipping 
contact .  A 200 west dipping, 5 cm-thick red c l a y  seam ( u n i t  8)  follows this 
s t r a t i g r a p h i c  contac t ,  across  the  f a u l t  i n t o  the co l luva i l  deposi t s  where i t  
follows the  contac t  between u n i t s  4b and 4c. Deposition of u n i t  8 post da tes  
the most recent  displacement and is in te rp re ted  t o  r e s u l t  from the 
c i r c u l a t i o n  of ground water. A small spr ing  i s  present  northwest of this 
trench on the projec t ion  of  this f a u l t  ( p l .  2).  We suggest t h a t  the  red 
f i n e s  a r e  derf ved from the reddish matrix of  the Wasatch Formation i n  the 
hanging wall of the  subs id iary  f a u l t  a t  d e p t h  (and exposed southeast  of the  
trench s i t e ) ,  c a r r i e d  up along f r a c t u r e  planes, and redeposited along 
permeable contac ts ,  including the f a u l t  con tac t  i n  this trench. 

A t  the upper end of  M2L a l-m-thick peat  deposi t  is preserved i n  a depression 
i n  the bedrock ( u n i t  l a )  underlying u n i t  6a. The cont inui ty  of  the peat and 
the coeval ,  r e l i c  A-horizons near  the base o f  u n i t  6a i n  t rench M2L e s t a b l i s h  
t h a t  t h e r e  has been no displacement of  this subs id iary  f a u l t  s ince  the  
deposi t ion of  u n i t  6. 

4.2.4.5 St ra t igraphy i n  Trench M3 

Trench M3 was excavated across  the s lope  between M 1  and M2 exposing the peat 
depos i t s  and the northwest-.trending f a u l t  i d e n t i f i e d  in M 1  and M2L ( p l .  2 ) .  
The 1.2 m th ick  peat deposi t  ( u n i t  5)  exposed i n  M2L over1 i e s  bedrock a t  the 
north end of the  trench in  the footwall of the northwest-trending f a u l t .  I t  



underlies units 6a, 6b, 7a, and 7c which extend across an intertonguing, 600 
southwest-dipping fault contact between bedrock and col luvial deposits (units 
4a and 4c). This contact is on the projection of the fault contact in b11, it 
is also interpreted as a fault contact which has been modified by groundwater 
circulation as in trench M2L. 

Colluvial horizons are exposed in the hanging wall of the fault with a 
distinctive reddish color suggesting that may have been in part derived from 
the Wasatch Formation. Despite their similar positions below unit 6, the 
predominance of siltstone and sandstone clasts in unit 4a in this trench and 
in trenches M1 and M2L distinguish this unit from unit 3 in M2U and M4. At 
the base of M3 a colluvial unit (2b) is exposed with a relic carbonate 
horizon (unit 2a) which may be the older alluvial fan deposits exposed at 
North Morgan Springs and elsewhere along the central section of the fault. 

A 200 west dippin (no a parent dip in trench wall ), discontinuous lenses of 
red, clayey silt 9 unit 8 7 follow the contact between units 6a and 4a to 
station 59.5 where they become a continuous seam that extends uninterrupted 
across the fault into the bedrock. As in trenches M2L and M1 we interpret 
this unit as being derived from underlying units and deposited by groundwater 
upwelling along the fault. 

4.2.4.6 Ages of faulted deposits at the Robeson springs trench site 

Estimates of the ages of displaced colluvial deposits at the Robeson Springs 
trench site are based on radiocarbon dates on peat interbedded with colluvial 
deposits in trenches M2L and M3, and on amino-acid ratios from snails in 
colluvial and alluvial fan deposits exposed in four other locations along the 
central segment of the Morgan fault. In trenches M2L and M3 a small (3 m by 
6 m) bog deposit of peat is exposed that underlies colluvial unit 6 and 
overlies bedrock in the hanging wall of the Morgan fault. Unit 6 is 
correlated between trench M4 and the other trenches, 32 m to the south (pl. 
2 ) ,  on the basis of similar lithology and stratigraphic and geomorphic 
position. Radiocarbon dates of 8.3 ka on peat (Beta-9244) and 9.1 ka on wood 
(Beta-9244) from this deposit indicate an early Holocene age for the bog and 
an early or middle Holocene age for the overlying colluvial unit 6. 

We infer a middle to late Pleistocene age for the older colluvial deposits 
(unit 3) in trench M4 by using their similar lithology, degree of carbonate 
development, stratigraphic position, depth, and position adjacent to the 
fault to correlate them with the sequence at Mahogony Creek for which we have 
amino-acid age estimates (table 4.2). At Mahogany Creek about 2.5 km north 
of the Robeson Springs trench site (fig. 4.4), a similar sequence of 
colluvial deposits varies in thickness from 7 m in a trench at the mountain 
front to about 1 m in a roadcut 180 m to the west. In the trench at 
Mahogany Canyon this colluvium overlies older alluvial fan deposits in which 
a petrocalcic horizon with stage IV carbonate is developed. This degree of 
pedogenic carbonate development suggests that the fan deposits are at least 
200 to 300 ka and probably >500 ka. Snails from this col luvium at depths of 
1 to 5 m, and from other sites at similar depths have estimated ages of 200 
to 400 ka or greater (discussed above, table 4.2). However, the upper parts 
of unit 3 may date from the late Pleistocene (10-125 ka), for individual. 
units can not be correlated from Mahogany Creek to Robeson Springs. 



4.2.4.7 Events i n  Trench M4 

On the basis o f  the s t r a t i g raph i c  r e l a t i ons  i n  t rench M4 and our estimates o f  
the age o f  the c o l l u v i a l  deposits we have in te rp re ted  the fo l low ing  sequence 
o f  events: 

1) During the middle and l a t e  Pleistocene u n i t s  3 and 3c were deposited as a 
ser ies  o f  0.5 t o  1.0 m t h i c k  horizons of slopewash t h a t  were downdropped and 
preserved by a ser ies o f  small displacement events comprising a t o t a l  o f  3 m 
o f  displacement on the Morgan f a u l t .  P r i o r  t o  o r  dur ing t h i s  per iod u n i t  3b 
was deposited as slopewash across the f a u l t  zone, and displaced about 1 m on 
a near v e r t i c a l  shear which resu l ted  i n  i t s  preservat ion from erosion above 
the main f a u l t  zone. 

2) Fol lowing an i n t e r v a l  o f  non-deposition o f  unknown duration, a depression 
i n  i n  the hanging wal l  o f  the f a u l t  exposed i n  t rench M2L (p l .  2)  was f i l l e d  
w i t h  bog deposits (radiocarbon dates o f  8.3 and 9.1 ka). 

3 )  Un i t  6 was deposited above u n i t  3 and the bog deposits p r i n c i p a l l y  as 
loess t h a t  may have been der ived from exposed Lake Bonnevi l le sediments i n  
the val ley.  

4) Uni ts  7a and 7b were deposited by surface wash across the f a u l t  zone. 

5 )  Uni ts  3b, 7a, and 7b were displaced about 1.0 m along the main f a u l t  zone. 

6) Modern surface wash continued t o  deposit  col luvium ( u n i t  7c) on the slope 
across the f a u l t  zone. 

Strat iqraphy i n  Trench M6 a t  the Mahogany Canyon trench s i t e  

Mapping along the cen t ra l  segment o f  the Morgan f a u l t  about 2.5 km nor th  o f  
the Robeson springs s i t e  revealed a cu t  along a p r i va te  road on the nor th  
side of Mahogany Creek ( f i gs .  4.2 and 4.4) exposing 140 southwest dipping, 
sna i l  bearing, carbonate stage I V  t o  V cemented gravels below 3 m o f  
c o l l  u v i a l  deposits. These o lder  a1 1 u v i a l  fan deposi t s  (Qaof)  have been 
inc ised about 20 m i n  t h i s  area by Mahogany Creek, which heads t o  the east i n  
the Paleozoic carbonates exposed on Durst Mountain. Three trenches were 
excavated a t  the base o f  the face t  about 180 m t o  the east o f  t h i s  exposure 
on the updip p ro jec t ion  o f  these o lder  fan gravels i n  an attempt t o  expose 
the s t ra t ig raph ic  ' re la t ionsh ips among dateable, fau l ted  c o l l u v i a l  deposits on 
the main t race o f  the Morgan f au l t .  

Trench s i t e s  were selected along the bedrock face t  nor th  of Mahogany Creek, 
where headward erosion by a small t r i b u t a r y  along the s t r i k e  o f  the t4organ 
f a u l t  has inc ised the surface o f  the o lder  fan deposits (Qaof)  projected from 
the roadcut a maximum o f  10 m ( f i g .  4.5). Trench M6 on what appeared t o  be 
the base o f  the t r i angu la r  facet, was 8 m deep and 15 m long. A l l u v i a l  and 
c o l l u v i a l  deposits were exposed i n  the trench, but  not  the Morgan f a u l t  ( f i g .  
4.6). Carbonate stage V fan gravels ( u n i t  l b ) ,  co r re l a t i ve  w i th  those 
exposed i n  the roadcut on the basis o f  s i m i l a r  D/L r a t i o s  o f  sna i l s  ( t ab le  
4.2), 1 i thologies, and s t r a t i g raph i c  pos i t ion,  were exposed i n  .the base o f  
the trench. The hor izonta l  upper surface o f  t h i s  pet roca lc ic  horizon i n  the 
trench contrasts w i t h  i t s  140 southwest d i p  i n  the roadcut and suggests loca l  
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FIGURE 4.6 LOG OF THE MAHOGANY CANYON TRENCH (M61 1 
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UNIT DESCRIPTIONS 
AI luvlal  fan deooslts (Owf on f l w r e  4.1.3) 

I.  LIght Orown (IOYR 7/6) gravelly clayey s l l t .  Un l t  com ls t s  o f  3 a  mhmgular to 
suoroundsd I lmastom ond do lomlte mob 1- and occas l o m l  cobbles In a moderate ly 
Indurated clayey s l  I t  W r l x .  Contalm local zones o f  W d l n g  dlpplng 109 eost. 

la. LIgM brown (IOYR 7/4Isondy s l l t y  gravel. U n l t  conslsts o f  6 a  -lor to 
subroundw I  masto one and do l m l t e  pew 10s and corn ~ e s  ~n a moderate ~y ~ndurateo 
clayey S l l t  mix. 

Ib. T a n  (IOYR W 2 )  gravelly s l l t .  Unl t  conslsts o f  4iZ suborrgulor ond suorourrded 
I lnmtone and dolomlte mO0les and cooblar I n  a very hard, stage U carbonate 
cemented clayey s l  I t  nwfrlx. 

2. Ye I low ( IOrR 7/61 t o  very pole brown ( 10 rR 7/4 1 I n  stage I! carbonate zone 
gravelly clayey s l l t .  Unl t  conslsts o f  var lobly mncentrated (e3a) subangular 
Ilmartone and dolomlte m b b l w  and cobbles I n  a moderately Indurated clayey s l l t .  
Contalm loco 1 r o w  of cr&e bedd lng as shown. 

20. Pebble lens. other lass d l s t l nc t  lenses mt shown. 
ab. Sane as 2 but no gravels. 
2c. Brownlsh ye1 low f IOYR 6/31 clayey s l l t .  Unlt conslsts o f  nmslve. poorly 

lndwoted c royey s l  1 t. Contmt I s  obrupt but Irregv lor .  Thls Incorpora-hxi b lock 
o f  ssd lmnt  Interrupts stoge I1 carbonate zom but hus not deformed bsddlng. 

3. Ye1 low (IOYR 7/61 gravelly s l  I t .  Unlt conslsts o f  4iZ Jubmgular and subrounded 
11mas)ons and dolornlte cobbles cad pebbles In a nvawately I W r a t d  mutrlx of clayey s l l t .  

C o l l w l m  fOc on f lour8 4.1.3) 
4. 1 fght brown ( IOYR 5/4 clayey s f  I t .  Unl t  oons lsts o f  I-= coarse sac4 and 

pebb 1 6 s  I n  an uns t ra t l f  led. moderately Indurated clayey s I  I t  motrlx. 
44. Sane as 4 w l t h  20i! suborrgular Ilmartone ond dolomlte pebbles. 
4s. Ye I10w:sh brown t IOYR 9 4 )  c loyey s l  I f .  Weak argel 1 le Bhor Iron ond overly lng 

A-hor lzon developed on Unlts 4. 40. and 5. 
A 1  luvlal  fan depaslts 

5. Ye 1 low ( IOYR 8/61 s l  l t y  grave I .  Unl t  cons Is ts  o f  5iZ subanpular I lmestone ond 
d o l m l t e  pebbles ond occorlonul cobbles I n  a loose sondy s l l t  nwtrlx. Interpreted 
to  be the eroded remnant of grave Is demslted I n  south flow lng cham I .  

Sb. Sane as 6 W t  very w Ie brown ( IOYR W4 ) 



rotation of the fan surface into the fault. 

These basal gravels were overlain by debris flow deposits (units I and 2) 
with local, crude, east-dipping bedding again suggesting local tectonic 
rotation subsequent to their deposition (fig. 4.6). The upper portion of the 
trench consists of interbedded, fine-grained col luvial deposits (units 2 and 
4) locally derived from upslope, and gravels (unit 5) with geometries and 
imbrication suggesting deposition in south flowing channels in the strike 
drainage. Snails collected from colluvial units in the trench (fig. 4.6 and 
table 4.2) and yielded minimum age estimates of 500 kyrs for units 1 and 2 
and 200 - 400 kyrs (sec. 4.2.3) for unit 4a which is interbedded with the 
channel gravels. These dates on late Quaternary deposits adjacent to the 
Morgan fault at this site suggest a relatively low the slip rate on the 
fault, but because the fault is not exposed, we are unable to estimate slip 
rate, surface displacement size, or recurrence at this locality. 

4.2.5 Slip rates on the Morqan fault 

4.2.5.1 Quaternary slip rates 

Mapping and trench investigations on the central section of the Morgan fault 
provided evidence that middle to late Pleistocene and Holocene displacements 
have occurred on this back valley fault. At the Robeson Springs trench site, 
two faults were identified: 1) the north-trending central section of the main 
fault that displaces middle to late Pleistocene and Holocene col luvial 
deposits 4 m, and 2) a northwest-trending trace of a subsidiary fault that 
displaces similar middle to late Pleistocene colluvial deposits. Radiocarbon 
dates of 8.3 and 9.1 ka provide a maximum age for the younger colluvium that 
has been displaced about 1 m by the main fault in trench M4. Assuming the 
lower part of the underlying sequence of colluvial deposits in trench M4 is 
200-400 ka, 4 m of displacement yields a middle to late Pleistocene slip rate 
of 0.01 to 0.02 mm/yr. Because only 1 event is recorded an Holocene slip 
rate can not be calculated. These Pleistocene slip rates are an order of 
magnitude lower than long-term Pleistocene rates on the Wasatch fault 
(Machette, 1984), but some other faults in the region may have rates nearly 
this low (Nelson and Van Arsdale, 1986; sec. 4.3). 

We interpret the col luvial stratigraphy in trench M4 as suggesting recurrent 
Quaternary surface displacements of 0.5 to 1.0 m have occurred on the Morgan 
fault at the Robeson Springs trench sites. If 0.5 m most nearly represents 
the average size of the surface displacement events that are represented by 
the 4 m of displacement in at least the last 200 to 400 ka as suggested by 
the lack of discrete scarp-derived colluvial wedges in the trench, about 8 
individual events have occurred. These estimates yield a minimum average 
middle to late Quaternary event recurrence interval of 25 to 50 kyr. If only 
four events of 1 m displacement have occurred, the minimum average recurrence 
interval would be 50 to 100 kyr. 

4.2.5.2 Cenozoic slip rate 

The effect of the late Cenozoic uplift of the Wasatch Range on the evolution 
of landforms in Morgan Valley partly depends on the distribution of late 
Cenozoic faults. Naeser and others (1983) estimate uplift rates of 0.8 mm/yr 
over the last 5 Ma and 0.4 mm/yr over the last 10 Ma for the north-central 



Wasatch Range west o f  Morgan Valley. As shown i n  a sect ion across the 
northern sect ion o f  Morgan Val ley constructed by Hopkins (1982, her f i g .  5) ,  
the f a u l t s  bounding the west s ide o f  Morgan Val ley mapped by Bryant (1984) 
have l i m i t e d  displacement and the s t r uc tu ra l  r e l i e f  i n  the va l ley  i s  
p r i m a r i l y  due t o  Cenozoic displacement on the Morgan f a u l t .  If the l a t e  
Cenozoic s l i p  r a t e  on the Wasatch f a u l t  i s  much greater than t h a t  o f  the 
Morgan f a u l t ,  the e f f e c t  o f  t h i s  r e l a t i v e  u p l i f t  o f  the Wasatch Range would 
be t o  accelerate l a t e  Cenozoic erosion i n  Morgan Valley. The Weber River has 
inc ised the Norwood Tu f f  more than 300 m i n  Morgan Val ley ( f i g .  4.3) 
i nd i ca t i ng  t ha t  t h i s  i s  the case and suggesting t h a t  the average l a t e  
Cenozoic s l i p  r a t e  on the Morgan f a u l t  i s  much lower than t h a t  o f  the Wasatch 
f au l t .  

The thickness and a t t i t u d e  o f  the Huntsv i l l e  fanglomerate adjacent t o  the 
northern sect ion o f  the Morgan f a u l t  provide an est imate of the average 
Cenozoic s l i p  r a t e  on the f au l t .  I n  the cross sect ion o f  Hopkins (1982), the 
Huntsvi 1 l e  fanglomerate over1 i e s  the l a t e  Eocene-early 01 igocene Norwood Tu f f  
and d ips  130 t o  the east w i t h  an estimated maximum thickness o f  1000 m 
adjacent t o  the Morgan f a u l t  which provides a minimum estimate o f  
displacement since deposi t ion o f  the fanglomerate. The age o f  t h i s  deposit  
i s  poor1 y constrained; the previous workers have suggested i t  i s o f  P 1 i ocene 
age (Eardley, 1944; Coody , 1957). However, s i  m i  1 a r  unconsolidated gravel 
deposits o f  Oligocene age have been mapped f u r t h e r  south i n  the Wasatch Range 
over ly ing and interbedded w i t h  the 01 igocene Keetley volcanics (Bromf i e l d  and 
Crittenden, 1971). Using an age range o f  5 - 35 Ma f o r  the Huntsv i l l e  
fanglomerate and a minimum displacement est imate o f  1000 m y i e l d s  an 
est imated average middle and l a t e  Cenozoic s l i p  r a t e  o f  0.03 t o  0.2 nim/yr. 

The t i l t i n g  o f  l a t e  Cenozoic erosion surfaces adjacent t o  the northern 
sect ion o f  the f au l t  a lso provides a crude-estimate o f  the average l a t e  
Cenozoic s l i p  r a t e  on the f au l t .  I n  t h i s  area l o c a l l y  well-preserved, gent ly  
(0.50 - 1.70) east-dipping erosion surfaces, cu t  on the Huntsv i l l e  
fanglomerate, slope up t o  1.70 northeast, i n t o  the f a u l t  ( f i g .  4.2). Based 
on our observations i n  less dissected t e r ra i ns  o f  the Weber River drainage, 
these surfaces probably once sloped a t  l e a s t  30 towards the center o f  the 
val ley;  therefore, we i n t e r p r e t  the back t i l t i n g  o f  these surfaces t o  have 
resu l ted from displacement on the Morgan fau l t .  If the most steeply t i l t e d  
surface, south o f  Bohman Hollow and 1.7 km west o f  the main t race o f  the 
f au l t ,  has been uni formly ro ta ted  from a 30 wester ly d i p  t o  i t s  present 1.70 
eas te r l y  dip, then p ro jec t ion  o f  t h i s  surface t o  the f a u l t  ind icates about 
150 m o f  displacement. I f  the erosion surface has been down dropped r e l a t i v e  
t o  the foo twa l l  as we l l  as rotated, t o t a l  displacement would be greater. 
These erosion surfaces are probably s i g n i f i c a n t l y  o lder  than a much lower 
erosion surface on the west s ide o f  the va l l ey  paleomagnetically dated a t  
>730 ka ( f i g .  4.2). Assuming an age o f  1 t o  5 Ma f o r  t h i s  surface y i e l d s  an 
average l a t e s t  Cenozoic s l i p  r a t e  o f  0.03 t o  0.15 m / y r  for  t h i s  sect ion o f  
the f a u l t ,  which i s  consistent  w i t h  the r a t e  estimated from the thickness and 
age o f  the Huntsv i l l e  fanglomerate. 

These s l i p  r a t e  values are poor ly  constrained and do not  take i n t o  account 
probable s i g n i f i c a n t  va r ia t ions  i n  s l i p  ra tes dur ing the l a t e  Cenozoic. 
Estimates o f  0.01 t o  0.02 m / y r  determined a t  the Robeson Springs trench s i t e  
f o r  the middle t o  l a t e  Quaternary are a t  the low end o f  the ranges o f  l a t e  
Cenozoic s l i p  rates. Because we i n f e r  only one Holocene event and our 



estimates of average minimum recurrence intervals range from 25-100 ka, we 
have no way of judging whether the Holocene slip rate or recurrence differs 
from our estimates for the middle to late Quaternary, as has been suggested 
for the Great Basin by Wallace (1984) and for the Wasatch fault by Machette 
(1984). Our dating control is too imprecise to determine whether there has 
been a significant change in slip rates during the late Cenozoic. If there 
is a difference in rates, middle to late Quaternary rates on the Morgan fault 
are probably lower than for earlier periods. 

Conclusions 

Two west dipping normal faults are exposed in trenches at the Robeson Springs 
trench site at the south end of the central section of the Morgan fault. The 
main north-trending fault, exposed at the base of triangular facets on the 
footwall escarpment, displaces colluvial deposits underlain by a peat deposit 
with 1 4 ~  dates of 8.3 and 9.1 ka. This fault ends or is terminated by a 
northwest-trending fault. The termination of the north-trending fault and 
mapped bedrock relationships suggest that the northwest-trending fault 
connects or transfers displacement between the central and southern sections 
of the Morgan fault. Although the expression of this northwest-trending 
fault has been modified by groundwater circulation at the trench site, the 
fault does not displace the colluvial deposits underlain by the peat, and it 
is interpreted to displace older col luvial deposits, suggesting that during 
at least some of the surface displacement events rupture occurs on both the 
central and southern section of the Morgan fault. 

A post-early Holocene displacement event of 1 m might be expected to have 
produced scarps along the central section of the fault that would still be 
visible today. Scarps 1 m high on gently sloping alluvial fans probably 
would be preserved foi tens of thousands of years (Hanks and others, 1984). 
However, the Morgan fault is mapped at the base of a 200 to 250 slo ing ! escarpment and figure 6 shows that the 1-m-high scarp has been comp etely 
covered since the deposition and faulting of unit 6. Erosion and deposition 
of younger alluvial deposits apparently obliterated the scarp in drainages 
crossing the escarpment. 

Mapping and trenching of the central section of the Morgan fault demonstrates 
that surface displacements have occurred on the fault during the middle 
Pleistocene and Holocene. Colluvial deposits, estimated from amino-acid 
ratios on gastropods found in correlative deposits to be at least 200 - 400 
ka, are displaced 4.0 m at the Robeson Springs trench site. These data yield 
an average middle to late Pleistocene slip rate of 0.01 to 0.02 mm/yr. These 
rates are near the low end of the range of estimates of the late Cenozoic 
slip rate on the Morgan fault based on the tilting of late Cenozoic erosion 
surfaces and estimates of the displacement of a Cenozoic fanglomerate. 
Radiocarbon dates of 8.3 ka and 9.1 ka on bog deposits beneath Holocene 
alluvial units show that the most recent surface displacement event 
(approximately 1 meter) post-dates deposition of the bog deposits. The 
colluvial stratigraphy in one trench at the site is interpreted as showing 
that individual surface displacements on the fault have been small (0.5 to 1 
m). These small displacements, the limited length of the fault, and 
empirical displacement-earthquake magnitude relationships suggest that 
paleoearthquakes in the magnitude range 6 1/2 to 7 have occurred on the 
Morgan fau 1 t . 



4.3 Southern Cache Val ley Reqion 

The Regional Study Area includes the southern por t ion  o f  Cache Val l e y  i n  Utah 
and the adjacent Wasatch and Bear River Mountains and Bear Lake area t o  the 
east ( f i g .  1.1). Only a b r i e f  reconnaisannce has been made o f  the Bear River 
Range and the areas t o  the east and southeast. We mapped i n  d e t a i l  only two 
areas i n  t h i s  region: nor th  o f  James Peak i n  southern Cache Val ley and west 
o f  L i t t l e  Mountain near Newton Reservoir ( f i g .  4.7). The East Cache f a u l t ,  
on the east side o f  Cache Valley, extends 100 km nor th  from James Peak i n t o  
Idaho. Shorter Ouaternarv f a u l t s  are i n fe r red  on the west marsin o f  the 

sun-angle photographs by C l u f f  and other: (1974) and l i m i t e d  invest igat ions 
o f  the East Cache f a u l t  near Logan are the on ly  seismotectonic invest igat ions 
reported i n  Cache Valley (Swan and others, 1983b). 

Cache Val ley i s  a l a t e  Cenozoic s t ruc tu ra l  and topographic basin, bounded by 
normal fau l ts ,  t ha t  developed i n  the Cache Allocthon, the upper p l a te  o f  the 
W i  1 l a r d  and Woodruff th rus ts  (Bjorkland and McGreevy, 1971; C r i  ttenden, 1972; 
Hintze, 1980)(fig. 4.7). The East Cache fau l t ,  the p r inc ipa l  f a u l t  i n  the 
val ley,  i s  marked by t r i angu la r  facets cu t  on the east-dipping Precambrian 
and Paleozoic rocks a t  the western base o f  the Bear River Ran e. Geophysical 
data (Stanley, 1972; Petersen, 1974) complied by Zoback (1983 ! suggest t h a t  
the l a t e  Cenozoic basin f i l l  i n  the va l l ey  i s  1.7 t o  2.1 km thick.  A seismic 
r e f l e c t i o n  p r o f i l e  across the East Cache f a u l t  shows t h a t  Cache Val ley i s  an 
asymmetric basin, deepest on the east margin adjacent t o  the East Cache f a u l t  
(Smith and Bruhn, 1984). Consistent east d ips o f  r e f l ec to r s  i n  the l a t e  
Te r t i a r y  basin f i l l  are s i m i l a r  t o  those observed i n  the basins adjacent t o  
the Grand Valley and Star Val ley f a u l t s  which have been in terpreted as 
l i s t r i c  f a u l t s  (Royse and others, 1975; Dixon, 1982; P ie ty  and others, 1986)- 

4.3.1 Late Quaternary Displacement on the East Cache f a u l t  

A number o f  ea r l y  invest igators,  inc lud ing G i  1 b e r t  (1890), Bai ley (1927), and 
Peterson (1936), noted scarps i n  unconsolidated deposits along the East Cache 
fau l t ,  bounding the east s ide o f  Cache Valley ( f i g .  4.7), as evidence o f  
r e l a t i v e l y  recent displacements on the fau l t .  Displaced Bonnevi l le gravels 
on the East Cache f a u l t  were c l e a r l y  v i s i b l e  a t  one time a t  the mouth of 
Logan Canyon (Peterson, 1927, p l  . 10). C l  u f f  and others (1974) mapped 
probable l a t e  Pleistocene and Holocene f a u l t  traces along most o f  the East 
Cache f a u l t  zone i n  deta i  1, inc lud ing post-Provo age ( < I 4  ka) scarps near the 
mouth o f  Logan Canyon. They suggested t h a t  f a u l t  displacement here i s  older 
than t h a t  along the Wasatch.fault  near Sa l t  Lake Ci ty.  On the basis o f  t e s t  
p i t s  across west-facing scarps j u s t  nor th  o f  Logan Canyon, Rogers (1978) also 
concluded t h a t  displacements on the f a u l t  had occurred i n  recent geologic 
time. Temporary exposures i n  several other areas along the East Cache f a u l t  
have also revealed post Bonnevi 1 l e  displacements (B.N. Kal iser ,  o r a l  
communication, 1981), but  these invest igat ions are undocumented. 

Swan and others ( 1983b) completed the most de ta i led  invest igat ion o f  recent 
displacements on the East Cache fau l t .  Based on a review o f  a l l  previous 
work, de ta i led  mapping and topographic p r o f i l i n g ,  and several 20-m-long t e s t  
p i t s  they concluded: 
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Two surface f a u l t i n g  events have occurred along the East Cache f a u l t  
east o f  Logan, Utah since Lake Bonnevi l le receded from the 
Bonnevi l le shorel ine between 15,000 and 14,000 years ago. The f i r s t  
event occurred p r i o r  t o  13,500 year B.P. and may have been 
temporal ly re la ted  t o  the catastrophic drop i n  the l eve l  of Lake 
Bonnevi l le from the Bonnevi l le t o  the Provo shorel ine. The most 
recent event post-dates the recession o f  the lake below the Provo 
shorel ine (about 13,500 years ago). Extensive b u r i a l  o f  the f a u l t  
scarp by a l l u v i a l  fans suggest t h a t  t h i s  event occurred p r i o r  t o  
about 6,000 t o  8,000 years B.P. The average recurrence based on two 
events i s  calculated t o  be 7,250 + 250 years. The actual  i n t e r v a l  
between the two events could have-been as shor t  as 2,000 t o  3,000 
years o r  as long as 7,000 t o  8,000 years. The recurrence of major 
surface f a u l t i n g  events along the East Cache f a u l t  i s  markedly 
d i f f e r e n t  than f o r  the Wasatch f a u l t  zone between Brigham C i t y  and 
Nephi, where there have been repeated surface f a u l t i n g  events dur ing 
the l a t e  Holocene. 

Estimates o f  the net  v e r t i c a l  tec ton ic  displacement f o r  each o f  the 
past two surface f a u l t i n g  events a t  Logan are approximately 1.4 m. 
D i s t o r t i o n  r e s u l t i n g  from graben formation and b a c k t i l t i n g  has 
increased scarp he ight  approximately twice the net  v e r t i c a l  tec ton ic  
displacement dur ing each o f  these events. Empir ical re la t ionsh ips  
between displacement per event and earthquake magnitude suggest t h a t  
these displacements were associated w i t h  earthquakes i n  the 
magnitude range o f  Ms 6.5 t o  7.25. 

The l a t e  Pleistocene-Holocene s l i p  r a t e  along the segment o f  the 
East Cache f a u l t  a t  Logan i s  between 0.1 and 0.2 mn per year, which 
i s  s i g n i f i c a n t l y  slower than the s l i p  r a t e  along the Wasatch f a u l t  
zone south o f  Brigham City. 

Diminishing estimates o f  the thickness o f  b a s i n - f i l l  i n  southern Cache Valley 
(Zoback, 1983) and decreasing topographic re1 i e f  on the bedrock escarpment o f  
the East Cache f a u l t  suggest the f a u l t  diminishes i n  t o t a l  displacement south 
o f  Logan. Near the southern end o f  the f a u l t  Swan and others (1983b) found 
few deposits t o  work w i t h  because the main t race o f  the f a u l t  i s  a t  the range 
f ron t ,  we1 1 above the Bonnevil l e  shorel ine, and because scarps along the 
f a u l t  are near ly  completely masked by recent (post-Provo) a l l u v i a l  fan 
deposits. They speculate, however, t h a t  the rupture segment studied near 
Logan may be dying out  south o f  Providence Canyon. However, no abrupt 
changes i n  rangefront morphology suggest the loca t ion  o f  a f a u l t  segment 
boundary i n  t h i s  area. Mullens and I z e t t  (1964) a lso reported t ha t  Lake 
Bonnevi l le deposits i n  the Paradise area ( f i g .  4.7) are unfaulted. 

The James Peak f a u l t  

The scarp o f  the James Peak normal f a u l t  i s  the on ly  previously unreported 
f a u l t  scarp i n  unconsolidated deposits i n  the northern Wasatch Mountains. 
The scarp marks the southern edge o f  an unnamed s t r uc tu ra l  and topographic 
basin between James Peak and Middle Mountain a t  the southern end o f  Cache 
Valley and 5 km nor th  o f  Ogden Val ley ( p l .  1 and f i g .  4.7). The basin, about 
3 km wide and 9 km long, contains Te r t i a r y  S a l t  Lake Formation w i th  a cover 
of Quaternary col luvium and a l luv ium (Blau, 1975; Hintze, 1980). The basin 



i s  bounded on the nor th  by h igh ly  dissected Paleozoic limestones, shales, 
dolomites, and quar tz i tes  and on the south by Paleozoic and Precambrian 
or thoquartz i  tes, a rg i  11 i tes, and volcanics t h a t  make up the highlands around 
James Peak (King, 1965; Blau, 1975; Davis, 1983). 

The James Peak normal f a u l t ,  a t  the base o f  the escarpment i n  Paleozoic and 
Precambrian rocks on the nor th  side o f  James Peak, marks the southern 
boundary o f  the east-west-trending basin a t  the sou. Caqe Val l e y  
( f i g .  4. Psoliifted Cutcrops o f '  Paleozoic sedimentar rocks suggest 
CWT?? LaKe Formation may be (100 m t h i c k  i n  the basin inL ' - - '  
C U W I ~ ~  ve subsidence + C  quch less here than i n  Cache Va'. ., ..art.. o f  the 
bac , north-dippingl !r Paleozoic rocks are cut  by n o r t r t r e n d i n g  normaJ 
f a u l t s  inc lud ing the Middle Mountain f au l t .  Near Broadmouth Canyon on the - 
west side o f  James Peak, Blau (1975) maps north-trending normal f a u l t s  w i t h  
estimated displacements o f  about 1500 m t h a t  are about on t rend w i t h  the 
Middle Mountain faul t .  Escarpments i n  bedrock mark these north-trending 
fau l t s ,  but  north-trending scarps are no t  developed i n  the sediments i n  the 
basin. No east-west-trending f a u l t s  are mapped along the northern edge o f  
the basin where f l u v f - '  "ssection has produced extensfve outcrops o f  the 
c a 1 t  Lake Formation. ,,,;, the basin appears t o  b e ~ s h a l l o w ~ .  

~nec t i ng  the larger Ed deeper grabens a t  the southern end o f  Cache .Vallt 
he northwest enc Va' :Zoback, 1983; sec. 4.4: 

4.3.2.1 Quaternary Deposits i n  southern Cache Val ley 

Quaternary deposits i n  the basin cons is t  o f  local ly-der ived,  bouldery, 
c o l l u v i a l  d e p o s i t s ( u n i t Q c / T s l o n f f g .  4.7) i n t h e c e n t r a l a n d n o r t h e r n  , _, b 

por t ions which th icken and are interbedded w i t h  fan al luvium t o  the south. 
A l l u v i a l  fan deposits (Qaf) ,  inc lud ing two large, bouldery outwash fans (Qaof 
and Qab l f )  derived from the quar tz i tes  exposed on James Peak, occur along the 
southern edge o f  the basin. These fans become l a rge r  and appear t o  thicken 
from west t o  east; i f  so, t h i s  th ickening may ind ica te  downfaultfng, t i l t i n g ,  
o r  deeper erosion o f  the eastern pa r t  o f  the basin near We l l s v i l l e  Creek and 
the East Cache f au l t .  Sandy til l (Qg) makes up the high, steep moraines 
b u i l t  by the g lac iers  t ha t  deposited the outwash fans i n  two o f  the unnamed 
drainages on the nor th  f l ank  o f  James Peak. 

4.3.2.2 Scarp and Mountain Front Morpholoay 
- 

Mountain f r o n t  slopes developed i n  bedrock along the James Peak f a u l t  are 
steep, espec ia l ly  on James Peak (260), despite the f a c t  t ha t  t h i s  s ide o f  the 
peak has been extensively eroded by glaciers.  On the lower h a l f  o f  the 
mountain, eroded spurs ( r idge  crests)  are faceted. Three breaks i n  slope on 
the spurs, as wel l  as the north-facing faceted spur (250 slope) j u s t  west o f  
W e l l s v i l l e  Creek a t  the east end o f  the basin ( f i g .  4.7), suggest a h i s t o r y  
o f  recur rent  Quaternary displacements on the f a u l t  ( f o r  example, G i  1 bert,  
1928; Hamblin, 1976). To the east, the mountain f r o n t  i s  lower and more 
dissected w i t h  gent ler  slopes, although here, as elsewhere, the steepest 
facets are a t  the base o f  the slopes along the f au l t .  However, by 
comparison, the facets along the f a u l t  are smaller, less  continuous, and less 
steep than those along the East Cache and Wasatch fau l ts .  The shor t  (<7 km) 
mountain f r o n t  along the James Peak f a u l t  makes quan t i ta t i ve  comparisons w i th  
other moun f ronts  ( xample, Bu l l  and MacFadden 1977) o f  l i t t l e  
value. I ne rnounra~h-rronr rnorpnology 07 - 



:er 
s the East cache and ~ a :  

es than th, 
f a m  

'I r l r  Jha~ra rcak f a u l t  scarp 1 3  cnrr-ea~ed pr- laiar- i ly as a scarp i n  bedrock over 
much o f  i t s  length, but along the cent ra l  pa r t  o f  the f a u l t  the scarp cuts 
a l l u v i a l  and c o l l u v i a l  deposits and the large a l l u v i a l  fans (un i t s  Qablf and 
Qaof, f i g .  4.7) issuing from the glaciated drainages on the nor th  f lank  o f  
the mountain. The scarp i s  general ly higher (10-30 m) and steeper (20-350 
maximum slope angle) i n  bedrock (o r  t h i n  col luvium over bedrock) than i n  fan 
sediments (1-4 m; 15-300). Where the scarp i s  i n  a1 luvium undissected by 
small drainages, i t i s  uni formly 3-4 m high. 

An en echelon o f f s e t  a t  the east end o f  the scarp forms a junct ion w i th  the 
prominent scarp a t  the southern end o f  the East Cache fau l t ;  the scarps j o i n  
a t  about a 1100 angle. The eastern h a l f  o f  the scarp i s  subdued ((2 m high, 
200 maximum slope angle) where i t crosses the apex o f  the easternmost 
a l l u v i a l  fan (Qaof on f i g .  4.7), but  the scarp i s  steeper (20-250) i n  the 
Cambrian quar tz i te  on the en echelon segment (500 m west o f  We1 l s v i l l e  
Creek). The lower slopes o f  the Paleozoic limestone and sandstone bedrock 
facets, 2.7 km t o  the nor th  on the East Cache fau l t ,  are steeper s t i l l  (25- 
300). Just  west o f  the large a l l u v i a l  fans, the western h a l f  o f  the scarp i s  
steep (22-300 maximum slope angle) near the base o f  dissected facets i n  
quartz i te,  but  f a r t he r  west the scarp i s  i n d i s t i n c t  because the bedrock h i l l s  
west o f  James Peak are lower and more rounded than the faceted mountain 
f lanks t o  the east. 

Just south o f  the western end o f  the basin, the Broadmouth Canyon normal 
fau l t s  t rend about N300E through low, dissected bedrock h i l l s  (Blau, 1975). 
A major topographic boundary between the west f l ank  o f  James Peak and the 
lower h i l l s  t o  the west marks the largest  normal f au l t ,  w i th  1500 m o f  throw, 
t h a t  extends i n t o  Broadmouth Canyon. One large (120 m di f ference i n  
elevat ion) and several smal l e r  topographic steps (most down-to the-northwest) 
( f ig.  4.7) t ha t  pa ra l l e l  the largest  f a u l t  are in terpreted as re la ted  
subsidiary fau l ts .  . ) .  . 

. . 

4-3-2.3 Aqe o f  Faulted Deposits 

3ur ch rono logy  o f  Q u a t e r n a r y  d e p o s i t s  and t h e  s c a r p s  bounding o r  c u t t i n g  
n e a r  James Peak is  based on the morphology and r e l a t i v e  p o s i t i o n  o f  f a n s  
mora ines ,  and s c a r p s ,  and d a t a  from 4 s o i l s  developed on d a n n c i t c  i n  t h ~  

l a r g e s t  g l a c i a t e d  d r a i n a g e .  Most mapped Q u a t e r n a r y  depos 
I I a s  t o  age  ( f i g .  4.7), b u t  e  he oldes 
m hundred ;and 1 

The height o f  topographic scarps along the Broadmouth Canyon f a u l t s  suggests 
Pliocene t o  Quaternary, but not  necessari ly l a t e  Quaternary displacement. 
Most o f  the f a u l t s  cannot be traced i n t o  the Sa l t  Lake Formation i n  the basin 
t o  the north and thus, they appear t o  be buried by Ter t ia ry  sediments. 
However, i n  two areas where the Broadmouth Canyon f a u l t s  meet the James Peak 
f a u l t  f a i n t  lineaments extend i n t o  dissected Sa l t  Lake Formation sediments; 
exposures are not  s u f f i c i e n t  t o  resolve the re la t ionsh ips between the 
"-eaments and the  fau l t s .  
-..- James Peak f a u l t ,  the 
)roadmouth Canyon f a u l t s  have been displaced by i t , j  



The steep, continu 5 scarp in the alluvial fans along the central part of 
the James Peak '- - ggests late Quaternai ";placement on the fault.- 
However, except . -. "..- smallest, youngest : ,..,, which lack scarps where the 
fault crosses them, fans of significantly different ages (in which to compare 
scarp heights) were not identified. Topographic profi 1 ing across the scarp 
was difficult because of the thick alder-aspen forest and the soft, looc 
organic-rich soil on the surface of +ha  cpawn -ason, profi l i l m y  

Vor exam~le, Bucknam arid - 
7" estimate ages we followed Harden and Taylor (1983) in using X-Y plots to 
compare development indices for the soils we described and sampled near the 
trench site (table 4.3; fig. 4.8) with soils of known age elsewhere in the 
Wasatch Mountains (sec. 3.4; fig. 3.1). Soils on a lateral moraine (JP-4) - and on the outwash fan in front of it (JP-2) were described to determine 

1 whether these were Bull Lake or Pinedale deposits (discussed in sec. 3.3). 
For comparison, a Holocene soil (JP-3) was described on very coarse, bouldery ' alluvium in a narrow channel where the moraines are narrowly breached. The 
thick soil developed on the colluvial wedges in the trench (JP-1) was also 
described to help estimate their age. Soils JP-1 and JP-2 are developed in 
deposits of more than one age. To help estimate the time interval 
represented by the degree of soil development in the younger deposits as well 
as by the whole soil we calculated soil indices for each depositional unit of 
these two soils (table 4.3; fig. 4.8). 

Soil development indices (fig. 4.8) calculated using field and laboratory 
data shows that the outwash gravels (unit Qablf on fig. 4.7) in the lower 

; parts of soils JP-1 and JP-2 are in RAG 2 (relative-age group 2) and are 
nmhably chrcnncorrelative with outwash from the Bull Lake glaciation 

uqh it i YI 

Soil JP-4 on the steep, high, left lateral moraine (fig. 4.7) is poorly 
developed with soil indices lower than those for most soils on tills and 
outwash of the Pinedale glaciation (fig. 4.8). However, the till on which 
the soil is developed is derived entirely from quartzites, which do not 
weather easily. In addition, the steep slopes and narrow crests of the 
moraines indicate this-soil may have been partially stripped by erosion on 

~ceeds lowly 19 
probably muc' 

The bouldery surfaces, narrow crests, and steep slopes of the moraines on the 
north flank suggest they were built during the Pinedale glaciation, but the 
indices for soils developed on the outwash apron in front of the moraines 
suggest an older, probably pre-last interglacial age (>I25 ka). The most 
probable interpretation of the age of the moraines is that Pinedale and Bull 
Lake glaciers extended the same distance downvalley, but that during the 
Pinedale glaciation, high Bull Lake lateral moraines protectec' 1 1  t I '  

,f +he c an surfaces from burial by yca*nger outwash. 
W d h e  James Pea' t (Oablf and 





table 4.3 - -  Selected properties of so i l s  on the m r t h  flank of James Peak, north central Utah. 
------.------...------*.-------------------------------------.-----.------------...------------------.---.----------------------------------------- 

Average ~ lunce l l  ESTIMAIED PERCENI BY VOLM PERCENT BY UEIGHT' 
Trench depth Parent dry Peb les  Cobbles Boulders S a d  S i l t  Clay Percent# 

Prof ( l a  L o g  wit IlorizotP (a) u t e r i a l  color (0.2-8u) (8-25u) ( ~ 2 5 u )  (2-0.5n) (50-2u) (e2ur) organic u t t e r  
- - - - - - - - - - - - - - - - - - - - - . - - - - - - - - - - - - - - - - - - - - - . - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - . - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - * * * * - - - - - - - - - - - - - - - - - - - - - - - - - - - . - - -  

JP- 1 4b A 1  0 10 c o L l w i m - 1 ~ 6 8  7.5YR 2/2 10 2 0 20 57 23 9.4 
4b A2 10 46 co l lw iun- loess  7.5YR 3/2 10. 2 0 22 54 24 8.8 
4a Bw 46 83 c o l l w i m - l o e s s  7.5YR5/3 10 5 0 28 5 1 21 3.2 
3bB 2Bt l  83 100 col lwiun- loess 7.5YR 5/4 10 5 0 26 53 21 2 
3.9 2Bt2 100 205 col lwiun-Loess 7.5YR 6/4 25 15 0 28 48 24 0.7 
2 #oa/3Bt 205 248 acarp cot l u v l m  7.5YR 7/4 20 20 2 33 45 23 0.6 

10 4Bt 248 278 outwash 519 4/6 30 30 10 54 18 28 0.3 
1 &Cox 278 3W+ outwash 7.5YR 7/3 30 30 10 90 8 3 0.2 

Eatra ** 2b 3C 260 scarp c o l l ~ i u ~  7.5YR 7/4 10 15 25 36 45 19 0.9 
a r p l u  2. 3C 355 scarp c o l l u v i m  7.5YR 6/4 10 20 20 2 1 39 40 0.4 

JP-2 As 0 10 sheetwash-loess 10YR 6/3 20 25 0 29 52 19 5.2 
A 10 20 sheetwash-loess 7.5YR 6/4 20 25 0 28 52 20 3.7 
Bt 20 53 eheetwash-loess 7.5YR 6/4 20 25 0 37 37 26 1.4 

2 ~ t  53 85 outwash 2.5YR 4/6 50 25 0 72 17 11 0.6 
2BC 85 114 outwash 5YR 7/4 50 25 0 88 7 5 0.2 
2Cox 114 136+ outwash 5YR 7/4 40 35 1 84 11 5 0.3 

A1 0 16 l o e s s - a l i w i u  7.5YR 4/3 15 20 25 35 53 12 13.4 
A2 16 41 l o e s s - a l l w i m  7.5YR 5/3 15 20 25 41 4 1 19 5.2 
Bt 41 85 l o e s s - a l l w i m  7.5YR 5/4 15 20 25 63 27 10 1.2 

2C 85 132+ a1 lwium 7.5YR 7/3 25 20 30 82 13 5 0.4 

JP-4 A 1 0 13 sheetwash-til l 7.5YR3/3 20 5 10 62 31 8 10.4 
A 2  13 48 sheetwash-til l 7.5YR 4/3 10 20 10 46 27 6 3.6 

2Bt 48 72 t i l l  7.5YR 8/1 20 10 10 72 20 9 0.4 
2C 72 105+ t i l l  7.5YR 8/0 20 15 10 81 15 4 0.4 

---11-.--11-.--.--1__I--.---------------------------.-----------.--.-----------------.------------.-.--------------.---------------------.--.-----.--- 

Horizon n m c l a t u r e  of Guthrie d U i t t y  (1982) ud B i r k e l d  (1984) except that master K horizon i* not used. 
Par t ic le  size d i s t r i bu t i on  of s2 m f rac t ion  using sieve-pipette methods ( f o r  exuaple, Carver, 1971) and a Sedigraph fo r  soma s i l t - c l a y  
f r w t l o n  with p r i o r  ramoval of organic matter using methods of Jackson (1956). l o  ssnples contained c a r h t e .  

I Percent organic matter by nethod of Ualkley and Black (1934). 

*. F r o r  center of m i t s  2a and 2b a t  s ta t ion  21 ( f i g .  4.9). 



So i l  JP-3 and the upper par ts  o f  JP-1 and JP-2 are on ly  weakly developed, 
f a l l i n g  i n  RAG 4 ( f i g .  4.8). Cambic and weak a r g i l l i c  B horizons have 
developed i n  the mixed, f ine-grained sheetwash and loess deposits i n  the 
upper par ts  of s o i l s  JP-1 and JP-2. S o i l  JP-3 has a weak a r g i l l i c  horizon, 
but  no increase i n  hue o r  chroma t o  b r i g h t  reddish co lors  ( t ab le  4.3). So i l  
indices suggest a Holocene o r  very l a t e s t  Pleistocene age f o r  t h i s  s o i l ,  and 
i t s  pos i t i on  near the main stream channel o f  the la rges t  drainage basin on 
the nor th  f l ank  also suggests i t  i s  o f  Holocene (probably l a t e  Holocene) age. 
A r g i l l i c  horizon development i n  deposits t h i s  young i s  probably due t o  a 
l o c a l l y  h igh r a t e  o f  eo l ian  dust i n f l u x  ( f i n e  s i l t  as wel l  as c lay )  from the 
large areas o f  exposed Bonnevfl le lake sediments i n  southern Cache Valley. 
Shroba (1980) has a lso described a r g i l l  i c  horizons from deposits o f  mid- t o  
e a r l y  Holocene age along the Wasatch f au l t .  

4.3.2.4 Fau l t  Displacement H is to ry  

nace me s lze ,  number, 2 re OT m e  more recenc s u n (  ! a l s p  
,..,> an the James Peak f a u l t  ,  ale ale trench was excavated c,.boss t.., 

scarp on the outwash fan 200 rn i e s t  o f  the l e f t  l a t  . -  laine ( f a  
I se aspen fo-aid s x s o i l s  prevented acc s r !r 

promising trench s i tes .  The trench exposed white, coarse sanay, quar tz i te-  
derived outwash ( u n i t  1; f i g .  4.9) w i t h  a reddish, a r g i l l i c  horizon developed 
on i t ( u n i t  1B) over la in  by bouldery, s i l t y  c o l l u v i a l  wedges ( u n i t  2). The 
wedges were over la in  by s i l t y  c o l l u v i a l  u n i t s  (3  and 4) w i t h  t h i c k  cambic and 
a r g i l l i c  B horizons. Despite the slumping and rave l ing  o f  the very loose, . 
unconsolidated outwash i n  the lower t rench wa l l s  we were able t o  expose the 
f a u l t  zone and former f r ee  face of__the-scarp a t  t h e r o u t h  end o f  the trench. 

ographi c prof s c a r p  ind~c.a__tesfh~-fao has k c  
about 4.2 +0.6/-0.2 m a t  t h i s  s i t  he s t ra t iq raph ic  re lat ionships,  u n i t  
contacts, l i t ho l og ies  o f  the outwasn and the c o i l u v i a l  wedges, and' the soi 
developed on them do not  c l e a r l y  show whether one event o f  about 4 m 
displacement o r  two events o ibout 2 m displacement have occurred on t t  

ne f a u l t  i n  the trench. i iscussed below, we favor a two-event 
terpretat ion.  - 7  1 

Based on regional  co r re l a t i on  o f  map and t rench u n i t s  ( f i g .  4.8), we i n f e r  
the f o l  lowing sequence o f  events: 

1) Moraines and an extensive outwash fan were deposited on the nor th  f l ank  o t  
James Peak, probably during the Bu l l  Lake g l ac i a t i on  (about 130-150 ka). 
So i l s  developed on stable areas o f  moraines and outwash, but  gradual erosion 
prevented well-developed s o i l s  from forming on moraine crests. The length o f  
time required t o  develop the reddish a r g i l l i c  B horizons on the outwash i s  
d i f f i c u l t  t o  estimate, p a r t l y  because the s o i l  nor th  o f  the trench s i t e  (JP- 
2 )  appears t o  have been str ipped. The f a c t  t h a t  the a r g i l l i c  horizon and the 
f ine-grained un i t s  over ly ing i t  are t h i n  suggests s o i l  JP-2 has been eroded, 
perhaps by meltwater i n  braided, outwash channels (which d i d  not  reach the 
trench s i t e )  during the l a t e r  Pinedale g lac ia t ion.  These horizons may have 
developed rap id l y  because o f  h igh dust i n f l u x  ra tes due t o  the s i l t  and c lay  
from lake sediments exposed i n  Cache Val ley t o  the north. Because the B 
horizons on these deposits are much more s t rong ly  developed than the B 
horizons on l a t e  Pinedale o r  Holocene deposits, these horizons must have 



UNIT DESCRIPTIONS 
COLLUV I UM 

2 Scarp-derlved proxlmal fac les 
2a Gravelly c lay 
2b Loose, grave I l y, sandy-s l l t 

38 Slopewash and loess facfes 
a r g l l l l c  B horlzon 

30 Gravelly clayey s l l t  
3b Pebbly s l l t  loam 

4 Slopewash and loess fac les 
4a Pebbly s l l t  loam - camblc 8 horlzon 
4b Pebbly s l l t  loam - A horlzon 

OUTWASH 
I Clean, loose, coarse sandy gravel 
l a  Zone o f  some I n f i l t r a t e d  s l l t  and c loy 
I B  Zone o f  patchy a r g l l l l c  horlzon 

development and I ron-staln lng 

EXPLANATION 
- -#- -L l tho log lc  and sol1 hor lzon contact, 

dashed where gradational 
---------Sol l horlzon contacts not  colncldent - w l t h  l l t h o l o  I c  unlt contacts - Fault, arrow 7 ndlcotes r e l a t l v e  

sense o f  displacement 
-Surface o f  erosional scarp 
W d ~ r g l  I I I c  B horlzon 

0 Cobbles and boulders 

NOTES 
nl Upper 5-30cm I s  less sandy, 

reddlsh ( 5 Y R  4/61 clayey s l  It. 
n2 Shear zone In outwash marked by 

3-cm-wlde reddlsh c lay seam and 
lmbrlcated cobbles. 

DISTANCE I N  METERS 

FIGURE 4.9 LOG OF A TRENCH ACROSS THE JAMES PEAK FAULT 



taken a t  l eas t  a few tens o f  thousands o f  years t o  develop, perhaps as many 
as 70 ka. 

) 

2) Surface f au l t i ng  v e r t i c a l l y  displaced the outwash (un f t  1, f i g .  4.9) about 
1.6-2.2 m, down-to-the-north. A proximal, co l  l u v i a l  debris wedge ( u n i t  2a), 
formed by spal l ,  slump, and slopewash, r a p i d l y  bur ied the a r g i l l i c  horizon 
developed on the outwash ( u n i t  18) and the lower p a r t  o f  the f r ee  face o f  the 
scarp. The source o f  the bouldery debr is wedge, w i t h  a mat r i x  o f  s i l t y  c lay  
( t ab le  4.3), must have been the surface col luvium o f  s i m i l a r  l i t h o l o g y  
over ly ing the outwash on top o f  the scarp (not  exposed i n  our trench). 
Although i t  i s  mapped as p a r t  o f  the s o i l  developed on u n i t  1, the th ickening 
o f  the reddish, clayey s i l t  near the top o f  outwash u n f t  1B adjacent t o  the 
f a u l t  (note n l ,  f ig. 4.9) and the inc lus ion  o f  reddish clayey peds i n  the 
mat r i x  o f  less-reddish clayey s i l t  near the base o f  u n i t  2a suggest t h a t  
mater ia l  along the u n i t  1B-unit 2a contact  may be f r a g w n t s  o f  the a r g i l l f c  
horizon eroded from the scarp r i  h t  a f te r  t h i s  event. le i n f e r  t ha t  no 

lose, sandy outwash ( u n i t  1 7 was exposed i n  the f r ee  face by t h i s  ever 
I T  i t  had been the f r ee  face would have slumped almost immediately a f t e r  
:aul t i ng ,  con t r ibu t ing  much coarse sand t @ & w A a b r i s  utitdgb Equi 1 i briuin 
scarp degradation models a t  gent ly  s loping s i t e s  suggest the maximum f a u l t  
displacement i s  about two times the maximum c o l l u v i a l  wedge thickness ( f o r  
example, Nash, 198: ' , w m  :lope above the s i t e  and the 

. p r - s u r ~ a ~ r  transpur-L ~ I - U L I Z ~ S ~ S  (di--ussed below) suggest 
amount o f  v e r t i c a l  displacement during t h i s  evc was arobablv not mut 
Qreater than the wedg s (1.6 m)., 

3 1  n r t e r  m e  argr I irc hqrizons nacr ronnea and probably a f t e r  the  f i r s t  f a u l t  
event, s o i l  development on the lower pa r t  o f  the outwash fan continued. 
However, the steep (200-250) slope o f  the fan above the trench s i t e ,  the lack 
o f  well-developed B horizons on the proximal wedges, and the high c lay  
content o f  surface col luvium above the scarp suggest t h a t  creep and 
s o l i f l u c t i o n  may have been the dominant slope processes dur ing periods of 
cold, moist c l imate (onset o f  Pinedale a lac ia t ion,  about 75 ka?) dur ing o r  
a f t e r t h e d e p o s i t i o n  t h ~ r o x i  
iroded ex i s t i ng  rent6&ll  -developed 

es may h 
m forming a t  an! 

4) A second displacement event on the same f a u l t  moved u n i t  2a down against 
the outwash. The looser, sandier l i t h o l o g y  o f  the proximal debr is wedge 
( u n i t  2b) produced fo l low ing  t h i s  event ind icates t h a t  some outwash was 
exposed i n  the f r ee  face i n  add i t i on  t o  the bouldery, clayey s i l t  (not  
exposed i n  the trench) over ly ing the outwash. Erosion o f  the scarp fo l lowing 
the f i r s t  event a lso probably reduced the propor t ion o f  bouldery s i l t  t o  
outwash exposed i n  the f r ee  face dur ing the second event, r e s u l t i n g  i n  a 
sandier wedge. Slumping o f  the outwash i n  the lower pa r t  o f  the f r ee  face 
helped t o  spread l o o s ~  d ~ h r i c  dnwwlona and buried th@ debris wedge f r n m  the 
f i r s t  event. I - -  ~dur inner  
!xtended far ther ~wnslope than the f i r s t  wedge (un i  t 2a);try 
t y p i c a l  - "  del ' 'ges produced by l a t e r  events on mult iple-event sc--- 
(Oster,,,, -98s,. , ,,placement d u r i n m h e  second event i s  more d i f f i c ~ .  , ,, 
estimate from the thickness o f  the debr is wedge; i t  must be c lose t o  the 
d i  f ference between t o t a l  topogra t emt - I  and the 
displacement o f  the f i r s t  even@ m 6 - 2 . ~  m, Me could 
not  measure t o t a l  throw because ttl= top ,he o u t w ~ , ~ ~  i n  the'  footwal l  



fn the trench. H I ~ C K  OT any evlc 
i s  wedge resu l t ing  fror,, *he f i r s t  event L ,,,,,-, ,..,, ,.., t w o  
have occurred less than a few tens o f  thousands-of years apar 

However, the ac t i ve  surface processes on t h e s t e e p  fan (discussed above) 
could also have eroded a moderately-developed s o i l  o r  prevented one from 
forming. It i s  also possible t h a t  weak s o i l  development near the top o f  
wedge 2a i s  masked by l a t e r  development o f  more s t rongly  developed s o i l s  on 
un i t s  2b and 3aB ( f i g .  4.9). 

r2b are proximal debris wedpeq o r o w e d  fol lowina a s i n a l  
1 ,of about 4 m. a u l d  explain the absenc 
u n i t s  2a and 2b, 2) any evidence o f  s o i l  development on u n i t  2a, and 3) 
deformation of the f i r s t  debris wedge (2a) during the second event. The 
apparent overlap o f  the time estimates f o r  pre-f i rst -event and post-second- 
event sof 1 forming i n te r va l s  (discussed below) would also be explained by a 
s ing le  event. Clear evidence o f  shearing along the contact between unf t s  2a 
and l a  was not observed, but  3 cobbles were imbricated pa ra l l e l  w i  t h  the y-. 
contact near the base o f  u n f t  l a  and the outwash i s  so unconsolidated t h a t  
ev i  dence o f  shearing may not  have been preserved. Possf bly, u n i t  l a  f s a 
f i s su re  which f i l l e d  w i t h  outwash t h a t  slumped from the f r ee  face a f t e r  a 
second event. I n  any case, the s t ra t ig raph ic  re la t ionsh ips near the f a u l t  
show t h a t  most o f  u n f t  2a must have been deposited immediately a f t e r  f a u l t i n g  
and i t s  l i t h o l o g y  shows t h i s  u n i t  was derived from un i t s  which contained 

4 f i c u l t  t o  explain hob- 
- 

l f  t t l e  sand. cause we f ind  i 
debris wedge I d  be deposited adjacent t o  a several-meter-high, almost 
ve r t i ca l  f ree  ce o f  100s- sandy outwas' "hout the outwash c o n t r i b u t ~ n q  
anv cntltment t o  t h e  wednn 8 f a u n r  a  t w n  t Faul t  history. I n  addition, 

lacemenl vents #e I f a u l t  in  the region, even 
fau l t s  t h a t  are much longer than the ~ a G s  Peak f a u l t  (Schwartz and 
Coppersmith , 1984). 

5 )  A sf  l t y  c o l l u v i a l  wedge ( u n i t  3)  was deposi ted over the proximal debris 
wedges by wash erosion o f  the scarp crest  and by r i l l  and wash transport  of 
f i nes  from above the s i te .  The thickness and high s i l t  content o f  the wedge 
( t ab le  4.3) suggests i t  has a strong ec"an component, probabl-a '-7 t o  
exposed lake sediments i n  Cache Valley, As the deposit ion rat, ,, 

dedge decreased, B horizon dc lopment i n  the upper par t  
edge became more d i s t i n c t ,  culmf nat ing i n  a 122-cm-thf ck, a rg i  11 i c  h o r i z z  

on the wedge. B - v i t i o n  on the scarp siope, nrts 
s o i l  i s  not  d i r e c t l y  comparable t o  s o i l s  i n  more stable landscape posi t ions 
whose age i s  be t te r  known. We i n te rp re t  t h i s  s o i l  as formi ng i n  a cl imate 
not g rea t l y  d i f ferent  from the present; thus, i t  must e i t he r  pre-date the 
main Pfnedale g lac ia t ion  (18-25 ka) o r  post-date the f a l l  o f  Lake Bonnevil le 
from i t s  high stand (15 ka, Scott  and others, 1983). The t o t a l  amount o f  
c lay  i n  t h i s  s o i l  (9 g/cm2) compared w i th  regional rates o f  c lay  accumulation 
( f o r  example, Colman and others, 1986) and most other s o i l  indices f o r  t h i s  
pa r t  o f  the s o i l  on u n i t  3 ( f i g .  4.9) sug e s t  an : as great as 100-150 1 
because these horfzons are sr '"-' A r ,  1, 
and weak B horizon s t ructure , -.., -obable hig.. dust i n f l u x  ra te  d ~ .  . 
par t  of the h is to ry  o f  the s , and ,) the l i ke l i hood  o f  some o f  u n i t  3 
being derived from c lay - r i ch  s o i l s  upslope a l l  suggest a much younger age. 

IS, s t i - - te  t h i s  s o i l ,  which post-dates both f a u l t  events, developed 



6)  F ina l l y ,  an episode o f  r ap id  slopewash deposition, probably w i t h  some 
eo l ian  i n f l ux ,  produced a s i l t y  c o l l u v i a l  u n i t  (4) which i s  very s imi  l a r  t o  
u n i t  3. A weak cambic B horizon (48) and a th i ck ,  s i l t y  A horizon (4A) on 
t h i s  un i t ,  i nd ica te  a Holocene age ( s o i l  JP-la, f i g .  4.9). Deposit ion dur ing 
the warmer, and probably d r i e r  A1 t i thermal  o f  the mid-Holocene (Baker, 1983) 
i s  l i k e l y .  

4.3.2.5 S l i p  Rates and Recurrence 

t o p o g r a p h m  rer t e  ( f i g .  4.9) shob 
ihe outwash, most l i k e l y  about 140 ka, i s  displaced about 4.2 m f o r  ar 
lverag ' -'e Quaternary v e r t i c a l  s l  i p - ra te  of 0.03 m/yr on the James r e  

fevel ope1 'ash and on the col luvium over ly ing t 
1 ti l a ted  rdges prov i  11y maximum and minimum age estimates f o r  

ine weage>, the t r ue  recurrence o f  surface f a u l t i n g  events i s  d i f f i c u l t  t o  
0cfim;lte. n t  data f o r  each o f  the two f a u l t  
but Scarp hat  consider the pos i t i on  o f  

o f  a steep slope, the thickness o f  the f i r s t  c o l l u v i a l  wedge, and the volumes 
and l i t h o l o g i e s  o f  both wedges suggest the second event may have been largc 
thar  +ha ffg&-a estimate average displacements o f  about 1.8 +0.4/rbrbR 
!or 
ara 

f i r s t  event and 2.4 +0.8 1-0.6 m f o r  the second event. The reddish 
horizon on the outwash beneath t r c Z T l  u v i  i wedqes ~ r o b a b l v  

we issuine >30 ka)  t o  
"-.re1 o p 7  

'red on . 

r e i u l r e d  a t  l e a s t  several tens o f  thousands o f  year: 
develop before bur ia l ,  perhaps ven 70 ka. This we1 1- 

t " t h . i . I J + w s  t ha t  no signe--acemnt oc 
I l on  per iod o f  t ime a f t e r  outwash deposi t ion ce !& d ve occurred as $0- 30 ka i (14t 

70 ' - ' '"~e t h i c k  a rg i  it 3, wh~cn  pos~-aates the s 
i t  event ~-inter\wl a t  l o a c t  :n 

t h  these broad constraints, a time i n t e r v a l  o f  80 ka I l ( l O k ' T y - u  
ka) i s  ava i lab le  i n  which the two events could have 

occurred. I f  we take- the mean o f  possib le times a t  which each event occurred 
( f i r s t  event, x = 90 ka, second event, x = 50 ka) the events are separated by 
40 ka (90-50 ka). Because the maximum estimates o f  the length  o f  the s o i l  
forming i n t e r v a l s  fo l l ow ing  each event overlap, no minimum estimate o f  the 
length  o f  t h i s  per iod can be made. I f  the two events were separated by 40 
ka, the recurrence i n t e r v a l  between these events and e a r l i e r  and futur- 
events would he >5b ka ( 5 0  + the  average rec-. . -. 
i-rval f a  two evc ka, but  the lack - of 
joi 1 betwee the two recurrenced loweve 
f 

" 

!re wa u r i  
' I 

- - - r- 

4.3.2.6 Relat ionship t o  the East Cache f a u l t  

: 1~ L I u JT ~ r l e  rla~~ieb r e a ~  rau I L a~ L I I ~  ~ U U  ~rler-11 ~ I I U  L I I ~  L ~ > L  1 

~ l t  ..gge.~s t h e i r  surface rupture h i s t o r i e s  may be rel-.zd. B lau ' r  (!!75) 
k p p i n g  shows t ha t  the East Cache f a u l t  5 abrupt ly  terminated a t  i t s  high- 
angle in te rsec t ion  w i t h  the James Peak f a u l t  ( f i g .  4.7) because no north- 
t rending f a u l t  extends up W e l l s v i l l e  Creek. The James Peak f a u l t  i s  a lso 
or iented a t  near r i g h t  angles t o  the contemporary regional  extensional st ress 



f i e l d  (Zoback and Zoback, 1980). However, port ions o f  the Wasatch f a u l t  
which in te rsec t  a t  high angles have ruptured concurrently during the Holocene 
(Personius, 1985) and s im i l a r  f a u l t  patterns are found along l a t e  Quaternary 
f a u l t  zones elsewhere i n  the Basin and Range ( f o r  example, Wallace, 1979). 
The morphology o f  the bedrock scarps on the Broadmouth Canyon f a u l t s  ( f f  g. 
4.7) does not  suggest recurrent  l a t e  Quaternary displacement, but a lso does 
not preclude some Quaternary s l ip .  These scarps trend s o ~ s t g r l v . a e a r l v  
pa ra l l e l  t o  the southern pa r t  o f  the East Cache fau l t .  le speculate t ha t  the 
l~roadmouth Canyon t a u l t s  may be the southernmost pal o f  a Quaternary rup t i  
& i e  encompa3-'-- a l l  'hree 

Some o f  the larger  ~ t s  on nes Peak f a u l t  may 
havF ruptured par t  o f  the East Cache fau l t .  Empiri( re la t ionsh ips betweg- 

t he amount o f  surface displacement and f a u l t  rupture length (Bon i l l a  and 
thers, 1984) suggest t h a t  more than 7 km o f  surface fau l t ing  i s  associa 

w i th  events tha t -p  t we i n f e r  from our 
trench s t ra t i g r ;  i spl acements o f  1.6 -to 
23-3 are thoughr TO f a u l t  segments 30 t o  60 
km long (~chwar tz  and Coppersmi t h  , 1984). ' The 1983 Borah peak earthquake had 
a maximum displacement o f  about 2.5 m and a t o t a l  rupture length o f  36 + 3 km 
(Crone and Machette, 1984). Thus, even i f  small, unrecognized ruptures- 
occurred on the Broadmouth Canyon f a u l t s  during the events recorded a t  James 
Peak, a t  l eas t  15 t o  20 km o f  the southern pa r t  o f  the East Cache f a u l t  may 
also have ruptured. Near the southern end o f  the East Cache fau l t ,  Swan and 
others (1983b) could not  determine the age o f  most recent displacement 
because the main t race o f  the f a u l t  i s  wel l  above the Bonnevil le shorel ine a t  
the range f ront ,  and because scarps along the f a u l t  are almost completely 
masked by younger ( post-Provo) a1 l u v i a l  fans. Thus, average recurrence on 
the section o f  the East Cache f a u l t  marked by the post-Provo scarps near 
Logan since the high stand o f  Lake Bonnevil le appears t o  be about 7 ka, but 
the actual i n te r va l  between events could be as short  as 2 t o  3 ka (Swan and 
others, 1983b). 

A -  ii te-;peci ; l i p  data ind. s to r i t  he Ea: 
nd James Pea faults, but l i t t l e  r e l i a b l e  information on the southern ha l l  
f the East Cacne f a u l t  i s  ava i lab le  t o  d is t ingu ish among severa 
nla t . inn  One p o s s i b i l i t y  i s  t ha t  displacements on the James 4 m ' ~ u l  t 

&cur n e x e n d  o f  surface ruptures produced by very large, but infrequent 
(average recurrence of >50 ka) earthquakes which break a large pa r t  o f  the 
East Cache f a u l t  (>50 km). The length o f  these ruptures and the f a c t  tha t  
the amount o f  displacement i s  li kely t o  be greater near the center than near 
the end o f  the rupture segment ind icate  these earthquakes would be as large 
as o r  la rger  than those i n fe r red  on the cent ra l  segments o f  the Wasatch f a u l t  
(Boni 1 1 a and others, 1984; Schwartz and Coppersmith , 1984), which seems very 
un l ike ly .  A1 ternat ively,  the East Cache f a u l t  may consist  o f  unrecognized 
segments, w i th  the southern pa r t  o f  the f a u l t  (and the James Peak f a u l t )  
having an order o f  magnitude longer recurrence than the East Cache f a u l t  near 
Logan. The southern pa r t  o f  the East Cache f a u l t  could also have a s l i p  r a te  
and recurrence s im i l a r  t o  t h a t  f o r  the cent ra l  pa r t  o f  the f au l t ;  i f  
displacements were occurring near the base o f  the facets along the range 
front ,  on f a u l t s  buried by the post-Provo a l l u v i a l  fans along the range 
front ,  o r  on f a u l t s  basinward o f  the al.luvia1 fans, scarps on these 
unrecognized f a u l t s  would be e i t h e r  buried o r  qu ick ly  eroded. 



Although the apparent s l ip  rates on the East Cache and James Peak faults 
differ by a factor of 3 to 6, i t  should be emphasized that the age of the 
datums used to estimate the rates differ by almost an order of magnitude. A 
similar situation i s  reported by Machette (1984) whose mapping suggests that 
the h i g h  s l ip  rates and short recurrence intervals on the central segments of 
the Wasatch fault zone may only apply to the latest  Pleistocene and Holocene; 
longer-term late Quaternary rates appear to be much lower, closer to those 
estimated for other faults i n  the region (for example, Nelson and VanArsdale, 
1986; sec. 4.2). The rapid changes i n  subsurface pore pressures and 
isostatic loading and unloading accompanying the rise and fal l  of Lake 
Bonneville about 15 ka may have triggered many earthquakes on the Wasatch and 
East Cache faults resulting i n  a latest  Pleistocene and Holocene recurrence 
rate several times that for the late Quaternary (Swan and others, 1983b; 
Machette, 1984). Thus, we speculate that late Quaternary s l ip  rates on the 
East Cache fault and the James Peak fault, and perhaps recurrence as well, do 
not differ nearly as much as suggested by the apparent s l ip  rates above. 

4.3.2.7 Conclusions 

'WO surfi - its o f  - 
leak fault i n  the last  140 . i n d i  t ing a late Quaternary s l ip  rate of abc 1 
I. 03 mm/yr. Surface fault, I recurrence intervalcar@ cMfflcuTf to estima 

rlecause of poor age cont-- b u t  the average recurrence between event? 
least 50 ka- 1 The fault ...-y be a westerly splay o f  the East Cache faul - 

separate valley-bounding fault like those to the south. The 
lack of detailed s l ip  and recurrence data from the southern half of the East 
Cache fault precludes determining whether the central part of the East Cache 
fault behaves independently from the southernmost part of the fault and from 
the James Peak fault or whether a l l  parts of both faults have had a similar 
late Quaternary history. 

4.3.3 Faults i n  western Cache Valley 

The Wellsville and Clarkson faults, termed the West Cache fault by Oviatt 
(1985), are down-to-the-east normal faults that displace the Tertiary Salt 
Lake Formation on the west side of southern Cache Valley ( f ig .  4.7). East 
dips i n  the Salt Lake Formation beneath Cache Valley shown by reflection data 
(Smith and Bruhn, 1984) indicate that these faults have significantly less 
displacment than the East Cache fault, suggesting these faults are antithetic 
to the East Cache fault. However, the amount of relief of  the range front 
and the steepness of some facets on this sf de of the valley sug est  late 
Quaternary displacement on some faults here. Cluff and others 7 1974) mapped 
a number o f  scarps of possible tectonic origin i n  latest Quaternary deposits 
along these faults. More recent mapping by Oviatt (1985) and Personius 
(1985) shows that some of the scarps are Quaternary faults and that a few 
displace Bonnevi 1 le-age sediments (Oviatt, written corn., 1986). However, 
recurrence intervals are longer and displacement event sizes are probably 
smaller on the West Cache faults than for late Quaternary events on the East 
Cache and Wasatch faults. For t h i s  reason and because all  USBR structures 
are not significantly closer to the West Cache faults than they are to the 
Wasatch and East Cache faults, we do not consider the West Cache faults 
further. 



4.3.4 Faul ts i n  the Mantua area 

Near Mantua i n  the Wasatch Mountains east o f  the East Cache f a u l t  and 
northwest o f  Ogden Val ley ( f f  g. 4.1) are a number o f  p a r t i a l l y  closed, 
roughly equidimensional basins, from a few hundred meters t o  a few ki lometers 
i n  diameter. The basins are smaller, but  physiographical ly  very s i m i l a r  t o  
the la rger  back-valley basins i n  the Wasatch Mountains t o  the south, such as 
Ogden and Morgan val leys. Many o f  the east and west margins o f  the Mantua 
basins are l inear ,  w i t h  steep, faceted r idges w i t h  coalesing a l l u v i a l  fans a t  
t h e i r  bases; other margins o f  the basins are eroded w i t h  gent le slopes. The 
f l o o r s  o f  the basins vary g rea t l y  i n  elevation, and some basin f l o o r s  are 
dissected by streams whi le  others are f l a t ,  f i l l e d  w i t h  Quaternary a l l u v i a l  
sediments. The youngest basin f i l l s  are Holocene, but  a road cut  i n  basin 
f i l l  sediments along the highway south o f  Dry Lake shows t h a t  a t  l eas t  some 
of the sediments f i l l i n g  these basins date from the ea r l y  Quaternary. The 
ash exposed i n  the road c u t  i s  the Lava Creek B Ash (Oviat t ,  w r i t t en  corn., 
1986) deposited about 720 ka ( I z e t t  and others, 1978). Major drainages 
f lowing from the Wasatch Mountains i n t o  Cache Val ley are c l e a r l y  d isrupted by 
the steeper margins o f  the small basins. The best examples o f  headwaters 
areas t h a t  are beheaded by escarpments i n  t h i s  p a r t  o f  Utah are found on the 
east edge o f  Mantua and Dry val leys. 

Three possible orgfns f o r  the basins i n  the Mantua area have been suggested: 
1)  they are p r ima r i l y  ka rs t  features, 2) the bast ns were formed by normal 
f a u l t i n g  i n  the middle and l a t e  Ter t ia ry ,  were f i l l e d  w i t h  sediment, and are 
present ly being exhumed by u p l i f t  and f l u v i a l  erosion, and 3) the basins are 
p r ima r i l y  the r e s u l t  o f  Quaternary normal f a u l t i n g  on pre-exist ing Te r t i a r y  
f a u l t s  bounding the basins, but  most i f  not  a l l  displacment pre-dates the 
l a t e  Quaternary. L ike Crit tenden and Sorensen (1985) we favor the t h i r d  
explanation f o r  the development o f  these basins f o r  the fo l lowing reasons, 
although o r i g i n  2 above may be o f  secondary importance. Karst features are 
present l o c a l l y  i n  some o f  these basins, but  they are small (much smaller 
than the la rger  basins) and the features are no t  widely d i s t r i bu ted  
throughout the area under la in by Paleozoic carbonates. The basins are much 
too large t o  have been produced e n t i r e l y  by ka rs t  processes. If kars t  was a 
dominent process i n  the area features of a l l  sizes would be expected t o  be 
developed throughout the areas o f  carbonate bedrock. 

L ike the back va l leys t o  the south the Mantua basins probably i n i t i a l l y  
developed by normal f a u l t i n g  dur ing the Ter t ia ry .  However, i f  the postulated 
f a u l t s  and steep escarpments bounding these basins are e n t i r e l y  exhumed 
(representing a former Te r t i a r y  landscape) then the prominent beheaded 
drainages which now dra in  i n t o  Cache Val ley are a lso exhumed. Because the 
Wasatch Range has been u p l i f t e d  r e l a t i v e l y  r a p i d l y  during the l a t e  Cenozoic 
(Naeser and others, 1983) and because streams i n  the region are general ly  
able t o  downcut a t  ra tes  equal t o  u p l i f t  rates, even over r es i s t en t  
l i t h o l o g i e s  (Hamblin and others, 1981), we t h i nk  i t  u n l i k e l y  t ha t  the present 
drainage pat tern  i n  t h i s  p a r t  o f  the Wasatch Range i s  la rge ly  inher i ted  from 
the middle and l a t e  Ter t ia ry .  Some o f  the Mantua basins w i t h  dissected 
f l o o r s  are no longer topographical ly  closed, but  others are s t i l l  being 
f i l l e d  w i t h  Holocene sediment. I n  addi t ion,  the s t ra ightest ,  longest, 
highest, and steepest escarpments a1 1 t rend near ly  north-south -- .para? l e l  
w i t h  the Wasatch f a u l t  i n  t h i s  area (Personius, 1985) and perpendicular t o  
the regional  extensional st ress regime (Zoback, 1983). The d is rup t ion  o f  



major drainages combined w i t h  the steep, faceted escarpments found i n  some 
north-trending basins strongly suggests to  us tha t  most of the basins have 
had a t  l eas t  tens of meters of displacement du r ing  the Quaternary. This does 
not preclude cumulative Tertiary displacement on the basin-bounding f au l t s  
exceeding Quaternary displacement. 

Thus ,  although we have no d i r ec t  evidence, such as scarps i n  Quaternary 
deposits, we conclude tha t  the Mantua area basins a re  bounded by normal 
f a u l t s  and tha t  s ignif icant  Quaternary displacements have occurred on many o f  
these postulated f au l t s  on the eas t  and west basin margins ( f i g .  4.1). The 
escarpments along the central portions of many of our inferred Quaternary 
f au l t s  a re  higher and steeper than other par ts  of the escarpments. This 
suggests tha t  these portions of the f au l t s  may have ruptured more often or  
more recently than the northern and southern ends of the faul ts .  Inferred 
f a u l t  lengths are  i n  the 10-20 km range, b u t  the steeper central parts of the 
f a u l t  escarpments a re  only about 3 t o  6 km long. We have marked the central 
part  of some inferred f au l t s  as  suggestive of l a t e  Quaternary displacement 
(p la te  l a )  on the basis of their morphologic s imi lar i ty  w i  t h  escarpments i n  
back valleys fa r ther  south which have had l a t e  Quaternary displacements. 
However, we have no d i rec t  evfdence tha t  displacments have occurred on these 
parts of the faul ts .  

As w i t h  the West Cache f au l t s ,  the inferred f a u l t s  i n  the Mantua area pose 
much l e s s  hazard t o  USBR structures  than do the Uasatch, James Peak, and East 
Cache faults.  Thus, the Mantua basins were not studied further. 

4.3.5 Faults eas t  and southeast of Cache Valley 

In this section we provide a sumnary of published information on the Bear 
Lake and Crawford Mountain f au l t s  supplemented by a brief review of aer ial  
photography of the southern portion of Bear Lake and the eastern Bear River 
Range and a half day f i e l d  reconnaisance along the southeastern shore of Bear 
Lake . 
The Bear Lake f a u l t  and the Crawford Mountain normal f a u l t  occur i n  the Idaho- 
Wyoming Thrustbelt i n  the northern Wasatch Mountains eas t  of Cache Valley a t  
or  near the eastern margin of the Basin and Range t ransi t ion zone ( f i g  4.1). 
Both of these l a t e  Cenozoic normal f au l t s  have developed i n  the upper plate 
of the Crawford Mountian t h r u s t ,  an imbricate splay of the Absoraka T h r u s t .  

4.3.5.1 Bear Lake f a u l t s  

Bear Lake occupies the southern portion of an arcuate structural depression 
drained by the Bear River tha t  extends over a distance of about 100 km from 
Laketown, Utah north t o  Soda Springs,  Idaho. Seismic reflection data across 
the southern portion of Bear Lake show east-dipping ref lec ters  w i t h i n  the 

9 raben bounded on the eas t  by the west-dipping East Bear Lake normal f a u l t  
Lamerson, 1982; Valenti, 1982; Royse, personal corn). 

Fault scarps w i t h  heights of 3 - 10 m mapped i n  a l luvial  fan deposits a t  the 
mouth of North Edan Creek, and scarps in lake bottom sediments reported by 
W i  11 iams and others (1962) indicate tha t  l a t e  Quaternary surface 
displacements have occurred on the East Bear Lake faul t .  Williams and others 
(1962) discuss the recent history of Bear Lake and describe three abondoned 



l a t e  Pleistocene shorel ines preserved on the margins o f  the lake. They map 
f a u l t  scarps i n  unconsolidated deposits, probably o f  Holocene age, along the 
east Bear Lake f a u l t  from Laketown, Utah t o  Bennington, Idaho, a distance of 
about 60 km. Kal iser  (1972) discusses exposures o f  the east Bear Lake f a u l t  
i n  a1 l u v i a l  fan deposits, describes the prominent t r iangu la r  facets developed 
i n  bedrock i n  the footwal l  o f  the east Bear Lake f au l t .  He also discusses 
three earthquakes t h a t  occurred i n  the v i c i n i t y  o f  Bear Lake from 187301876. 

Based on a i r  photo i n te rp re ta t i on  and reconnaissance mappin o f  the scarps on 
the east side o f  Bear Lake (A. J. Crone, o ra l  communication 7 we conclude t ha t  
l a t e  Quaternary surface displacements have occurred on the East Bear Lake 
f au l t .  Therefore, we consider t h i s  f a u l t  t o  be a source f o r  large magnitude 
earthquakes i n  the northern Wasatch Mountains. 

4.3.5.2 Bear River f a u l t  zone 

Mapping o f  f a u l t  scarps i n  a l l u v i a l  deposits has defined the 20-km-long Bear 
River f a u l t  zone south o f  Evanston, Wyoming (Gibbons and Dickey, 1983; West, 
1984), east of the Regional study are ( f i g .  4.1). Trenching has establ ished 
t h a t  Holocene surface displacements o f  2 t o  3 m have occurred w i th  a 
recurrence i n te r va l  o f  1 t o  3 kas (West, 1984). These f a u l t  scarps, as we1 1 
as drainage anomalies and a l i n e a r  bebrock escarpment f u r t he r  t o  the east are 
in terpreted as resu l t i ng  from the reac t i va t ion  o f  the Darby t h rus t  (West, 
1986). These f a u l t s  should a lso be considered as potent ia l  sources f o r  large- 
magnitude earthquakes. 

4.3.5.3 Crawford Mountain f a u l t  

The Crawford Mountains are located southeast o f  Bear Lake, east o f  Randolph, 
Utah and east o f  the Regional Study area. A normal f a u l t  t h a t  extends f o r  a 
distance o f  a t  l eas t  30 km has been mapped on the west margin o f  the Crawford 
Mountains where i t  i s  concealed by the f loodp la in  deposits o f  the Bear River 
(Hintze, 1980). Seismic r e f l e c t i o n  data ind ica te  t h a t  t h i s  f a u l t  has 
loca l ized deposit ion o f  about 2 krn o f  east-dipping Ter t ia ry  sediment i n  the 
upper p l a te  o f  the Crawford t h rus t -  which i s  exposed on the east side o f  the 
mountains (Royse, 1975; Lamerson, 1982). This f a u l t  i s  a lso in terpreted as a 
l i s t r i c  normal f a u l t  re la ted  t o  the reac t i va t ion  o f  an older th rus t  f a u l t  
(Royse, 1985, personal conunicat ion) .  

We have done no reconnaissance mapping o r  a i r  photo study o f  the Crawford 
Mountains f a u l t  f o r  t h i s  study and have i d e n t i f i e d  no f a u l t s  scarps i n  l a t e  
Quaternary deposits associated w i t h  the f a u l t ,  although deta i led study o f  the 
a l l u v i a l  deposits on the west side o f  the Crawford Mountains may reveal fau l t -  
re la ted  features s im i l a r  t o  the Bear River - f a u l t  zone (West, 1984). Based on 
s i m i l a r i t i e s  w i th  the East Cache and the East Bear Lake fau l t ,  we i n f e r  t ha t  
l a t e  Quaternary displacements have occurred on t h i s  f a u l t  ( f i g .  4.1). 

4.3.5.4 Faults i n  the Bear River Range 

I n  the Bear River Range south o f  Bear Lake and east o f  Cache Valley, 
prominent west-facing l i n e a r  bedrock escarpments w i t h  poorly preserved facets 
are inferred t o  mark the pos i t ions o f  down-to-the-west normal f a u l t s  ( f i g .  
4.1; p l .  l a ) ,  some o f  which appear on published maps (Stokes and Madsen, 
1964; .Hintze, 1980). C l u f f  and others (1974) suggest t h a t  l a t e  Quaternary 



f a u l t s  may be present imnedfately southwest o f  Bear Lake ( f i g .  4.1). Our 
study o f  a i r  photo a lso reveals lineaments a t  the base of these escarpments 
and has i d e n t i f i e d  addf t i  onal escarpments and assocf ated 1 ineaments t h a t  
suggest l a t e  Cenozoic and possibly l a t e  Quaternary displacements have 
occurred on f a u l t s  i n  the Bear River Range ( f i g .  4.1). The f a u l t s  t y p i c a l l y  
have lengths o f  10 - 15 km w i t h  ea r l y  Te r t i a r y  and Quaternary deposits i n  the 
hanging wal l  and Paleozoic rocks i n  the footwalls. 

On the basis o f  t h i s  reconnaissance a i r  photo mapping we i n f e r  t h a t  l a t e  
Quaternary displacements have occurred on these f a u l t s  ( f i g .  4.1; p l .  l a ) .  



4.4 Oqden Valley 

Ogden Valley i s  a 35-km-long, up t o  5-km-wide, northwest-trending s t ruc tu ra l  
and physiographic basin i n  the Wasatch Mountains nor th  o f  Morgan Valley and 
east o f  Ogden, Utah. Three major t r i b u t a r i e s  o f  the Ogden River f low i n t o  
Ogden Valley and the r i v e r  e x i t s  through Ogden Canyon i n  the Wasatch 
Mountains ( f i g .  4.10). Pineview Dam on the Ogden River impounds Pineview 
Reservoi r which occupies the southwestern por t ion  o f  the Val 1 ey. 

The preservation o f  the 011 gocene Norwood T u f f  and the P l i  ocene(?) 
Huntsv i l l e  fanglomerate w i t h i n  Ogden Valley and a steep faceted bedrock 
escarpment on the southwest margin o f  the va l l ey  suggest t h a t  the subsidence 
o f  Ogden Valley began i n  the ea r l y  Cenozoic and has continued i n t o  the l a t e  
Quaternary, as i n  Morgan Val ley t o  the south. Eardley (1955) discusses a 
displacement h i s to r y  f o r  back va l ley  f a u l t s  i n  the northern Wasatch Mountains 
t h a t  includes an ea r l y  Cenozoic episode o f  f o l d i ng  and fau l t ing.  Based on a 
l a t e  P l  iocene(?) fanglomerate i n  Morgan, Ogden, and Cache Valleys, he infers 
a l a t e  Pliocene episode o f  major block f a u l t i n g  t h a t  defined the present 
ou t l i ne  of Ogden Valley. We concur t h a t  l a t e  Cenozoic extension i n  the back 
val leys o f  the Wasatch Mountains has react ivated p rex is t ing  normal f a u l t s  i n  
Ogden Val ley; however, we have i n fe r red  ea r l y  and/or mid-Quaternary 
displacement on several marginal f a u l t s  and l a t e  Quaternary displacement on 
f a u l t s  on the southwest margin o f  the val ley.  

4.4.1 Faul t ing i n  Oqden Val ley 

Ogden Val ley, i s  in terpreted as a l a t e  Cenozoic graben based on pub l i  shed 
cross sections o f  Royse and others (1975) and Sorensen and Crittenden (1979) 
depict ing steeply-dipping normal f a u l t s  on the margins o f  Ogden Valley which 
are associated w i th  a residual  g rav i t y  low of.about 25 mgal centered near 
Huntsv i l l e  ( f i g .  4.10) t h a t  i s  in terpreted t o  represent about 1500 m o f  low- 
densi ty Norwood t u f f  and over ly ing l a t e  Cenozoic basin f i l l  (Stewart, 1958; 
Zoback, 1983). Northwest-str iking normal f a u l t s  w i th  lengths o f  10 - 18 km 
and l a t e  Cenozoic displacements o f  >500 m are a lso in terpreted from t h i s  data 
by Stewart (1958). Two l a t e  Cenozoic normal f a u l t s  are shown on the 
southwest margin o f  the va l l ey  ( f i g .  4.10): the southwesternmost i s  exposed 
as a f a u l t  contact a t  the base o f  the bedrock escarpment bordering the va l ley  
w i th  a length o f  about 10 km from west o f  L i be r t y  t o  Ogden Canyon; and the 
other, re fer red t o  as the North Fork f au l t ,  i s  i n fe r red  on the basis o f  
g rav i t y  data and d r i l l i n g  t o  extend from the North Fork o f  the Ogden River t o  
south o f  Pineview Reservoir. A s ing le  f a u l t  i s  i n fe r red  on the northeast 
margin also about 1.5 km basinward o f  the va l l ey  margin (Sorensen and 
Crittenden, 1979). Logs o f  waterwells, d r i l l e d  t o  develop an aqui fer  
confined below an impermeable horizon i n  pre-Bonnevil le deposits w i t h i n  Ogden 
Val ley, demonstrate t h a t  pre-Bonnevil l e  age, unconsolidated, a1 1 uv ia l  and 
lacus t r ine  deposits i n  the va l l ey  are a t  l eas t  100 m lower i n  elevat ion than 
Paleozoic bedrock a t  Pineview Dam a t  the o u t l e t  t o  the Valley (USBR, 1932; 
Doyuran, 1972). 

Our i n i t i a l  e f f o r t s  t o  locate and assess evidence f o r  l a t e  Quaternary 
f a u l t i n g  i n  the back va l leys o f  the Wasatch Mountains focused on Ogden 
Val ley. Sorenson and C r i  ttenden (1979) show f a u l t s  d isplacing Holocene 
col.luvium near the northeast margin o f  the val ley,  and Lofgren (1955, p.83) 
described a f a u l t  scarp demonstrating "recent displacement1' along the range 
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f r o n t  east o f  L iberty,  Utah. Our low sun angle o v e r f l i g h t s  and review o f  
a e r i a l  photography revealed no f a u l t  scarps i n  unconsolidated deposits e i t h e r  
a t  the margins o r  w i t h i n  Ogden Valley; however, i n f e r red  f a u l t  contacts w i t h  
Cenozoic deposits and our compi l a t i o n  o f  waterwe1 1 data suggest 1 a te  Cenozoic 
displacement has occurred on most f a u l t s  i n  the va l l ey  and the steepness and 
l i n e a r i t y  o f  the bedrock f a u l t  scarp on the southwest margin o f  Ogden Valley 
suggested l a t e  Quaternary df splacement. 

4.4.1.1 Northeastern marqin o f  Ogden Val ley 

A normal f a u l t  i s  mapped on the northeastern margin o f  the val ley, but 
geologic and geomorphic evidence suggests t h a t  i t  i s  no t  a l a t e  Quaternary 
f au l t .  Cambrian and Precambrian rocks, over la in  east o f  the va l ley  by the 
Wasatch Formation, form the range f r o n t  opposite Pineview reservo i r  along the 
northeastern margin o f  the va l l ey  from Wolf Creek t o  the South Fork o f  the 
Ogden River ( f i g .  4.10). This por t ion  o f  the va l l ey  margin i s  l inear ,  but  
less  steep than the escarpment along the Morgan f a u l t ,  w i t h  la rger  t r i b u t a r y  
va l l ey  embayments eroded i n t o  it. The break i n  slope between the range f r o n t  
and the th in ,  bouldery alluvium, colluvium, and lands l ide deposits t h a t  
mantle bedrock on t h i s  s ide o f  the va l ley  i s gentle, and in te rp re ta t ions  
d i f f e r  as t o  the loca t ion  o f  a range-front f au l t .  Previous smaller-scale 
maps and generalized cross sections (Lofgren, 1955; Doyuran, 1972) dep ic t  a 
range-front f a u l t  a t  the base o f  the escarpment on t h f s  margin o f  the val ley. 
But we i n t e r p r e t  the g r a v i t y  data and the more recent mapping o f  Sorenson and 
Crit tenden (1979) as suggesting t h a t  the main f a u l t  on t h f s  margin o f  the 
va l ley  corresponds w i t h  the contact between the Norwood Tu f f  and the Cambrian 
rocks, located 1-2 km basinward o f  the margin of. the val ley. Quadrangle- 
scal e-mapping by Sorenson and. C r i  ttenden (1979) shows outcrops o f  Cambrian 
qua r t z i t e  beneath the bouldery surface deposits a t  distances of 1 t o  2 km 
from the range f r o n t  showing t h a t  there i s  l i t t l e  o r  no s t ra t ig raph ic  o f f s e t  
between these outcrops and the escarpment. Therefore, we conclude t ha t  there 
i s  no t  a s ign i f i can t  f a u l t  along the break i n  slope a t  the base o f  the 
escarpment, i n  contrast  t o  the Morgan f au l t .  

Along t h i s  margin o f  the va l l ey  Sorensen and Crit tenden (1979) map a 
subparal le l  ser ies o f  < 2 km long, northwest-str ik ing f a u l t s  i n  "Holocene 
co l  1 uvium and slopewash" t h a t  are near ly coincident w i t h  the contact between 
the Norwood Tu f f  and Cambrian rocks, t h a t  we i n t e r p r e t  t o  be the main f a u l t  
on t h i s  margin o f  the va l l ey  ( f i g .  4.10). These mapped f a u l t s  correspond 
w i t h  1-7 m high, predominantly southwest-facing scarps, evident both on 
airphotos and on the ground. Several exposures j u s t  northwest o f  the scarps 
show very well-developed, but  eroded s o i l s  w i t h  th ick ,  2.5YR-5YR, c l ay  f i lms  
completely coating peds. The o l d  a rg i  11 i c  horizons o f  these soi  1 s, developed 
on highly-weathered a l l u v i a l  fan gravels, are >1.5 m t h i c k  and stained w i th  
manganese oxides. Based on comparisons w i t h  s o i l s  along the Weber River 
(sec. 3.5), these s o i l s  are a t  l e a s t  200 ka. Overlying the o l d  a r g i l l i c  
horizons are 1-2 m o f  s i l t y  loess and slopewash deposf ts.  Boulder streams, 
patterned ground, and other  sol  u f l  uc t ion  features (1 i ke those described by 
W i l l  lams and Southard (1962) and Degraff (1976)) on these piedmont deposits 
along the range f r o n t )  show the near surface sediments on much o f  the 
piedmont have been ac t i ve  dur ing much colder periods i n  the l a t e  Quaternary, 
but  have not  been removed o r  bur ied by Holocene processes. Indices for  a 
s o i l  ( s o i l  0-1, tab le  4.4, f igs .  4.10 and 4.8) w i t h  a moderately developed 
a r g i l  l i c  horizon developed i n  these deposits suggest the s o i l  i s  pre- 



Table 4.4 Selectd properties of r o i l 8  m a l l w i r l  fan sediments I n  Ogden Valley, north central Utah. ~.-.~*~--~~~~~~~-~~----.---.--------~--------.----------*--------------------.-..-.-.--.-----.-.----.--------.-.--.-----.----------.---------------.---- 
Awr.g. )*nre l l  ESTI)(A1€0 PERCEYI BY VOLUY PERCENT BV UEIOIIT' 

@th Parent &Y P&lu  Cobbler Boul&rr Snd  S l l t  Clay Percmtl  Percent*. 
Pref l l e  Nor l aon* (cm) u t e r t a l  color (0.2-krr) (6-25-) (~2Ssr) (2-0.m) (50-2u) (*Zu) orgenlc u t t e r  cerbawte 

0- 1 A o 15 l o e r r - c o t ~ w i u  7.511 512 s 10 10 18 n 10 2.8 0.2 
ZOA 15 51 l o e r r - c o l l w i u  ?.SIR 6/2 5 10 10 15 41 44 0.8 0.4 
at 51 76 l o e r r - c o l l w i u  7 . 5 ~ ~  6/3 5 0 0 11 42 46 0.6 0.4 
2aC 76 l22+ l oe88 -co l lw i u  7.5YR 713 5 0 0 14 4 1 45 0.5 0.3 

0-2 @ 0 12 l o e 8 r - c o l l w i u  lOTR 513 5 5 20 35 50 15 2.8 0.0 
A 12 28 l o e r r - c o l l w l u  10YR 5/3 5 5 20 34 48 18 1.2 0.0 

+ Bt 28 19 l o e r r - c o l l w i u  7.5YR 6/4 5 S 20 47 34 18 0.7 0.0 
P 
P 

at 59 63 a1 IwIu 7.5YR 515 10 15 20 83 7 9 0.2 0.0 
2Cox 63 121+ a l l w i u  7.5YR 515 10 15 30 87 6 7 0.2 0.0 

wort- r o r w l e t u r e  of Cuthrle nd Ul t t y  (1982) d B i r ke l nd  (1984) except that w t e r  K hortton I 8  not tad. 
P u t l c l e  r lae  d l r t r tbut lan of J an f r n t l o n  u l n g  r i m - p i p e t t e  mothob (for exuple, Carver, 1971) d a S.dlgr.ph for rar r i l t - c l ay  f r n t f c n  
with pr ior  rrovll of mrbanrter d organic u t t e r  w ing  -tho& of Jackeon (1956). 

1 Percent organic w t t e r  by method of Ualkley d Black (1934). 
* Percent cubanrto by mthod o f  A1 l ison and Moodie (1965, p. 1387). 



Holocene. The t o t a l  p r o f i l e  Index f o r  a s o i l  ( s o i l  0-2, f i g .  4.10) on a 
large Holocene a l l u v i a l  fan t o  the southeast i s  about h a l f  t h a t  f o r  s o i l  0-1 
( f i g .  4.10), but  the high content o f  f i nes  i n  t h i s  Holocene s o i l  shows t ha t  a 
la rge amount o f  s i l t  and c l ay  i s  being blown onto the east s ide o f  the 
val ley, probably from exposed lake sediments. Thus, most o f  the 
unconsolidated deposits on the piedmont are probably o l d  a1 l u v i a l  fans, 
weathered Norwood Tuf f ,  and lands l ide deposits over bedrock w i t h  a t h i n  cover 
o f  l a t e  Pleistocene and Holocene loess and colluvium. Landslides i n  the 
Norwood T u f f  are ubiqui  tous i n  the back va l leys o f  the Wasatch Mountains. 
The scarps mapped by Sorenson and Crit tenden (1979) are i n  an area where only 
a t h i n  veneer o f  loess and slopewash over l i es  the Norwood Tu f f  and o l d  fan 
deposits, the scarp lengths are very l imi ted,  and the d i s t r i b u t i o n  o f  the 
scarps along the va l ley  margin i s  very l imi ted.  For these reasons, we 
i n t e r p r e t  these scarps as the r e s u l t  o f  shallow landsl ides (as discussed by 
Lofgren (1955, p. 83) and Doyuran (1972 pg. 28) o r  bedrock knobs protruding 
through most o f  the piedmont sediment, ra ther  than t o  l a t e  Quaternary 
displacement on fau l ts .  

South o f  the South Fork o f  the Ogden River, southeast o f  Huntsvi l le,  and 
above the Bonnevi 11 e shore1 i ne an unconsol idated boulder conglomerate (Thv) , 
in fe r red  t o  be o f  Pl iocene(?) age, i s  preserved over ly ing the Norwood Tu f f  
t ha t  i s  described by Lofgren (1955) and in fo rma l l y  re fe r red  t o  as the 
Huntsv i l l e  fanglomerate. From ae r i a l  photos we have mapped i n fe r red  f a u l t s  
along the l inear ,  southeast t rending contacts between t h i s  Hun tsv i l l e  
fanglomerate and o lder  rocks ( f i g .  4.10). These 2- t o  5-km-long i n fe r red  
f a u l t s  are presumed t o  be o f  l a t e  Cenozoic age, but  lack  the prominent 
expression o f  l a t e  Quaternary f a u l t s  such as the Morgan f au l t .  The f a u l t s  do 
r e f l e c t  the pre fer red northwest t rend o f  l a t e  Cenozoic f a u l t s  i n  Ogden Val ley 
which are i n f e r red  t o  be re la ted  t o  p rex i s t i ng  structure.  Southwest o f  
Hun tsv i l l e  the Norwood T u f f  extends up onto the west f l ank  o f  the Wasatch 
Mountains where i t s  inferred,  northwest-trending f a u l t  contact w i t h  o lder  
rocks mapped by Bryant ( i n  press) i s  concealed by l a t e  Pleistocene moraines. 
As no f a u l t s  are mapped nor th  o f  Cottonwood Creek on the northward p ro jec t ion  
of the Morgan fau l t ,  we conclude t h a t  the Morgan f a u l t  dies out  i n  the 
v i c i n i t y  o f  the creek and t h a t  l a t e  Cenozoic extension f u r t he r  nor th  i s  
accommodated on the northwest-trending f a u l t s  o f  Ogden Valley. 

The Broadmouth Canyon f a u l t s  (sec. 4.3) extend south from the southern end o f  
Cache Val ley t o  Ogden Val ley ( f i g .  4.10). Although they have been mdified by 
erosion, the height  o f  the bedrock escarpments on these f a u l t s  suggests 
Quaternary displacement, but  the scarps decrease i n  height  t o  the south and 
cannot be traced i n t o  the val ley. 

4.4.1.2 Southwestern marqin o f  Oqden Val ley 

Mapping by Sorensen and C r i  ttenden (1979) based on g rav i t y  model 1 i n g  by 
Stewart (1958) shows two southeast-str i  k ing normal f a u l t s  along the 
southwestern margin o f  the val ley.  Precambrian and Cambrian sedimentary 
rocks form the prominent escarpment southwest o f  L iberty.  This l i near ,  10-km- 
long escarpment continues south o f  Ogden Canyon as a f a u l t  contact between 
Precambrian rocks and the Norwood Tu f f  ( f i g .  4.10). Late Quaternary 
a l l u v i a l  fan and c o l l u v i a l  deposits are mapped as displaced i n  the hanging 
wa l l  o f  t h i s  f a u l t  (Sorensen and Crit tenden ,1979) below the Edan Water Gap 
( e l  m, 6184 f t )  west o f  L iberty,  and I' recent displacement" i s  i n f e r red  along 



t h i s  section o f  the f a u l t  by Lofgren (1955) based on the presence of springs 
and the steep bedrock fau l t  scarp (28-330) preserved here. This por t ion o f  
the f a u l t  ends abruptly a t  Chicken Creek, west o f  Liberty. Scarps i n  the 
d i s t a l  port ions o f  the a l l u v i a l  fans along t h i s  section are a l l  stream cut  
and we found no scarps i n  any sediments along the base o f  the escarpment. 
However, these fans are less dissected and grade i n t o  l a t e  Quaternary f l u v i a l  
terraces and Bonnevi 1 l e  deposits towards the center o f  the val l ey  suggesting 
they are probably younger than the fans along the southern section o f  the 
f a u l t  o r  those on the northeast margin o f  the valley. GI1 ber t  (1928, p. 
58,59) believed the Eden Water Gap was cu t  by a stream crossing the Wasatch 
Range tha t  was captured i n  Ogden Valley by the Ogden River a f t e r  a 
s ign i f i can t  amount o f  u p l i f t  on the Wasatch fau l t ,  but before much o f  the 
more recent Quaternary up1 i ft (Eardley , 1944). 

This f a u l t  i s  interpreted t o  continue w i th  southeasterly s t r i  ke about 2 km 
south o f  Ogden Canyon along the steeply-dipping contact between the Norwood 
Tuf f  and Precambrian rocks where the contact w i th  the Norwood Tuf f  turns 
abrupt ly t o  the southwest ( f i g .  4.10). A t  t h i s  point, southwesterly-striking 
facets i n  Precambrian rocks suggest a f a u l t  contact wi th  the Norwood Tuf f  
along a 5-km-long southwest-striking f a u l t  section. Further t o  the 
southwest, southeast-stri king normal f a u l t s  mapped by Bryant (1979) are 
concealed by l a t e  Quaternary (<I25 ka) moraines. The short southwest- 
s t r i k i n g  section i s  on the project ion o f  the Browns Hole normal f a u l t  mapped 
by Crittenden (1972b) i n  Precambrian and Cambrian rocks on the opposite side 
of the va l ley ( f i g .  4.10). Along the Middle Fork o f  the Ogden River the 
f a u l t  does not displace the Wasatch Formation, but the facets south of Ogden 
Canyon suggest l a t e  Cenozoic react ivat ion o f  a por t ion o f  the Browns Hole 
fau l t .  As there i s  no def lect ion o f  the g rav i t y  contours along t h i s  
southeast trend w i th in  the va l ley only the southwestern most port ion o f  the 
f a u l t  i s  interpreted t o  have been reactivated. 

Based on the steepness and l i n e a r i t y  o f  the escarpment on the-northwest- 
s t r i k i n g  section of the fau l t ,  the height o f  the Eden water gap, and the l a t e  
Quaternary age o f  the fans here i n  contrast t o  other margins o f  the valley, 
we conclude tha t  l a t e  Quaternary displacements have probably occurred on a t  
leas t  t h i s  section o f  t h i s  10-km-long fau l t .  

The second normal f a u l t  on t h i s  margin o f  the va l ley i s  mapped a t  the base on 
the eroded escarpment i n  the Nomood Tuf f  north and south o f  Pineview 
reservoir, on the basis of an in terpretat ion o f  g rav i ty  data by Stewart 
(1958). This f a u l t  appears t o  be the southward continuation of the North 
Fork f a u l t  discussed below. D r i l l  hole logs described by Doyuran (1972) 
confirm the presence o f  t h i s  f a u l t  and suggest tha t  i t  has greater cumulative 
displacement than the f a u l t  a t  the base o f  the escarpment i n  Precambrian 
rocks fu r ther  t o  the southwest. Based on the closure o f  the residual 
g rav i ty  anomaly and water wel l  data, the react ivated l a t e  Cenozoic port ion o f  
the North Fork f a u l t  i s  in fe r red  t o  have a length o f  about 18 km. Thomas 
(1945) interpreted logs o f  water we1 1s d r i l l e d  through the clayey s i  1 t 
horizon tha t  caps the artesian reservoir  f n the va l ley as demonstrating about 
8 m o f  l a t e  Quaternary, pre-Bonneville displacement on t h i s  fau l t .  

North o f  L iber ty  the course o f  the North Fork o f  the Ogden River appears t o  
be i n  par t  control led by the northwest-str i  king North Fork f a u l t  ( f i g .  4.10) 
mapped by Sorensen and Crittenden (1976; 1985). I n  cross section t h i s  f a u l t  



i s  depicted as high-angle, down-to-the-northeast, normal f a u l t  w i t h  a t  l eas t  
1000 m o f  displacement o f  Paleozoic and Precambrian rocks which they 
i n t e r p r e t  t o  be pre-Tert iary i n  age. We concur t h a t  there appears t o  have 
been a t  l eas t  no l a t e  Cenozoic displacement on t h i s  f au l t ,  f o r  although t h i s  
f a u l t  truncates northeast t rend ing f a u l t s  mapped i n  Precambrian and Paleozoic 
rocks t o  the northeast, i t  lacks an associated bedrock f a u l t  scarp, and i t  
has no t  loca l i zed  deposi t ion o f  Norwood T u f f  o r  younger deposits. 

An escarpment, probably produced by Quaternary fau l t i ng ,  bounds a1 l u v i a l  fans 
and f l u v i a l  terraces along the North Fork o f  the Ogden River nor th  o f  the 
L i be r t y  between the t race o f  the Wi l la rd  t h r u s t  and the i n fe r red  t r a c e - o f  the 
North Fork f a u l t  ( f i g .  4.10). Facets along the escarpment are eroded, but 
recognizable and slope about 220. F l  u v i a l  terraces between the escarpment 
and the channel o f  the North Fork and the a l l u v i a l  fans t h a t  grade i n t o  them 
are probably o f  a t  l e a s t  three d i f f e r e n t  ages. The two lower terraces, a t  
about 8 m and 15-20 m, and some debr is flow deposits on the higher a1 l u v i a l  
fans have poor ly developed s o i l s  on them w i t h  Bw horizons o r  weak a r g i l l i c  
horizons w i t h  patchy areas o f  reddish sandy clay. These charac te r i s t i cs  
suggest they may cor re la te  w i t h  Pinedale g l a c i a l  deposits (sec.s 3.3 and 
3.4). Moderately-developed so i  1 s w i t h  50-100-cm-thick a rg i  11 i c  horizons w i t h  
5YR hues t h a t  are over la in  by 40-75 cm o f  loess are developed i n  the gravel 
terraces about 40-50 m above the r i ve r .  Based on cor re la t ions discussed i n  
sections 3.4 and 3.5, a B u l l  Lake age (about 140 ka) seems reasonable for  
these terraces. A few poor exposures o f  the s o i l s  on terrace and fan 
deposits above the 40-50 m terraces, about 90 m above the r i ve r ,  show 
a r g i l l i c  horizons w i th  more reddish c lay  than lower terraces, but less  than 
i n  the s o i l s  developed on the fan sediments along the northeast margin o f  the 
val ley.  These deposits are probably >200 ka. The fan sediments c losest  t o  
the escarpment have o l d  s o i l s  on them l i k e  the fans along the other margins 
o f  the val  ley, except f o r  the L i be r t y  section, suggesting s i g n i f i c a n t  
displacements on the escarpment f a u l t  are pre- la te  Quaternary. The height  o f  
the terraces above the North Fork compared t o  similar-aged terraces elsewhere 
i n  the region (sec. 3.5) and the f a c t  t ha t  terraces w i th  Bu l l  Lake-type s o i l s  
are much higher than terraces w i t h  Pinedale-type s o i l s  i s  probably p a r t l y  due 
t o  more rap id  f l u v i a l  d issect ion o f  va l l ey  deposits as a r e s u l t  o f  
displacement on the Wasatch f au l t ,  on ly  6 km t o  the east. 

The North Fork f a u l t  appears t o  be a 30 o r  more km long f au l t ,  p a r a l l e l  t o  
the W i l l a rd  Thrust, t h a t  has been react ivated as a l a t e  Cenozoic f a u l t  along 
on ly  a por t ion  of i t s  length. Northeast o f  L i be r t y  the escarpment on the 
west edge o f  the a l l u v i a l  terraces appears t o  be a Quaternary f a u l t  on the 
basis o f  i t s  1 i n e a r i t y  and steep slope. Southwest o f  L iberty,  the pro jec t ion 
of the the North Fork f a u l t  coincides w i t h  the basinward, l a t e  Cenozoic 
normal f a u l t  defined by the g r a v i t y  data ( f i g .  4.10). Based on the shape and 
the c losure o f  the residual  g rav i t y  anomaly i n  the center o f  the val ley,  the 
l a t e  Quaternary North Fork f a u l t  i s  i n f e r red  t o  continue south o f  Huntsvi l le,  
y i e l d i n g  a l a t e  Quaternary f a u l t  length o f  18 km. A l ternat ive ly ,  the 4 km 
sect ion west of the North Fork may ind ica te  t h a t  Quaternary displacemnt on 
the North Fork f a u l t  has been t ransfer red i n  an en echelon manner t o  the 
southwest-bounding f au l t .  However, there i s  good evidence f o r  l a t e  
Quaternary displacement on ly  on the L i be r t y  sect ion o f  the southwest-bounding 
f a u l t .  



4.4.2 Conclusions 

Based on pub1 i shed geologic mapping and our interpretat ion of a i r  photos, 
subsurface data and reconna f ssance mapping, we conclude tha t  northwest- 
trending l a t e  Cenozoic normal f au l t s  are  present i n  Ogden Valley and tha t  
l a t e  Quaternary displacement has occurred on some of these faul ts .  In Morgan 
and Cache Valleys we have concluded tha t  l a t e  Quaternary f au l t s  a re  present 
a t  the base of some of the escarpments on the margins of these valleys. 
However, on the northeastern margin of Ogden Val ley we conclude tha t  no 
s ignif icant  f a u l t  is present a t  the base of the escarpment, rather the main 
f a u l t  is inferred from gravity data and geologic mapping to  be 1 t o  2 km 
basinward of the base of the escarpment. A smooth bedrock pediment d i p p i n g  6- 
70 southwest extends smoothly across this f a u l t  contact and i t  is overlain by 
fan sediments w i t h  very old s o i l s  on them and a t h i n  veneer of bouldery loess 
and slopewash. In addition, old gravels near the center of the valley just 
north of Huntsville, which were probably deposited by the Ogden River, have a 
thick, clay-rich arg i l  l i c  horizon w i  t h  5YR hues developed on them, suggesting 
they a re  >I30 ka. T h i s  indicates tha t  deposits a t  l eas t  this old and 
possibly much older have not been displaced below the present f loor  of the 
valley. Therefore, we conclude tha t  no l a t e  Quaternary displacement has 
occurred along this margin of the valley. The f au l t s  on the southwest margin 
of the val ley have downdropped pre-Bonnevi 1 l e  a1 1 uvial deposits i n  the val ley 
re la t ive  to  its ou t l e t  and are  inferred t o  have displaced l a t e  Quaternary 
a1 luvial fans along a t  l eas t  one section of the valley margin. We have 
estimated the l a t e  Quaternary f a u l t  lengths t o  be 18 km fo r  the North Fork 
f au l t  and 10 km fo r  the southwesternmost f a u l t  on this mrgi n of the valley 
(fig.  4.10). 

Making an accurate assessment of the potential f o r  surface faul t ing i n  Ogden 
Valley is d i f f i cu l t .  We have no trench or  s i te-specif ic  data w i t h  which t o  
constrain the l a t e  Quaternary s l i p  ra te ,  single event s ize,  or  age of most 
recent displacement. Therefore, based on simi 1 a r i  t i e s  i n  1 a t e  Quaternary 
f a u l t  length and the escarpment morphology of one section, and the estimated 
young age of alluvial  deposits adjacent to  the f au l t ,  we assume tha t  s l i p  
r a t e  and displacement parameters are  similar t o  those calculated fo r  the 
Morgan f a u l t  -- a Quaternary s l ip  ra te  of 0.01 - 0.02 m/yr  and an average 
recurrence of surface displacements of 25 - 100 ka. 



4.5 East Canyon area 

South and east of Morgan Valley, the prominent east-facing escarpment o f  the 
East Canyon faul t ,  w i th  maximum r e l i e f  o f  about 350 m, trends N250E over a 
distance o f  28 km from Big  Mountain t o  Croyden, Utah. The Weber River 
breaches the escarpment near Croyden and enters the Upper Weber Canyon about 
12 km east o f  Morgan, Utah and East Canyon Creek breaches the escarpment a t  
East Canyon Dam, and then f lows nor th  j o i n i ng  the Weber River i n  Morgan 
Val ley ( f i g .  4.11). 

4.5.1 Geologic s e t t i n g  

The East Canyon f a u l t  has developed i n  the Stevensv i l le  syncl ine (Eardley, 
1944; Lamerson, 1982) adjacent t o  the east l imb  o f  the large ramp a n t i c l i n e  
i n  the lower p l a te  o f  the W i l l a rd  t h rus t  t h a t  forms the north-central Wasatch 
Mountains. Nearly v e r t i c a l  Paleozoic and Mesozoic rocks are exposed i n  the 
Upper Weber Canyon, downstream o f  the f au l t ,  where they are unconformably 
over la in  by l a t e  Cretaceous and e a r l y  Te r t i a r y  conglomerates o f  the Echo 
Canyon, Evanston, and Wasatch Formations t h a t  are a lso exposed i n  the 
foo twa l l  o f  the f a u l t  (Mullens and Laraway, 1964). Rocks exposed i n  the 
hanging wa l l  o f  the f a u l t  inc lude the east-dipping Jurassic Preuss Formation, 
the Wasatch Formation, and the northwest-dipping Norwood Tuff .  A Pliocene? 
fanglomerate has been mapped adjacent t o  the southern por t ion  o f  the f a u l t  by 
Egbert (1954) t h a t  i s  probably equivalent  t o  the Huntsv i l l e  fanglomerate i n  
Morgan and Ogden Valleys. 

The escarpment was recognized as a f a u l t  scarp by e a r l i e r  workers (Eardley, 
1952; Egbert, 1954) who discuss a complex displacement h i s t o r y  f o r  the f au l t ,  
culminating i n  l a t e  Cenozoic normal displacement. Recognizing t h a t  most 
major l a t e  Cenozoic l i s t r i c  normal f a u l t s  i n  the Foreland Thrust Be l t  are 
west-facing, Royse (1983) i n t e rp re t s  the East Canyon f a u l t  as an east-facing 
exception, suggesting t h a t  the f a u l t  soles i n  Jurassic s a l t  along a t h rus t  
plane, and t ha t  i t s  east d i p  i s  loca l i zed  by the east-dipping, t h rus t  ro ta ted 
Jurassic Press Formation. Lamerson (1982) discusses three d r i l l  holes i n  the 
Stevensv i l le  syncl ine inc lud ing No. 1 Gulf-Amoco East Canyon t ha t  spudded 
about 2.7 km east o f  the East Canyon f a u l t  ( f i g .  4.11a). Based on the 
omission o f  the lower Preuss Formation i n  the wel l ,  he in te rp re ts  a normal 
f a u l t  a t  the top o f  s a l t  i n  the Preuss Formation a t  a depth o f  2.6 km (8,656 
f t )  . Assuming t h i s  f a u l t  i n te rsec t ion  i s  the East Canyon f a u l t  w i t h  a 450 
southeast dip, our mapping and t h a t  o f  Bryant ( w r i t t e n  con. ,  1983) suggests 
t h a t  the 200 northwest-dipping Norwood Tu f f  has been displaced a minimum o f  
2.2 km ( f i g .  4.11a). 

4.5.2 guaternary deposits i n  the East Canyon area 

A t  l eas t  fou r  r e l a t i v e  ages o f  f l u v i a l  deposits can be dist inguished i n  the 
East Canyon Creek drainage basin i n  the hanging wa l l  o f  the East Canyon f a u l t  
( f l u v i a l  deposits o f  the Weber River Val ley are discussed i n  sec. 3.5.1). A 
few remnants o f  erosion surfaces cu t  on the Norwood Tu f f  and the Pliocene 
fanglomerate, 150-180 m above East Canyon Creek, are found i n  the Taylor 
Hollow area east and west o f  East Canyon Reservoir. Roadcuts show quar tz i te-  
cobble gravels w i th  a reddish, sandy c l ay  matr ix ,  l i k e  t ha t  o f  the Huntsv i l l e  
fanglomerate i n  i t s  type area, over ly ing the Norwood Tu f f  i n  t h i s  area. The 
la rges t  remnants south o f  Taylor  Hollow slope 3-50 towards the reservoir .  





Their  slope and e levat ion r e l a t i v e  t o  the creek suggest they are roughly 
co r re l a t i ve  w i t h  s i m i l a r  surfaces west o f  the Weber River i n  Morgan Val ley 
which are >730 ka (sec. 4.2). 

The next  lower group o f  f l u v i a l  terraces, 50-70 m above the creek, are best 
preserved as a l l u v i a l  fan remnants where t r i b u t a r y  drainages meet East Canyon 
Creek, although i n  some val leys,  such as Taylor  Hollow and Big  Dutch Hollow, 
they extend up val ley.  Most often, only a s i ng le  remnant a t  t h i s  l eve l  i s  
preserved, but  a t  the mouth o f  B ig  Dutch Hollow, two leve ls  12 m apart  are 
found i n  the la rges t  a l l u v i a l  fan complex i n  the drainage. The s ize  o f  t h i s  
fan complex r e l a t i v e  t o  those a t  the mouths o f  o ther  t r i b u t a r i e s  i s  probably 
due t o  increased discharge dur ing deglaciat ion o f  the small plateau g lac ie rs  
southwest o f  Lewis Peak i n  the headwaters o f  B ig  Dutch Hollow. Below the 
middle l eve l  fan remnants, discontinuous terraces are preserved 7-17 m above 
East Canyon Creek along most o f  i t s  length. 

I n  an e f f o r t  t o  compare the sequence o f  f l u v i a l  terraces i n  the East Canyon 
drainage w i th  s im i l a r  ter race remnants elsewhere i n the Weber River drainage 
(sec. 3.5.1), s o i l s  on the fan remnants a t  the mouth o f  Big Dutch Hollow were 
described and analyzed ( t ab le  4.5; pl.  lb ) .  Comparison o f  s o i l  development 
indices and secondary c l ay  values from these p r o f i l e s  w i t h  those from s o i l s  
i n  the area w i t h  some age con t ro l  (sec. 3.4 ) ( f f  gs. 3.1 and 3.2) suggest the 
highest Quaternary fan remnant (65 m) i s  probably i n  RAG 2; regional 
co r re la t ions  suggest an age o f  about 140 ka f o r  t h i s  remnant. Both the next 
lower fan remnant (52 m above the creek) and the more extensi ve ter race a t  16 
m have much lower s o i l  ind ices suggesting both s o i l s  are i n  RAG 3 and may be 
re la ted  t o  Pinedale deg lac ia t ion (see discussion i n  sec. 3.5.1). The 
terraces a t  7-17 m along the creek are not  continuous enough t o  t race below 
East Canyon Reservoir, but  t h e i r  r e l a t i v e  pos i t i on  above the creek and the 
degree o f  s o i l  development on them suggest they are co r re l a t i ve  w i t h  e i t h e r  
o r  both 1)  the gravel ter race graded t o  the Lake Bonnevi l le shorel ine a t  the 
southern t i p  o f  Morgan Val l e y  and 2) the f l u v i a l  terrace about 12 m below it. 
I n  e i t h e r  case, the terraces are about 14-15 ka (sec. 1.2). 

The ter race sequence i n  the East Canyon Creek drainage suggests a long period 
o f  d issect ion fo l low ing  the c u t t i n g  o f  the highest  erosion surfaces. The 
middle leve l  fans and terraces a t  50-70 m are probably re la ted  t o  the c l imate 
changes accompanying isotope stage 6 g l ac i a t i on  (sec. 3.5. I ) ,  but  the 
character o f  t h i s  depos i t i  onal response i s  not  known. The r e l a t i v e l y  young 
age but  high r e l a t i v e  e levat ion o f  the 42 m fan remnant a t  the mouth o f  Big 
Dutch Hollow suggests most o f  the d issect ion below the 50 m leve l  along the 
creek has taken place since the maximum extent  o f  g lac ie rs  during Pinedale 
g l ac i a t i on  (about 18 - 25 ka). The extent  o f  t h i s  d issect ion throughout the 
basin suggests i t  i s  ne i the r  a response t o  l oca l  f a u l t i n g  nor t o  the f a l l  o f  
the high stand o f  Lake Bonnevi l le i n  Morgan Valley. Major regional  changes 
i n  e f f e c t i v e  p rec ip i t a t i on  and vegetat ive cover are probably p r ima r i l y  
responsible f o r  t h i s  amount o f  dissection. The lower terraces are probably 
an aggradational response t o  events during Pinedale deglaciat ion (12-18 ka) . 
However, the extent  o f  these terraces also suggests a regional  c l ima t i c  event 
ra ther  than a base l eve l  change. 

Thus, because the ex i s t i ng  ter race remnants are not  continuously preserved 
along the va l leys and because the remnants are best explained as a response 
t o  regional  c l imate change, the f l u v i a l  deposits i n  the East Canyon Creek 



l rb le  4.5 Seloctd p r u p o r t i r  of  r o i l 8  on a l l w i a l  f n r  along Eart Canyon Creek, w t h  central Utah. 
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depth Parent dry Pebbles Cabblu Bouldrrr &nd S i l t  Clay Percent# Percentoo 
Prof i le YorizaP (m) u t e r i a l  color (0.2-&a) (8-25m) (~25cm) ( 2 - 0 . k )  (50-2u) (3rr) orgn ic  u t t e r  carbonate -------.---.-- 1-1-1----1--.--.----------.--..-------.---------------.----------.--..---.-------....-.-.--..-----..------....----------..--..-----------. 

E- 1 4' 0 20 loerr 10 VR 412 5 0 0 36 43 21 6.9 0.4 
A 20 50 1 oeor 10 VR 312 5 0 0 36 41 23 3.2 0.4 

2BA SO 78 f l w i a l  gravel8 7.5 VR 6/6 30 10 0 45 40 15 0.5 0.1 
Zst 78 110 f l w i a l  gravel8 7.5 VR 6/5 40 30 5 78 13 9 0.7 0.1 
ZCox 110 16% f l w i a l  gravel8 7.5 VR 5/6 40 30 5 78 10 12 0.2 0.2 

€-2 4' 0 10 lomcr 10 VR 414 5 0 0 36 46 19 4.7 0.3 
A 10 25 loerr 10 VR 414 5 0 0 32 47 21 1 .a 0.2 

w 
ul 

B 25 52 loear 7.5 YR 5/5 3 0 0 32 44 23 0.5 0.1 
I\) I t 1  52 77 loerr  7.5 VR 5/5 3 0 0 U U 22 0.5 0.1 

a t 2  77 112 f l w i a l  gravel8 7.5 VR W5 20 20 0 57 24 18 0.5 0.1 
ZCar 112 145+ f l w i a l  gravel8 7.5 VR 6/6 20 10 20 78 10 12 0.2 0.2 

E-3 A 0 30 loerr 10 VR 414 3 0 0 34 45 21 4.0 0.1 
U 30 52 1 ms8 7.5 VR 614 3 5 0 U) 45 24 0.9 8.0 

Zst l  52 80 f l w l a l  g raw l r  5 VR 6/8 20 20 5 46 17 37 0.8 0.1 
a t 2  80 110 f l w i a l  gravel8 5 YR 616 20 20 5 55 16 29 0.0 0.1 
2w 110 135+ f l ~ ~ i . 1  gravel8 5 VR U 7  20 20 5 71 14 15 0.2 0.1 

l Mati ran nmmcla tve  of Guthrie ud Yi t t y  (1-) d mirke lud (1964) except that w t e r  K horizon I 8  not wed. 
' Particle r i l e  d l r t r i bu t ian  of Q r fraction u im  r iew-p ipet te  method8 (for er.lple, Carwr, 1971) d a k d i g r q h  for 8- @l i t - c lay  fraction8 

with prior r r o v a l  of c a r b m r t r  and w w i c  u t t e r  us iw  r t h o d r  of  Jackran (1956). 
I Percant oremis vttrr by mthod of b l k l e y  nd Black (1934). 
.* Percent carbaute by method of A l l  icon d lloodie (1%5, p. 1387). 



drainage o f f e r  l i t t l e  pos i t i ve  o r  negative evidence o f  l a t e  Quaternary 
movement on the East Canyon f a u l t .  

4.5.3 The East Canyon f a u l t  

No f a u l t  scarps have been i d e n t i f i e d  i n  unconsolidated deposits along the 
East Canyon f a u l t ;  however, the steepness o f  the bedrock escarpment and the 
t r i angu la r  facets south o f  East Canyon Dam suggest t h a t  l a t e  Quaternary 
displacements may have occurred on t h i s  por t ion  o f  the f au l t .  Therefore, we 
have d iv ided the East Canyon f a u l t  i n t o  two segments: a southern, 10-km-long 
segment exh ib i t i ng  evidence in te rp re ted  t o  ind lca te  l a t e  Quaternary 
displacement; and a northern, 18 km-long segment cons is t ing o f  two p a r a l l e l  
traces t h a t  lack  such evidence ( f i g .  4.11a). 

4.5.3.1 Southern seqment o f  the East Canyon f a u l t  

On f i g u r e  4.11a, south o f  East Canyon Dam, the East Canyon f a u l t  i s  mapped 
along a wel l  def ined a i r  photo vegetat ion lineament a t  the base o f  the 
escarpment a t  the contact between the east-dipping Wasatch Formation i n  the 
footwal l  and the Norwood T u f f  and over ly ing Huntsv. i l le fanglomerate i n  the 
hanging wal l  (Egbert, 1954; Bryant, w r i t t e n  corn., 1983). This southern 
segment o f  the East Canyon f a u l t  i s  d ist inguished from the northern segment 
by the prominent o f  the vegetat ion l i n e a r  associated w i th  the f au l t ,  
t r i angu la r  facets developed on spurs i n  the foo twa l l  o f  the f au l t ,  and the 
preservation o f  a Pl iocene(?) fanglomerate i n  the hanging wal l  o f  the fau l t .  
The facets reach a maximum height  o f  about.300 m a t  the head o f  Monument 
Creek. South o f  t h i s  creek the facets d iminish r a p i d l y  i n  height  towards Big 
Mountain. I n  t h i s  area, the s t r i k e  o f  the East Canyon f a u l t  turns t o  the 
west and i t s  cont inuat ion i s  mapped as the L i t t l e  Mountain reverse f a u l t  
(Egbert, 1954; Bryant, w r i t t e n  corn., 1983). 

I n  the hanging wal l  of the southern segment o f  the f a u l t  the Norwood Tuff has 
an estimated thickness o f  2000 m and has been ro ta ted  20 -250 i n t o  the faul t .  
It i s  over la in  by a younger fanglomerate, less  than 40 m th ick ,  t h a t  i s  
described by Egbert (1954, pp. 19-20) as loose ly  consol idated sub-rounded 
boulders, cobbles and pebbles i n  a matr ix  o f  reddish-orange sand. The 
l i t h o l o g y  and. pos i t i on  o f  t h i s  u n i t  above the Norwood Tu f f  suggests 
co r re l a t i on  w i t h  the Pliocene? Huntsv i l l e  fanglomerate i n  Morgan and Ogden 
Valleys, although l a t e r a l  con t i nu i t y  can not  be established. As can be seen 
on f igure.  4 . l l a  t h i s  u n i t  i s  preserved on ly  adjacent t o  the East Canyon f au l t  
south o f  East Canyon Dam. We i n t e r p r e t  t h i s  deposit  t o  have been l o c a l l y  
derived from the footwal l  o f  the f a u l t  i n  response t o  l a t e  Cenozoic 
displacement on the southern por t ion  o f  the East Canyon f a u l t  as suggested by 
Egbert (1954). 

Tr iangular  facets on the foo twa l l  and the preservat ion o f  Norwood Tu f f  and 
Huntsv i l l e  fanglomerate i n  the hanging wal l  d i s t ingu ish  t h i s  southern segment 
o f  the East Canyon f a u l t  from the northern segment discussed below. Although 
we have no d i r e c t  evidence o f  the age o f  the youngest displacement on t h i s  
segment o f  the f au l t ,  based on s i m i l a r i t i e s  w i t h  the Morgan f a u l t  i n  the age 
o f  hanging wal l  deposits and morphology o f  the escarpment, we i n f e r  t h a t  l a t e  
Quaternary surface displacements have occurred on the East Canyon f a u l t  south 
o f  East Canyon Dam. 



4.5.3.2 Northern segment o f  the East Canyon f a u l t  

The escarpment o f  the northern segment o f  the East Canyon f a u l t  nor th  o f  the 
Dam lacks the facets developed on the southern segment, present1 ng an embayed 
appearance suggesting considerable erosion. The Echo Canyon Formation, a 
well- indurated conglomerate s i m i l a r  t o  the Wasatch Formation, forms the 
escarpment o f  t h i s  segment o f  the f au l t .  On f i g u r e  4.11b two p a r a l l e l  traces 
o f  the East Canyon f a u l t  are mapped i n  the v i c i n i t y  o f  East Canyon Dam. A 
western t race o f  the East Canyon f a u l t  i s  mapped s t r i k i n g  p a r a l l e l  t o  East 
Canyon Dam, about 60 m (200 f t )  upstream o f  the ax is  ( f i g .  4.11b). Exposures 
along State Highway 66 on the nor th  side o f  the reservo i r  reveal steeply west- 
d ipping conglomerates o f  the Echo Canyon Formation i n  the footwal l  fau l ted  
against lower- ly i  ng steeply southeast-dl pp i  ng red- brown sandstones and 
s i l t s t ones  o f  the Jurassic Preuss Formation. A chaot ic zone o f  sheared 
s i l t s t o n e  and sandstone extends f o r  300 m (1000 f t )  east o f  the contact w i th  
nor theaster ly  s t r i k i n g  reverse f a u l t s  exposed i n  the roadcuts. When the 
reservo i r  l eve l  i s  low, outcrops o f  the sandstone and s i l t s t o n e  can, a lso be 
traced along the south shore o f  the reservo i r  and up the f i r s t  t r i b u t a r y  t o  
the south where they are over la in  by mainstream gravels o f  East Canyon Creek 
(Qao on Fig. 4.11b). 

North o f  the dam, the Preuss Formation can be traced about up Rocky Creek 
about 2 km t o  the po in t  where the canyon turns northwest and breaches the 
escarpment i n  the Echo Canyon Formation ( f igs .  4.11a and 4.11b). Exposures 
i n  the canyon show t h a t  the f a u l t  contact between the Preuss Formation and 
the Echo Canyon Formation, over la jn  by 2-7 m o f  colluvium, i s  a t  l eas t  100 m 
(300 f t )  east o f  the base o f  the escarpment ( f i g .  4.11b), demonstrating t ha t  
a per iod o f  escarpment r e t r e a t  and c o l l u v i a l  deposi t ion postdates 
displacement on the western t race o f  the East Canyon fau l t .  I n  addit ion, 
about 500 m (1500 f t )  south of t h a t  por t fon o f  Rocky Creek, a cutslope f o r  a 
gas p ipe l i ne  excavation crosses the western t race o f  the East Canyon f a u l t  
( f i g .  4.11b). Exposure i s  general ly  poor on t h i s  rave l led  cut, but  where 
near v e r t i c a l  cuts are preserved, a stage 111-IV carbonate horizon i s  
developed i n  the col luvium t h a t  over l ies  the f au l t .  Age estimates and 
regional  co r re la t ion  o f  deposits w i th  simi l a r  carbonate morphology (sec. 
3.5.1) suggest t h a t  t h i s  s o i l  formed over a per iod o f  a t  l eas t  100 ka and 
probably 200 ka. Based on t h i s  evidence we conclude t ha t  the escarpment 
immediately nor th  o f  the dam i s  p r ima r i l y  a f a u l t - l i n e  scarp and t h a t  l a t e  
Quaternary displacements have not occurred on the western t race o f  the East 
Canyon fau l t .  

East o f  the outcrops o f  the Preuss Formation near the dam the Norwood Tu f f  i s  
exposed dipping t o  the west a t  reservo i r  l eve l  and i n  roadcuts i nd i ca t i ng  the 
presence o f  an addi t iona l  eastern t race o f  the East Canyon f a u l t  d isplacing 
the Norwood Tu f f  ( f i g .  4. l l b ) ,  as i n fe r red  by Bryant (w r i t t en  corn., 1983). 
This eastern t race has no associated topographic escarpment. Pediment 
gravels are mapped by (Bryant, w r i t t e n  corn., 1983) over ly ing the f au l t .  On 
the basis of t h e i r  r e l a t i v e  e levat ion above East Canyon Creek, between 
erosional remnants thought t o  be >730 ka and a l l u v i a l  fan remnants w i t h  an 
estimated age of about 140 ka (discussed below), these pediment gravels are 
probably a t  leas t  several hundred thousand years old. 

North o f  the dam, the escarpment lacks faceted spurs l i k e  those on the 
southern segment o f  the f a u l t  and the Norwood Tu f f  does not extend west t o  



the escarpment. Instead, r es i s tan t  conglomerates mapped as Wasatch Formation 
by Bryant (w r i t t en  comm., 1983) and Mullens and Laraway (1964) are exposed 
east of the escarpment as east-dipping hogbacks ( f i g .  4.11a). I f  these beds 
are ac tua l l y  pa r t  o f  the Evanston o r  Echo Canyon Formations they may def ine 
the east l imb o f  the ramp f o l d  i n fe r red  by Royse (1983). As these beds 
apparently have not been ro ta ted i n t o  the f a u l t  and the Norwood Tu f f  i s  t h i n  
o r  removed, we i n t e r p r e t  the northern por t ion  o f  the East Canyon f a u l t  as 
p r ima r i l y  a f a u l t - l i n e  scarp exhumed by the removal o f  the conglomerates t ha t  
ove r l i e  the less res i s tan t  beds o f  Preuss Formation (Mullens and Laraway, 
1964) east of the escarpment. 

4.5.4 Central Weber River Val ley 

We found no evidence o f  Quaternary displacement on f a u l t s  i n  the cent ra l  
por t ion  o f  the Weber River Val ley east o f  the East Canyoin area ( f i g .  3.1). 
The Absoraka and re la ted  th rus ts  have been mapped a t  near r i g h t  angles t o  the 
val l e y  near Rockport Reservoir (Cr i  ttenden, 1974; Baclawski and others, 
1984). A ser ies o f  north-trending normal f a u l t s  and th rus t  f a u l t s  have been 
mapped near the Coalvi 1 l e  an t i c1  i n e  (Trexler, 1966; Baclawski and others, 
1984) east o f  Coa l v i l l e  ( f i g .  4.1). The normal f a u l t s  displace a l l  Ter t ia ry  
u n i t s  but appear t o  be be re la ted  t o  the d isso lu t ion  of s a l t  i n  the 
underlying Preuss Formation (Baclawski and others, 1984). Bryant (w r i t t en  
comnunication, 1983) has i n fe r red  a down-to-the-west normal f a u l t  t rending up 
the va l l ey  from Wanship t o  Echo Reservoir. Terrace and fan remnants are too 
discontinuous i n  t h i s  p a r t  o f  the va l ley  t o  provide datums w i th  which t o  
demonstrate no movement on these f a u l t s  during the mid- o r  l a t e  Quaternary 
(sec. 3.5.1 and f i g .  3.5). However, l a t e  Cenozoic f l u v i a l  d issect ion i n  t h i s  
area has produced a topographical ly  subdued landscape compared t o  many other 
areas i n  the eastern Wasatch Mountains; there are no steep, faceted 
escarpments, ti 1 ted erosion surfaces, o r  other evidence o f  Quaternary 
deformation between the East Canyon f a u l t  and Kamas Valley. Thus, both 
r e l a t i v e  and absolute ra tes o f  u p l i f t  along t h i s  por t ion  o f  the va l ley  must 
be considerably less i n  most other areas o f  the eastern Wasatch Mountains 
(sec. 3.6). 

4.5.5 Conclusions 

St ra t igraphic  and geomorphic evidence support the conclusion t ha t  no l a t e  
Quaternary displacement has occurred on the northern segment o f  the East 
Canyon fau l t .  The northern segment consists o f  two pa ra l l e l  traces nor th  o f  
East Canyon Dam. The eastern t race i s  in te rp re ted  t o  be the youngest t race 
because i t  displaces the Norwood Tuff.  We conclude t h a t  no l a t e  Quaternary 
surface displacements have occurred on t h i s  t race o f  the northern segment for  
no topographic escarpment i s  preserved, and pediment gravels w i th  an 
estimated minimum age o f  200 ka appear undisplaced across t h i s  f au l t .  The 
western t race i s  near the base o f  the escarpment which lacks facets 
associated w i th  l a t e  Quaternary f a u l t s  i n  other back valleys. The Huntsv i l le  
fanglomerate and the Norwood Tu f f  are not  preserved i n  the hanging wal l  o f  
t h i s  t race also suggesting t h a t  considerable erosion has occurred since the 
most recent displacement on t h i s  t race o f  the f au l t .  I n  addition, c o l l u v i a l  
deposits w i th  an estimated age o f  a t  l eas t  100 - 200 ka ove r l i e  t h i s  western 
t race o f  the northern segment o f  the f a u l t  near Rocky Creek. Therefore, we 
conclude t ha t  no l a t e  Quaternary surface displacements have occurred on 
e i t h e r  t h i s  western t race o r  the eastern t race o f  the 16 km long northern 



segment of the East Canyon fault. We also conclude that there is no evidence 
for late Quaternary displacements on faults in the central portion of the 
Weber River Val ley. 

Based on presence of triangular facets, the preservation of the Huntsvil le 
fanglomerate, and by analogy with similar features associated with the Morgan 
fault (sec. 4.2), we infer that late Quaternary surface displacements may 
have occurred on the 10-km-long southern segment of the East Canyon fault 
south of East Canyon Dam. The late Quaternary fault length of the southern 
segment of East Canyon fault is 10 km, somewhat less than that of the Morgan 
fault. 

Making an accurate assessment of the potential for surface faulting on the 
southern segment of the East Canyon fault is difficult. We have no trench or 
site-specific data with which to constrain the late Quaternary slip rate, 
single event size, or age of most recent displacement. Therefore, based on 
similarities in late Quaternary fault length and the escarpment morphology of 
this segment, we assume that slip rate and displacement parameters are 
similar to those calculated for the Morgan fault which are a Quaternary slip 
rate of 0.01 - 0.02 m/yr and an average recurrence of surface displacements 
of 25 - 100 ka (sec. 4.2). 



5. CENOZOIC FAULTING I N  THE CENTRAL WASATCH MOUNTAINS 

I n  t h i s  sect ion we discuss f a u l t i n g  i n  back va l leys o f  the cent ra l  Wasatch 
Mountains east o f  Sa l t  Lake C i t y  and west o f  the Uinta Mountains, bounded on 
the nor th  and south by the leading edges o f  l a t e  Cretaceous and ea r l y  
Te r t i a r y  t h rus t  fau l ts .  

5.1 Tectonic Se t t i nq  

A t  the in te rsec t ion  o f  the north-trending Wasatch Range and the east-trending 
Uinta Arch i n  the cent ra l  Wasatch Mountains, Mesozoic and Paleozoic 
sedimentary rocks are exposed between the surface traces o f  the Mount Raymond- 
Absoraka t h rus t  on the nor th  (sec. 4.1) and the Charleston t h rus t  on the 
south (sec. 6.1). The east-west s t r i kes  o f  these thrusts  def ine a ree t ran t  
i n  the t h r u s t  b e l t  i n  the cen t ra l  Wasatch Mountains re fer red t o  by Beutner 
(1977) as the Uinta reentrant. He concludes t h a t  rocks exposed i n  the Uinta 
reent rant  are paraautocthonous (displaced <10 km) i n  contrast  t o  autochonous 
rocks exposed i n  the upper p la tes o f  the major t h rus t  sheets t o  the nor th  and 
south (displaced >50 km). He argues t h a t  the development o f  the Uinta 
reentrant, l i k e  the Southwestern Montana reent rant  t o  the north, i s  a 
consequence o f  the i n te rac t i on  between the t h r u s t b e l t  a l loc thon and geometric 
and s t ra t ig raph ic  i r r e g u l a r i t i e s  o f  the craton margin. The Uinta reentrant  
coincides w i th  the westward p ro jec t ion  o f  the ea r l y  Cenozoic Uinta Arch, an 
east-west trending, doubly plunging, nor th  verging a n t i c l i n e  (Hansen, 1983) 
exposing Precambrian sedimentary rocks i n  the core. Subseqently , t h i s  U i  nta 
t rend inf luenced sedimentation during the Paleozoic and loca l i zed  mid- 
Te r t i a r y  igneous a c t i v i t y  (Stewart and others, 1977). Based on the trends o f  
the t races o f  f o l ds  i n  the a l loc thon t h a t  p a r a l l e l  the curv ing traces o f  the 
thrusts,  and pat terns o f  synorogenic and post-orogenic sedimentation, Beutner 
(1977) concludes t ha t  the Uinta reentrant  i s  p r i n c i p a l l y  a s t ruc tu ra l  
reent rant  ra ther  than an erosional incurs ion i n t o  the leading edge of the 
Thrustbel t. 

Various in te rp re ta t ions  o f  the re la t ionsh ips between the thrusts  nor th  and 
south o f  the Uf n ta  reent rant  have been presented. C r i  ttenden (1972a) 
suggests there i s  l inkage between the Charleston and the Wi l la rd  th rus ts  tha t  
i s  concealed west o f  the Uinta. reentrant. However, Blackstone (1977) points 
out  inconsistancies i n  t h i s  i n t e rp re ta t i on  and suggests l inkage between the 
Charleston and the Mount Raymond and Dry Canyon - Crandell Thrusts. These 
th rus ts  are i n f e r red  t o  be the westward cont inuat ion o f  the Absoraka thrust ,  
a1 though 1 i m i  ted s t ra t ig raph ic  separation suggests t ha t  the Mt. Raymond 
t h r u s t  i s  a r e l a t i v e l y  minor f a u l t  (Crittendon, 1974; Lamerson, 1982). I n  
the northern Wasatch Mountains, the Taylor and Ogden thrusts  are exposed 
below the Wi l la rd  t h rus t  and invo lve c r y s t a l l i n e  basement. Cri t tenden 
(1972a) in terpreted these as l oca l  fau l ts ,  subsidiary t o  the Wi l la rd  Thrust, 
but  Blackstone (1977) Bruhn and Beck (1981) suggested they may be a pa r t  o f  
the Absoraka system. Bruhn and others (1983) i n t e r p r e t  a large a n t i c l i n e  i n  
rocks below the Wi l la rd  t h r u s t  as evidence t h a t  basement rocks o f  the north 
cent ra l  Wasatch Mountains are under la in by a detachment, as ind icated i n  a 
cross sect ion o f  Royse and others (1975). Bruhn and others (1983) a lso 
i n t e r p r e t  the Uinta Mountains as an a n t i c l i n e  developed above a s idewal l  ramp 
i n  the regional  detachment and present a s t r uc tu ra l  synthesis requ i r ing  t ha t  
the Wasatch Mountains inc lud ing the Uinta reent rant  are underlain by a 
regional  detachment a t  a depth o f  10 t o  20 km. 



5.2 T e r t i a r y  igneous chronoloqy o f  the cen t ra l  Wasatch Mountains 

The l a t e  Eocene - e a r l y  Olfgocene Keetley volcanics are exposed i n  the 
eastern por t ion  o f  the cen t ra l  Wasatch Mountains, maski ng the westward 
p ro jec t ion  o f  the Uinta Arch and i t s  in te rsec t ion  w i t h  the Wasatch Mountains. 
Bromf i e l d  and others (1970) and Bromfield and C r i  ttenden (1971) have mapped 
andesite and rhyodacite flows, t u f f s ,  volcanic breccias, and rhyodacite 
porphyries i n  the eastern po r t i on  o f  the Park City mining d i s t r f c t .  Woodfi l l  
(1972) i n  h i s  petrographic and f i e l d  study o f  the volcanic f i e l d  f u r t h e r  east 
describes volcanic breccias, flows, t u f f s ,  lahars and i n t rus i ve  rocks which 
range i n  composition from quartz l a t i t e  t o  trachyandesite f u r t he r  east t ha t  
are in te rp re ted  as forming by f r ac t i ona l  c r y s t a l i z a t i o n  o f  an andes i t ic  
parental magma. 

A ser ies  o f  mid-Tert iary age calc-a1 ka l  i n e  porphyry stocks in t rude the 
Keetley volcanics and o lder  rocks i n  the Park City Mining D i s t r i c t  and are 
al igned along the western p ro jec t ion  o f  the Ui  n ta  ax is  (Stewart and others, 
1977). Porphyri t i c  and hypabyssal textures, s t rongly  deformed host rocks , 
concordant i n t r us i ve  contacts, and the lack o f  contact  metamorphism ind ica te  
shallow emplacement leve ls  ((5 km) f o r  the eastern stocks i n  the Park C i t y  
Mining D i s t r i c t ;  discordant i n t r u s i v e  contacts, extensive diking, wider 
metamorphic aureoles, and equigranular textures ind ica te  ind ica te  deeper 
emplacement leve ls  (>5km) f o r  the western stocks, west o f  the Park C i t y  
D i s t r i c t  (Woodfi l l ,  1972; Lawton, 1980). 

The L i t t l e  Cottonwood stock i s  the la rges t  and western-most o f  these stocks. 
A radiometr ic age o f  24 - 31 ma f o r  the L i t t l e  Cottonwood stock based on 
f i s s i o n  t rack  and K-Ar dates i s  supported by l oca l  geologic re la t ions  
(Cr i  ttenden and others, 1973). I n t rus i ve  contacts w i th  Precambrian 
quar tz i tes  and a r g i l l  i t e s  o f  the Big Cottonwood formation are exposed along 
the nor th  and east sides o f  the stock whi le the post-emplacement Wasatch 
f a u l t  and Deer Creek normal f a u l t  bound the western and southern margins 
respect ively.  About 8600 m o f  the Oquirrh formation i n  the upper p l a te  o f  
the Charleston th rus t  are exposed i n  f a u l t  contact on the southern margin o f  
the stock along the younger Deer Creek normal f au l t .  This thickness o f  
a1 locthonous rocks over ly ing the stock a f t e r  emplacement i s  consistent  w i th  
mineralogical  evidence f o r  emplacement depths f o r  the stock o f  8-10 km 
(Lawton, 1980). The A l t a  and Clayton Peak stocks are exposed fu r t he r  t o  the 
east and are not  i n  contact w i t h  the L i t t l e  Cottonwood stock. Geologic 
re l a t i ons  ind icate  t h a t  the A l t a  stock intrudes the Clayton Peak stock which 
i s  consistent  w i th  the radiometr ic ages o f  emplacement o f  37 - 41 ma f o r  the 
Clayton Peak stock and 32 - 33 ma f o r  the A l t a  stock (Crit tenden and others, 
1973). The A l t a  magma was intruded i n  two pulses i n t o  pre-Triassic rocks a t  
a depth o f  about 6.3 km (Wilson,1961). 

East of the Clayton Peak stock i n  the Park C i t y  Mining D i s t r i c t  Boutwell 
(1912) mapped a large composite porphyry p lu ton l a t e r  shown t o  consist  o f  a t  
l eas t  6 separate intrusions,  the Ontario, Mayflower, Glencoe, Valeo, 
Flagstaf f ,  and Pine Creek stocks (Bromfield and others, 1970). East o f  the 
Park City Mining D i s t r i c t  the sequence o f  vo lcan ic las t i c  rocks and 
subordinate andesi t i c  f lows o f  the Keetley volcanics unconformably over ly  
Paleozoic and Mesozoic sedimentary rocks and are intruded by the Park Premier 
stock and the Indian Hollow plug t h a t  probably mark source vents f o r  a t  leas t  
some o f  the volcanics (Bromfield and others, 1977; Bromfield and Crittenden, 



1971; Bromfield and others, 1970; Woodfi 11, 1972). Radiometric ages 
indicate  a short h is tory  o f  overlapping igneous events spanning 5 Ma based on 
K-Ar b i o t i t e  dates, o r  a t  most 10 Ma based on K-Ar horneblende dates, during 
the l a t e  Eocene and Oligocene (Crittenden and others, 1973; Bromfield and 
others, 1977). 



5.3 Back Valleys of the central  Wasatch Mountains 

The upland surface of the central  Wasatch Mountains is broken by a s e r i e s  of 
intermontane basins, generally smaller than the valleys i n  the northern and 
southern Wasatch Mountains. These valleys include Heber Val ley,  Kamas 
Valley, and Parleys Park t h a t  were or ig ina l ly  described by Gilbert (1928), 
and Keetley Valley which a l so  shares s imilar  charac te r i s t ics  w i t h  o ther  back 
valleys. These back valleys a r e  s imilar  t o  other back valleys i n  the 
northern and southern Wasatch Mountains in  t h a t  some a re  bounded by normal 
f a u l t s  t h a t  displace Oligocene rocks, although the margins of some of the 
valleys have been modified by f luv ia l  erosion. T h i s  is shown by the mapping, 
d r i l l  ing, trenching and geophysical studies,  discussed below f o r  each val ley. 
However, in  contras t  t o  the northern and southern Wasatch blountains, no l a t e  
Quaternary f a u l t s  have been ident i f ied i n  the central  Wasatch Mountains. 



5.4 Parleys Park and Richardsons F l a t  

Parleys Park and Richardsons F l a t  are irregularly-shaped intermontane val leys 
a t  the west edge of the Keetley volcanic f i e l d  nor th  o f  Park City, Utah ( f i g .  
5.2). Linear port ions of some o f  the margins o f  these back va l leys and 
gravel sequences more than 100 m t h i c k  w i t h i n  the va l leys suggested t h a t  l a t e  
Cenozoic and possib ly l a t e  Quaternary f a u l t s  were present w i th in  the val leys 
(Sul 1 i van and Nelson, 1983). 

Geologic s e t t i n g  

No Cenozoic normal f a u l t s  are mapped i n  o r  near Parleys Park o r  Richardson 
F la t .  The only f a u l t  mapped i n  the v i c i n i t y  i s  the Mount Raymond t h rus t  
i nvo lv ing  Mesozoic sedimentary rocks west o f  Parleys Park; t o  the east the 
S i  1 ver Creek member o f  the Keetley volcanics unconformably over1 i e s  Mesozoic 
sedimentary rocks (Bromfield and C r i  ttenden, 1971; C r i  ttenden and others, 
1966). Unconsolidated gravel deposits (T tg  on f i g .  5.2),  described as 
cons is t ing o f  boulders and cobbles equivalent  t o  o r  derived from the Wasatch 
formation, are l o c a l l y  exposed above the Mesozoic rocks and below the Keetley 
volcanics on the margins o f  Parleys Park (Bromfield and Crittenden, 1971). 
The logs o f  two waterwells co l la red  i n  the gravels shows t ha t  they are a t  
l eas t  90 m t h i ck  ( f i g .  5.2). Addi t ional  wel l  logs i n  Parleys Park and the 
S i l v e r  Creek Basin show t h a t  unconsolidated gravel sequences vary i n  
thickness from < 50 t o  > 200 m. Wells t h a t  penetrate the unconsolidated 
deposits a l l  show t h a t  they o v e r l i e  Mesozoic sedimentary rocks ind ica t ing  
t h a t  much o f  the sequence i n  Parleys Park i s  probably the Ter t ia ry  gravels 
mapped by Bromfield and Crit tenden (1971) and Crit tenden and others (1966). 
West o f  Parleys Park the northeast-trending Dutch Draw syncl ine and the 
Willow Draw a n t i c l i n e  f o l d  the t race o f  the t.lount Raymond t h rus t  ( f i g .  5.2). 
The wel l  data on f i g .  5.2 i s  l i m i t e d  but does suggest t ha t  the gravels i n  
Parleys Park thicken on the northeastward p ro jec t ion  o f  t h i e  syncline. This 
suggests t ha t  most o f  the gravel sequence i s  the same age o r  o lder  than the 
fo ld ing.  Therefore, we conclude t ha t  most o f  the gravel sequence preserved 
i n  Parleys Park i s  o f  Te r t i a r y  age, ra ther  than l a t e  Cenozoic a l l u v i a l  fans 
deposited i n  fault-bounded basins as we had e a r l i e r  suggested (Su l l i van  and 
Ne1 son, 1983). 

5.4.2 Quaternary deposits 

A l l u v i a l  deposits on the f l a t  nor th  o f  Park C i t y  and covering much o f  Parleys 
Park are near ly undissected by t r i b u t a r y  drainages, suggesting a l a t e  
Pleistocene (Pinedale) o r  younger age f o r  the s u r f i c i a l  deposits i n  the 
val ley.  Development indices f o r  a s o i l  on the terminal moraine o f  Ontario 
Ridge i n  the southern p a r t  o f  Park C i t y  ( s o i l  R-2, f i g .  5.2, tab le  5.1) place 
the s o i l  i n  RAG 4, but  because t h i s  s o i l  i s  on a narrow moraine c res t  i t  i s  
probably eroded and therefore provides on ly  a minimum age f o r  the moraine. A 
s i m i l a r  weakly-developed s o i l  on a moraine remnant surrounded by a large 
outwash fan i n  the southwestern corner of Parleys Park also f a l l s  i n  RAG 4 
( s o i l  R-1, f i g .  5.2, tab le  5.1). The morphology and e levat ion o f  these 
moraines makes i t  c lear  t h a t  they and the large outwash fans i n t o  which they 
grade date from the Pinedale g lac ia t ion,  probably the deglacia l  phases about 
15-18 ka (sec. 3.4). The slope, morphology, and degree o f  d issect ion o f  the 
o ther  fans on the west margins o f  these va l leys i s  s im i l a r  t o  t ha t  of the 
outwash fans (except i n  the northwest corner o f  Parleys Park) suggesting they 
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EXPLANATION I 

Ou - Quaternary undivided 
Tw - Middle or Iota Tertiary Wanrhades volcanics 
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Volley, HV= Heber Volley, RVwRound Valley, SV=Strowberry Valley -- Cenazoic normal faults, dashed where inferred: SSFmStinking Swings fault, I 
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ages see Plate Ib  

ma-Wawtch foult segment boundaries (Schwartz and Coppersmith, 1984) 
w - Thrust faults, dotted where concaoled 
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Figure 5.1 Geologic map o f  the cen t ra l  Wasatch Mountains. 
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Figure 5 .2  Geologic map o f  Parleys Park. 



1AslE 5.1 k l c t e d  properties of r o i l 8  an terraces amd rrorains i n  the Park City - RichrrQan Flat area, north contra1 Utrh. 

Average I*neel 1 

depth Parant 6 7  
Prof i le  Yoria& (a) m t e r i e l  color 

R-1 A1 0 40 Lomu 7.5 VR 413 
A2 40 55 t i l l  7.5 YR 4 / 3  
8w 55 87 t i l l  5 YR 514 
C 87 115+ t i l l  5 YR 4/6 

PERCENT BY WIGHT' 
S u d  Sl l t  Clay Percent** Percrntl 

( 2 - 0 . h )  (50-2-1 ( s h r )  organic w t t e r  carbonate 
**.--------------*-.---.--.-.-.---...-----------------.---- 

34 46 20 6.7 0.3 
34 46 20 5.7 0.3 
54 31 15 0.5 0.0 
Sa 27 14 0.6 0.2 

R-2 A 0 13 t i l l  10 VR 3/2 20 5 0 35 45 20 6.2 0.0 
8E 13 30 t i l l  10 VR 7/4 30 15 0 40 43 17 4.0 0.0 
C/k,  30 60 t i l l  10 m 7/4 30 15 0 41 35 24 2.4 0.0 
C 60 90, t i l l  10 VR 7/3 30 20 0 59 28 13 1 .O 0.0 

R-5 A1 0 7 1-8 7.5 VR 413 10 0 0 29 4B 23 3.0 0.0 
A2 7 20 Loosr 7.5 VR 413 10 0 0 31 46 21 2.2 0.0 
U 20 38 tom88 7.5 VR 614 10 0 0 31 47 22 1.3 0.0 
8t  38 52 Loess 7.5 1R 6/4 10 0 0 I 41 31 0.8 0.0 

Zlt 52 98 f lw ia lgravo18 5 V R U 6  60 2 0 57 23 21 0.6 0.0 
2W 98 175 f lwir l  gravels 7.5 YR 616 50 10 0 67 20 14 0.3 0.0 
2Cox 175 2&h f l u v i r l  grrvels 7.5 YR 6/6 40 20 0 69 18 14 0.2 0.0 

W i z m  nrcnc l r tu re  of Guthrie and Yi t t y  (1982) and Oirke lnd (1984) except that raster K horizon i s  not used. 
' Particle r i l e  d i r t r i bu t ion  of 3 r f r u t i c n  w ing  sieve-pipette metha& (for exarple, Carver, 1971) d a Sedigrrph for rora ~ i l t - c l a y  fractions 

u i tb  prior r-a1 of carbonetec and organic mt te r  using mthods of Jackson (1956). 
I Percent organic m t t e r  by aethod of Yalkley Md Black (1934). 
.* Percent carbonate by method of Al l ison and I(oodie (1965, p. 1387). 



do not  g r e a t l y  predate the outwash fans. Other shallow c u t s  i n  the f l a t  
north of Park City and i n  Parleys Park south of I n t e r s t a t e  80 expose alluvium 
and loess  w i t h  s i m i l a r  l a t e  Pinedale (RAG 3 )  and Holocene s o i l s  w i t h  cambic 
and very weak a r g i l l i c  horizons. 

The va l l ey  f l o o r  deposi t s  i n  Richardson F l a t  and the northeastern p a r t  of 
Parleys Park a r e  more deeply d issec ted  than those i n  va l leys  t o  the  south and 
west and a s i n g l e  s o i l  a l s o  suggests  t h a t  they a r e  o lder .  Soil  R-3 ( t a b l e  
5.1) has development ind ices  w h i c h  place i t  i n  RAG 2 ( f i g .  3.6), b u t  t o t a l  
secondary c lay  (6 g/cm2) suggests  an age of  roughly 73 ka. The so i  1 i s  
developed i n  a gravel ly  a l l u v i a l  t e r r a c e  8 m above the  main channel of S i l v e r  
Creek which dra ins  the outwash-floored f l a t  north of Park City. The 
d issec ted  a1 luv ia l  fan depos i t s  which f l o o r  much of Richardson's F l a t  a r e  
about 4 m higher than the t e r race .  The s o i l  on the  t e r r a c e  is  c l e a r l y  o lde r  
than the main advance of Pinedale g l a c i e r s  (18-25 ka). I f  the t e r r a c e  is  
p a r t  of a pre-25-ka outwash va l l ey  t r a i n ,  l i k e  t h a t  produced by Pinedale 
deg lac ia t ion ,  i t  is most l i k e l y  c o r r e l a t i v e  w i t h  the B u l l  Lake g lac ia t ion  
(130-150 ka, sec. 3.4). However, t o t a l  c l ay  values suggest i t  might 
c o r r e l a t e  w i t h  an e a r l i e s t  Pinedale g l a c i a l  event  i d e n t i f i e d  by Colman and 
Pierce  (1981) a t  about 60-70 ka. I f  the t e r r a c e  i s  unrelated t o  g lac ia t ion  
i t  could date  from 50-150 ka. The s ign i f i cance  o f  this s o i l  i s  t h a t  i t  shows 
t h a t  the fan deposi t s  above i t  a r e  a t  l e a s t  this old. Based on the degree of 
d i s sec t ion  of these fans here and i n  most of  Parleys Park, the  surfaces  of 
these fans  i n  most a reas  may be >ZOO ka. 

Aqe of f a u l t i n g  

A1 though p a r t s  of  the va l l ey  f l o o r s  a r e  covered by l a t e  Quaternary deposi t s ,  
the but k o f  the gravel sequence f i l l i n g  Parleys Park and Richardsons F l a t  is 
probably of  Ter t i a ry  age, suggesting t h a t  any concealed f a u l t s  on the  margins 
o f  these val leys  a r e  probably a l s o  of  T e r t i a r y  age. However, a t  some time 

.before  the middle Quaternary the drainage pa t t e rn  apparently was disrupted by 
displacement on s h o r t  normal f a u l t s .  The present  drainage pat tern  and the  
s lope  of paleovalleys and remnants of erosion surfaces  show t h a t  this area 
was once a moderately-eroded (described a s  "subdued" by Eardley, 1944) 
f l u v i a l  t e r r a i n  t h a t  sloped gent ly  t o  the nor theas t  toward the Weber River 
(sec.  3.6). We can not  be c e r t a i n  whether t h e  margins of these  f l a t s  a r e  
f au l t - con t ro l l ed  o r  whether they a r e  p a r t l y  o r  e n t i r e l y  stream cut .  All of 
the margins o f  Richardson F l a t  and the northern and western margins of 
Parleys Park have embayments eroded i n t o  them and mountain-front f a c e t s  a r e  
e i t h e r  lacking o r  very eroded. This a l s o  suggests  t h a t  f a u l t s ,  i f  present ,  
a r e  T e r t i a r y  in  age. However, the  2-3 km-long, l i n e a r  eas tern  and southern 
margins of Parleys Park north of Park City form steep dipslopes in  the  
J u r r a s i c  Nugget sandstone t h a t  meet a t  r i g h t  angles (Crittenden and o the r s ,  
1966). This morphology suggests  Quaternary f a u l t s  may be present here, f o r  
these  f e a t u r e s  a r e  d i f f i c u l t  t o  a t t r i b u t e  t o  f l u v i a l  erosion. 

Although no f a u l t  scarps i n  inconsolidated depos i t s  were found in the  area ,  
we conclude t h a t  some margins of Parleys Park may be bounded by s h o r t  normal 
f a u l t s  w i t h  Quaternary displacement. However, we f ind  no evidence f o r  l a t e  
Quaternary displacement on these  f a u l t s .  



5.5 Deer Valley 

Deer Val ley i s  a small closed basin about 1.5 km long and 0.5 km wide i n  the 
southwestern por t ion  o f  the Park C i t y  East Quadrangle immediately east of 
Park Ci ty,  Utah ( f i g .  5.3). The north-northeast-trending basin i s  bounded on 
the east by a l i near ,  steep, 120 m-high escarpment i n  the Park C i t y  
Formation. The Frog Val ley t h rus t  f au l t ,  known from mine mapping south o f  
Deer Val ley caps a h i l l  imnediately northeast o f  the val ley, and i s  mapped a t  
the base o f  the escarpment (Bromfield and C r i  ttenden, 1971; f i g .  5.3). Four 
v-shaped stream va l leys appear t o  be truncated by the west-facing escarpment 
suggesting the p o s s i b i l i t y  t h a t  Quaternary displacement has disrupted these 
drainages (Sul l ivan and Nelson, 1983). These val  leys formerly drained the 
east s ide o f  the Park C i t y  Mining d i s t r i c t  and transported most o f  the basin 
f i l l  deposits i n t o  Keetley Valley ( f i g .  5.3). 

Holocene marsh sediments are found i n  much o f  the center o f  Deer Val ley, but 
exposures i n  fine-grained col luvium a t  the base o f  the escarpment show 
cumulic s o i l s  w i t h  1-1.5-m-thick a r g i l l i c  horizons over stage I1 carbonate. 
The va l leys t o  the west and nor th  received much outwash during Pinedale 
g lac ia t ion,  but the Deer Val ley drainage basin i s  unglaciated. Thus, 
comparison o f  the s o i l s  i n  the al luvium and col luvium around the margins o f  
the va l l ey  w i th  other s o i l s  i n  the regional study area (sec. 3.4) su ests 
sediments on the va l ley  margins are c e r t a i n l y  >50 ka and probably >I%! ta. 
No f a u l t  scarps were found i n  these deposits i n  Deer Valley, although i f  
scarps were formed a t  the base o f  the escarpment they could have been eroded 
i n  a few thousand years. 

The presence o f  mid-Tert iary age gravels i n  Parleys Park t o  the nor th  and 
Keetley va l l ey  t o  the east suggests t ha t  Deer Val ley may formerly have been 
f i l l e d  w i t h  mid-Tert iary age gravels. The lower port ions o f  the basin f i l l  
i n  Keetley va l ley  downstream from the escarpment are i n fe r red  t o  be of mid- 
Te r t i a r y  age (Sec. 5.6). Therefore, east-f lowing drainages supplying t h i s  
sediment must a lso i n i t i a l l y  be o f  mid-Tert iary age. This drainage system 
may have been i n i t i a l l y  d isrupted by Ter t ia ry  displacement on the Frog Valley 
f au l t .  However, the morphology o f  the escarpment and the mid-Quaternary age 
o f  the upper por t ion o f  the unconsolidated deposits i n  Keetley Valley suggest 
Quaternary displacements have occurred on t h i s  1.5 km long escarpment 
a1 though there i s  no evidence o f  1 a te  Quaternary displacements. 





Keetley Val ley 

Keetley Val ley i s  a north- and northeast- t rend ing topographic basin about 7 
km long and 2-3 km wide i n  the eastern por t ion  o f  the Park C i t y  Wining 
D i s t r i c t  ( f i g .  5.3). The proposed Jordanelle Dam on the Provo River w i l l  be 
located a t  the south end o f  the val ley.  For de ta i led  maps and a more 
de ta i led  repor t  o f  i nves t iga t ions  i n  Keetley Val ley r e f e r  t o  USBR (1986) and 
Su l l  i van and others (1986). 

The most recent phase o f  major drainage adjustments i n  the cen t ra l  Wasatch 
Mountains was the capture o f  the upper Provo River i n  Kamas Val ley by 
headward erosion up the upper Provo R i  ver canyon < 150 ka (sec 3.5.2). The 
subsequent dramatic increase i n  discharge must have resu l ted i n  accelerated 
erosion o f  the mainstream channel and i t s  t r i bu ta r i es .  T r ibu ta r ies  t o  the 
Provo River t h a t  d ra in  the margins o f  Keetley Valley, inc lud ing McHenry Creek 
and Drain Tunnel Creek, have inc ised about 100 m i n t o  the unconsolidated 
deposits i n  the va l l ey  g i v i ng  the va l l ey  a dissected basin morphology un l i ke  
t h a t  o f  o ther  adjacent va l  l eys  (Parleys, Richardsons, Heber, Kamas) t h a t  lack 
Provo R i  ver t r i bu ta r i es .  

Geologic Se t t i ng  

Keetley Val ley i s  located a t  the in te rsec t ion  o f  the eastward p ro jec t ion  o f  
the Uinta Arch and the north- t rending Wasatch Mountains. West o f  Keetley 
val  l e y  both pub1 ished quadrangle maps and p ropr ie ta ry  Mine maps (Jordanel l e  
Task Force, 1982) provided by the Park City Mining D i s t r i  c t  document a 
pervasive pat tern  o f  east- and northeast-trendfng f a u l t s  i n  Mesozoic and 
o lder  sedimentary rocks and, t o  a lesser extent, i n  Oligocene i n t r u s i v e  and 
vo lcan ic las t i c  rocks. The stocks near the west margin o f  the va l l ey  are the 
prev ious ly  mapped Mayflower and Ontario stocks (Bromfield and others, 1970; 
Bromfield and C r i  ttenden, 1971), and the Jordanel l e  stock defined by d r i  11 i ng  
and eophysical studies f o r  Jordanelle damsite (Tk j  o f  Bromfield and others, 
19707. The p r i nc i pa l  mapped f a u l t s  are the east and northeast t rending 
Hawkeye-McHenry, Mayflower-Pearl , and Cottonwood f a u l t s  ( f i g .  5.3). 

Hawkeye-McHenry f a u l t  zone 

On the Park City East (Bromfie ld and Crittenden, 1971) and Heber (Bromfield 
and others, 1970) Quadrangles the east-trending Hawkeye-blcHenry f a u l t  zone 
( f i g .  5.3) extends from the east l imb o f  the Park City a n t i c l i n e  east t o  the 
margin o f  Keetley Val ley where i t s  cont inuat ion i s  concealed by a l l u v i a l  
f i l l .  Tr iass ic  sedimentary rocks and the over ly ing Keetly volcanics on the 
nor th  are fau l ted  against the Pennsylvanian Weber quar tz i te  on the south. A t  
i t s  west end the f a u l t  i s  i n f e r red  t o  d isplace the Ontario stock, although 
mapping ind icates on ly  l i m i t e d  displacement o f  the margin o f  the stock, 
suggesting the f a u l t i n g  l a r g e l y  predates the stock. Large ore-bodies are 
loca l i zed  along the f a u l t  zone (Bromfield, 1968). Mine maps show tha t  the 
f a u l t  zone i s  complex, cons is t ing  o f  footwall  and hanging wal l  strands t ha t  
are hundreds o f  meters apar t  w i t h  an average d i p  o f  450 t o  the nor th  and 
s t r a t i g raph i c  displacement o f  a t  l eas t  300 m (1000 f t )  (Bromfield, 1968). 
Mine geologists and a USBR consultants map o f  the proposed reservo i r  
(Bridges,1984) i n f e r  t h a t  the f a u l t  continues w i t h  a southeast t rend across 
the val ley.  



Al te rna t i ve ly ,  the Hawkeye-McHenry f a u l t  has been modelled i n  r e s i s t i v i t y  
traverses i n  Keetley Val ley and has been in terpeted t o  t u rn  and s t r i k e  south 
along the southwest margin o f  the va l l ey  (Mei i ji , 1980). Neither o f  these 
in te rp re ta t ions  o f  the t rend o f  an eastward extension o f  the Hawkeye-Mchenry 
f a u l t  zone have been confirmed due, i n  la rge part ,  t o  the t h i c k  a l l u v i a l  f i l l  
masking the pro jec t ion o f  the f a u l t .  Based on reservo i r  d r i l l i n g  and 
aeromagnetic data (Fox, 1984) the Jordanel l e  stock i s  in terpreted t o  under1 i e  
the southern por t ion  of Keetley Val ley and may extend as f a r  nor th  as the 
p ro jec t ion  o f  the Hawkeye-McHenry f a u l t  zone. If so, and i f  the stock i s  
contemporaneous w i t h  o r  youger than the Ontario stock then the f a u l t  may not  
continue beneath the a l l u v i a l  f i l l  i n  Keetley Valley. 

5.6.1.2 Mayflower-Pearl f a u l t  zone 

On the Heber quadrangle (Bromfield and others, 1970) south o f  the Hawkeye- 
McHenry f a u l t  ( f ig .  5.3) a north-east-trending zone o f  i n f e r red  f a u l t s  has 
been mapped near Glencoe Canyon west o f  Keetley Valley. Mine tunnel map 
along the northeast-trending Pearl Vein and Mayf 1 ower Zone depic t  pervasive 
f r ac tu r i ng  w i t h i n  the Mayflower stock and the host  rocks (Jordanelle Task 
Force, 1982). Apparent l e f t - l a t e r a l  o f f s e t  o f  about 1000 m o f  the Weber 
Quartzite-Round Val ley Limestone contact suggests t h a t  substant ia l  
displacement has occurred on the f a u l t  zone. As the west margin o f  the 
Mayflower stock i s  not  o f f s e t  (Bromfield and others, 1970) most o f  the 
displacement must predate o r  be re la ted  t o  the i n t r us i on  o f  the stock ( f i g .  
5.3). Mine maps o f  the Cunningham Tunnel (Jordanelle Task Force, 1982, p l .  
A) ind ica te  nor theast -s t r i  k ing shears i n  unconsolidated deposits near the 
tunnel po r ta l  t ha t  are i n f e r red  t o  be re la ted  t o  t h i s  f a u l t  zone. Detai led 
mapping and trenching on the surface p ro jec t ion  o f  these features ( f i g .  5.3) 
show there has been no displacement i n  over ly ing l a t e  Quaternary (>I25 ka) 
a l l u v i a l  deposits (Su l l i van  and others, 1986). 

5.6.1.3 Cottonwood f a u l t  

On the Heber quadrangle (Bromfield and others, 1970) t h i s  east- and north- 
east t rending f a u l t  i s  shown as extending from the south margin of the 
Mayflower stock east and then northeast above the proposed Jordanelle damsite 
where i t s  cont inuat ion i s  concealed by o lder  alluvium. Apparent l a t e r a l  
o f f s e t  o f  the Weber Quartzi te-Park C i t y  Formation contact o f  about 1000 m 
(3000 f t )  again suggests substant ia l  displacement. The f a u l t  juxtaposes 
overturned Tr iass ic  Woodside and Thaynes formations i n  the footwal l  on the 
south and Weber Qua r t z i t e  and Park C i t y  Formation i n  the hanging wal l  t o  the 
north. The overturning o f  footwall  beds, the r e l a t i v e  eastward displacement 
o f  beds i n  the hanging wal l  and the presence o f  the Mayflower stock i n  the 
hanging wal l  suggest t ha t  the f a u l t  formed dur ing emplacement o f  the 
Mayflower stock (Bromfield, 1968; Bromfield and others, 1977). Stokes and 
Madsen (1961) dep ic t  the f a u l t  as extending t o  the east side o f  Keetley 
Valley, although Hintze (1980) shows the f a u l t  on ly  on the southwest s ide of 
the val ley.  

USBR mapping combined w i t h  d r i l l i n g  data and an analysis o f  aeromagnetic data 
have l ed  t o  the i n te rp re ta t i on  t h a t  the andesite porphyry exposed a t  
Jordanel le i s  a hypabyssal i n t r u s i v e  (USBR, 1986) as suggested by Woodfi l l  
(1972). These f ind ings update previous in te rp re ta t ions  o f  an ext rus ive 
o r i g i n  for  t h i s  rhyodacite porphyry (Tkj, o f  Bromfield and others, 1970). 



USBR invest igat ions a t  the proposed Jordanelle damsite have confirmed tha t  
the Cottonwood f a u l t  i s  a reverse f a u l t  and d r i l l i n g  has shown t h a t  i t  places 
the l oca l  l y  overturned Tr iass ic  Woodside Shale and s l  i ve rs  o f  Thaynes 
formation over the Keetley volcanfcs on the slope south o f  the Jordanel l e  
stock. I n  exposures near Jordanelle damsite, nor th  and north-trending normal 
and reverse f a u l t s  displace Te r t i a r y  unconsolidated deposits. These f a u l t s  
are truncated by, o r  merge with, the sheared margin o f  the Jordanelle stock. 
These north-trending f au l t s ,  the Cottonwood f a u l t ,  and other shear zones on 
the margins and w i t h i n  the Jordanelle stock are in terpreted t o  have formed 
near ly  contemporaneously w i t h  the emplacement o f  the Mayflower and Jordanel l e  
stocks (USBR, 1986). 

Radiometric dat ing ind ica te  a mid-Tert iary age f o r  emplacement o f  the 
Jordanel l e  and Mayflower stocks. Four radiomter ic dates rang1 ng from 36 t o  
40 Ma were obtained from three unweathered d r i l l  core samples from depths 
ranging from 60 t o  132 m w i t h i n  the Jordanelle stock ( t ab le  5.2). These 
dates and a published radiometr ic date on the Mayflower stock ind ica te  near ly 
contemporaneous emplacement o f  the stocks ( t ab le  5.2). 

Table 5.2 K-Ar dates f o r  in t rus ives  near Jordanelle 

I n t rus i ve  

Mayf 1 ower 

Jordanelle 

Mineral (sample #) 

Hornblende 

B i o t i t e  (A-7482) 
B i o t i t e  (A-7481) 
B i o t i  t e  (8-7480) 
Hornblende (A-7480 ) 

Aqe (Ma) 

* Bromfield and others (1977) 

Te r t i a r y  c l a s t i c  deposits 

Unconsolidated ea r l y  Tertiary-age deposits o f  s i l t ,  clay, and gravel about 
100 m t h i c k  under l ie breccia o f  the S i l ve r  Creek member o f  the Keetley 
volcanics i n  Parleys Park and on the margins o f  Mountain Meadows a few 
ki lometers nor th  and east o f  Keetley Valley (Ttg  o f  Bromfield and Crittenden, 
1971). These deposits are l oca l  l y  exposed and unconfonnably over1 i e  deformed 
Mesozoic and Paleozoic sedimentary rocks. C r i  ttenden and others ( 1966) 
suggest t h a t  these gravels are derived from the Eocene Wasatch Formation and 
t h a t  they are i n  pa r t  younger, i n  pa r t  o lder  and i n  pa r t  contemporaneous wi th  
the Keetley volcanics, i nd i ca t i ng  t h a t  they are o f  ea r l y  Ter t ia ry  age. 

A t  the south end o f  the va l l ey  trench exposures near the r i g h t  abutment of 
the proposed dam show t h a t  unconsolidated deposits are intruded by andesite 
porphyry o f  the Jordanelle stock (USBR, 1986, Appendix B). Radiometric ages 
o f  36 - 40 Ma ( tab le  5.2) provide a minimum age f o r  these unconsolidated 
deposits. They are over la in  by Quaternary o lder  a l l u v i a l  deposits (Qao o f  
Bromfield and others, 1970; Qaof on f i g .  5.3). Clasts o f  quar tz i te  w i t h i n  
the andesite porphyry a t  the base o f  the unconsolidated deposits a t  a depth 
o f  79 m i n  a d r i l l  hole fur ther  nor th  i n  Keetley va l ley  ( f i g .  5.3) suggest 



t h a t  the Jordanelle stock has intruded unconsolidated deposits i n  the va l ley  
(USBR, 1986). These re la t ionsh ips  suggest t h a t  a t  l eas t  the lower por t ion  o f  
the basin f i l l  i n  Keetley Val ley i s  o f  mid-Tert iary age. 

5.6.3 Quaternary deposits 

The Quaternary deposits i n  Keetley Val ley map ed on f i g .  5.3 include: ( I )  ! alluv ium consist ing o f  interbedded g rave l l y  c ay, sandy gravel, and sandy 
c l ay  which comprise the upper por t ion  o f  the more than 150 m o f  
unconsol idated deposits i n  the va l  l e y  (Qaof) ; (2)  coarse a1 l u v i a l  gravel 
which over7 i es  the basf n - f i l l  deposits near McHenry Canyon (Qaot) ; (3) 
a l l u v i a l  and c o l l u v i a l  gravels and s i l t y  c lays derived from these o lder  
deposits and from bedrock which mantle the basin f i l l  deposits around the 
margins o f  the Val ley (Qaf and Qayf); and, (4)  overbank al luvium deposited by 
Ross Creek and the Provo River (Qay). 

The o ldes t  unconsolidated deposits i n  Keetley Val ley are the b a s i n - f i l l  
a1 luvium (Qaof), cons is t ing o f  interbedded gravels, sands, and g rave l l y  clays 
t h a t  are found i n  d r i l l  holes, trenches, s o i l  p i t s ,  and natural  and man-made 
exposures throughout the proposed reservo i r  area. Several independent l i nes  
o f  evidence, inc lud ing paleomagnetism, tephrostrat igraphy, aminostratigraphy, 
and s o i l  r e l a t i v e  age dating, i nd ica te  t ha t  the upper por t ion  (about 3 m) o f  
the o lder  basin f i l l, exposed i n  the shallow excavations on the surface i s  o f  
pre-middle Pleistocene age (>500 ka) (Su l l i van  and others, 1986). The lower 
por t ion  o f  the o lder  basin f i l l  i n  the reservoir ,  accessible only through 
d r i  11 cores, i s  s im i l a r  i n  appearance t o  the exposed deposits. Paleomagnetic 
evidence suggests t h a t  these s.ediments are o lder  than 730 ka and there i s  
evidence i n  one d r i l l  core f o r  interbedding o f  the basin f i  11 deposits w i t h  
Oligocene volcanic rocks i nd i ca t i ng  t h a t  the lowest pa r t  o f  the basin fill 
deposits i s  mid-Tert iary i n  age. 

A t  the northeast margin o f  Keetley Val ley are coarse a l l u v i a l  gravels up t o  
about 3 m t h i c k  (Pa) t h a t  were deposited i n  fans across the surface of the 
basin fi 11 deposits (Pao). These deposits cons is t  o f  p a r t i a l l y  g russ i f i ed  
subrounded gravels derived from Keetley volcanics exposed i n  the highlands t o  
the east. The age o f  these a1 l u v i a l  fan gravels can be estimated from t h e i r  
s t ra t ig raph ic  pos i t i on  above the basin f i l l  deposits containing the Lava 
Creek B ash (620 ka) i n  s o i l  p i t  JS-15 and the r e l a t i v e  degree o f  s o i l  
p r o f i l e  development on t h e i r  surface. The s o i l  i s  s im i l a r  t o  s o i l s  i n  other 
back va l leys designated as r e l a t i v e  age group 2 i n f e r red  t o  date t o  about 140 
ka (Sul l ivan and others, 1986). S imi lar  gravels w i th  strongly developed soi  1 
p r o f i l e s  are found over ly ing basin f f  11 deposits a t  the mouth o f  McHenry 
Canyon ( s o i l  p i t s  JS-7,9) about 35 m above the present base level .  

Over much of the proposed reservo i r  area the on ly  younger un i t s  which are 
geomorphically d i s t i n c t  from the basin f i l l  deposits are l a t e  Pleistocene 
a l l u v i a l  deposits t h a t  are i nse t  i n t o  the basin f i l l  where drainages have 
inc ised i t  about 20 t o  40 m (Qay). These deposits e x h i b i t  a s im i l a r  degree 
of weathering and s o i l  development ( s o i l  p i t  JS-8) t o  l a t e s t  Pleistocene 
s o i l s  o f  RAG 3 i n  other back va l leys and are therefore  i n f e r red  t o  date t o  
about 15-18 ka (Su l l i van  and others, 1986). 



Fault ing Keetley Valley 

Late Cenozoic and Late Quaternary normal f a u l t s  have been i d e n t i f i e d  i n  back 
valleys o f  the Wasatch blountains both t o  the north and south o f  Keetley 
Valley. These fau l t s  have been exposed o r  in fe r red  a t  o r  near the va l ley 
margins. The morphology o f  Keetley Valley suggested tha t  north t o  northeast- 
trending normal f au l t s  may also present i n  t h i s  back valley. I n  the f i r s t  
par t  o f  t h i s  section we summarize the resul ts  o f  trench invest igat ions and 
d r i l l i n g  tha t  have confirmed tha t  a previously unrecognized f a u l t  i s  present 
along the southwestern margin o f  the valley. I n  the second par t  of t h i s  
section we report  the conclusions from a program o f  seismic re f rac t ion  
p r o f i l i n g  undertaken t o  determine whether other normal f au l t s  o f  s im i la r  
trend were present w i th in  the southern por t ion o f  the va l ley (Sul l ivan and 
others, 1986). This program served t o  map the bedrock surface below the 
unconsolidated deposits i n  the va l ley which provides constraints on the 
existence and locat ion o f  f a u l t s  displacing t h i s  surface. 

Bald Mountain f a u l t  

On the southwest margin o f  the va l ley northeast-str i  king, east-di pping 
Paleozoic rocks form a 3-km-long escarpment near the east margin o f  the 
Mayflower stock ( f i g .  5.3). Although more eroded, t h i s  escarpment i s  s imi lar  
t o  those i n  other back valleys, suggesting tha t  a normal f a u l t  was present a t  
the base o f  the escarpment. Two trenches, descri bed i n  Sul l ivan and others 
( 1986), expose a northeast- t rendi  ng fau l  t between the Paleozoic rocks and 
Oligocene igneous rocks a t  the base o f  the escarpment ( f i g .  5.3). A l l uv ia l  
fan deposits 10 t o  15 f t th i ck  over l fe  the igneous rocks exposed i n  both o f  
the trenches. A f a u l t  contact between Paleozoic rocks and igneous rocks i s  
exposed i n  each o f  the trenches a t  the base o f  the escarpment. I n  each o f  
the trenches the f a u l t  s t r i kes  NPOOE and an angle dril.1 hole through the 
f a u l t  plane established tha t  t h i s  i s  a steeply east-dipping normal f a u l t  
juxtaposing Weber Quar tz i te  i n  the footwal l  and Oligocene igneous rocks i n  
the hanging wall (Sul l i v a n  and others, 1986). 

I n  each trench a wedge o f  c o l l u v i a l  deposits about 3 m th ick  over l ies the 
fau l t .  An erosional contact between the c o l l u v i a l  deposits and the Weber 
quar tz i te  above the f a u l t  contact indicates tha t  the co l l uv ia l  deposits have 
not been displaced. These deposits have an estimated age o f  a few tens o f  
thousands o f  years based on the preservation o f  a cambic B-horizon i n  one o f  
the trenches, al lowing us t o  preclude surface displacement during t h i s  
period. However, the resu l ts  o f  trenching i n  Morgan Valley and i n  southern 
Cache Valley suggest t ha t  t h i s  i s  about the recurrence in te rva l  o f  surface 
displacements on some l a t e  Quaternary normal f a u l t s  i n  the back valleys. 

I n  an embayment i n  the escarpment between these trench sites, a l l u v i a l  fan 
deposits (Qaf) over l ie  the project ion o f  the fau l t .  D r i l l i n g  w i th in  the 
a l l u v i a l  fan further constrained the posi t ion o f  t h i s  f a u l t  t o  w i th in  a 
distance o f  about 30 m, and a trench across the project ion o f  the f a u l t  
exposed undisplaced a1 luv f  a1 fan deposits (Sul l  ivan and others, 1986). A 
r e l i c  B-horizon wi th  an estimated age o f  a t  leas t  125 ka i s  exposed over most 
o f  the trench showing tha t  there has been no displacement on t h i s  f a u l t  i n  a t  
least  t ha t  period o f  time. 



5.6.4.2 Other north-trending f a u l t s  

To f u r t h e r  invest igate  the s t ruc tu re  o f  Keetley Val ley a staged seismic 
r e f r a c t i o n  program was conducted i n  the southern por t ion  o f  the va l l ey  t o  map 
the top o f  bedrock below the basin f i l l  (Su l l i van  and others, 1986). The 
p a r t i a l  cross sections o f  Keetly Val ley provided by the re f r ac t i on  l i n e s  
conf i rm the general basin shape o f  the val ley.  On some o f  the l i n e s  
r e l a t i v e l y  steep gradients o f  the bedrock-basin f i l l  re f r ac to r  are apparent. 
Based on associat ion w i t h  these steep gradients, we have confirmed the 
p ro jec t ion  o f  Bald Mountain f a u l t  exposed a t  the base o f  the escarpment on 
the southwest margin o f  the val ley.  and i n f e r r e d  the loca t ion  o f  an 
add i t i ona l  f a u l t  t h a t  appears t o  displace the lower por t ion  of the basin f i l l  
deposits. No scarp i s  present on the surface p ro jec t ion  o f  t h i s  f a u l t  i n  the 
o lder  fan deposits suggesting t ha t  there a lso has been no surface 
displacement on t h i f  f a u l t  i n  a t  l eas t  the l a s t  100 ka: 

A 100 m deep northeast-trending trough o f  basin f i l l  extends south below the 
Provo River f loodpla in  toward Jordanelle. The trough i s  wel l-defined on an 
east-west or iented r e f r a c t i o n  l i n e  where i t s  loca t ion  and depth below the 
f l oodp la i  n have been confirmed by d r i  11 i n g  (Su l l  i van and others, 1986). 
Addi t iona l  l i nes  conf i rm i t s  northeast trend. We had i n fe r red  possib le f a u l t  
con t ro l  on t h i s  trough t o  explain i t s  presence (Su l l i van  and Nelson, 1983). 
Although no scarps are present w i t h i n  the va l l ey  above any p ro jec t ion  o f  t h i s  
f a u l t ,  a ser ies o f  trenches were excavated i n  the upper por t ion  o f  the basin 
f i l l  deposits (>730 ka) above the p ro jec t ion  o f  the margins o f  the trough 
(Su l l i van  and others, 1986). These trenches es tab l i sh  t ha t  there has been no 
l a t e  Quaternary displacement on f a u l t s  t h a t  may bound steep west s ide o f  t h i s  
trough. 

Trench exposures demonstrating t h a t  the Jordanel le stock intrudes 
unconsolidated deposits suggest t h a t  t h i s  trough may not  be f a u l t  control led,  
but  t h a t  i t  may represent the upper surface o f  the Jordanelle stock. 

5.6.5 Conclusions 

East and northeast-trending f a u l t s  mapped on the margins o f  Keetley va l ley  
are in te rp re ted  as having formed near ly contemporaneously w i th  the 
emplacement o f  mid-Tert iary stocks. These f a u l t s  share few o f  the 
morphologic charac te r i s t i cs  o f  l a t e  Cenozoic f a u l t s  i n  other back va l leys o f  
the Wasatch Mountains and they do not  d isplace l a t e  Quaternary deposits. 

The deposit ion o f  >I50 m o f  mid-quaternary t o  mid-Tert iary age basin f i l l  
sediments suggests a h i s t o r y  o f  Cenozoic subsidence on concealed 
northtrending normal f a u l t s  as i n  the other back va l leys o f  the Wasatch 
Mountains. One such f a u l t ,  the Bald Mountain f a u l t ,  was i d e n t i f i e d  on the 
southwe-st mar i n  o f  the val ley.  Trenching and mapping have shown t h a t  i t  9 does not  d isp ace a l l u v i a l  fan deposits w i t h  an estimated age o f  >I25 ka. 
Other concealed fau l ts ,  i n f e r red  from seismic p r o f i l e s  and d r i l l i n g ,  may be 
re la ted  t o  Cenozoic subsidence o f  the val ley.  Detai led mapping has reveled 
no scarps i n  o lder  a l l u v i a l  fan deposits (> 125 ka) on the surface pro jec t ion 
o f  these fau l ts .  

A1 though Quaternary displacements on these and other  f a u l t s  i n  Keetley Val l e y  
can not  be precluded, d i r e c t  evidence from trenching, together w i th  the lack 



of scarps and the subdued morphology of the valley margins indicates that no 
late Quaternary displacements have occurred in Keetley Val ley. 



5.7 Browns Canyon-Moun t a  i n Meadows 

The near ly  f l a t - l y i n g  f lows and breccias o f  the Keetly Volcanics are exposed 
i n  the West H i l l s  between Kamas Val ley and Keetley Valley. Erosion along 
Lost Creek and Browns Canyon has exposed the contact  between the Breccia o f  
Spring Creek and the under ly ing Tuf fs North and East o f  blountain Meadows, and 
l o c a l l y  exposed Mesozoic sedimentary rocks and Tertiary-age gravels t h a t  
under7 i e  the volcanics (Bromfield and C r i  ttenden, 1971). No Te r t i a r y  gravels 
intervene between the volcanics and the Mesozoic sedimentary rocks on the 
south s ide o f  Mountain Meadows. Only a t h i n  veneer o f  Quaternary co l  l u v i a l  
deposits over l i es  the Keetley volcanics w i t h i n  Mountain Meadows. 

5.7.1 Mountain Meadows scarps 

A 4 km-long serf es o f  1 Inear, northeast-trending scarps para1 l e l  State 
Highway 196 along the southeastern margin o f  Mountain Meadow ( f i g .  5.4). 
These scarps vary i n  height  from 2 t o  8 m w i t h  slope angles o f  10 - 200, but 
they are as steep as 250 where small slumps on the face o f  the scarp have 
increased the slopes. The scarps i n  p a r t  f o l l ow  the f a u l t  contact between 
the T u f f  o f  Spring Creek and the Tuf fs o f  Mountain Meadows on on the 
southeast margin o f  Mountain Meadows (Bromfiel d and C r i  ttenden 1971). Gull  y 
exposures a t  various locat ions above and below the scarps show volcanics a t  
shallow-depths, over la in  by on ly  a t h i n  veneer o f  r e g o l i t h  and colluvium. 
Two main t r i b u t a r i e s  o f  Lost Creek t h a t  head above the scarps have inc ised 10 - 20 m i n t o  the bedrock. The t r i b u t a r i e s  been f i l l e d  w i t h  fine-grained 
al luvium composed p r i n c i p l l y  o f  dark brown organic matter w i t h  an exposed 
thickness o f  up t o  3 m. The scarps end a t  the margins o f  these drainages and 
do not  continue i n t o  the a l l u v i a l  f i l l . 

5.7.2 Trenching o f  the Mountain Meadows scarps 

I n  order t o  assess the o r i g i n  o f  the Mountain Meadows scarps a backhoe trench 
was excavated across a scarp about 20 m west o f  a drainage t ha t  breaches the 
scarp ( f ig .  5.4). A t  the t renchs i te  the scarp i s  4.5 m high w i th  a scarp 
angle o f  200. 

The t rench exposes a f a u l t  between the Mountain Meadows Member and the older 
S i l v e r  Creek Member o f  the Keetley volcanics w i t h  a sense o f  displacement 
opposite t o  t h a t  o f  the scarp (Bromfield and Crittenden, 1971). From s ta t i on  
34 t o  s t a t i on  30 the trench exposes extremely hard, barely r ippable, grey 
volcanic breccia o f  the S i l v e r  Creek member ( u n i t  7 )  below a t h i n  veneer o f  
loess and colluvium. A t  s t a t i o n  30 a v e r t i c a l  f a u l t  juxtaposes t h i s  u n i t  7 
and the deeply weathered and decomposed buf f -colored t u f f s  and breccias o f  
the Mountain Meadows Member ( un i t s  2-6) t h a t  d i p  about 300 t o  the northeast. 
A t  about s t a t i on  24 a near ve r t i ca l ,  0.15-m-wide seam o f  c lay  i s  in terpreted 
t o  be pa r t  o f  a 1.0 m wide f a u l t  zone d isp lac in  the southeast-dipping 
sequence o f  volcanic t u f f s .  This f a u l t  i s  over 9 a i n  by u n i t  l a  cons is t ing o f  
0.15 t o  1.0 m o f  organic mater ia l  and occassional cobbles i n  a matr ix  o f  
loess, and by u n i t  lb, a l o c a l l y  preserved zone o f  c lay  accumulation. The 
c l ay  u n i t  has a maximum thickness o f  0.6 m and i s  in terpreted t o  be a B 
horizon > 100 ka. Numerous near-vert ical  , i ron-stained j o i n t s  occur i n  the 
volcanic rocks; i n  some cases they are f i l l e d  w i t h  c lay  but  they are over la in  
by the loess and co l  luvium. 
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Figure 5.4 Geologic map o f  Mountain Meadows. 
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The midpoint o f  the scarp f s  a t  about s ta t i on  18 and f f  the scarp resu l ted 
from a recent displacement on a normal f au l t ,  the f a u l t  and i t s  associated 
step i n  the bedrock surface should be dfscernable a t  o r  downslope from t h i s  
point .  I n  t h i s  lower po r t i on  o f  the trench no f a u l t  i s  present i n  the 
volcanf cs and there f s no abrupt t h f  ckening o f  the over ly ing co l luv f  urn and 
loess. Therefore we conclude t h i s  scarp has no t  formed as a r e s u l t  o f  recent 
displacement. The loca t ion  o f  the high-angle bedrock f a u l t  zone a t  the upper 
por t ion  o f  the scarp suggests t h a t  the scarp i s  a f a u l t - l f  ne scarp. The 
jux tapos i t ion  o f  the weathered f r i a b l e  u n i t s  and well- fndurated u n i t s  by a 
f a u l t  zone a t  the top o f  the scarp suggests t h a t  the scarp resu l t s  from 
d i f f e r e n t f  a1 erosion. The less resf  s tan t  u n i t s  downslope from s t a t f  on 27 
have eroded more than the breccias exposed upslope and have been removed, 
r esu l t i ng  i n  the present r e l f e f  on the scarp. I n  addi t ion the mapping of 
Bromfield and Crfttenden (1971) shows t h a t  the breccia above the scarp ( u n i t  
7 )  i s  the younger S i l v e r  Creek Breccfa and the t u f f  and breccia f n  the 
footwall  o f  the f a u l t  zone (un i t s  2-6) i s  the o lder  Tu f f  o f  Elountaf n Meadows. 
As shown on t h e i r  map, the predominant displacement on the f a u l t  must have 
had the opposi t e  sense o f  the present r e l f e f  on the scarp, agaf n suggestf ng 
t h a t  the scarp resu l t s  from df f f e r e n t f  a1 erosfon. 

5.7.3 Conclusions 

Trenching and mappf ng along scarps on the southeast margf n o f  Mountain 
Meadows shows t h a t  the scarps are f a u l t - l i n e  scarps resu l t i ng  from 
d i f f e r e n t i a l  erosfon across a f a u l t  t h a t  juxtaposes volcanic rocks w i t h  
cont rast ing e rod ib f l i t y .  



Kamas Va 1 1 ey 

Kamas Valley, previously referred to as Rhodes Val ley (Sullivan and others, 
draft report, 1983; Petersen, 1970; Gilbert, 1928), is a north-south 
trending, nearly rectangular valley about 14 km long and 3 to 7 km wide (fig. 
5.6). The Weber and Provo Rivers flow from east to west across the north and 
south ends of the valley, respectively. Beaver Creek, which drains most of 
the valley, joins the Weber River in the northwest corner of the valley. 

5.8.1 Geologic Settinq 

Kamas Val ley has developed at the eastern edge of the Keetley volcanic field 
across the west-trending Uinta arch. Dips in the Pennsylvanian and Permian 
Weber Quartzite and the Permian Morgan Formation (Round Valley Limestone) in 
the escarpment on the east side of the valley outline the Uinta arch. In the 
West Hills, west of the broad alluvial plain that floors the valley, the 
Keetley volcanics unconformably overlie locally exposed, Mesozoic and 
Paleozoic rocks. Unpublished mapping by Woodfill (1972) of the Kamas and 
Francis quadrangles are the only detailed geologic maps of Kamas Valley. 

The valley floor is a gently west-sloping alluvial plain comprised of 
alluvial fans deposited by intermittent drainages heading in the Uinta 
Mountains to the east that overlie fluvial gravels deposited by the Weber and 
Provo Rivers (fig. 5.6). Following the diversion of the Prove River from its 
former northerly course to its present westerly course across the south end 
of the Valley about 125 ka (sec. 3.5.2), both rivers have cut channels 
through the valley fill exposing mainstream gravels in various terrace 
remnants. Thus, surficial deposits consist of older (RAGs 1 and 2) outwash 
terraces and alluvial fan remnants along the northern and eastern edges of 
the valley (Qao on fig. 5.6), RAG 2 outwash in the southern part of the 
valley (Qab on fig. 5.6), and younger (RAGs 3 and 4) alluvium deposited as 
gently sloping fans from the Weber River, Beaver Creek, and other drainages 
on the east side of the valley (Woodfill, 1972; sec. 3.5). Cuts on the east 
and west sides of the valley in small alluvial and colluvia1 fans and aprons 
expose cambic and weak argillic horizons and stage I to I 1  carbonate 
indicating the lower portions of these fans are of late Pleistocene to 
Holocene age. 

5.8.2 Structure of Kamas Valley 

Although Threet (1959) followed Anderson's (1915) and Eardley's (1944) 
concept of the origin of the back valleys in suggesting a primarily erosional 
origin for the valley, geophysical data and drilling establish that Kamas 
valley is a north-trending graben as earlier suggested by Gilbert (1928). 
Peterson (1970) inferred north-trending normal faults on the margins of the 
valley on the basis of a gravity study that defined an 8 mgal residual 
anomaly in the northern portion of the valley that he interpreted to 
represent at least 490 m of low-density Tertiary and Quaternary deposits. 
Logs of three oil test wells in Kamas Valley (fig. 5.6) confirm this 
interpretation (Montgomery, written comm., 1980). An oil-test we1 1 south of 
Oakley near the center of the anomaly shows about 450 m of low-density 
materials consisting of 100 m of unconsolidated deposits and about 350 m of 
Keetley volcanics. The base of the Keetley volcanics is at an elevation of 
about 1490 m (4900 ft) in this hole suggesting structural relief in the 
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valley of 300 - 600 m when compared with the elevations of exposures of the 
base of the Keetley volcanics at 2070-2130 m (6800-7000 ft) on the margins of 
the Valley (fig. 5.6). 

The log of a 600 m (2000 ft) deep oil test we1 1 located north of Kamas near 
the base of the escarpment on the east side of the valley suggests a 
concealed normal fault, referred to as the East Kamas fault, is present on 
this margin of the valley. The well log shows the contact between the 
Keetley volcanics and the Weber Quartzite at a depth of about 182 m. This 
thickness of volcanics combined with the escarpment height of about 300 m 
indicates structural relief of as much as 482 m on this fault. A north- 
striking, down-to-the-west normal fault in Mesozoic rocks, is exposed in the 
extreme northern portion of the valley on the projection of the concealed 
East Kamas fault (Woodf i 1 1 , 1972). 

The log of a third hole oiltest well near the west side of the valley, 
northwest of Francis, shows about 90 rn (300 ft) of unconsolidated deposits 
overlying about 200 rn (625 ft) of Keetley volcanics then Weber quartzite. In 
this hole the base of the Keetley volcanics is at an elevation of about 1670 
m (5500 ft). A few hundred meters to the west on the south side of City 
Creek, southwest dipping outcrops of Weber quartzite are overlain by the 
Keeley volcanic at an elevation of about 2040 m (6700 ft) suggesting a normal 
fault with structural relfef of as much as 360 m on the west margin of the 
valley. 

5.8.2.1 East Kamas fault 

The morphology of the escarpment of the East Kamas fault contrasts with that 
of the Morgan fault, suggesting that the East Kamas fault is not a late 
Quaternary fault. The escarpment on this side of the valley is sinuous, due 
to the erosion of small embayments into the escarpment by streams depositing 
alluvial fans along this valley margin. The morphology of this escarpment is 
much more subdued than that of the escarpment along the Morgan fault or the 
southern portion of the East Canyon fault; remnants of facets cut on spurs 
are indistinct and rounded with slope angles of 10-180. In places, the 
facets are coincident with dipslopes or accentuated by fluvial erosion at the 
base. Two en echelon fault segments, which trend north and slightly east of 
north, may be present; one from the Weber River to south of Hoyt Canyon, and 
the other from west of this point to the town of Kamas. Alternatively, a 
single, more sinuous segment may be present as shown on fig. 5.6, but in this 
case, the northern part of the footwall escarpment was probably modified by 
lateral cutting by the Weber River prior to establishing its present westerly 
course. The southern part of this side of the valley was similarly modi fied 
by the present upper Provo River before its diversion into the Provo drainage 
(sec. 3.5.2). 

A sequence of large alluvial fans of several ages have been deposited across 
the East Kamas fault where the east flowing drainages north and south of Hoyt 
Canyon reach the valley floor (Qa on fig. 5.6). Lateral cutting by outwash 
streams from the Upper Weber River Valley produced a 20 to 30-m-high scarp in 
these fans along the northern 3 km of the escarpment, probably during both 
the Pinedale and Bull Lake glaciations. Woodfill (1972) noted that the fans 
were segmented, and concluded that segmentation might be the result of late 
Pleistocene displacement on the East Kamas fault, implying that the segments 



nearest the mountain f r o n t  were the youngest ( f o r  example, Bu l l ,  1977). I n  
fact ,  the highest segments o f  the fans are the oldest. These segments are 
only shal lowly inc ised r e l a t i v e  t o  other o l d  fans i n  the region, slope about 
5-70 t o  the west, and head i n  several-hundred-meter-wide emb&yments i n  the 
escarpment i n  t h e i r  t r i b u t a r y  val leys. Development indices ( f i g .  3.6) for  
s o i l s  on the lower par ts  o f  these segments (sof 1s K-1 and K-2, tab le  5.3) 
place them i n  RAG 2, cor re la ted w i  t h  oxygen-isotope stage 6 (sec. 3.4). The 
s o i l s  d isp lay carbonate stage I1 t o  I11 morphology and secondary c lay  values 
(12 g/cm2 and 13 g/cm2) suggest ages o f  150-165 ka ( f i g .  3.6). Because 
carbonate tends t o  f n h f b i t  c l ay  accumulatfon, these s o i l s  could be 
considerably older. However, i f  these fans were deposited during stage 6, 
they were most l i k e l y  deposited dur ing a probable per iod o f  higher-than- 
present e f f e c t i v e  p rec ip i t a t i on  during B u l l  Lake deglaciat ion about 130-140 
ka (sec. 3.5.1). 

I n  the two small drainages j u s t  nor th  o f  Hoyt Canyon, two small remnants o f  
a l l u v i a l  fans t h a t  are o lder  than the RA6 2 fans are preserved. The west 
faces o f  these remnants are scarps wf th  slopes o f  < 100, the highest o f  which 
i s  20 m. The alignment o f  the scarps wf th  the i n fe r red  t race o f  the East 
Kamas f a u l t  i n  t h i s  area suggests these m y  be remnants o f  f a u l t  scarps. 
However, the presence o f  a scarp wf th  a p a r a l l e l  t rend cu t  by the Weber River 
about 1 km t o  the west and the emb.ayed morphology o f  the montain f r o n t  
suggest t h a t  a l l  the scarps may have an erosional o r ig in .  I n  Hoyt Canyon, 
lands l ide deposits have covered o r  incorporated co r re la t i ve  o lder  remnants. 

Two lower segments o f  the a l l u v f  a1 fans have been iden t f  f fed. The middle 
por t ions o f  the fans are undissected and slope about 20. So i l s  on these 
parts o f  the fans (unpub. sof 1 descript ions, SCS, Coavil le, UT) general ly  
have weak a r g i l l i c  horizons, but  the degree o f  r u b i f i c a t i o n  i s  less than for  
most Pinedale age s o i l s  i n  the area. S t i l l ,  because these deposits consist  
o f  coarse, cobbly a1 l u v i  um they were probably deposited durf ng Pinedale 
deglaci a t i o n  (15-18 ka) when e f f e c t i v e  prec i  p i  t a t i o n  was greater than now 
(sec. 3.5). So i l s  on the lowest segments o f  the fans, which slope about 0.5- 
l o  and extend several km out  i n t o  the val ley,  general ly  have cambic B 
horizons o r  lack B horizons e n t i r e l y  (unpub. s o i l  descript ions, SCS, 
Coalv i l le ,  UT). This degree o f  s o i l  development suggests they are o f  l a t e s t  
Pleistocene and Holocene age (< I5  ka). 

There are no scarps i n  the RAG 2 fan deposits which cross the i n fe r red  t race 
o f  the East Kamas f a u l t  showing t h a t  there has been no surface displacement 
on the f a u l t  i n  a t  l eas t  the l a s t  130-140 ka. Younger a l l u v i a l  fan deposits 
w i th  estimated ages o f  <15 ka are present valleyward o f  these o lder  fan 
deposits and t h e i r  development i s  re la ted  t o  g l ac ia t i on  and no t  l a t e  
Quaternary displacement on the East Kamas f a u l t  as suggested by Woodfi l l  
(1972). 

5.8.2.2 West margin o f  Kamas Val ley 

The morphology o f  the west margin o f  Kamas Val ley i s  not  suggestive of 
Quaternary fau l t ing.  The southern h a l f  o f  the va l ley  margin i s  deeply 
embayed, the escarpment i s  on ly  120 m high, and no well-developed facets are 
found. Slopes are steep and the va l ley  margin i s  f a i r l y  s t r a i gh t  along the 
northern h a l f  o f  the west margin, but  the pos i t i on  o f  Beaver Creek on t h i s  
side o f  the va l ley  makes i t  c lear  t h a t  the morphology o f  much o f  the west 



TABLE 5.3 Selected properties of soi ls on a l l w i a l  fans i n  Kamms Valley d R o u d  Valley, north central U t l .  

Prof l 1 l l o r  i ran* 
-.--..-------------_I 

K- 1 b 
As 
B t l  

2Bt2 
20th 
2cBk 

Average 

depth parent 

0 15 loess-col lwirn 
15 30 Loess-co l lw iu  
30 51 L w s s - c o l l w i u  
51 81 a1 Lwiu 
81 114 a l l u v i u  

114 1 m  a l l w i u  

color --------..- 
lOYR 5/2 

7.SYR 4/2 
7.511 V 5  
7.5YR 6/6 
7.5YR 7/6 
7.5YR 7/6 

ESIIIIATED PERCEWl BY VOLUME 
Pebbles Cobbler Boulders 

(0.2-8ca) (8-ZSa) (~25cn) 
- - - - - - - - * - - - - - - - - - . - - - - - - - - - - -  

I S  5 0 
15 5 0 
15 5 0 
40 15 0 
40 15 0 
44 15 0 

PERCENT BY YEIGNI' 
S8nd S i l t  Clay Percent** Percent# 

( 2 -0 .h )  (50-Zu) (e2m) o r g ~ i c  u t t e r  carbonate 
,-----..----.--*----.--------------------------------------- 

30 53 17 4.0 0.0 
31 45 24 2.4 0.0 
30 37 33 0.9 0.0 
55 19 26 1 .O 0.0 
69 12 19 0.4 16.0 
74 11 15 0.2 13.0 

K-2 b 0 12 a l l u v i u  7.5YR 4/3 10 7 0 31 47 22 4 .O 0.0 
M 12 32 a l l u v i u  ?.SIR 4/Z 10 7 0 30 44 26 2.1 0.0 
Bt 32 64 r l l w i u  S I R  6/4 10 7 0 32 33 36 0.9 0.0 

ZBtk 6 4 W  a l l w i u  5YR U3 15 7 0 42 35 22 0.8 36.3 
2Bk 69 130 a l l w i u  5YR 6/4 10 0 0 18 73 9 0.4 17.5 
2CBk 130 168+ a l l u v i u  7.5VR 6/3 10 0 0 30 65 5 0.2 9.6 

I V -  1 4 0 20 Loera-collwirn 1OYR 5/3 15 10 10 29 54 17 
A 20 33 l oess - co l lw i u  lorn 514 25 15 10 28 50 22 
I t  33 48 Loess-co l lw iu  7.5YR 514 20 21 0 25 49 27 

2Btb 48 120 l oess - co l lw i u  7.5YR 5/4 10 0 0 17 37 46 
3Btkb 120 140 a l l u v i u  7.5YR 5/4 10 5 0 26 42 32 
30kb 140 222+ aLLwim 7.5YR 4/4 20 50 20 35 38 27 

Yoriron nmenclaturm of Guthrie ud Ui t t y  (1982) ud Bi rke lud  (1964) ercapt that motor K horizon i s  not wad. 
Part ic le s i re  d i r t r i b t i a n  of 3 n u  f ract ion usinp sieve-pipette wthoQ (for exunple, Carver, 1971) ud a Sedigr.ph 
with pr ior r r r w a l  of carbautes ud organic m t t e r  using methods of Jackson (1956). 

I Percent organic u t t e r  by .athod of Yalkley and Black (1934). 

for son*, s i l t - c lay  fractions 

** Percent carbonate by method of Oreimanis (1962). 



margin i s  due t o  l a t e r a l  c u t t i n g  by the creek which has been forced against 
the west edge o f  the va l l ey  by deposit ion on the a l l u v i a l  fans t o  the east. 
Based on the log  o f  a d r i l l  hole near the west margin o f  the va l ley  
i nd i ca t i ng  t ha t  the base o f  the Keetley volcanics have been displaced about 
300 m, there f s  no evidence f o r  l a t e  Quaternary displacement and 1 i t t l e  
suggestion o f  l a t e  Cenozoic displacement. 

I n  the southwestern pa r t  o f  the val ley,  Woodf i l l  (1972) mapped an east- 
nor theast -s t r i  k ing f au l t ,  the C i t y  Creek f a u l t ,  juxtaposing Tr iass ic  and 
Pennsylvanian rocks across a 60-m-wide breccia zone and concludes t h a t  the 
f a u l t  does not displace the over ly ing Keetley volcanics ( f i g .  5.6). 

5.8.3 South Flank f a u l t  

East o f  the va l ley  the Uinta arch i s  bounded on the south by the South Flank 
f au l t .  This east-trending normal f a u l t  extends along the south edge o f  the 
Uinta Mountains f o r  a distance o f  about 100 km and i s  i n fe r red  t o  continue 
below the course o f  the Provo River a t  the south end o f  the Val l e y  (Stokes 
and Madsen, 1961). Geomorphic and geologic studies o f  the f a u l t  about 50 km 
t o  the east i n  the Uinta Basin have shown t h a t  i t  does not  displace the 
Oligocene-age Duchesne River formation o r  younger erosion surfaces (Mart in 
and others, 1985). 

Montgomery (w r i t t en  corn, 1980) has suggested t h a t  f a u l t s  on the east and 
west margins of Kamas va l l ey  are north-trending splays o f  the South Flank 
f au l t .  However, the base o f  the Keetley volcanics i s  a t  s im i l a r  e levat ions 
on both sides o f  the concealed t race o f  the South Flank f a u l t  a t  the 
southeast corner o f  the Valley. Thus there appears t o  be no displacement o f  
the Keetley volcanics along the east-trending t race o f  the South Flank f a u l t  
compareable t o  the 300 m o f  Cenozoic s t ruc tu ra l  r e l i e f  i n  Kamas Valley. I f  
the marginal f a u l t s  i n  Kamas va l l ey  are re la ted  t o  the South Flank f a u l t ,  i t  
appears t h a t  reac t i va t ion  has on ly  occurred on favorably-oriented north- 
t rending splays. This i s  consistent  w i th  the general ly  nor th-s t r ik ing,  
normal f a u l t  focal  mechanisms charac te r i s t i c  o f  the ISB  (sec. 4.0). However, 
microearthquake a c t i v i t y  appears t o  be concentrated along the east-trending 
por t ion  o f  the South Flank f a u l t  and a composite foca l  mechanism from the 
south end o f  Kamas Val l e y  ind icates north-south compression along an east- 
t rending nodal plane (sec. 2.0). 

5.8.4 North Flank f a u l t  

East o f  the va l ley  the Uinta arch i s  bounded on the nor th  by the North Flank. 
The North Flank f a u l t  i s  a south-dipping, eas t -s t r i k ing  reverse f a u l t  t h a t  
displaces Mesozoic rocks near the northern end o f  the val ley, nor th  and east 
o f  the map area (Stokes and Madsen, 1961). Faul ts along the nor th  f lank  o f  
the Uinta  Mountains have been l o c a l l y  react ivated as normal f a u l t s  during the 
l a t e  Cenozoic (Hansen, 1983) and the l a t e  Quaternary (West, 1984; 1986). 
However, the North Flank f a u l t  does not d isplace the Keetley volcanics i n  the 
v i c i n i t y  o f  Kamas Valley (Woodfi l l ,  1972) i nd i ca t i ng  t ha t  i t  has not been 
react ivated i n  t h i s  area. A west-trending, down-to-the-south normal f a u l t  
has been i n fe r red  near the nor th  end o f  the va l l ey  (Woodfil l, 1972), but no 
scarps whfch might be associated w i t h  f a u l t i n g  were found i n  deeply dissected 
a l l u v i a l  fans whfch slope down from the h i l l s  a t  the north end o f  the va l ley  
w i t h  s o i l s  on them t h a t  suggest the fans are >ZOO ka (sec. 3.5.1). We 



conclude tha t  there is  no evidence for  l a t e  Cenozoic displacement on the 
North Flank fau l t  or other east-trendi ng faul ts .  

5.8.5 Conclusions 

Logs of dr i l lholes  i n  the center and a t  the margins of Kamas Valley confirm 
tha t  Kamas valley is a graben. The lack of d i s t inc t  facets and the sinuous 
embayed escarpment on the margins of the valley contrasts w i t h  the 
escarpments associated w i t h  l a t e  Quaternary faul t s  i n  the back valleys t o  the 
north. There are no scarps i n  l a t e  Quaternary deposfts a t  or  near the east 
margin of the valley. Along the west margin of the valley preserved remnants 
of l a t e  Quaternary al luvial  fans (>> 150 ka) could be intepreted to have been 
diplaced a t  leas t  20 m by the East Kamas fau l t ,  although an erosional origin 
for  the scarps seems more likely. No scarps are visible on 1) the alluvial 
fans (130-150 ka) that  overlie the f au l t  near the center of i t s  trace, 2 )  the 
extensive outwash terrace (130-150 ka) tha t  over1 i e s  the East Kamas faul t  a t  
the southern end of the valley (Woodfi 11, 1972), or  3) the 10 m terrace (10- 
15 ka) tha t  overlies the f a u l t  a t  the north end of the valley ( f ig .  3.3, sec. 
3.5.1). 

We conclude that  no surface displacements have occured on the East Kamas 
fau l t  or other faul t s  in or  near Kamas Valley i n  a t  leas t  the l a s t  130 ka. 



5.9 Heber Valley 

Heber Valley fs  a t r iangu lar  shaped val ley about 13 km on a side on the Provo 
River downstream o f  Keetley and Kamas Valleys and above Lower Provo Canyon i n  
the Wasatch Mountains. Daniels Creek, Center Creek, and Lake Creek enter 
Heber Valley from the south and east t o  j o i n  the Provo River, which enters 
the basin from the north. Deer Creek Dam i s  located about 8 km down the 
lower Provo Canyon from Heber Valley and impounds Deer Creek Reservoir, which 
extends i n t o  Heber Valley ( f i g .  5.7). 

Geologic Set t inq  

Rocks o f  the upper p la te  o f  the Charleston th rus t  (sec. 5.1) are exposed on 
the southern margin o f  Heber Valley and lower p la te  rocks are exposed on the 
northwestern and northeastern margins o f  the va l ley ( f ig .  5.7) Therefore, 
the trace o f  the Charleston th rus t  zone i s  constrained t o  an in fe r red  
posi t ion beneath Heber Valley. On the Aspen Grove (Baker, 1964) and 
Timpanogos Cave (Baker and Crittenden, 1961) quadrangles, west o f  Heber 
Valley, the Tfbble Formation f s  exposed fn  a 4 b w i d e  band o f  outcrops that  
extends t o  the margin o f  Heber va l ley a t  Deer Creek Reservoir i n  the upper 
p la te  o f  the Charleston thrust. The Tibble Formation i s  p r i nc ipa l l y  a 
f l u v i a l  deposit o f  consolfdated conglomerates, tuffaceous sands and fresh- 
water limestones thought t o  be contemporaneous wi th  the Keetley volcanics, 
a1 though i t has not been d i r e c t l y  dated (Baker and Crittenden, 1961). Almost 
1000 m o f  the Tibble Formation i s  preserved consistent ly dipping 200 - 400 to  
the northeast. This ro ta t i on  i s  interpreted t o  resu l t  from displacement on 
the Deer Creek fau l t ,  a 350 southwest-dipping, east-trend1 ng normal f a u l t  
in fe r red  t o  sole i n  the Charleston th rus t  f a u l t  (Riess, 1985). Westward 
displacement o f  Jurassic and upper Paleozic rocks i n  the upper p late o f  the 
the Charleston th rus t  f a u l t  from t h e i r  footwal l  cu to f f  posi t ion i s  
in terpreted as evidence o f  5-7 km o f  Cenozoic extension on the Charleston 
th rus t  zone (Royse, 1983; Hopkins and Bruhn, 1983). The Deer Creek normal 
f a u l t  displaces the L i t t l e  Cottonwood stock (24-31 ma) but i s  truncated by 
the Wasatch fau l t ,  suggesting most o f  the displacement occurred during the 
middle Cenozoic. 

A group o f  thermal springs and associated tu fa  deposits are found i n  the 
northwestern part  o f  Heber Valley near Midway, Utah. Baker (1968) describes 
the springs and concludes tha t  the spring water i s  meteoric, o r ig ina t ing  i n  
the mountains t o  the northwest and emerginging through fractures a t  Midway. 
As nearby in t rus ive  rocks are Oligocene i n  age, the heat source i s  unknown 
but a t t r ibu ted  t o  an unusually high geothermal gradient. Kolesar (1981) 
reports the resul ts  o f  a recent invest igat ion o f  t h i s  geothermal system which 
included l i t ho log i c  logs o f  four wells that  show al ternat ing tu fa  and 
al luvium t o  depths o f  about 60 m. Their favored model f o r  the o r i g in  o f  the 
springs envisions I' a series o f  r e l a t i v e l y  young, small intrusions north o f  
Midway" t o  dr ive the geothermal system. Minor fau l t s  along the crest o f  an 
ant ic1 i ne inferred i n  Mesozoic and Paleozoic rocks beneath Midway may provide 
the conduits t o  the surface. 

Tectonic Geomorpho 1 oqy 

Eardley (1933; 1944) regards the Wasatch Mountains as an eas t - t i l t ed  f a u l t  
block and concludes tha t  Heber Valley i s  an erosional val ley excavated by the 



Tkv 



Provo River and i t s  t r i bu ta r i es  a t  o r  near the hingepoint o f  t i l t i n g .  
Although he disputes evidence f o r  a hingepoint of east tilt, Threet (1959) 
also favors an erosional o r i g i n  f o r  Heber Valley suggesting tha t  the 
unconsolidated f i l l  i n  Heber Valley i s  (100 m th i ck  overlying a bedrock 
s t ra th  surface. G i lber t  (1928) considers the Wasatch Irlountains to  be a horst 
and the back valleys t o  be grabens on the east side o f  the Wasatch Mountains, 
and some subsequent i nves t i  ators (Baker, 1964; 1976; Peterson, 1970; Baer 
and Rigby, 1980; Hunt, 1982 7 have in fe r red  tha t  concealed fau l t s  have 
contributed t o  the development o f  Heber val ley. 

To assess the evidence f o r  concealed f a u l t s  on the margins o f  Heber Valley we 
reviewed aer ia l  photography a t  various scales, conducted two low sun-angle 
over f l igh ts  o f  the valley, and prepared a map o f  the deposits on the val ley 
margins (f ig. 5.7). Most o f  the discussion o f  the Quaternary deposits i n  the 
va l ley i s  included i n  the section (3.5.2) on the Provo River Valley. 

5.9.2.1 Northwestern marqin 

The sinuous, embayed margin bounding the northwest edge o f  Heber Valley 
contrasts wi th  the 1 inear val l e y  margi n and 1 i ttle-eroded t r iangular  facets 
associated wi th  the Morgan fault,  the James Peak fault,  the southern port ion 
o f  the East Canyon faul t ,  and fau l t s  i n  Ogden Valley where recurrent l a t e  
Quaternary surface displacements are in ferred (discussed i n  previous 
sections). Late Quaternary a l l u v i a l  fans and outwash deposits on t h i s  margin 
(sec. 3.5.2) extend several kns up t r i bu ta ry  drainages. These deposits are 
over la in  by tu fa  along much o f  the va l ley margin and waterwells show that  
tu fa  and gravel deposits are interbedded t o  depths o f  a t  leas t  60 m (200 f t ) .  
A 7-m-high scarp a t  the edge o f  the a l l u v i a l  fans along much o f  t h i s  side of 
the va l ley ( f i g .  5.7) was cu t  during the l a t e s t  Pleistocene o r  Holocene by 
the Provo River (sec. 3.5.2); no f a u l t  scarps were i d e n t i f i e d  i n  the area. 
We conclude that l a t e  Cenozoic fau l t s  may be present a t  o r  near th i s  val ley 
margin tha t  may be re lated t o  the thermal springs a t  Midway, but there i s  no 
evidence f o r  recurrent l a t e  Quaternary surface displacements on t h i s  side o f  
the valley. Available evidence does not allow us t o  locate the fau l t ;  
therefore, i t  i s  not shown on f ig.  5.7. 

5.9.2.2 Northeastern marqin 

The presence o f  the Charleston thrust  f a u l t  below Heber Valley and evidence 
presented i n  sec 5.1 for  Cenozoic react ivat ion o f  t h i s  f a u l t  t o  accomodate 
Cenozoic extension, could be interpreted t o  suggest that  down t o  the west, 
l a t e  Ter t ia ry  and possibly l a t e  Quaternary displacements may have occurred 
along t h i s  margin o f  the valley. This margin i s  somewhat steeper and more 
l i nea r  than the northwestern margin, yet i t lacks the t r iangular  facets 
associated with other l a t e  Quaternary fau l t s  i n  the Regional study area. 
A l l uv ia l  fan sediments >730 ka over l ie  a bedrock pediment a t  the northern end 
o f  the northeast margin (sec. 3.5.2). A1 though the lowest sediments i n  the 
fan sequence appear t o  d ip towards the mountain front,  these dips are 
probably depositional. The a l l u v i a l  and c o l l u v i a l  fans along t h i s  margin, 
l i k e  the fans on the other margins o f  the valley, are o f  mid- t o  l a te  
Quaternary age (sec. 3.5.2). No f a u l t  scarps were i den t i f i ed  along t h i s  
margin; the discontinuous scarps, 5 t o  10 m high, on the d i s t a l  parts o f  
a l l u v i a l  fans north and east o f  Heber Ci ty  'are interpreted t o  be f l u v i a l  
scarps cut  by the Provo River and Lake Creek before the Provo River moved t o  



i t s  present pos i t ion on the west side o f  the val ley.  S imi lar  scarps have 
been cu t  more recent ly  by Daniels Creek on the south margin o f  the val ley. 
As on the northwestern margin we conclude t h a t  a l a t e  Cenozoic normal f a u l t  
may be present along t h i s  margin, but there i s  no evidence t ha t  recurrent  
l a t e  Quaternary surface displacements have occurred on t h i s  i n fe r red  fau l t .  
Avai lable evidence does not  a l low us t o  locate the f au l t ;  therefore, i t  i s  
not  shown on f i g .  5.7. 

5.9.2.3 Southern marqin 

As along the northeastern and northwestern margins o f  the va l ley  the south 
margin i s  embayed by t r i b u t a r y  drainages, but  i t  has steep bedrock facets 
developed between the embayments. The largest ,  steepest facets are adjacent 
t o  Daniels Canyon and appear t o  have been cu t  by Daniels Creek during periods 
o f  higher discharge. Farther t o  the west, facets are smaller and Daniels 
Creek has cu t  embayments i n t o  the l a t e  t o  mid-quaternary fans i n  the 
drainages along t h i s  s ide o f  the valley. The discontinuous, l i n e a r  scarps i n  
the a1 l u v i a l  deposits east o f  Daniels Canyon were c u t  by Center and Lake 
Creeks. The scarps i n  the embayments along the south margin were o r i g i n a l l y  
in te rp re ted  by Eardley (1933) as erosional remnants o f  a former higher leve l  
o f  the a l l u v i a l  f l o o r  o f  the va l ley  t h a t  has been abandoned as a r e s u l t  o f  
eastward t i l t i n g  o f  the Wasatch Mountains i n  response t o  l a t e  Cenozoic 
displacement on the Wasatch fau l t .  However, Threet (1959) concluded tha t  the 
e f f ec t s  o f  ti It a t  distances o f  move than 20 km f r o m  the Wasatch f a u l t  would 
not  be recognizable. Although the upper p a r t  o f  the lower Provo Canyon and 
southwestern pa r t  o f  Heber Valley have probably been eroded a l i t t l e  more 
deeply than the eastern pa r t  o f  the va l ley  due t o  u p l i f t  on the Wasatch 
fau l t ,  scarps l i k e  those on the south and northwest margins o f  the va l ley  are 
more l i k e l y  t o  have been produced e n t i r e l y  by l a t e r a l  stream erosion w i th  no 
u p l i f t  r e l a t i v e  t o  other par ts  o f  the val ley. 

5.9.3 Trenchinq o f  the scarp.at  B i q  Hollow 

Although the o r i g i n  o f  the scarps on the south side o f  the va l ley  seems best 
explained by f l u v i a l  erosion, one o f  the scarps on the south side of the 
va l ley  i s  shown as a "suspected" Quaternary f a u l t  by Anderson and M i l l e r  
(1979). This 600 m-long, N750E trending, l i n e a r  scarp crosses the mouth of 
Big Hollow i n  the NW1/4, sec. 19, T.4S, R.5E on the Charleston Quadrangle. 
The scarp gradually changes i n  height from 12 m a t  the east end t o  <1 m a t  
the west end, and i s  near ly on trend w i th  a 600 south dipping, N850E s t r i k i n g  
gouge zone i n  brecciated quar tz i te  o f  the Oquirrh Formation exposed i n  the 
gravel p i t  less than 100 rn east o f  the scarp ( f i g .  5.8). As t h i s  evidence 
had been in terpreted as suggesting a re la t ionsh ip  between the scarp and the 
shear zone, a backhoe trench was excavated across the scarp. 

The 36-m-long, 3 t o  7 m deep trench was located near the west end o f  the 
scarp, where the scarp height  i s  6 m and the maximum scarp angle i s  260 ( f ig .  
5.8). The trench exposure ( f i g .  5.9) shows t h a t  the scarp i s  developed i n  
s t r a t i f i e d ,  gent ly north-dipping, a1 l u v i a l  fan deposits (Qaf )  consist ing o f  
interbedded, moderately-indurated, sandy, angular and subangular gravels and 
hard sandy clay. A t  about s ta t i on  20 these deposits are truncated by an 
i r regu la r ,  about 400 north-dipping contact t h a t  continues t o  the base of the 
trench a t  about s ta t i on  26. Two d i s t i nc t ,  uns t ra t i f i ed ,  northward 
thickening, fine-grained uni ts,  reaching a maximum thickness o f  3.5 m, 
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o v e r l i e  this contact .  The lack  of  evidence o f  shearing along this contac t ,  
i ts  moderate d i p ,  and its non-planar na ture  suggest  i t  is an eros ional  
contact .  

A t  the north end of  the trench,  between s t a t i o n s  29 and 35 a t  a d e p t h  of 3.5 
m, f l u v i a l  gravels  (Qay) a r e  exposed a t  the base o f  the trench. These sandy 
g rave l s  c o n s i s t  o f  rounded q u a r t z i t e  pebbles and cobbles i n  a matrix of  well- 
so r t ed ,  f i n e  t o  coarse sand. T h i s  suggests  the o r i g i n  of  the scarp  can be 
a t t r i b u t e d  t o  f l u v i a l  erosion. The s t r a t i g r a p h y  i n  auger holes H V - 1 1  and HV- 
12 ( f i g .  5.8), below the sca rp  .was s i m i l a r  t o  t h a t  i n  the northern port ion of 
the trench. Well-rounded gravels  were present  a t  dep ths  o f  4.2 and 3.0 m 
r e spec t ive ly ,  confirming the ex ten t  o f  these grave l s  and es tab l i sh ing  t h a t  
they form a f l a t  su r face  beneath the a l l u v a i a l  fan and co l luv ia l  a t  the base 
of  the scarp. 

A series of  four  pits about 300 m north of  Daniels Creek confirm the ex ten t  
o f  the f l u v i a l  gravels  (Qay). These pits exposed 1-2 m of fine-grained loess  
and colluvium overlying rounded q u a r t z i t e  pebbles and cobbles i n  a well- 
so r t ed  sandy matrix (Qay) t h a t  a r e  s i m i l a r  t o  the f l u v i a l  gravels  ( u n i t  12) 
i n  the Big Hollow trench. Survey s t a t i o n s  e s t ab l i shed  in  the area  show t h a t  
the gravels  i n  these pits, the gravels  i n  the auger holes below the scarp,  
and the gravels  exposed i n  t h e  trench a r e  a t  r e l a t i v e  e l eva t ions  wfthin 2 m 
of each o t h e r ,  and form a f l a t  su r face  extending south from Daniels Creek t o  
the base of  the scarp. Mapping of the fan depos i t s  i n  the v i c i n i t y  of  the 
scarp  suggests  t h a t  the g r e a t e r  thickness o f  overlying ffne-grained deposi t s  
near  the trench site ( f ig .  5.9) is r e l a t e d  t o  deposi t ion  of Holocene fan 
depos i t s  (Qaf 3) from the a c t i  ve channel of  Big Hollow Creek t h a t  breaches the 
scarp  270 m e a s t  o f  the Big Hollow trench ( f i g .  5.8). Development indices  
( f i g .  3.6) f o r  a s o i l  i n  one of  the p i t s  ( s o i l  H-3, t a b l e  5.4) north of  the 
scarp, place i t  i n  RAG 3, suggesting a l a t e s t  P le is tocene  (10-15 ka) age 
(sec. 3.5.2). Thus, the erosion of  the sca rp  and the deposi t ion f o r  the 
f l u v i a l  gravels  by Daniels Creek probably took place during the period of 
higher-than-present e f f e c t i v e  p r e c i p i t a t i o n  near  the end of  Pinedale 
deglac ia t ion  (about 15 ka)(sec.  3.2.2). 

Development indices  ( f i g .  3.6) f o r  a s o i l  on the fan surface (Qaf2) a t  the 
south end o f  the trench ( s o i l  H-1, t a b l e  5.4) show i t  is in RAG 1 and is 
probably several  hundred thousand years  old (sec. 3.5.2). Borrow pits 150 m 
south of  the trench expose s i m i l a r  s o i l s  w i t h  even th icke r  a r g i l l i c  horizons 
and higher c l ay  contents .  Indices place a s o i l  w i t h  s t age  I11 carbonate 
development ( s o i l  H-2, t a b l e  5.4) on co l luv ia l  depos i t s  derived from the 
hil ls ide bordering the eas te rn  edge of the fan in RAG 2. However, t o t a l  
secondary c l a y  values f o r  t h i s  s o i l  (32 g/cmZ) suggest i t  may a l s o  be several  
hundred thousand years  old. S imi lar  s o i l  carbonate was encountered in  auger 
hole H V - 1 3 ,  b u t  not  in  holes HV-12 and HV-14 ( f i g .  5.8). The fan above the 
scarp  apparently c o n s i s t s  mostly of  alluvium which  is 2 0 0  ka, and is  covered 
by and probably interbedded w i t h  colluvium from the adjacent  hillsides which 
has been accumulating s ince  deposi t ion of  the fan sediments. Carbonate i s  
apparently re ta ined more e a s i l y  i n  the fine-grained co l luv ia l  s o i l s  than in  
the g rave l ly  fan deposi t s .  

We conclude t h a t  the Big Hollow scarp  a s  well a s  the o the r  scarps  on the 
south margin of Heber Val ley have formed a s  a r e s u l t  of  erosion by Daniel 
Creek during periods of h ighe r  flow within the l a s t  few hundred thousand 
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H- 1 3 0 I 2  looas-ollw/i un 7.5YR S/3 30 20 0 24 4 1  32 0 .O 6.1 
R 12 24 loess-allul/iun 7.5YR 5 /3  90 20 0 26 39 35 0 .O 3.2 
B t l  24 52 alluvium 5'tR 6/5 30 20 0 54 13 33 0 .O 0.6 

2Bt 2 52 99 alluvium 5'tR L/5 40 5 0 56 12 31 0.0 0.3 
3813 99 138 r l l u v i u n  7.S7R 7/6 35 20 0 3? 25 39 0 .O 0.3 
313C 138 23Ot al luv i  un 7.5'tR 7/4 55 20 0 6 0  12 29 0 .O 0.2 

fb 0 28 looris-collwlucr 7.5YR5/3 5 0 0 19 56 25 0 .O 1.7 
B t l  28 42 1oer:s-col lwim 7.5'tR7/4 5 0 0 I 2  4 1 18 0 .O 0.6 
Bt 2 42 90 loess-collllviun 7.5YR 7/4 8 0 0 10 42 40 0 .O 0.5 

2C0 k 90 121 1oe:;s-col l lwit~m 7.5PR 6 /5  10 1 0 26 50 16 1?.3 0.5 
2Bt km 121 215 100:;s.-collwim ?.WR 8/n 0 1 0 3? 39 24 50.8 0.2 
3BCk 215 265 loess-colluviun ?.SetR ?/4 IS 1 0 4 1 53 ? 28.8 0.1 
C B t  265 340* loess-colluviun ?.!i'#R 7/4 10 1 0 3 1 6s 4 2.7 0.1 

H- 3 4 o s I ooss IOYR v:3 s o o 40 3e 22 0.1 2 -9 
A 9 42 1 oesr 107R 4/2 5 0 0 42 35 22 0.1 2.2 
E 42 58 1 oesr 1 OPR 5/13 5 0 0 52 3 1 10 0.1 1 .O 

281 58 '30 alluvium lOYR 4/6 50 20 0 ? 1 16 13 0.1 0 .9 
2CB 90 126 e l  l u v i  um lOYR 6/6  50 20 0 0 3 9 8 0.1 0.1 
2Cu j 126 lbO* a1 1 uvi un lOYR 7/5 30 5 0 9 1  3 3 0.3 0.1 

H- 4 H 1 0 22 t i l l  IOYR 3/2 5 10 0 63 2 1  13 0.1 3.2 
A2 22 42 t i l l  107R 6/3 5 10 0 6? 23 10 0.1 0.0 

' Bt 42 87 till 1OYR c J / l  5 20 0 6 1 23 16 0.2 0.1 
Cuj 8 1  l24t till 1OYR 5/4 5 5 0 ?6 16 ? 0.3 6.2 

11-5 3 0 5 loess-allwiurc IOYR 4/'3 15 0 0 55 30 15 0.1 2.1 
R 5 25 loe:.s-allwiun 100R 1/3 15 0 0 57 20 15 0.1 1.1 

2Bt 1 25 40 alluvium 7.5'1'43 5/3 25 9 0 54 25 2 1 0.4 0.6 
2BC 40 85 alluviurc 7.5YR 5/3 40 20 0 09 4 ? 0.2 0.3 
2Cu j 85 1201 a1 1 uvi un 7.5YR 7/:3 40 20 0 90 5 5 0.1 0.1 

li- 6 H 0 10 till ?.S6tR l / : 3  1s 20 0 42 43 15 0 .O 9 .O 
HB 10 27 t i l l  7.5YR 5/3 15 20 0 43 38 19 0.0 3.2 
Bt I 27 I 6  ti 11 7.5'r'R 5/5 15 20 0 45 29 26 0.0 1.1 
Bt2 46 79 till 7.57R 5/6  IS 20 a 45 30 25 0 .O 0.9 
Cu j 79 IbOb ti 11 10'tR 7/:3 15 20 0 73 19 9 21.4 0.1 

li- 7 % 0 15 1 osas 7.S0tR 4 /1  Z 0 a 35 40 26 0.0 3.1 
R 5 .32 1 oesr 7.50R 4/.1 2 0 O 35 40 25 0.0 2.3 
RE 32 62 loess 7.StR 5/4 5 0 Cb 3 7 40 23 0.0 1.6 
B A 62 73 loess 7.55'R E d 6  5 0 0 36 3 3 30 0.Q 1.1 

2Bt 1 73 130 alluviurc ~'I'R 6 / ?  40 15 0 49 11 40 0 .O 0.0 
2Bt2 00 120 alluvium SYR 5/8  40 15 0 66 10 24 0.0 0.4 
213~ 128 1758 alluvium 7.5VR 6/? 40 15 0 ? 1 11 17 0.Cl 0.5 -__.__--.-.----_.-- - ---- -- .---- -- ----- ----  ---.---- - --- -.--- --.-.- - -_--_._--__._ _ --.- - ---.-.-----.----.-._-_-.-._-- - .----- - -----.--- - .---- - --------_ ____-  

N Horizon nononcl aturo of Giuthrie and Ui t t y  < 1982) and B i r k e l a d  <19134) e ~ c e p t  that mastor ): horizon i s  not ~rsed. 
' P.rr t ic le  size distr iba~t iun of  C 2  nn fract ion using sieve--pipette wthods <for examplo. C K V U .  1971) and l S o d i g q h  
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years. The origin of the scarps and their positions within the embayments 
suggests that the bedrock facets between the embayments have also formed as a 
result of erosion of the brecciated, easily-erodable Oquirrh Formation as a 
result of channel migration of Daniels Creek on the Daniels Creek fan. 

5.9.4 Origin of Heber Valley 

Based on a gravity study study Peterson (1970) concluded that a closed, 4 
mgal residual Bouguer anomaly low is centered in the southwestern portion of 
Heber valley. Assuming a dens1 ty contrast of 0.5 g/cm3 between bedrock and 
1 ow-densi ty vol canics and unconsol idated deposits , he esti mated a maximum 
thickness of 240 m (800 ft) of low-density ffll in this portion of the valley 
and concluded from the shape of the amomaly that normal faults bounded the 
margins of the valley. 

To further constrain the thickness of unconsolidated deposits in Heber Val ley 
we have compiled 133 drillers logs of water we1 1s in Heber Val ley and 
compared them with the thickness of low-density ffll in the valley estimated 
from gravity studies (Petersen, 1970). The log of a water we1 1 in the valley 
located near Charleston shows a minimum of 99 m (325 ft) of gravel in an area 
where the gravity data suggests a thickness of about 120 m of low-density 
materials. Along the southern margin of the valley where the gravity data 
suggest a thickness of about 120 rn (400 ft) of low-density material, four 
water wells penetrated 90 to 120 m (300 ft) of unconsolidated deposits (fig. 
5.8) without encountering bedrock and fn others (not shown) a1 luvial 
thicknesses are greater than 60 m. In addition, three holes within Daniels 
canyon (fig. 5.8) penetrated 30 - 60 m of unconsolidated deposits indi cating 
a minimum thickness of deposits aggraded by Daniels Creek on the upthrown 
side of any concealed fault on the southern margin of the valley. These 
wells suggest that Heber valley and its tributary canyons were once excavated 
more deeply than at present, and support an erosional interpretation of 
landforms on the southern margin of the valley. In the northwestern portion 
of the valley three holes have been drilled near Midway to investigate 
geothermal potential of the Hot Springs (Kolesar, 1981). Two of these holes 
encountered bedrock (quartzite) at depths of about 60 m within the area where 
a thickness of 240 m of low-density material had been estimated from the 
gravity data. 

On the basis of the waterwell data we conclude that the alluvium in the 
valley is typically 60 or more meters thick with a maximum of >I20 m. The 
waterwell data is generally consistent with the estimates of the.thickness of 
the low-density ffll from the gravity data except in the northeast portion of 
the val ley where bedrock is significantly shal lower than predicted. The 
maximum thickness of about 240 m (800 ft) and the lithology of the underlying 
bedrock can not confirmed as no wells were drilled that deep. If the 
topographic relief of the valley resulted principally from subsidence on 
concealed faults that post-dates deposition of the volcanics, we would expect 
to find evidence that the Keetley volcanics are preserved below the alluvial 
fill as in Kamas valley. The logs of a few wells on the margins of the 
valley show that the alluvial fill overlies sandstones and shales not 
volcanic rocks, which may suggest that no significant faults are present on 
the margins of the valley. 

Comparison with the lowest elevation of the Oquirrh Formation exposed across 



the channel of the Provo River i n  the foundation cutoff excavation for Deer 
Creek Dam (5200 f t )  shows that the bedrock surface below the alluvial f i l l  
along the southern margin of the valley is lower i n  elevation than the 
outlet, as recognized by Baker (1964), which suggests the possibility of 
recent faulting in the valley. As discussed above, fluvial deposits of the 
Tibble Formation are exposed i n  the hanging wall of the Deer Creek normal 
fault on the western side of Deer Creek Reservoir. If the Deer Creek fault 
persists beneath the valley, following the trace of the Charleston thrust, 
then Ti bble Formati on may also be preserved i n  Heber Valley. A1 though the 
Tibble Formation i s  described as consolidated we expect that in a saturated 
condition i t  wuld be indfstlnguishable from younger alluvium on water well 
logs. If the lower portion of the alluvial f i l l  in the valley i s  Tibb7e 
formation or an equivalent as i n  Keetley Valley and Parleys Park t o  the 
north, then the apparent subsidence of  Heber Valley relative t o  i t s  outlet 
may be related t o  reactivation of the Charleston Thrust, which occurred 
largely during the middle Cenozoic, rather than to late Cenozoic o r  late 
Quaternary displacement on concealed faults. 

Conc 1 us i ons 

In contrast t o  the margins of back valley where late Quaternary faults have 
been identified o r  inferred, the margins of Heber Valley are sinuous and 
embayed suggesting that there are no late Quaternary faults a t  o r  near the 
valley margins. Our mapping and trenching in Heber Valley have shown that 
the scarps a t  o r  near the valley margins are the result of erosion by the 
Provo Rfver and f t s  tributaries. Although we can not preclude the presence 
of concealed late Cenozoic o r  Quaternary faults i n  Heber Valley, wesfeel a 
combination of mid-Tertiary extension on the Charleston Thrust and episodes 
of erosion and aggradation by the Provo River and i t s  tributaries as 
suggested by Threet (1959) best explain the present physiography. Therefore, 
we conclude that no late Quaternary surface displacements have occurred in 
Heber Val ley. 



SOUTHERN WASATCH MOUNTAINS 

In this repor t  we r e f e r  t o  the  Wasatch Mountains south of Heber Valley and a s  
the southern Wasatch Mountains. In this chapter  we dfscuss l a t e  Quaternary 
f a u l t i n g  south of Heber Valley and north of the Spanish Fork River ( f i g .  5.1) 
and sumnarize the results of o t h e r  studies t o  the e a s t  (Nelson and Martin, 
1982) and south (Foley and o the r s ,  1986). 

Tectonic setti nq 

Allocthonous rocks in  the upper p l a t e  of  the Charleston thrust, overlapped on 
the e a s t  by l a t e  Cretaceous and T e r t i a r y  sedfmentary rocks a r e  exposed in  the 
southern Wasatch Mountains ( f i g .  5.1). The Charleston thrust i s  the 
lowermost of a sequence of a t  l e a s t  s i x  imbricate stacked t h r u s t  f a u l t s  
i d e n t f f f e d  south of  the Uinta r een t ran t  (Morris, 1983; Tooker, 1983). The 
Charleston t h r u s t  was f f rs t  recognized by Baker (1947; Baker and o the r s ,  
1949) southwest of Heber Valley. The t h r u s t  p laces  sedimentary rocks of 
Precambrian through Permian age over sedimentary rocks of Permian through 
J u r r a s i c  age along a west-dipping, low-angle t h r u s t  f a u l t  w i t h  an estimated 
t e n s  of kilometers of l a t e  Cretaceous eastward displacement (ff gs. 5.1 and 
5.7). Subsequent mapping has shown t h a t  the zone cons i s t s  of addi t ional  
r e l a t ed  t h r u s t s  t h a t  c u t  ou t  most of  the lower Paleozoic sec t ion  leaving 
>6000 m of brecciated q u a r t z i t e  and limestone of the upper Paleozoic O q u i r r h  
Formation exposed in  the upper p l a t e  (Baker, 1964). The lower p l a t e  
paraautocthonous sequence of east-dipping Pennsylvanian Weber Q u a r t z i t e  and 
overlying T r i a s s i c  and J u r a s s i c  sedimentary rocks a r e  exposed t o  the north in 
the Uinta reent rant  (Beutner, 1977). The leadfng edge of the  t h r u s t  i s  
over la in  by conglomerates of  the l a t e  Cretaceous Pr ice  Rf ver  formation which 
is  over la in  by folded and fau l t ed  e a r l y  T e r t i a r y  sedimentary rocks of the  
North Horn, F lags ta f f ,  Green River and Ufnta formations and, l o c a l l y ,  the 
Wanrhodes vol canics (Baker, 1976). Southwest of Heber Val l e y  the pos i t ion  of 
the t h r u s t  zone is masked by the overlying Keetley volcanics. The Strawberry 
t h r u s t  has been considered the continuation of the Charleston thrust (Baker, 
1976) ( f i g .  5.1), although recent  i n t e r p r e t a t i o n s  suggest t h a t  the Strawberry 
thrust is a s t r u c t u r a l l y  higher t h r u s t  and t h a t  the Charleston thrust i s  
present  f u r t h e r  t o  the  e a s t  i n  the subsurface (Bruhn and others ,  1983). 



6.2 Back Valleys o f  the southern Wasatch Mountains 

Generally north-trending Cenozoic normal f au l t s  are found i n  the Basin and 
Range t rans i t i on  zone east o f  the Wasatch f a u l t  i n  the southern Wasatch 
Mountains (Burchfiel and Hickcox, 1972). Late Quaternary displacement has 
been demonstrated i n  Strawberry Valley (Nelson and Martin, 1982; Nelson and 
Van Arsdale, 1986) and has been in ferred on other fau l t s  i n  the southern 
Wasatch Mountains discussed below. South o f  the Regional Study area, on the 
Levan segment o f  the Wasatch fau l t ,  both the l a t e  Quaternary s l i p  rate and 
the range f ron t  r e l i e f  associated wi th  the Wasatch f a u l t  diminish as the 
f a u l t  dies out a t  Gunnison, Utah (Schwartz and Coppersmith, 1984). The 
physiographic boundary between the Basin and Range and the Colorado Plateau 
becomes a t rans i t ion  zone extending east t o  Castle val ley wi th  l a t e  Cenozoic 
normal f au l t i ng  evident on the Gunnison Plateau, i n  Sevier and San Pete 
Valleys and on the Wasatch Plateau (Burchf iel  and Hickcox, 1972; Witkind and 
others, 1978). 



6.3 Round Valley and Wallsburq Ridge 

Round Valley is 12-km-long, 6-km-wide basin in the Wasatch Mountains draining 
fnto the Provo River about 6 km south of Heber Valley. The outlet of the 
valley is now occupied by Deer Creek Reservoir (fig. 6.1). Although located 
adjacent to Heber Valley, we discuss Round Valley with the other valleys of 
the southern Wasatch Mountains because it contrasts with valleys in the 
central Wasatch Mountains in several ways including: its structural setting 
entirely within allocthonous rocks of the upper plate of the Charleston 
thrust (Baker, 1976), the lack of a significant thickness of mid-Tertiary and 
younger alluvial fill, and the presence of triangular facets on the margins 
of the valley. 

6.3.1 Geoloqic Settinq 

The Permian and Pennsylvanian quartzites and limestones of the Oquirrh 
Formation in the upper plate of the Charleston thrust are exposed on the 
margf ns and the floor of Round Valley (fig. 6.1). In contrast to the other 
back valleys discussed above, no mid-Cenozoic volcanf c rocks or basin fill 
sediments are exposed in Round Val ley. Threet (1959) suggested that the 
topographic expession of Round Valley was that of a syncline, but Baker 
(1976) infers an anticline-syncline pair at the south end of the valley and 
his mapping indicates that the bedrock generally dips away from the valley at 
the margins. Based on valley morphology and limited waterwell data discussed 
below we conclude that Round Valley is bounded by normal faults. 

Round Valley has a wide (1-2 km), flat, valley floor and Main Creek, which 
drains the valley, meanders throughout the lower third of the valley. 
Aggradation of the Provo River above Deer Creek Dam (sec. 3.5.2) may be a 
partial explanation for a similar fluvial response in Round Valley because 
the Provo RY ver is the local base level for the valley. However, the 
gradient of Main Creek steepens just below the narrow canyon at the mouth of 
the valley suggesting that aggradation in the valley was caused by sediment 
being supplied to the center of the valley faster than it could be removed 
through the valley outlet. Shallow exposures in deposits of the valley floor 
show thin loess over cobbly alluvium. Soil development in these deposits i s  
similar to that in soil H-3 in Heber Valley with cambic and weak argillic 
horizons developed in the loess and uppermost part of the alluvium. These 
soils suggest a Holocene and latest Pleistocene (<15 ka) age for these 
deposits. 

Intermediate level erosion surfaces, 210-480 m above the valley floor, and a 
lower (73 m above valley), long strath terrace remnant capped with gravels in 
the southeastern end of the valley testify to early periods of lateral 
fluvial planation, probably during periods of relative tectonic stability 
(fig. 6.1). Some of these surfaces are probably correlative with older, high 
surfaces fn the Weber drainage (sec. 3.6). The bedrock hi1 1  at the northwest 
end of the long remnant apparently protected itfrom later erosion. No 
exposures of the soil developed on this terrace or on higher erosion surfaces 
were examined. Based on the estimated age of terrace and fan remnants of 
similar height above the valley floor and similar degree of dissection along 
the Provo and Weber Rivers (sec. 3.5) the long terrace must be >ZOO ka and 
the higher surfaces significantly older. Episodes of fluvial deposition in 
the valley were controlled by the base level of the Provo River and the 
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height  of  bedrock i n  the  creek channel i n  the narrow canyon a t  the mouth of 
the valley.  Volcanic c l a s t s  w i t h  a source i n  eas te rn  Heber Valley i n  f l u v i a l  
sediments exposed in  a col between Round Val ley  and the  Provo R i  ver Val ley 
( f i g s .  3.5 and 6.1) show the Provo Rfver once flowed through the col (Baker, 
1964) (sec. 3.5.2). The col is now about 67 m above the o u t l e t  of Round 
Valley indica t ing  a t  l e a s t  this amount of f l u v i a l  downcutting and/or va l ley  
f l o o r  displacement s ince  the col was occupied by the ri ver. Paleomagnetic 
ana lys i s  o f  f i n e  co l luv ia l  sediments overlying alluvium i n  a road c u t  just 
southeas t  of the col show t h a t  the r i v e r  occupied the col >730 ka (sec. 
3.5.2). Thus, a maximum r a t e  of apparent va l l ey  f l o o r  lowering is  about 0.09 
mn/yr. 

Extensive coalescing, Quaternary a1 luv ia l  fans overt  ie Oqui rrh formation 
within the valley,  and hills of  Oquirrh formation rise above the fans in  
several  p a r t s  of  the val ley  center .  The l a rge ,  coalescing a l l u v i a l  fans 
extending out  from the mountains bounding Round Valley a r e  in te rp re ted  t o  be 
both a response t o  continued displacement on normal f a u l t s  and cl imate 
change. The fans d i f f e r  from those in  most of  the o the r  back val leys  of the 
eas te rn  Wasatch Mountains i n  being more extens ive  and genera l ly  l e s s  
dissected.  Topographic p r o f i l e s  down the fans  show the fans on both sfdes of 
the va l l ey  a r e  convex, but more segments can be recognized i n  the fan 
p r o f i l e s  on the nor theas t  side of the va l l ey  than in  those on the southwest 
side. On the nor theas t  s ide ,  the. upper 1/3 of  the fans  slope,  about 10-130 
and a r e  incised about 5-7 m, the middle ha l f  of the fans slope about 5-60 and 
a r e  inc ised  3-4 m, while the lower 1/3 t o  1/4 of the fans  slope about 3-40 
and a r e  incised <2 m. Some o f  the lowest p a r t s  o f  these a l l u v i a l  fans appear 
t o  be graded t o  a level  below the modern floodplain. Segments a r e  not a s  
d i s t i n c t  in  p ro f i l e s  of the fans on the southwest side. An upper segment 
like the upper segment on the nor theas t  sfde occupies the upper 1/2 t o  2/3 of 
the southwest fan p r o f i l e s  and a segment like the lower segments on the 
nor theas t  s ide  makes up the lower 1/2 t o  1/3 of  the proff les .  Near the 
o u t l e t  of  the val ley ,  10-m-high scarps have been c u t  by Main Creek in the 
d i s t a l  p a r t s  of the a l l u v i a l  fans a s  the va l l ey  was eroded t o  keep pace w i t h  
the Provo River. 

Faultinq in Round Valley 

The t r i a n g u l a r  f ace t s  developed along the  moderately steep mountain f ron t s  
forming the nor theas t  and southwest margins o f  the va l l ey  a r e  s imi la r  t o  
those in Morgan Valley and suggest l a t e  Quaternary normal f a u l t i n g  ( f i g .  
6.1). The l i n e a r i t y  of the val ley  margins and the lack of embayed t r i b u t a r y  
val leys  a l s o  suggest repeated l a t e  Ter t i a ry  and probably Quaternary 
displacement on f a u l t s  along these 10-km-long val ley  margins. Two co l s  w i t h  
gent ly  s loping sides on Wallsburg Ridge and several  high, i so la ted  erosion 
surfaces  a t  the southeast  end of the val ley  a r e  evidence of  an e a r l i e r  
landscape of l e s s  r e l i e f  whose drainage was d is rupted  by northwest-trending, 
normal f a u l t s  ( f i g .  6.1). The steep escarpment forming the  southwest s ide  of 
Wallsburg Ridge a l s o  has the appearance of a l a t e  Cenozoic normal f a u l t  
scarp,  b u t  exposures a r e  poor and no f a u l t s  a r e  mapped in  this area  (Baker, 
1976). 

An intra-basin normal f a u l t  i n  Round Valley is defined by i so la ted ,  f au l t -  
bounded bedrock hills within the val ley  nor theas t  of Wallsburg ( f i g .  6.1). 
These hills a r e  surrounded by o lde r  a l l u v i a l  fan deposi t s  derived from the  



northeast margfn o f  the valley. Fan deposits 55 m th ick  i n  a waterwell 
adjacent t o  the l inear,  steep-sided, northeast face o f  these h i l l s  suggests 
they are bounded by a normal fau l t .  Southeast o f  Wallsburg unconsolidated 
deposits increase i n  thickness across the pro ject ion o f  t h i s  fau l t .  

6.3.3 Trenchinq i n  Round Valley 

Review of aer ia l  photography revealed no f a u l t  scarps i n  unconsol i dated 
deposits along e i ther  margin o f  the valley. However, three, 0.5-1-km-long, 
northwest-trend1 ng vegetation 1 i neaments were observed on the fans alon the 9 southwest margin. The 1 ineaments trend discontinuously across the midd e 
por t ion o f  two fans pa ra l l e l  t o  the mountain f r o n t  i n  the northwestern par t  
o f  the valley. A trench excavated across one o f  the lineaments south o f  the 
Main Creek i n l e t  o f  Deer Creek Reservoir showed a sequence o f  interbedded 
debris f low and loess-slopewash un i ts  cut  by a fan stream channel ( f i g  6.2). 
The th ickest  u n i t  (3a) i n  the central  por t ion o f  the trench corresponds wi th  
the posi t ion of the vegetation lineament which consists o f  sagebrush tha t  
appear t o  be t a l l e r  and heal th ier  than sagebrush above and below the 
lineament. We suggest t ha t  the loess-slopewash u n i t  i n  the middle port ion of 
the trench retains moisture for a longer period than the coarser un i ts  ( 4  and 
6-8) i n  the upper and lower ends o f  the trench and that  greater avai lable 
moisture produces heal th ier  sagebrush. Thus, the lineament a t  t h i s  s f t e  i s  
due t o  lithologic differences i n  the near-surface fan sediments -- not to  
surface displacements. We assum tha t  the other lineaments, which are not as 
s t ra igh t  o r  as long as the lineament a t  t h i s  sfte, are also due t o  non- 
tectonic differences i n  sediment I f  thologies. 

Soi ls  on the fans were only exposed i n  a few places on the lower h a l f  o f  the 
fans; they show moderately-developed arg i  1 l i c  horizons and stage I t o  I11 
carbonate on fine-grained loess and debris f low units. Soi ls are less well- 
developed on gravel ly un i ts  and on the most d i s t a l  portions o f  the fans. For 
example, a s o i l  exposed on the d i s t a l  edge o f  the fan which was trenched had 
a 20-cm-thick Bw horizon i n  Holocene o r  l a t e s t  Pleistocene al luvium overlying 
a 50-cm-thick Btk hor i  ton i n  l a t e  Pleistocene a1 luvium. Development indices 
( f i g .  3.6) f o r  the s o i l  a t  the trench s i t e  ( tab le  5.3) place the s o i l  i n  RAG 
3 suggesting a l a tes t  Pleistocene age f o r  un i ts  1, 2, and 3. . Total secondary 
clay content (8 g/cm2) suggests a much greater age on the order o f  100 ka 
( f i g .  3.2), but the or ig ina l  c lay content o f  debris flow and co l l uv ia l  un i ts  
i s  d i f f i c u l t  t o  estimate. The younger channel - f i l l  u n i t  (6) i n  the trench 
has a more weakly developed s o i l  wi th  a cambic horizon suggesti ng a l a tes t  
Pleistocene or  ear ly  Holocene age. There are no exposures i n  the upper parts 
o f  the fans i n  Round Valley t o  show i f  they span as long a tfme period as the 
fans on the margins o f  some o f  the other back valleys. Weakly developed 
s o i l s  show that  parts of the middle and lower port ions o f  the fans have been 
act ive i n  about the l a s t  10-15 ka. These un i ts  and the most d i s t a l  parts o f  
the a l l u v i a l  fans, l i k e  those i n  Kamas Valley, may be a response the higher 
e f fec t ive  preciptat ion during Pinedale deglaciation ( f o r  example, Nelson and 
VanArsda 7 e , 1986 ) . 

Conclusions 

The large t r iangular  facets and l inear  bedrock f a u l t  scarps bounding Round 
Val l e y  suggest tha t  l a t e  Quaternary surface displacements have occurred i n  
Round Valley. The age o f  most recent displacement i s  not constrained; as on 
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the Morgan fault (sec. 4.3), df splacements may have occurred during the 
l atest Pleistocene or Holocene without scarps being preserved at the fan- 
escarpment contact. Available exposures suggest that larger areas of the 
alluvial fans lining Round Valley may be younger than most of the surfaces of 
alluvial fans in other back valleys; this could be interpreted as evidence 
for a higher late Quaternary slip rate on valley-bounding faults here than in 
other valleys. However, air photograph lineaments on the fans on the 
southwest side of the valley are not related to faulting and the extent of 
depositfon on the fan surfaces is probably control led to a greater extent by 
the local base level (the present floodplain of Round Valley) than by 
displacement along the fan-escarpment contact. The upper parts of fans are 
more deeply incised and probably older than the middle and lower portions. 
This suggests the decreasing gradients down the fans are due to aggradation 
in the valley rather than to renewed deposition due to displacements near the 
fan-escarpment contact. 

Evidence for the reactivation of the Charleston thrust as an extensional 
fault durf ng the late Cenozoic in Strawbarry Valley to the east (Van Arsdale, 
1979a; 1979b; Royse, 1983) and during the mid-Cenozoic west of Heber Valley 
(Royse, 1983; Nopkins and Bruhn, 1983; Riess, 1985) suggests that extensional 
faulting fn Round Valley may also be related to the reactivation of the 
Charleston thrust. However, the lack of mid-Cenozoic age deposits in Round 
Valley suggests that this structural basin developed after mid-Cenozoic 
reactivation of the Charleston thrust (Deer Creek normal fault) that is 
discussed in sec. 6.1. If Round Valley and the southwest side of Wallsburg 
Ridge are structural 1y analogous to the much larger Strawberry Val ley, 
developed in the same thrust sheet 25 km to the southeast (Nelson and Van 
Arsdale, 1986), both southwest-facing escarpments may be the scarps of 
l istrf c normal faults forming grabens or ha1 f-grabens. 

Limited waterwell data and mapping indicate that no mid-Tertiary volcanic or 
alluvial deposits are present in Round Valley which we interpret as 
suggesting that the concealed marginal faults indicated by the landforms in 
the valley are principally late Cenozoic features. This contrasts with other 
back valleys in the central Wasatch Mountains which have thicknesses of up to 
400 m of mid-Tertiary volcanics- and alluvium. Both mid- and late Tertiary 
deposits fill the back valleys north of the central Wasatch Mountains and we 
have inferred a history of both late Cenozoic and late Quaternary faulting in 
the valleys. 

The preservation of triangular facets and the linearity and steepness of the 
footwall escarpment suggest a late Quaternary displacement history similar to 
that of the Morgan fault. Lacking independent evidence from Round Valley 
itself we assume that the Quaternary slip rate on faults in Round Valley is 
similar to that of the Morgan fault, 0.01 to 0.02 mn/yr, for the escarpment 
morphology is grossly similar. This is consistent with the maximum rate of' 
valley floor lowering or subsidence of 0.09 m/yr (sec. 6.3.1). We have no 
independent evidence for the size of individual surface displacements on the 
faults in Round Valley but as the fault lengths of 10 km for faults in Round 
Valley and on Wallsburg Ridge are shorter than the 16 km of the Morgan fault, 
we assume that they are unlikely to be greater than the 0.5 -1.0 m surface 
displacement events we inferred on the Morgan fault. 



6.4 Strawberry Val l e y  

Strawberry val ley l i e s  southeas t  of Heber Valley i n  the  western p a r t  of the 
Uinta basin near the eas te rn  margin of the Basin and Range t r a n s i t i o n  zone. 
The Strawberry River heads t o  the  west and flows e a s t  across the va l l ey  t o  
eventual ly  join the Green River. So ld ie r  Creek Dam, completed in  1974 t o  
increase  s torage  in  Strawberry Reservoir,  is located on the  Strawberry River 
about 11 km downstream of  the o l d e r  Strawberry Dam. In this sec t ion  we 
present  a summary of the r e s u l t s  of the Seismotectonic study f o r  So ld ie r  
Creek Dam (Nelson and Martf n, 1982). 

6.4.1 Geologic s e t t i n g  

In the northern p a r t  of Strawberry Valley, the Strawberry t h r u s t  f a u l t  
d i sp laces  Paleozoic and Mesozoic sedimentary rocks and p ro jec t s  south below 
Strawberry Val l ey  where i t  is covered by e a r l y  Ter t i a ry  sedf mentary rocks 
(Bissell, 1952; 1959; Astfn, 1977; Van Arsdale, 1979). The north-trending 
Strawberry normal f a u l t  bounds the e a s t  s i d e  of  Strawberry val ley  forming a 
s i n g l e ,  2 8 - b l o n g ,  west-facing bedrock escarpment, 100 t o  230 m high i n  t he  
Eocene Ufnta formation. While discrete t r i a n g u l a r  f a c e t s  a r e  not evident ,  
the steep slope and oversteepening a t  the base of  the escarpment suggest a 
h i s to ry  of  recurrent  l a t e  Quaternary surface  displacements. The Strawberry 
River and a t r i b u t a r y ,  Indian Creek, flow from west t o  e a s t ,  breaching the 
escarpment and inc i s ing  narrow canyons in  the footwall o f  the f a u l t .  The 
absence of  a s i g n i f i c a n t  north-trending down-to-the-east f a u l t  on the west 
side of the val ley  suggests t h a t  Strawberry va l l ey  is a half-graben. The 
f a u l t  has been in fe r red  t o  be l i s t r i c  merging w i t h  t h e  Strawberry o r  
Charleston t h r u s t  f a u l t s  a t  depth (Van Arsdale, 1979; Royse, 1983). About 11 
km further e a s t  the north-trendfng Stinking Springs f a u l t  forms an 11 km long 
escarpment in the Geen River formation s i m i l a r  t o  t h a t  of the Strawberry 
f a u l t .  Near the north end o f  the main t r a c e  o f  the Strawberry f a u l t ,  
mul t ip le  f a u l t  scarps in  a l l u v i a l  fan deposi t s  and bedrock a r e  present  on a 
subs id iary  t r a c e  of  the f a u l t .  

6.4.2 Seismotectonic inves t i sa t ions  

The followin summary i s  drawn from Nelson and Martin (1982) and Nelson and 
Van Arsdale 9 1986): Two trenches excavated across a 7-m-high f a u l t  scarp in  
alluvium, subsidiary t o  the main t r a c e  of the Strawberry f a u l t ,  expose a 
record of 2 t o  3 f a u l t  events ,  each of 1 t o  2 m of s t r a t i g r a p h i c  
displacement, over the l a s t  15 t o  30 k y r s ,  b u t  w i t h  smaller  net  v e r t i c a l  
t ec ton ic  displacement due t o  graben formation and backti 1 t ing .  Age est imates 
based on s o i l  development suggest t h a t  the l a s t  surface displacement event 
occurred during the e a r l y  t o  middle Holocene. These displacement and age 
data suggest t h a t  the recurrence i n t e r v a l s  f o r  surface  displacements a r e  in 
the  range 5 t o  15 k yrs .  The s l i p  r a t e  ca lcula ted  from estimated 
displacement across the 7-m scarp is 0.04 t o  0.17 mn/yr. In the f loodplain 
of Indian Creek 15 km south of  the scarps,  cores were recovered from a1 luvia l  
deposi t s  a t  d e p t h s  t o  3 m i n  t h e  footwall of  t h e  f a u l t  and a t  d e p t h s  to  12 m 
i n  the hanging wall of the Strawberry f a u l t .  Based on 1 4 ~  and amino acid 
dat ing  of  sediments from the cores the minimum l a t e  Quaternary s l i p  r a t e s  on 
the main f a u l t  a r e  0.03 t o  0.06 mn/yr. 



6.4.3 Conclusions 

Evidence from trenching and corin of al luvial  sediments indicate tha t  the 
l a t e  Quaternary slip ra te  on the ! trawberry f a u l t  is i n  the range of 0.03 to 
0.17 m / y r  which i s  similar to  the s l ip  rates  estimated for  the Morgan fau l t  
i n  the northern Wasatch Mountains. However, individual displacement events 
are  larger on the Strawberry f au l t  i n  the range of 1 to  2 m compared w i t h  1 m 
or  less  on the Morgan fau l t ;  this difference is  probably due to  the greater 
length of the Strawberry f au l t ,  28 km compared 16 km for  the Morgan fault .  
The longer f au l t  length and larger surface displacements suggest tha t  larger 
earthquakes have occurred on the Strawberry f a u l t  than on the Morgan fau l t  or 
other inferred l a t e  Quaternary faul t s  i n  the northern Wasatch Mountains. 



Dfamond fo r k  area 

South of Heber and Round valleys, the Diamond Fork r i v e r  heads on the 
drainage d iv ide a t  Two Tom H i l l  west o f  Strawberry va l ley  and flows east t o  
j o i n  the Spanish Fork River before i t  crosses the Wasatch Mountains and the 
Wasatch f a u l t  east o f  Spanish Fork, Utah. The proposed Monks Hollow Damsite 
i s  located on the Diamond Fork River a t  Monks Hollow, about 13 km upstream 
from the confluence w i t h  the Spanish Fork Rfver ( f i g .  5.1). I n  t h i s  section 
we present a summary o f  the resu l t s  o f  our seismotectonic invest igat ions i n  
the area (Sul l  ivan and others, 1987). 

Geolosfc Se t t ing  

East o f  the Provo segment o f  the Wasatch f a u l t  the north and northeast- 
trending Wanrhodes syncl ine and Diamond f o r k  a n t i c l i n e  are mapped i n the 
upper p l a te  o f  the Charleston t h rus t  i n  the drainage o f  the Diamond Fork 
River. The l a t e  Cretaceous Pr ice River Formation over l  i e s  the Charleston 
t h rus t  (Baker, 1976), but  the fo lds  involve l a t e  Cretaceous and ea r l y  
Ter t f  a ry  sedimentary rocks (Young, 1978). T i  1 ted volcanic rocks over l  i e  the 
ea r l y  Ter t ia ry  sedimentary rocks i n  the Wanrhodes syncl ine ( f i g .  5.1). These 
rocks include t u f f s  and bedded conglomerates re fer red t o  as the Wanrhodes 
volcanics by Baker (1976). They are in fe r red  t o  be o f  Oligocene o r  Miocene 
age, although they have not  been d i r e c t l y  dated. Young (1978) considers most 
o f  the volcanic rocks nor th  o f  the Diamond Fork r i v e r  t o  be the equivalent o f  
the Tibble Formation (Baker and Crittenden, 1961) and suggests t h a t  the 
volcanic breccias south of the Diamond Fork r i v e r  are somewhat younger. He 
a1 so maps Ter t ia ry  terraces and pediment gravels, a1 though the deposits have 
not been dated. 

The volcanics are d i  splaced by the nor theast -s t r i  k i  ng L i t t l e  Diamond Creek 
f a u l t  (Th i s t l e  Canyon f a u l t  o f  Pinnnell, 1972; and Young, 1978; f ig. 5.1) 
w i th  cumulative displacement estimated a t  about 800 m i n  Paleozoic rocks on 
the west l imb o f  the Wanrhodes syncline; on the east margin o f  the syncl ine 
the nor th -s t r i  k ing Sams Canyon f a u l t  displaces ea r l y  Ter t ia ry  rocks as much 
as 1000 m (Baker, 1976; Young, 1978). These two f a u l t s  are in terpreted as 
ou t l i n i ng  the margins o f  a back va l ley  s im i l a r  t o  those fu r ther  north. Other 
nor th -s t r i  king f a u l t s  w i th  displacements less than 50 m are exposed i n  
Mesozoic rocks near the c res t  o f  the Diamond Fork an t i c l i ne  along the Diamond 
Fork r i v e r  a t  Monk's Hollow. Baker (1976) suggests t ha t  the folded Ter t ia ry  
rocks w i th  dips of as much as 600 and the near-vert ical  f a u l t s  ind icate  
deformation older than Basin and Range type fault ing. 

6.5.2 L i t t l e  Diamond Creek f a u l t  

The L i t t l e  Diamond Creek f a u l t  i s  a nor theast -s t r ik ing f a u l t  w i th  a mapped 
length o f  about 20 km (Baker, 1976; Young, 1978) t ha t  shares s im i l a r  
character is t ics  w i  t h  l a t e  Quaternary f a u l t s  mapped elsewhere i n  the back 
val leys o f  the Wasatch Mountains. East-flowfng drainages have incised 
canyons along the t race o f  the f a u l t  exposing Paleozoic sedimentary rocks i n  
the footwal l  and ea r l y  Te r t i a r y  sediments and mid-Tertiary volcanics i n  the 
hanging wal l  (Baker, 1976; Young, 1978). Tr iangular facets as much as 400 m 
high are preserved i n  Paleozoic sedimentary rocks along a 12 km length of the 
L i t t l e  Diamond Creek f au l t .  A prominent air-photo lineament i s  also present 
a t  the base o f  the t r iangu la r  facets. The deeply incised mid-Cenozoic 



Wanrhodes volcanics i n  the hanging wall o f  the f a u l t  are t i l t e d  about 200 t o  
the northwest and form a syncl i  ne i n  the hanging wal l  o f  the fau l t .  

Reconnaissance geologic invest igat ions provided no d i  r e c t  evidence of the age 
o f  most recent displacement on the fau l t .  Low-sun angle overf l ights and 
review o f  aer ia l  photos a t  scales o f  1:58,000 and 1:15,400 revealed no scarps 
i n  consolidated deposits associated wi th  the fau l t .  Reconnaissance geologic 
mapping shows tha t  only Holocene deposits are preserved across the trace o f  
the fau l t .  On the in te r f luves  between the canyons, c o l l u v i a l  deposits, 
probably o f  l a t e  Quaternary age, are draped across the trace o f  the faul ' t  a t  
the base o f  the escarpment. No scarps are preserved i n  these deposits, but 
invest igat ions o f  the Morgan f a u l t  i n  the northern Wasatch Mountains (sec. 
4.2) showed tha t  small scarps (<1 m) a t  o r  near the base o f  a s imi la r  bedrock 
escarpment were removed i n  less than 10 ka. The deformed mid-Cenozoic rocks 
together wf t h  the t r iangular  facets preserved on the footwal l  escarpment 
suggest t ha t  l a t e  Quaternary displacement has occurred on the fau l t .  

Sams Canyon f a u l t  

The Sams Canyon f a u l t  zone i s  a 13-km-long, en-echelon zone o f  h i  gh-angle 
fau l t s  on the west side o f  the Diamond Fork ant ic l ine.  Near the point  o f  
maximum displacement i n  Ter t ia ry  rocks where the Diamond Fork River crosses 
the fau l t ,  an eroded escarpment less than 30 m high i n  the Prf ce River 
formation i s  inferred t o  mark the posi t ion o f  the f a u l t  (Young, 1978). 
However, f o r  most o f  i t s  length no escarpment i s  associated wi th  the fau l t  
and local ly ,  along the trace o f  the fau l t ,  the hanging wal l  i s  a t  higher 
elevat ion than the footwal l  (Sul l ivan and others, 1987). Negative r e l i e f  i s  
also associated w i th  other high-angle fau l t s  i n  Mesozoic rocks a t  Monks 
Hollow (Sul l ivan and others, 1987). 

To further evalute evf dence f o r  l a t e  Quaternary displacement on the Sams 
Canyon f a u l t  and the fau l t s  a t  Monks Hollow a terrace p r o f i l e  was constructed 
along the Diamond Fork River (Sul l ivan and others, 1987). Minimum ages were 
estimated f o r  the terrace remnants using s o i l  development indices, amino acid 
rat ios,  elevation above stream level, and regional correlation. The 
cont inu i ty  o f  the terrace p ro f i l es  together wi th  these age estimates indicate 
tha t  there has been no displacement on the fau l ts  i n  a t  least  the l a s t  125 
ka. I n  addition, i n  an exposure on the r i g h t  abutment o f  the proposed Wonk's 
Hollow dam, gravel and sand un i ts  w i th in  a terrace remnant wi th  an estimated 
age o f  a t  least  250 ka c lea r l y  extends uninterrupted across the trace o f  one 
o f  the high-angle fau l t s  (Sul l ivan and others, 1987). 

6.5.4 Conclusions 

Previous workers (Baker, 1976; Young, 1978) have suggested tha t  the L i t t l e  
Diamond Creek f a u l t  i s  p r i nc ipa l l y  a mid-Cenozoic f a u l t  wi th  l i t t l e  o r  no 
l a t e  Cenozoic displacement. No l a t e  Cenozoic or  l a t e  Quaternary datums are 
preserved across the f a u l t  and no sui table trench s i t es  along the f a u l t  were 
ident i f ied.  However, i t s  prominent topographic expression and the facets 
preserved along the f a u l t  suggest comparison wi th  Morgan f a u l t  i n  the 
northern Wasatch Mountains. Making an accurate assessment o f  the potent ial  
f o r  surface fau l t i ng  on the L i t t l e  Diamond Creek f a u l t  i s  d i f f i c u l t .  We have 
no trench o r  s i te-speci f ic  data wi th  which t o  constrain the l a t e  Quaternary 
s l i p  rate, single event size, o r  age o f  most recent displacement. Therefore, 



based on simifarit?es in late Quaternary fault length and the escarpment 
morphology, we assume that s l ip  rate and displacement parameters are similar 
to those calculated for the Morgan fault which are a Quaternary s l ip  rate of 
0.01 - 0.02 m/yr and an average recurrence of  surface displacements o f  25 - 
100 ka. 



6.6 Wasatch Plateau 

Displacement on the Wasatch f a u l t  dimini shes a t  i t s  south end near Gunnison, 
Utah, where the boundary between the Basin and Range and the Colorado Plateau 
becomes a wider zone o f  l a t e  Cenozic fau l t s  bounding San Pete Valley and 
disrupt ing the Wasatch Plateau. Standlee (1982) discusses the ro le  o f  Sevier 
age th rus t  f au l t i ng  i n  accomadating l a t e  Cenozoic extension i n  the region and 
presents cross sections based on seismic re f l ec t i on  p ro f i l es  and d r i l l  holes 
depicting normal f au l t s  jo in ing  o r  being truncated by reactivated low-angle 
detachments i n  the subsurface. Based on the resu l ts  o f  h i s  f i e l d  mapping 
Witkind (1982) emphasizes the r o l e  o f  s a l t  d iap i rs  i n  the development o f  
normal f au l t s  i n  the region. Both o f  these conf l  i c t i n g  interpretat ions 
suggest tha t  normal f au l t s  i n  the region have l im i ted  depth extent, which 
seems t o  contradict  the resu l ts  o f  microseismic monitering which include the 
presence o f  hypocenters t o  depths o f  15 km, a d i f fuse  pattern which lacks 
spat ia l  association wi th  mapped faul ts,  and the predominace of normal focal 
mechanisms wi th moderate t o  steep dips (McKee and Arabasz, 1982; Foley and 
others, 1986). 

The Joes Valley graben i s  the most extensive f a u l t  zone on the Wasatch 
Plateau and scarps i n  l a t e  Plestocene deposits have been documented by Foley 
and others (1986). The f a u l t  zone i s  more than 100 km long and has been 
divided i n t o  l a t e  Quaternary segments wi th  d i f f e r e n t  ages-of most-recent- 
displacement . Six backhoe trenches were excavated across fau l  t scarps 
associated with three fau l t s  i n  the Joes Valley graben. Strat igraphic data 
from these trenches, i n  addft ion t o  scarp heights measured i n  l a t e  Quaternary 
deposits , were used t o  estimate apparent ver t iacal  surface displacements o f  
<I t o  >5 m, and average recurrence in te rva ls  f o r  surface displacements o f  10 
t o  20 ka (Foley and others, 1986). Three other major fau l t  zones on the 
Wasatch Plateau exh ib i t  character is t ics  associated wi th  l a t e  Quaternary 
surface fau l t i ng  (Foley and others, 1986). These are the Pleasant Valley 
Snow Lake and Gooseberry f a u l t  zones (pl .  l c ) .  Scarps are also present i n  
late Quaternary deposits i n  Sevier and San Pete Valleys (Wf t k ind  and others, 
1978 ) . 



7. CONCLUSIONS 

I n  t h i s  chapter we summarize the resu l t s  o f  our geologic and seismologic 
studies, discuss models o f  earthquake occurrence i n  the ISB, and define 
po ten t ia l  seismic sources. I n  the f i n a l  sect ion MCEs and ep icent ra l  
distances are tabulated f o r  e x i s t i n g  and proposed dams i n  the Regional Study 
area. 

7.1 Late Quaternary f au l t i ng  i n  the back va l leys o f  the Wasatch Mountains 

Late Quaternary surface f a u l t i n g  man1 fested as displacements t yp i ca l  1 y of 
more than a meter on f a u l t s  tens o f  ki lometers long w i t h  recurrence i n te r va l s  
o f  thousands t o  tens o f  thousands o f  years i s  concentrated on the east and 
west margins o f  the Great Basin (Wallace, 1984). I n  t h i s  study we have found 
evidence f o r  l a t e  Quaternary f a u l t i n g  i n  the back va l leys o f  the Wasatch 
Mountains on the eastern margin o f  the Great Basin (pls. lA, lB, and 1C). 
Middle and l a t e  Quaternary s l i p  ra tes on these f a u l t s  range from 0.01 - 
0.4 mn/yr. This i s  about an order o f  magnitude lower than l a t e s t  Quaternary 
s l i p  ra tes f o r  other studfed, l a t e s t  Quaternary f a u l t s  on the eastern IMrgin 
o f  the Basin and Range inc lud ing  the Wasatch f a u l t  (Schwartz and Coppersmith, 
1984), Teton f a u l t  (G i l be r t  and others, 1983), and Star Val ley f a u l t  (P ie ty  
and others, 1986). Co l luv ia l  s t ra t ig raphy i n  trenches has shown tha t  l a t e  
Quaternary surface dfsplacements on back va l l ey  f a u l t s  range from a maximum 
o f  2 meters on the James Peak f a u l t  t o  a meter o r  less  on the Morgan f au l t .  
The i d e n t i f f c a t i o n  o f  l a t e  Quaternary normal f a u l t s  i n  the back va l leys of 
the northern and southern Wasatch Mountains on pls. lA and lB, and on the 
Wasatch Plateau on p l  . l C ,  i s  based on 1) trenching studies t ha t  document 
t h a t  l a t e  Quaternary surface displacements have occurred, 2) mapping t ha t  
demonstrates s i m i l a r i t i e s  i n  the s t ra t igraphy o f  l a t e  Cenozoic deposits 
exposed i n  the hanging wal l  o f  back va l l ey  fau l t s ,  o r  3)  comparing the 
morphology o f  the footwal l  bedrock escarpments o f  back va l ley  f a u l t s  w i th  the 
escarpments associated w i t h  l a t e  Quaternary f a u l t s  i d e n t i f i e d  from trenching 
studies. 

I n  the cent ra l  Wasatch Mountains we have i d e n t i f i e d  north-trending normal 
f a u l t s  w i t h i n  some of the back va l leys ( p l  . 1B) , but  we have concluded tha t  
surface displacements have no t  occurred on these f a u l t s  during the l a t e  
Quaternary, although e a r l y  and middle Quaternary displacements may have 
occurred. Geomorphic evidence ind icates t h a t  the margins o f  these back 
val leys are more sfnuous and eroded than val7ey margins i n  the northern and 
southern Wasatch Mountains. We have presented evidence which precludes 
displacement i n  a t  l eas t  the l a s t  125 ka f o r  normal f a u l t s  i n  Kamas and 
Keetley val leys. We i n f e r  t ha t  no l a t e  Quaternary displacement has occurred 
on o ther  s im i l a r  f a u l t s  i n  the cent ra l  Wasatch Mountains. 

Estimates oT the thicknesses o f  ea r l y  Te r t i a r y  basin f i l l  suggest some 
s i g n i f i c a n t  d i f ferences i n  Cenozoic s t ruc tu ra l  r e l i e f  among the back val leys 
o f  the Wasatch Mountains. Throughout the Wasatch Mountains the major por t ion 
o f  the basin f i l l  sequences i n  the back va l leys i s  o f  l a t e  Eocene and 
Oligocene age. I n  Morgan and East Canyon i n  the northern Wasatch Mountains 
and adjacent t o  the L i t t l e  Diamond Creek f a u l t  i n  the southern Wasatch 
Mountains, ea r l y  Te r t i a r y  vo1 canics have an estimated thicknesses o f  more 
than 1000 m. I n  contrast, d r i l l  holes and modell ing o f  residual g rav i t y  
anomalies ind ica te  t ha t  the maximum thickness o f  unconsolidated Te r t i a r y  and 



Quaternary basin f i l l  i s  < 500 m i n  the back va l leys o f  the central  Wasatch 
Mountains. 

The diminished basin f i l l  thickness and the lack  o f  evidence f o r  l a t e  
Quaternary displacement on back va l ley  f a u l t s  i n  the cent ra l  Wasatch 
Mountains, compared w i th  s i m i l a r  f a u l t s  i n  the northern and southern Wasatch 
Mountains, may be re la ted  t o  di f ferences i n  i nhe r i t ed  subsurface structure.  
I n  the northern and southern Wasatch Mountains the s t ruc tu ra l  f a b r i c  
i nhe r i t ed  from ea r l y  Cenozoic compressional deformation includes stacked 
imbr icate t h rus t  f a u l t s  t h a t  accomnodated 50 o r  more km of c rus ta l  shortening 
i n  the l a t e  Cretaceous and e a r l y  Tert iary.  A t  the surface, l a t e  Cenozoic 
extensional f a u l t s  appear t o  be loca l i zed  by the pos i t ions o f  ramps i n  these 
th rus ts  and displacement i s  i n fe r red  t o  be accomnodated a t  depth by 
reac t i va t ion  of the t h rus t  planes ( f o r  example, Royse and others, 1975; 
Of xon, 1982; Riess, 1985). While a basal detachmnt surface has been 
in fer red t o  under l ie the cent ra l  Wasatch trlountains (Bruhn and others, 1983), 
th rus ts  exposed a t  the surface have l i m i t e d  s t ra t ig raph ic  displacement i n  
rocks equivalent t o  the lower p la tes o f  the major th rus ts  t o  the nor th  and 
south, and no subsurface ramps have been fdent i f fed.  I n  addf t ion,  mid- 
Cenozoic i n t r us i ve  rocks are exposed i n  the cent ra l  Wasatch Mountains t h a t  
must in t rude  detachment surfaces t h a t  may under l ie  the cent ra l  Wasatch 
Mountains. Thus, the d i f ference i n  cumulative Cenozoic displacement and the 
lack o f  l a t e  Quaternary f a u l t s  i n  the cent ra l  Wasatch Mountains may be 
re la ted  t o  differences i n  upper crusta l  structure. 

7.2 Faul t  displacement models f o r  the back va l leys o f  the Wasatch Mountains 

Zandt and Owens (1980) discuss e l a s t i c  and v iscoelast ic  models o f  c rusta l  
f lexure t h a t  p red ic t  stress f i e l d s  t h a t  are consistent w i th  the observed 
pat tern o f  se ismic i ty  i n  the Wasatch Front and suggest a causal re la t ionsh ip  
between se ismic i ty  f lanking the Wasatch f au l t  and displacement on the f au l t .  
U p l i f t  o f  the Wasatch Mountains i s  modelled as footwal l  u p l i f t  r esu l t i ng  from 
i s o s t a t i c  compensation for  displacement on the. Wasatch f a u l t  t ha t  extends 
through the crust  t o  the base o f  the seismogenic zone. The resu l ts  ind icate  
tha t  the observed u p l i f t  i s  c l e a r l y  due t o  more than i sos ta t i c  processes. An 
addi t iona l  feature o f  the v iscoelast ic  model i s  the development o f  a zone of 
subsidence east o f  the u p l i f t  t ha t  would correspond t o  the back val leys and 
imply t h a t  back va l ley  f a u l t s  are not  through going crusta l  features but 
ra ther  are supra c rus ta l  response t o  bending stresses i n  the hanging wal l  o f  
the Wasatch f au l t .  

A somewhat d i f f e r e n t  model o f  c rusta l  deformation i n  the Wasatch Front 
emphasizes the anisotropic f a b r i c  i n  the upper c rus t  i n  the Wasatch Mountains 
resu l t i ng  from Sevier-age thrust ing,  but s t i  11 incorporates the basic r o l e  o f  
i s o s t a t i c  forces i n  the development o f  the Wasatch Mountains (Zandt and 
Richins, 1981). Cross sections demonstrate the lack of planar c lus te r ing  o f  
earthquakes east o f  the Wasatch f a u l t  and the lack o f  associat ion o f  
earthquakes w i th  back va l ley  fau l t s .  The foca l  mechanisms and geodetic data 
ind ica te  a complex pat tern o f  extension but w i t h  reg iona l l y  s i gn i f i can t  areas 
o f  apparent compression. As there i s  no evidence f o r  surface f a u l t  creep, a 
model o f  subsurface f a u l t  creep on low-angle f a u l t s  i n  the Wasatch Mountains 
i s  evaluated i n  l i g h t  o f  the geodetic data. The model considers a r i g i d  
block crusta l  block bounded on the east by the East Cache f a u l t  and on the 
west by the Uasatch f a u l t  and ind icates t h a t  the 0.2 us t ra in  per year 



compression observed a t  Ogden could be produced by several m/yr o f  s l i p  on a 
hypothetical back va l ley  f au l t .  To evaluate the nature o f  s l i p  on t h i s  
postulated back va l ley  f a u l t  the net  hor izonta l  displacement due t o  the 

effects Of M~ > 1.5 earthquakes was calculated. The r e s u l t  was 
an order o f  magnitude less than the geodet ica l ly  observed s t r a i n  and they 
concluded t h a t  the major component o f  the hypothetical block motion was 
aseismic. S l i p  rates o f  several m/yr are a t  l eas t  an order o f  magnitude 
greater than the average l a t e  Quaternary s l i p  r a te  o f  0.02 - 0.15 mm/yr 
estimated f o r  the Morgan o r  East Cache fau l t s ,  perhaps suggesting t ha t  the 
longer term s t r a i n  ra te  i s  s i g n i f i c a n t l y  lower than t ha t  measured f o r  the 
per iod 1972-1978. Their  favored mechanism f o r  the postulated block motion i s  
g rav i ta t iona l  as i l l u s t r a t e d  i n  t h e i r  f i gu re  9. Regional extension causes 
separation across the Wasatch f a u l t  which re l ieves  the butt ressing effect on 
the back va l ley  f a u l t  i n  the Wasatch Mountains. This creates g rav i ta t iona l  
imbalance which i s  re l ieved as ro ta t iona l  displacement on the back va l ley  
f au l t .  This aseismic motion may be accompanied by some b r i t t l e  f a i l u r e  and 
small earthquakes. The foca l  mechanisms observed i n  the northern Wasatch 
Front are consistent w i t h  those predicted by the model. Penetrat ive fau l t ing  
on systems o f  many planar normal f a u l t s  w i th fn  the c rus ta l  blocks east of the 
Wasatch f a u l t  i s  suggested, and the presence o f  several decoupli ng zones 
w i t h i n  the upper crust  t h a t  accomnodate the low-angle, predominantly aseismic 
motion i s  inferred. 

Discrete c o l l u v i a l  wedges exposed i n  trenches on the James Peak and 
Strawberry f a u l t s  suggests t h a t  d iscrete  single-event displacements have 
occurred on these f a u l t s  dur ing the l a t e  Quaternary. The c o l l u v i a l  
s t ra t igraphy exposed i n  trenches across the Morgan f a u l t  permits various 
in terpreta t ions.  The e a r l i e s t  and the most recent events recorded i n  the 
trenches displace d iscrete  c o l l u v i a l  horizons 0.5 - 1.0 m. Addit ional, 
intennediate-age displacements are a1 so in te rp re ted  as resu l t ing  from small 
single-event displacements; however, the trench s t ra t igraphy would pennit an 
in te rp re ta t ion  o f  some aseismic creep. I n  the back valleys, as elsewhere i n  
the ISB, we assume t h a t  these l a t e  Quaternary surface displacements have 
occurred i n  associat ion w i th  large-magnitude paleoearthquakes. 

Earthquake sources i n  the IS8 

To account f o r  observations o f  the characteri  s t i c s  o f  earthquake occurrence 
i n  the ISB t ha t  are sumnarized below, two separate earthquake sources are 
considered for  seismotectonic hazard assessments: 1) large-magnitude 
earthquakes associated w i th  potent ia l  surface rupture on l a t e  Quaternary 
faults, and 2) moderate-magni tude, random earthquakes t ha t  occur on b l  i nd 
faul ts-- faul ts not mapped a t  the surface. 

The associat ion o f  surface displacements and large-magnitude earthquakes i s  
ind icated by the f a u l t  scarps t h a t  formed during three h i s t o r i c  earthquakes 
i n  the ISB: the 1934 Hansel Val l e y  earthquake of magnitude 6.6 (Shenon, 
1936), the 1959 Hebgen Lake earthquake o f  magnitude 7.5 (Myers and Hamil ton, 
1964), and the 1983 Borah Peak earthquake o f  magnitude 7.3 (Crone and 
Machette, 1984). Important character is t ics  common t o  these events are 
s i gn i f i can t  t o  the fu tu re  occurrence o f  other 1 arge-magni tude earthquakes i n  
the ISB. Doser (1985) concludes t ha t  l a r  e-magnitude earthquakes nucleate a t  
o r  near the base o f  the seismogenic zone 7 about 15 km), rupture u n i l a t e r a l l y  
t o  the surface along planar normal fau l t s  dipping 450 t o  600, and fan fau l t  



scarps on the updip projection of the causative fau l t s .  Our current practice 
is  t o  consider f a u l t s  w i t h  evidence f o r  l a t e  Quaternary surface displacement 
a s  potential  sources of large-magnitude earthquakes. The ident i f icat ion o f  
the f a u l t s  which a re  the sources f o r  these earthquakes, a s  well a s  their 
associated MCEs, estimated maximum surface displacements, and average return 
periods is based on geologic investigations.  

Consideration of a moderate-magni tude, random earthquake source i s dictated 
by network moni tor ing,  aftershock s tudies ,  and detai led ~nfcroearthquake 
s tudies  in  the IS8 t h a t  indicate  t h a t  small- and moderate-magnitude 
earthquakes show l i t t l e  o r  no spat ia l  correla t ion w i t h  l a t e  Quaternary 
fau l t s .  Earthquake epicenters plotted on p l .  1 do not show concentrations of 
a c t i v i t y  on the down dip projections of favorably oriented f au l t s ;  instead, 
contemporary seismicity occurs a s  d i f fuse  bands ea s t  and west of the Wasatch 
fau l t .  Studies of recent moderate-magnitude earthquakes including the 1962 
Cache Valley earthquake of magnitude 5.7 (Westphal and Lan e, 1966), the 1972 
Heber earthquake of n g n i  tude 4.7 (Langer and others,  19797, and the 1975 
Pocatel 1 o Val ley  earthquake of magnitude 6.0 (Arabasz and others,  1981) 
indicate  t ha t  aftershocks of these events occurred a t  depths of 8 t o  12 km on 
f a u l t s  t h a t  can not be iden t i f ied  a t  t h e  surface. Recent detai led 
microearthquake recording in  the Basin and Range t rans i t ion  zone in central 
Utah shows no correla t ion of earthquake a c t i v i t y  w i t h  l a t e  Quaternary f a u l t s  
(McKee and Arabasz, 1982; Foley and others,  1986). These observations 
suggest t ha t  seismic s l i p  manifested a s  background seismicity is occurring on 
moderate- t o  high-angle segments of blind f a u l t s  t ha t ,  have no surface 
expression (Arabasz and Smith, 1981; Arabasz and Jul ander, 1986). 

7.4 Seismic sources and maxfmm credible earthquakes 

Both se i smlog ic  and geologic s tudies  indicate  t h a t  the principal mode of 
deformation in  the re ion is normal fau l t ing  in  response t o  east-west 
extension. The MCEs 9 maximum credible earthquakes) discussed in this section 
a re  associated w i t h  generally north-trending normal f a u l t s  and a re  assumed t o  
be principally dip-sl  i p  earthquakes, 

7.4.1 Late Quaternary f a u l t s  

One of the principal goals of this study was t o  ident i fy  potential earthquake 
sources in the back valleys of the Wasatch Mountai ns. We have documented the 
presence of l a t e  Quaternary (and very limited Holocene) faul t ing,  which we 
u t i  1 i z e  in targeting sources of large-magni tude  earthquakes i n  the Regional 
Study area. 

7.4.1.1 Wasatch f a u l t  

The Wasatch f a u l t  is  the principal source f o r  large-magnitude earthquakes i n  
the Utah portion of the ISB. I t  has experienced la rger ,  Holocene, single- 
event surface ruptures  w i t h  a shorter estimated average r e t u r n  period than 
other  l a t e  Quaternary f a u l t s  in the region. 

Detailed geologic s tudies  of the Wasatch f a u l t ,  sunmarized by Schwartz and 
Coppersmith (1984), indicate t ha t  a t  l e a s t  s i x  individual segments of the 
Wasatch f a u l t  r u p t u r e  independently. The s l i p  r a t e s  and return periods f o r  
these segments a re  shown in tab le  7.1. Subsequent investigations sum~arized 



by Machette (1987) suggest t h a t  the Provo segment o f  Schwartz and Coppersmith 
(1984) may consist  o f  as many as three segments (p l .  18). More recent trench 
invest igat ions o f  the central  segments o f  the Wasatch f a u l t  y i e l d  s l i p  ra te  
and average re tu rn  per iod estimates consistent w i t h  those i n  tab le  5 (Nelson 
and others, 1987; Personf us and G i l l ,  1987; Machette and Lund, 1987). 

Table 7.1 S l i p  rates and average re turn periods f o r  surface displacements on 
ind iv idua l  segmentspf the Wasatch f a u l t  (from Schwartz and 
Coppersmith , 1984). 

- o - o - - - - - - - - - - - - ~ o ~ ~ ~ o o o - ~ ~ ~ ~ o o - ~ ~ ~ ~ ~ ~ o ~ ~ ~ ~ ~ ~ . ~ o ~ ~ ~ o o - - . ~ o ~ . ~ - - -  

Late Average 
Wasatch S e w n  t Quaternary re tu rn  
f a u l t  l en  t h  s l i p  r a t e  perf  od 
segment ( 4 (mn/yr ( ~ r s  
~ ~ ~ . o - ~ ~ o o o o - - - - ~ ~ ~ o o - ~ o - - ~ o o - - ~ ~ ~ ~ ~ ~ o o o o o ~ ~ o ~ o ~ ~ ~ ~ o o o - ~ ~ ~ ~ o ~ - o -  

Col l  ins ton >30 no data no data 

Ogden 70 1.1 t o  1.8 2000 

Sa l t  Lake 35 .56 t o  1.4 2400 t o  3000 

Provo 55 .85 t o  1.0 1700 t o  2600 

Nephi 35 1.17 t o  1.46 1700 t o  2700 

Levan 40 <0.35 +/-.05 >5,000 ? 
~~o~~.~~~~-oo--.~~~oo-~--.~oo---~~-~o~~~~~~o-~~o-o---.o----o---- * Segments located on p la te  1. 

The la rges t  h i s t o r i c a l  earthquakes i n  the ISB, the 1959 Hebgen Lake 
earthquake w i th  a magnitude o f  7.5 and the 1983 Borah Peak earthquake w i th  a 
magnitude o f  7.3 are consfdered t o  be representative o f  the maximum-magnitude 
earthquake expected i n  the ISB (Doser, 1984). These earthquakes are 
associated w i th  surface displacements o f  > 2 m and surface rupture lengths 
o f  > 20 km. I n  previous USBR studies we have estimated MCEs o f  magnitude 
7 1/2 f o r  l a t e  Quaternary f a u l t s  i n  the ISB w l t h  surface rupture lengths of 
> 20 km and/or evidence o f  maximum ind iv idua l  surface displacements o f  > 2 m 
(G i lber t  and others, 1983; P ie ty  and others, 1986; Foley and others, 1986). 
Late Quaternary f a u l t  rupture lengths are 30 t o  70 km and average surface 
displacement per event i s  > 2 m f o r  the cent ra l  segments o f  the f a u l t  
( tab le  7.1). These rupture parameters suggest t h a t  paleoearthquakes wi th  
magnitudes o f  6 3/4 t o  7 1/2 have occurred on the Wasatch f a u l t  during the 
Holocene (Schwartz and Coppersmith, 1984). Concurring wi th  t h i s  
in terpreta t ion,  we estimate an MCE o f  magnitude 7 1/2 f o r  the Wasatch f a u l t  
( tab le  7.2). This MCE should be considered a d i p s l i p  earthquake occurring on 
any o f  the segments o f  the Wasatch f au l t .  The s t r i kes  o f  the ind iv idua l  
segments vary from about N3OOE t o  N200W ( f i g .  7.1); a11 segments d ip  
450 t o  600 t o  the west. 



7.4.1.2 James Peak and East Cache faul ts  

Late Quaternary displacement on the James Peak normal faul t  a t  the south end 
of Cache Valley i s  indicated by 7-m-high scarp i n  l a te  Quaternary deposits. 
Trenching showed that two surface faulting events, each w i t h  about 2 m of 
vertical displacement have occurred i n  the l a s t  140 ka (sec. 4.1 and Nelson 
and Sullivan, 1987). The average return period of surface displacements i s  
a t  least  50 kyr, b u t  recurrence may be non-uniform and the most recent event 
may have occurred as 'recently as 30 ka. The James Peak faul t  has a length of 
only about 7 km a t  the base of James Peak a t  the southern end of the East 
Cache fault.  Individual surface ruptures of 2 m would most 1 i kely be 
associated w i t h  surface ruptures > 20 km i n  length, suggesting that a greater 
scarp length ruptured when the James Peak scarps f o m d .  

The north-trending East Cache faul t  has a length of more than 60 km i n  Utah. 
The prominent facets on the footwall escarpment suggest that  la te  Quaternary 
displacements have occurred on the entire length of the fault.  Late 
Quaternary displacement has been demonstrated on the East Cache faul t  near 
Logan, Utah (pl . 1A) where Swan and others (1983) concluded that two, 1- to 
2 4 ,  post-Bonnevi 1 l e  displacement events have occurred. The faul t  continues 
south to James Peak where i t  joins the James Peak fault ,  b u t  no scarps are 
present in Bonneville deposits that  post-date the estimated age of the most 
recent event recorded by the James Peak scarp. 

We conclude that surface ruptures on James Peak faul t  would include rupture 
on the southern portion of the East Cache fault.  A t  Logan 1- to 2-m 
displacements are associated w i t h  a 10-b long  scarp, b u t  we are unable to 
constrain the rupture length associated w i t h  the 2 m displacements a t  James 
Peak. As 2 m displacements are associated w i t h  the Wasatch fault  which has 
an MCE of magnitude 7 1/2, we also estimate an MCE of magnitude 7 1/2 for  the 
James Peak and the East Cache faults. 

7.4.1.3 The Morqan faul t  

Trenching studies have shown that Quaternary and Holocene surface 
displacements have occurred on the Morgan faul t  f ndicating t h a t  i t  i s  a 
potential source of large-magnitude earthquakes. We have estimated the 
Quaternary s l i p  rate to be 0.01 to 0.02 m/yr (sec. 4.2 and Sull ivan and 
Nelson, 1987). In order to provfde a conservative estimate of the MCE 
associated w i t h  the Morgan faul t  we consider the faul t  length to be 16 km, 
encompassing the possi bi 1 i t y  of simultaneous rupture on the enti re fault.  
Data on single event size i s  available for  only one s i t e  along the Morgan 
faul t ,  which we consider to be representative of a l l  sections of the Morgan 
fault.  Based on the geometry of colluvial u n i t s  displaced by the Morgan 
faul t  a t  the Robeson Springs s i t e ,  the sf ze of individual surface 
displacements is 0.5 - 1.0 m (sec. 4.2). 

The magnitude and displacement parameters for the Borah Peak and Hebgen Lake 
earthquakes provide an doper bound for MCEs associated w i t h  late Quaternary 
faults  i n  the region. Shorter faul t  length and smaller surface displacement 
events associated w i t h  the Morgan fault  suggest that  paleoearthquakes were of 
smaller magnitude than those historic earthquakes; therefore, we caonsider an 
MCE w i t h  a smaller magnitude to be appropriate. We estimate an MCE. of 
magnitude 6 3/4 to 7 for the Morgan fault  (table 7.2). A representative 



example of such an earthquake i s  the 1934 Hansel Val l e y  earthquake which had 
an estimated magnitude o f  6.6, surface rupture over a distance o f  about 
11 km, and maximum surface displacement o f  0.5 m. This MCE f o r  the Morgan 
f a u l t  i s  a lso consistent w i th  estimates from Bon i l l a  and others (1984) using 
f a u l t  length o f  16 km and maximum surface displacement of 1 m. 

7.4.1.4 The Strawberry f a u l t  

The Strawberry f a u l t  i s  a 28-km-long, nor th -s t r i k ing  normal f a u l t  '(pl. 18). 
An estimated l a t e  Quaternary s l i p  ra te  o f  0.07 - 0.4 m/yr based on trenching 
o f  f a u l t  scarps associated w i t h  the f a u l t  and radiocarbon da t in  o f  stream 
sediments cored i n  a drainage t h a t  crosses the main escarpment ? Nelson and 
Martin, 1982) i n d i  cate t h a t  l a t e  Quaternary surface d l  splacements have 
occurred on the f au l t ;  therefore, the Strawberry f a u l t  i s  considered a 
po ten t ia l  source o f  large-magni tude earthquakes. I f  simultaneous rupture of 
the e n t i r e  f a u l t  i s  assumed, the f a u l t  length i s  s im i l a r  t o  the length o f  
ind iv idua l  segments o f  the Wasatch fau l t .  However, trench data indicates 
t h a t  the most recent scarp-forming events resu l ted from ve r t i ca l  
displacements ranging from 0.1 m t o  1.8 m; the trench s t ra t igraphy suggests 
t h a t  ind iv idua l  displacements were probably no greater than about one meter 
(Nelson and Martin, 1982). This displacement data suggests smaller 
paleoearthquakes than those i n fe r red  f o r  the Wasatch f au l t .  Nelson and 
Mart in (1982) have assigned an MCE o f  magnitude 7 t o  the Strawberry f a u l t  
which i s  adopted i n  t h i s  repor t  ( tab le  7.2). 

7.4.1.5 Back va l ley  f a u l t s  i n  the northern and southern Wasatch Mountains 

I n  the northern and southern Wasatch Mountains we have documented l a t e  
Quaternary surface displacements on the Morgan fau l t ,  the James Peak faul t ,  
and the Strawberry fau l t .  On the basis o f  s i m i l a r i t i e s  i n  the basin f i l l  
strat igraphy and the morphology o f  footwal l  escarpments, we have in fe r red  
t h a t  l a t e  Quaternary normal f a u l t s  are present i n  other back val leys. 
Lacking evidence from deta i led invest igat ions i n  these other valleys, we have 
assumed tha t  the l a t e  Quaternary s l i p  rate, average s ing le  event 
displacement, and average re tu rn  period o f  surface displacements are s im i la r  
t o  the Morgan fau l t .  Mapping shows t h a t  l a t e  Quaternary f a u l t  length for  
these f a u l t s  i s  20 km o r  less. This maximum f a u l t  length suggests tha t  MCEs 
associated w i th  these f a u l t s  should be no greater than the magnitude 7 
estimated f o r  the Morgan and Strawberry fau l t s .  We have estimated MCEs o f  
magnitude 6 3/4 t o  7 and 6 1/2 t o  6 3/4 f o r  these back va l ley  f a u l t s  
(Table 7.2). 

7.4.1.6 Back va l ley  f au l t s  i n  the central  Wasatch Mountains 

Based on trenching and mapping o f  l a t e  Quaternary deposits over ly ing 
concealed normal fau l t s ,  and the eroded appearance o f  footwal l  escarpments i n  
the back val leys o f  the cent ra l  Wasatch Mountains, we have concluded tha t  no 
l a t e  Quaternary (<I25 ka) displacements have occurred on these fau l ts .  This 
evidence may r e f l e c t  extremely long recurrence i n te r va l s  f o r  surface 
displacements on these f a u l t s  (>I25 ka), o r  the i n a c t i v i t y  o f  the fau l ts .  I n  
e i t h e r  case, we do not  consider these f a u l t s  t o  be potent ia l  sources o f  large- 
magnitude earthquakes. 
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7.4.2 Random earthquake 

A moderate-magnitude earthquake f s  consfdered a potential seismic source for 
a l l  s i t e s  w i t h i n  the back valleys of the Wasatch Mountains. As the threshold 
for surface faulting i n  the ISB appears to be w i t h f n  the magnitude range 6 t o  
6 3/4 (sec. 2.5.2), we estimate an MCE of magnitude 6 to 6 1/2 for  th is  
earthquake source. Based on calculations of probabilistic epicentral 
d i  stances from geol.ogi c and sei smol ogic data (sec. 2.6.2). we have concl uded 
that for  annual probabilities of occurrence of 1/50 000 to 1/100 000 an 
earthquake of magnitude 6 or  greater could occur w i t h i n  5 km of any sf te. 
Therefore the magnitude 6 to 6 1/2 random earthquake should be considered a 
local event that could occur i n  the imnediate vicinity of any s i t e  w i t h i n  the 
back valleys. T h i s  MCE could occur on a blind faul t  or on any of the 
favorably-oriented faults  i n  the region. 



7.5 Maximum Credible earthquakes and USBR dams 

Fourteen ex is t ing US8R dams and two proposed dams are located on p l  s. l A ,  18, 
and 1 C  wi th in  the Regional Study area. On the basis o f  our invest igat ions o f  
l a t e  Quaternary fau l t i ng  i n  the area and our analysis o f  h i s to r i ca l  
seismici ty i n  t h i s  por t ion o f  the ISB, we have previously provided 
seismotectonic conclusions f o r  some o f  these si tes.  I n  the fol lowing 
sections we provide summaries o f  these conclusions f o r  each dam including an 
assessment o f  the potent ia l  f o r  surface displacements i n  the dam foundations, 
the i den t i f i ca t i on  o f  seismic sources, and an estimate o f  the MCE associated 
wi th  each source. A local  moderate-magnitude random earthquake source i s  
recomnended f o r  each o f  the damsites i n  addit ion t o  the l a t e  Quaternary 
f a u l t s  t ha t  are the sources o f  large-magnitude earthquakes. The f a u l t  
parameters used t o  estimate the MCEs are presented i n  table 7.2; epicentral 
distances from the dams t o  the closest approach o f  the fau l t s  are measured on 
plates lA, lB ,  and 1C. I n  the fol lowing sections we provide tables o f  MCEs 
f o r  each o f  the dams which also include estimates o f  the average return 
periods f o r  the MCEs tha t  can be used i n  r i s k  analyses f o r  the dams. For a 
number o f  the s i tes  we r e f e r  t o  Seismotectonic Reports o r  technical 
memorandums that  have previously been issued. 

7.5.1 Newton Dam 

Newton Dam i s  located i n  Cache Valley i n  the northern Wasatch Mountains east 
o f  the Wasatch f a u l t  (pl .  1A) .  The pr inc ipal  l a t e  Quaternary f a u l t  i n  Cache 
Valley, the East Cache fau l t ,  bounds the east side o f  the valley. The upper 
Ter t ia ry  Sal t  Lake Fonnation f f  11s the va l ley and i s  over lain by Quaternary 
deposits of Lake Bonneville and younger f l u v i a l  deposits. The dam i s  located 
near the center o f  the va l ley west o f  L i t t l e  Mountain, a horst  block wi th in  
the va l ley tha t  i s  bounded on the east side by the Dayton f a u l t  and on the 
west side by the Newton fau l t .  

7.5.1.1 Si te  geoloqy 

Site-speci f ic seismotectonic invest igat ions f o r  Newton Dam,,completed i n  1982 
and discussed i n  our memorandum o f  August 12, 1982, focused on detai led 
mapping i n  the v i c i n i t y  o f  the dam. The resul t s  o f  t h i s  mapping are shown on 
f i g .  7.1. The pr inc ipal  conclusions from t h i s  mapping and the grav i ty  data 
o f  Peterson and Or ie l  (1970) are as follows: 

1) D i f fe ren t  d ip  d i rect ions i n  exposures o f  the Sal t  Lake Formation near 
Newton Dam, together wi th  evidence of a closed grav i ty  low west o f  L i t t l e  
Mountain, indicate tha t  a 20-km-long, N200-300W st r ik ing,  down-to-the- 
west, concealed normal f a u l t  (the Newton f a u l t )  dfsplaces the Sal t  Lake 
Formation on the west side of L i t t l e  Mountain; the most l i k e l y  locat ion 
f o r  the f a u l t  i s  about 300 m east o f  the dam foundation. 

2) Scarps i n  the v i c i n i t y  o f  the dam represent shorelines o f  Lake Bonneville; 
no fau l t - re la ted scarps o r  lineaments are present. 

3) Shorelines between the Provo (4800 f t )  and Bonneville (5180 f t )  levels o f  
Lake Bonneville can be traced across the Newton f a u l t  ( f i g .  7.1) showing 
that  there has been no surface displacement on the Newton f a u l t  i n  a t  
leas t  the ' l as t  14 t o  17 ka. 
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4) No prominent l i n e a r  escarpment w i th  t r i angu la r  facets i s  associated w i th  
the Newton f a u l t  suggesting t h a t  i t  i s  no t  a l a t e  Quaternary f a u l t .  

7.5.1.2 Seismic sources and MCEs 

There i s  no evidence t h a t  l a t e s t  Quaternary surface displacements have 
occurred on the Dayton f a u l t  o r  the Newton f a u l t .  As these f a u l t s  a lso lack 
the morphologic charac te r i s t i cs  o f  o ther  l a t e  Quaternary f a u l t s  i n  the back 
va l leys o f  the Wasatch Mountains, they are no t  considered po ten t ia l  seismic 
sources f o r  large-magnitude earthquakes. 

The p r inc fpa l  seismic sources for-Newton Dam include an MCE o f  magnitude 
7 1/2 on the Wasatch f a u l t  a t  a distance o f  10 km, and a l oca l  random 
earthquake o f  magnitude 6 t o  6 1/2 ( tab le  7.3). The East Cache f a u l t  i s  also 
a po ten t i a l  source f o r  a large-magnitude earthquake, but as i t  i s  located 
f u r t h e r  from the dam (20 km) than the Wasatch f a u l t ,  i t  i s  not  included i n  
tab le  7.3. 

Table 7.3 Maximum cred ib le  earthquakes f o r  Newton Dam 

Closest Average 
Earthquake approach Foca 1 re turn 
source MCE t o  s i t e  depth per iod 

(Ms> (W ( km) ( 1000 y r s )  ................................................................ 
Wasatch f a u l t  7 1/2 7 10- 15 no data* 

Random 
earthquake 6 t o  6 1/2# l oca l  8- 15 ++ 

.----------.------------....-------------------------------------- 
* no s l i p  ra te  o r  re tu rn  per iod data ava i lab le  y e t  f o r  the Col l ins ton segment 
# ML 
*+ f o r  an estimated annual p robab i l i t y  o f  .00001 t o  .00002 

Surface fau l  t i n q  

As there i s  no evidence t h a t  l a t e  Quaternary surface displacements have 
occurred on the Newton f au l t ,  we have concluded t h a t  surface f a u l t i n g  does 
not  pose a hazard t o  Newton Dam. 

7.5.2 Hyrum Dam 

Hyrum Dam i s  located i n  the southern por t ion  o f  Cache Valley about 30 km 
south o f  Newton Dam ( p l  . 9). The the on ly  known l a t e  Quaternary f a u l t s  i n  
the va l l ey  are the East Cache f a u l t  and i t s  southwestern cont inuat ion the 
James Peak fau l t .  The dam and reservo i r  are located a t  the nor th  end o f  
Hyrum Bench, a p la t form developed on the east-dipping Sa l t  Lake Formation 
t h a t  forms the foundation o f  the dam. 



7.5.2.1 S i t e  qeology 

Si te -speci f ic  seismotectonic inves t iga t ions  f o r  Hyrum Dam, completed i n  1982 
and discussed i n  our memorandum of September 9, 1982, focused on de ta i l ed  
mapping of known and suspected f a u l t s  i n  the v i c i n i t y  of the dam. The 
results of the mapping a r e  shown on f i g .  7.2. The pr inci  pal r e s u l t s  from 
this inves t igat ion a r e  a s  follows: 

1) The Willow Grove f a u l t ,  a north-trending normal f a u l t  t h a t  p ro jec t s  toward 
Hyrum Dam does not extend i n t o  the vi i i n i  t y  of the dam. 

2) East-west s t r i k i n g  shear zones exposed i n  a roadcut near the dam most 
l i k e l y  have a non-tectonic or ig in .  

3) Review of a e r i a l  photography did  not  reveal f au l t - re la ted  scarps o r  
lineaments i n  the v i c i n i t y  of the dam. 

4) We have no evidence w i t h  which t o  determine the existence of a previously 
mapped, infer red  f a u l t  on the eas tern  margin of Hyrum bench about 3 km 
from the dam, but i f  i t  is  present  i t  would be a n t i t h e t i c  t o  the East 
Cache f a u l t .  

7.5.2.2 Seismic sources and MCEs 

The principal  seismic sources f o r  Hyrum Dam include an MCE of magnitude 7 1/2 
on the Wasatch f a u l t  a t  a d is tance  of 12 km, an MCE of magnitude 7 1/2 on the 
East Cache f a u l t  a t  a d i s t ance  of 7 km (encompassing a n t i t h e t i c  f a u l t s ) ,  and 
a local  randm earthquake of magnitude 6 t o  6 1/2 ( t a b l e  7.4). 

Table 7.4 Maximum cred ib le  earthquakes f o r  Hyrum Dam 

Closest  Average 
Earthquake approach Foca 1 re turn  
source MCE t o  site dep th  period 

(Ms 1 ( k m )  (km) ( 1000 y r s )  ----.----- ----------------------.-----~--~~-~-~----------------- 
Wasatch f a u l t  7 1/2 13 10-15 no data* 

East Cache 
f a u l t  7 1/2 7 10-15 7.2 

Random 
earthquake 6 t o  6 1/21 local  8- 15 * 

- - - . ~ ~ ~ ~ ~  -------~-~~~~-------------~~~-~~-~.~~--~--------------- 
* no s l i p  r a t e  o r  re turn  period data ava i l ab le  y e t  f o r  the Collinston segment 

ML * f o r  an estimated annual probabi l i ty  of 0.00001 t o  0.00002 

7.5.2.3 Surface f a u l t i n g  

No l a t e  Quaternary f a u l t s  are known i n  t h e  v i c i n i t y  of the dam; therefore ,  
surface  fau l t ing  is  not considered t o  pose a hazard t o  Hyrum Dam. 
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Causey Dam 

Causey Dam i s  located east o f  the northern Wasatch Mountains about 15 km east 
o f  Ogden Valley (pl .  1A). I n  t h i s  area folded and faul ted Paleozoic 
sedimentary rocks are unconformably over lain by the gently folded, l a tes t  
Cretaceous t o  Eocene Evanston and Wasatch Fonnati ons. 

7.5.3.1 Si te  qeology 

Reconnaissance s i te-speci f ic  seismotectonic invest igat ions f o r  Causey Dam are 
reported i n  our technical memorandum o f  May 21, 1986 (SAR-1632-49). Figure 
7.3 i s  a geologic map o f  the Causey Dam area modified from Hintze (1980). 
The pr inc ipal  resul ts  from our s i  te-speci f ic invest igat ions are as follows: 

1) There are no fau l t s  t ha t  displace the Ter t ia ry  rocks o r  Quaternary 
deposits i n  the v i c i n i t y  o f  the dam. 

2) A 150-wwide (500 ft) shear zone i n  Paleozoic rocks exposed i n  the 
spil lway excavation f o r  the dam does not appear t o  displace the Ter t iary  
rocks o r  Quaternary terrace deposits near the dam. 

7.5.3.2 Seismic sources and MCEs 

Seismic sources and associated MCEs f o r  Causey Dam are shown i n  table 7.5. 

Table 7.5 Maximum credible earthquakes f o r  Causey .Dam 

Closest Average 
Earthquake approach Foca 1 return 
source MCE t o  s i t e  depth perf od 

(Ms ( km) ( km) ( 1000 yrs)  ----------- ----------.-----------------.------------------------ 
Wasatch f a u l t  7 1/2 28 10-15 2* 

James Peak/ 
East Cache 
fau l t s  7 1/2 21 10-15 70 

Ogden Val l e y  
fau l t s  6 3/4 t o  7 16 10- 15 25- 100 

Random 
earthquake 6 t o  6 1/21 local  8-15 +* 

---------..--------- I--..---..--------.---------------.----------- 

* Ogden segment o f  Schwartz and Coppersmith (1984) 
# ML 
+* for an estimated annual p robab i l i t y  o f  0.00001 t o  0.00002 

7.5.3.3 Surface fau l  t i n 9  

No l a t e  Quaternary fau l ts  are known i n  the v i c i n i t y  o f  the dam; therefore, 
surface fau l t ing  i s  not considered t o  pose a hazard t o  Causey Dam. 
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7.5.4 Lost Creek Dam 

Lost Creek Dam i s  located i n  the northern Wasatch Mountains about 25 km 
southeast o f  Causey Dam. I n  exposures along Lost Creek i n  the v i c i n i t y  of 
the dam, near ly f 1  at-1 y i  ng conglomerates o f  the e a r l y  Ter t ia ry  Wasatch 
Formation unconformably over1 i e  T r iass ic  sedimentary rocks. 

7.5.4.1 S i te  geology 

Reconnaissance s i  te-speci f i c  se i  smotectoni c i nvest i  gat1 ons are reported i n  
our technical memorandum o f  March 24, 1986 (SAR-1632-114). During 
construct ion o f  the dam, a f a u l t  and several shear zones were found i n  the 
dam foundation i n  the Tr iass ic  Twin Creek Limestone. They trend about east- 
west and p ro jec t  beneath undisplaced Te r t i a r y  rocks and Quaternary terrace 
remnants ( f i g .  7.3). The Lost Creek f a u l t  i s  a nor th -s t r i k ing  normal f au l t  
located about 2 km east o f  the dam t h a t  displaces Mesozoic rocks and the 
over ly ing Wasatch Formation ( f i g .  7.3). No bedrock escarpment o r  f a u l t  
scarps i n  l a t e s t  Quaternary stream deposits are associated the f a u l t .  As 
these features are charac te r i s t i c  of l a t e  Quaternary f a u l t s  i n  the back 
valleys, we concluded t h a t  no l a t e  Quaternary displacements had occurred on 
the Lost Creek f au l t ;  therefore, i t  i s  not  consi dered a po ten t ia l  source of 
1 arge-magni tude earthquakes. 

7.5.4.2 Sei smic sources and MCEs 

Seismic sources and associated MCEs f o r  Lost Creek Dam are shown i n  
tab le  7.6. 

Table 7.6 Maximum cred ib le  earthquakes f o r  Lost Creek Dam 

Closest Average 
Earthquake approach Foca 1 re turn 
source MCE t o  s i t e  depth perf od 

(Ms) (km) (km) ( 1000 y r s )  
...................... - - - - - - - - 

Wasatch f a u l t  7 1/2 44 10-15 2* 

Morgan f a u l t  6 3/4 t o  7 25 10- 15 25- 100 

Random 
earthquake 6 t o  6 1/2# loca l  8- 15 +* 

* Ogden segment o f  Schwartz and Coppersmith (1984) 
# MI - --L 

+* f o r  an estimated annual p robab i l i t y  o f  0.00001 t o  0.00002 

7.5.4.3 Surface fau l  t i n q  

No l a t e  Quaternary f a u l t s  are known i n  the v i c i n i t y  o f  the dam; therefore, 
surface f a u l t i n g  i s  not  considered t o  pose a hazard t o  Lost Creek Dam. 



7.5.5 Pineview Dam 

Pineview Dam is  located i n  the northern Wasatch Mountains on the Ogden River 
upstream of Ogden, Utah (pl . 1A) .  Pf neview Reservoir extends upstream into 
Ogden Valley, a back valley bounded on the west side by east-dippfng l a t e  
Quaternary f au l t s  d i  scussed fn sec. 4.4 and shown on f ig .  7.4. Our technical 
memorandum of(  July 14, 1987 (SAR-1632-107) e a r l i e r  provided seismotectonic 
conclusions f o r  the dam. 

7.5.5.1 S i te  Geoloqy 

Paleozoic sedimentary rocks f n  the upper plate  of the Absoraka thrus t  are  
exposed i n  Ogden Canyon and form t h e  foundatf on of the dam. About 2 km 
upstream of the dam inferred l a t e  Quaternary normal f a u l t s  bound the 
southwest margin of Ogden Valley, but mapping shows tha t  no l a t e  Quaternary 
f au l t s  a re  present f n t h e  dam foundation (ff g. 7.4). 

7.5.5.2 Sef smic sources and MCEs 

Sefsmfc sources and associated MCEs f o r  Pineview dam are shown f n  table  7.7. 

Table 7.7 Maximum credible earthquakes f o r  Pineview Dam 

Closest Average 
Earthquake approach Focal return 
source MCE t o  site depth period 

(Ms) ( km) (km) ( 1000 yrs )  
. ~ ~ . ~ ~ o ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ o ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ . ~ ~ ~ ~ ~ o o ~ ~ ~ ~ ~ ~ ~ ~ ~ o ~ ~ ~ ~ ~ ~  

Wasatch f a u l t  7 1/2 8 10-15 2* 

Ogden Val ley 
f a u l t s  6 3/4 t o  7 2 10-15 25- 100 

Random 
earthquake 6 t o 6 1 / 2 #  local 

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ . ~ ~ o ~ o ~ ~ ~ ~ ~ ~ o ~ ~ ~ ~ ~ ~ o ~ ~ ~ ~ ~ ~ ~ ~ ~ o ~ ~ ~ ~ o ~ ~ - ~ - - - - - - - - - - - o ~ - -  

* Ogden segment of Schwartz and Coppersmith (1984) 
# ML 
+* fo r  an estimated annual probability of 0.00001 t o  0.00002 

7.5.5.3 Surface fau l t inq  

No l a t e  Quaternary f au l t s  are  known i n  t h e  imnediate v ic in i ty  of  the dam; 
therefore, surface faul t ing fs not consfdered t o  pose a hazard to  Pineview 
Dam. 
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7.5.6 Arthur V. Watkins Dam (formerly Wi l lard Dam1 

Arthur V. Watkins Dam i s  located on the west side o f  the Great Sa l t  Lake 
northwest o f  Ogden, Utah (p l  . 1A). Our technical memorandum o f  Ju ly  3, 1985 
(SAR-1632-35) e a r l i e r  provided seismotectonic conc1usions f o r  Arthur V. 
Watkins Dam. 

7.5.6.1 Si te  Geoloay 

Thi s 23-km-long offstream storage structure was constructed on unconsol idated 
l a t e  Quaternary lacust r ine and a l l u v i a l  deposits less than 2 Ian east of the 
Wasatch fau l t .  The Wasatch f a u l t  i s  the pr inc ipa l  seismic source f o r  the 
structure. 

7.5.6.2 Seismic sources and MCEs 

The dam i s  located 2 km east o f  the southern end o f  the Ogden segment o f  the 
Wasatch fau l t .  The f a u l t  d ips west under the dam and reservoir. 

Table 7.8 Maximum credible earthquakes f o r  Arthur V. Watkins Dam 

Closest Average 
Earthqua ke approach Foca 1 return 
source MCE t o  s i t e  depth pe r i  od 

(Ms) (b) (h) (1000 y rs )  
-------------------o---------------------------------oo--o------ 

Wasatch f a u l t  7 1/2 2 10-15 2* 

--------------------o------------------------------------------- 

Ogden segment o f  Schwartz and Coppersmith (1984) 

7.5.6.3 Surface f a u l t i n g  

A1 though the surface rupture o f  2 t o  3 m ant ic ipated i n  association wi th  the 
MCE on the Wasatch f a u l t  w i l l  most l i k e l y  occur about 2 km east of the dam 
and reservoir, secondary displacements of as much as a meter could occur on 
splay fau l t s  below Arthur V. Watkins Dam and Reservoir. 

7.5.7 East Canyon Dam 

East Canyon Dam i s  located i n  the northern Wasatch Mountains east o f  the 
southeast margin o f  Morgan Val l e y  (p l  . 16). The ex is t ing  dam was constructed 
about 90 m downstream o f  the prominent escarpment o f  the East Canyon faul t .  
Our technical memorandum o f  August 27, 1987 (SAR-1632-127) e a r l i e r  provided 
sef smotectonic conclusions f o r  East Canyon Dam. 

7.5.7.1 Si te  Geology 

Bedrock i n  the foundation of the dam i s  the conglomerates o f  the l a t e  
Cretaceous Echo Canyon Formation tha t  dips about 500 northwest and fonns the 
prominent East Canyon escarpment tha t  extends both north and south of the dam 
( f i g .  7.5). The 28-km-long, northeast-trending escarpment fonns the footwall 
o f  the l a t e  Cenozoic East Canyon fau l t .  Based on the presence o f  t r iangular  
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Figure 7 . 5  Geologic map and c ros s  s e c t i o n  o f  the East Canyon f a u l t  
inc lud ing  the East  Canyon Dam area. 



face ts ,  the preservation of the Pliocene? Huntsville fanglomerate, and 
analogy w i t h  similar character is t ics  associated w i t h  the Morgan f a u l t ,  l a t e  
Quaternary surface displacements have been inferred on the 12-km-long segment 
of the f a u l t  south of the dam (sec. 4.5). 

7.5.7.2 Sei smi c sources and MCEs 

The closest  sei  smi c source t o  the dam t s the southern segment of the East 
Canyon faul t .  A local MCE of magnitude 6 1/2 t o  6 3/4 is estimated fo r  th i s  
potential seismic source. Other potential seismic sources a re  shown i n  
table  7.9. 

Table 7.9 Maximum credible earthquakes f o r  East Canyon Dan 

Closest Average 
Earthquake approach Foca 1 return 
source MCE t o  site depth pert od 

(Ms) (b) (h) (1000 yrs )  
-0 -------------..----.---.-----~----.----~~-----~.----.--------- 
Wasatch f au l t  7 1/2 22 10- 15 2* 

Morgan f a u l t  6 3/4 t o  7 10 10-15 25- 100 

E. Canyon 6 1/2 
f a u l t  t o  6 3/4 local 8- 15 25- 100 
-9- -----------------------.------------------.------------------ 
* Ogden segment of Schwartz and Coppersmith (1984) 

7.5.7.3 Surface fau l t inq  

As no f a u l t s  are  known f n  the dam foundation, surface faul t ing is not 
considered to  pose a hazard t o  East Canyon Dam, although sonre minor 
adjustments could occur on preexisting jo in ts  i n  the foundation of East 
Canyon Dam if  a large-magnitude earthquake occurred on the East Canyon faul t .  

7.5.8 Echo Dam 

Echo Dam is located on the Weber River in the northern Wasatch Mountains east  
of the back valley f a u l t s  (pl .  18). Northwest-dipping Cretaceous and early 
Tertiary sedimentary rocks are  exposed along the Weber River canyon upstream 
and downstream o f  the dam. Our technical memorandum of July 14, 1987 (SAR- 
1632-112) e a r l i e r  provided seismotectonic conclusions fo r  Echo Dam. 

S i t e  Geoloay 

North-striking, high-angle f a u l t s  and minor east-striking f au l t s  i n  and near 
the reservoir are shown on f ig .  7.6. Late Quaternary deposits overlie some 
of these fau l t s  east  of Coalvflle in fig.  7.6. No bedrock escarpment or  
scarps i n  l a t e s t  Quaternary stream deposits a re  associated t h e  faul ts .  As 
these f au l t s  lack these morphological character is t ics  of other l a t e  
Quaternary f au l t s  i n  the back valleys, we conclude tha t  no l a t e  Quaternary 
displacements have occurred on these faul ts (sec. 4.5.4). 
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7.5.8.2 Seismic sources and MCEs 

Seismic sources and associated MCEs f o r  Echo Dam are shown i n  table  7.10. 

Table 7.10 Maximum credible earthquakes f o r  Echo Dam 

Closest Average 
Earthquake approach Focal return 
source MCE t o  site depth period 

(Ms) ( km) ( km) ( 1000 yrs )  
----------o-----o-----.---o---------o--------------------------- 

Wasatch f a u l t  7 1/2 37 10-15 2* 

Morgan f a u l t  6 3/4 t o  7 17 10-15 25- 100 

E. Canyon 6 1/2 
f a u l t  t o  6 3/4 15 8-15 25-100 

Random 
earthquake 6 to 6 1/2# local 8-15 n 

-------.-----------------------------.-------------------------- 
Ogden segment of Schwartz and Coppersmith (1984) 

LMbor an estimated annual probability of 0.00001 t o  0.00002 

7.5.8.3 Surface fau l t ing  

No l a t e  Quaternary f a u l t s  are mapped fn the v ic in i ty  of the dam; therefore, 
surface faulting is not considered t o  pose a hazard t o  Echo Dam. 

7.5.9 Wanship Dam (Rockport Lake) 

Wanship Dam and Rockport Lake are  located on the Weber R i  ver in the central 
Wasatch Mountains about 20 km south of Echo Dam (pl. 18). North- and 
northeast-dipping sedimentary rocks of the Frontier Fonnation are  exposed 
along the Weber River north and south of Wanship Dam. To the eas t  these 
rocks a re  unconformably overlain by the Wasatch Formation; t o  the west they 
are  unconformably overlain by the Keetley Volcanics (fig.  7.6). 

7.5.9.1 S i te  geoloqy 

Two southwest-striking thrus t  f a u l t s  are mapped crossing Rockport Reservoir 
i n  Cretaceous and Jurassic sedimentary rocks. Latest movement on these 
f a u l t s  occurred during the l a t e  Cretaceous (Crittenden, 1974). A ser ies  of 
generally north-trending normal f au l t s ,  discussed i n  sec. 4.5.4, crosses the 
Weber River about 2 km north of Wanship Dam ( f ig .  7.6). Late Quaternary 
deposits overlie some of these fau l t s  eas t  of Coalville (fig.  7.6); no 
footwall escarpment in bedrock is  associated w i t h  the faul ts .  Therefore, we 
concl ude tha t  no 1 a t e  Quaternary displacements have occurred on these faul ts ; 
they are  not considered potential sources of large-magnitude earthquakes. 



7.5.9.2 Seismic sources and MCEs 

Seismic sources and associated MCEs f o r  Wanship Dam are shown i n  tab le  7.11. 

Table 7.11 Maximum cred ib le  earthquakes f o r  Wanship Dam ( Rockport 
Lake) 

Closest Average 
Earthquake approach Focal re tu rn  
source MCE t o  s i t e  depth per iod 

(Ms) ( h )  ( h )  (1000 y rs )  --.---.-.-~~~--------------------~~--~~--------------------.---- 
Wasatch f a u l t  7 1/2 36 10-15 2.4-3* 

Morgan f a u l t  6 3/4 t o  7 32 10- 15 25- 100 

E. Canyon 6 1/2 
f a u l t  t o  6 3/4 20 8- 15 25- 100 

Random 
earthquake 6 t o  6 1/2# l oca l  8-15 *+ 

- - - - - - - - - - - - - - - - - - - - - - - - - - 

* Sa l t  Lake segment o f  Schwartz a n d ~ ~ o ~ ~ e r s m i t h  (1984) 

LMfor an estimated annual p robab i l i t y  o f  0.00001 t o  0.00002 

7.5.9.3 Surface f a u l t i n g  

No l a t e  Quaternary fau l t s  are known i n  the v i c i n i t y  o f  the dam; therefore, 
surface f a u l t i n g  i s  not  considered t o  pose a hazard t o  Wanship Dam. 

7.5.10 Jordanel 1 e Damsi t e  

Jordanel l e  damsi t e  i s  located on the Provo River i n  the central  Wasatch 
Mountains adjacent t o  the Park C i t y  Mini'ng D i s t r i c t .  I n  the d i s t r i c t  ear l y  
Te r t i a r y  calc-alkal ine stocks in t rude Mesozoic sedimentary rocks and ear l y  
Te r t i a r y  volcanics (Bromfield and others, 1968). Mineral izat ion occurs along 
ea r l y  Tert iary,  east- and northeast-trending normal and reverse f a u l t s  i n  the 
d i s t r i c t .  The reservo i r  w i  11 occupy pa r t  o f  Keetley Val ley,  a north-trending 
a back va l ley  f i l l e d  w i th  > 150 m o f  unconsolidated Ter t ia ry  and Quaternary 
basin f i l l .  The va l ley  i s  bounded on the west side by the Bald Mountain 
f a u l t ,  a north-trending normal f a u l t  ( p l  . 1B). Trench invest igat ions show 
t h a t  l a t e  Quaternary deposits w i th  an estimated age o f  > 130 ka ove r l i e  the 
f a u l t  ( f ig.  5.1). The conclusions from de ta i led  geologic invest igat ions i n  
Keetley Valley and a t  the damsite have been presented t o  Boards of 
Consultants on two occasions (USBR, 1986). The resu l ts  presented i n  the 
f i n a l  seismotectonic repor t  ( S i l l  ivan and others, 1988) are summarized below. 

7.5.10.1 S i te  Geoloqy 

Jordanelle Dam w i l l  be constructed on a foundation o f  andesite porphyry and 
associated volcanic rocks o f  ea r l y  Te r t i a r y  age. The only major f a u l t  mapped 
i n  the v i c i n i t y  o f  the damsite i s  the Cottonwood fau l t ,  a northeast-trending 



reverse fau l t .  Stratigraphy i n  trenches near the r i g h t  abutment o f  the dam 
shows tha t  fau l ts  t ha t  are interpreted t o  be re lated t o  the Cottonwood fau l t  
are terminated a t  the margin of the andesite porphyry (USBR, 1986). No other 
f a u l t s  are mapped a t  o r  near the dam foundation, but boreholes along the 
foundation alinement ind icate tha t  shear zones are present i n  the dam 
foundation. Cross sections establ ish tha t  these zones are intermittent--they 
lack cont inu i ty  along s t r i k e  o r  down dip. This suggests tha t  the shears are 
re lated t o  the in t rus ion and subsequent cooling o f  the andesite porphyry. 
Available evidence indicates tha t  the foundation i s  f ree o f  fau l ts ,  although 
f ina l  confirmation awaits mapping o f  the foundation excavation. 

7.5.10.2 Seismic sources and MCEs 

Seismic sources and associated MCEs f o r  Jordanelle damsite are shown i n  table 
7.12. 

Table 7.12 Maximum credible earthquakes f o r  Jordanel l e  damsi t e  

Closest Average 
Earthquake approach Foca 1 return 
source MCE t o  s i t e  depth per i  od 

(Ms 1 ( km) (km) (1000 yrs)  ................................................................ 
Wazatch f a u l t  7 1/2 30 10- 15 1.7-2.6* 

Round Valley 6 1/2 t o  
f a u l t s  6 3/4 20 10-15 25-100 

Random 
earthquake 6 t o  6 1/2# local  8-15 +* 

----1-----1-1--------------------------------------------------- 

* Provo segment o f  Schwartz and Coppersmith (1984) 

LMkor an estfmatcd annual p robab i l i t y  o f  0.00001 t o  0.00002 

7.5.10.3 Surface f a u l t i n g  

No l a t e  Quaternary f a u l t s  are known i n  the v i c i n i t y  o f  the dam, so there are 
no potent ia l  sources o f  large-magnitude earthquakes i n  the v i c i n i t y  o f  the 
dam. Therefore, coseismic surface rupture associated wi th  a large-magnitude 
earthquake i s  not considered t o  pose a hazard t o  the dam. However, the 
occurrence o f  the random earthquake i n  the v i c i n i t y  o f  the dam could 
concieveably resu l t  i n  small , secondary displacements on favorably oriented 
fau l t s  i n  the dam foundation. Although avai lable evidence indicates that  
such fau l t s  are not present i n  the dam foundation, we have recomnended 
considering the p o s s i b i l i t y  t ha t  discrete displacements o f  as much as 15 cm 
could occur on north-trending fau l ts ,  i f  they are present i n  the dam 
foundation (Sul 1 ivan and others, 1988). 



7.5.11 Deer Creek Dam 

Deer Creek Dam is  located on the Provo River about 20 km southwest of 
Jordanel l e  damsi te  (pl . 1B). The reservoi r extends into Heber Val ley,  the 
southernmost back valley i n  the central Wasatch Mountains (f ig .  7.7). Two 
major f au l t s  are mapped on the west side of the reservoir (fig.  7.7)--the 
Charleston thrust, a l a t e  Cretaceous thrust f au l t ,  and the Deer Creek normal 
f au l t ,  a Cenozoic normal f a u l t  tha t  appears t o  merge w i t h  the Charleston 
thrust  a t  depth (Riess, 1985). There  i s  no evidence f o r  l a t e  Quaternary 
displacements on e i ther  of these fau l t s  (sec. 5.9). Concealed Cenozoic 
normal fau l t s  l ike ly  are  present near the margins of Heber Valley, b u t  there 
i s  no evidence f o r  l a t e  Quaternary displacements on these inferred faul ts .  
Scarps on the valley margins have been shown t o  be stream cut (sec. 5.9). 
Late Quaternary f au l t s  a re  inferred i n  Round Valley eas t  of the dam (pl .  18) 
tha t  are  potential sources of large-magnitude earthquakes (sec. 6.3). 

S i te  Geology 

Quartzi te  and limestone of the upper Paleozoic Oquirrh Formation dipping 30° 
upstream and s tr iking N300W i n  the upper plate  of the Charleston thrust were 
exposed i n  the dam foundation and abutments ( f ig .  7.7). A north-striking 
reverse fau l t  w i t h  di  splacement of as much as  100 m has been mapped in the 
Oquirrh Formation downstream of the dam. On the r ight  abutment this f a u l t  
projects below undi splaced a1 1 uvf a1 deposits with an estimated age of 
> 140 ka. No f au l t s  were reported i n  the dam cutoff trench or abutments. 

7.5.11.2 Seismic sources and MCEs 

Seismic sources and there associated MCEs f o r  Deer Creek Dam are shown in 
table 7.13. 

Table 7.13 Maximum credible earthquakes f o r  Deer Creek Dam 

Closest Average 
Earthquake approach Foca 1 return 
source MCE to  s i te  depth period 

(Ms 1 ( km) ( km) (1000 yrs)  
~ ~ ~ ~ ~ ~ ~ o ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ o ~ ~ ~ ~ ~ ~ - - - o ~ ~ ~ ~ ~ ~ ~ ~ ~ o ~ ~ ~ ~ - ~ o ~ - o ~ ~ ~ ~ ~ ~ ~ ~  

Wasatch f au l t  7 1/2 14 10-15 1.702.6~ 

Round Valley 6 1/2 to  
f au l t s  6 3/4 5 10-15 2 5- 100 

Random 
earthquake 6 t o 6 1 / 2 #  local 8-15 +* 

* Provo segment of Schwartz and Coppersmith (1984) 
# MI 
* For an estimated annual probability of 0.00001 to  0.00002 





7.5.11.3 Surface f a u l t i n q  

No l a t e  Quaternary fau l t s  are known i n  the v i c i n i t y  o f  the dam; therefore, 
surface fau l t i ng  i s  not considered t o  pose a hazard t o  Deer Creek Dam. 

7.5.12 Soldier Creek Dam 

Soldier Creek Dam i s  located i n  the southern Wasatch Mountains 
near the western margin o f  the Uinta Basin (pl .  10). The resul ts  of 
investigations and the conclusions from a s i  te-specf f i c  sei smotectonic study 
f o r  Soldier Creek Dam (Nelson and Martin, 1982) are sumnarized below. 

7.5.12.1 Si te  Geology 

So 1 
imn 
fau 
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d i e r  Creek Dam was constructed f n  lower Ter t ia ry  sedimentary rocks 
ediate ly  upstream o f  the St ink i  ng Spri ngs fau l t ,  a north-trending normal 
1 t. The reservoir extends upstream across the Strawberry fau l t ,  also a 
th-trending normal fau l t .  Trenching and coring established tha t  l a t e  
ternary surface displacements have occurred on the Strawberry f a u l t  
lson and Martin, 1982); therefore, f t  i s  considered a potent ial  source for 
arge-magnitude earthquake. The escarpment associated wfth Stinking 
ings f a u l t  i s  s imi la r  to  that  o f  the Strawberry f a u l t  suggesting that  l a t e  
ternary surface displacements have also occurred on the Stinking Springs 
1 t. 

Seismic sources and MCEs 

Seismic sources f o r  Soldier Creek Dam are shown i n  table 7.14. 

Table 7.14 Maximum credible earthquakes f o r  Soldier Creek Dam 

Closest Average 
Earthquake approach Foca 1 return 
source MCE to. s i t e  depth per1 od 

(Ms) ( km) ( km) ( 1000 yrs)  
---o---------o----------------------------------------o--------- 

Wasatch f a u l t  7 1/2 45 10- 15 1.7-2.6* 

Strawberry 
fau l t  7 

Stinking 
Springs f a u l t  6 1/2 1 oca 1 8-15 no data 

- - - -  - 

* Provo segment o f  Schwartz and Coppersmith (1984) 
* Nelson and Martin (1982) 



7.5.12.3 Surface fau l  t i n p  

Surface displacement o f  as much as one meter could occur on the St inking 
Springs fau l t ,  180 m upstream o f  Soldier Creek Dam, i n  association wi th  the 
MCE. Mapping and construction invest igat ions d i d  no reveal any f a u l t s  
trending i n t o  o r  extending under the dam ind ica t ing  tha t  s ign i f i can t  
displacements through the dam are extremely unl ikely;  however, a large- 
magnitude earthquake on the St inking Springs f a u l t  could produce some 
s h i f t i n g  o f  the foundation rock along preexist ing jo in ts .  

7.5.13 Monks Hollow Damsite 

Monks Hollow damsite i s  located on the Diamond Fork r i v e r  west o f  Spanish 
Fork, Utah i n  the southern Wasatch Mountains (pl. 1B). Folded and faulted 
Mesozoic t o  ear ly  Ter t ia ry  sedimentary rocks i n  the upper p la te  o f  the 
Charleston thrust  are exposed along the Diamond Fork. The proposed concrete 
dam w i l l  be b u i l t  on the Jurassfc Nugget Sandstone and Twin Creek Fonnation 
i n  the west 1 fmb o f  the nor th-s t r i  k ing Diamond Fork antfc l fne. The resul ts  
of fnvestigations and the conclusions from a s i te-speci f ic  seismotectonic 
study f o r  Monks Hollow Dam (Sul l ivan and others, 1987) are sunanarized below. 

A series o f  north-trending normal f a u l t s  t ha t  form a north-trendfng horst 
have been mapped withfn about 3 km o f  the dam, including a f a u l t  a few meters 
upstream o f  the dam alinement. Longitudinal p ro f f  l e s  o f  l a t e  Quaternary . 

terraces on the Diamond Fork River show tha t  no l a t e  Quaternary df splacements 
have occurred on any of these f a u l t s  (Sul l ivan and others, 1987). 

7.5.13.3 Seismic sources and MCEs 

Sefsmic sources and associated MCEs f o r  the damsite are shown i n  table 7.15. 

Table 7.15 Maximum credible earthquakes f o r  Monks Hollow damsi t e  

Closest Average 
Earthquake approach Focal return 
source MCE t o  s i t e  depth perf od 

(Ms ( km) ( km) (1000 y rs )  ................................................................ 
Wasatch f a u l t  7 1/2 15 10- 15 1.7-2.6* 

L i t t l e  
Diamond C r .  
f a u l t  6 t o  6 3/4 5 10- 15 25-100 

Random 
earthquake 6 t o  6 1/2# local  8-15 .In 

* Provo segment o f  Schwartz and Coppersmith (1984) 
dr MI 
** f o r  an estimated annual probabilf  t y  o f  0.00001 t o  0.00002 



7.5.13.3 Surface faul t inq 

No l a t e  Quaternary f au l t s  are  known i n  the v ic in i ty  of the dam; therefore, 
surface faulting i s  not considered t o  pose a hazard t o  the proposed Monks 
Hol 1 ow Dam. 

7.5.14 Mona Dam 

Mona Dam i s  located on Long Ridge a north and northeast-trending range block 
about 6 km west of the Wasatch fau l t .  The reservoir occupies a portion of 
the adjacent structural and physiographic basin called Juab Valley (pl . 1C). 
The resul ts  of investigations and the conclusions from a si te-specific 
seismotectonic study f o r  Mona Dam (Sullivan and Bal tzer, 1986) are  s u m r i z e d  
below. 

7.5.14.1 S i t e  Geoloqy 

No fau l t s  are  mapped i n  the Eocene volcanic rocks w i t h i n  the foundations of 
the existfng o r  proposed dams, but l a t e  Quaternary f au l t s  are inferred on the 
margins of Long Ridge. The Juab Valley f a u l t  on the eas t  side of Long Ridge 
is a down-to-the-east normal f a u l t  an t i the t i c  t o  the Wasatch f a u l t  tha t  i s  
inferred beneath Mona Reservoir, a few hundred meters upstream of the dam. 

7.5.14.2 Seismic sources and MCEs 

Seismic sources and associated MCEs f o r  Mona Dam are shown i n  table 7.16. As 
the Juab Valley f a u l t  is  an t i the t i c  to  the Wasatch f a u l t  any potential MCE 
associated w i t h  this f a u l t  is encompassed by the Wasatch f au l t  (Sullivan and 
Bal tzer, 1986). 

Table 7.16 Maximum credible earthquakes f o r  Mona Dam 

Closest Averaae 
Earthquake approach Foca 1 returi 
source MCE to  site depth period 

(Ms) ( km) (km) (1000 yrs )  ................................................................ 
Wasatch f au l t  7 1/2 3- 6 10-15 1.7-2.7* 

Random 
earthquake 6 to  6 1/2# local 8- 15 ++ 

................................................................ 
* Nephi segment of Schwartz and Coppersmith (1984) 

ML 
*+ f o r  an estimated annual probability of 0.00001 to 0.00002 

7.5.14.3 Surface fau l t ing  

No fau l t s  o r  shears have been identified i n  the foundation of the proposed 
dam, therefore no s ignif icant  surface displacements a re  l ikely t o  occur. 
However, joints are present i n  the dam foundation and a large-magnitude 
earthquake on the Wasatch f a u l t  could resu l t  i n  displacements on the Juab 
Valley f au l t  in the reservoir and small adjustments on the joints. 



7.5.15 Joes Valley Dam 

Joes Valley Dam i s  located within the ISB on the Wasatch Plateau, an area of 
nearly f la t - ly ing  Mesozoic and lower Tert iary sedimentary rocks south of the 
back valleys of the Wasatch Mountains (pl. 1C). The Wasatch Plateau i s  part  
of the t rans i t ion  zone between the Colorado Plateau on the eas t  and the Basin 
and Range Province on the west. Cenozoic extension i s  indicated by north and 
northeast-trending normal f a u l t s  on the Plateau. A si te-specific 
seismotectonic study f o r  Joes Valley Dam was conducted by Foley and others 
( 1986). 

7.5.15.1 S i t e  Geology 

Joes Valley Dam was constructed on a foundation of Ter t iary sedimentary rocks 
adjacent t o  the north-trending Joes Val ley  f a u l t  zone on the  ea s t  s ide of the 
Joes Valley graben. Scarps preserved i n  l a t e  Quaternary deposits together 
w i t h  the r e su l t s  of trenching es tab l i sh  t h a t  l a t e  Quaternary surface 
displacements have occurred on f a u l t s  i n  the Joes Val ley  graben. 

7.5.15.1 Sef smi c sources and MCEs 

Seismic sources and assocfated MCEs f o r  Joes Valley Dam a re  shown in 
tab le  7.17. 

Table 7.17 ~aximum credible earthquakes t o r  Joes Valley Dam 

Closest Average 
Earthquake approach Focal return 
source MCE t o  s i te  depth pert od 

(Ms 1 (W ( km) ( 1000 yrs)  
-----------------I-~-o..~--------..~~~~-~----~----o--o------------ 

Joes Valley 
graben 7 1/2 local 10- 15 10-40 

Random 
earthquake 6 t o  6 1/28 local 8- 15 * 
--o-----~---~------~-----------------------------o-------------- 

# ML * f o r  an estimated annual probabil i ty of 0.00001 t o  0.00002 

7.5.15.3 Surface faul t i n p  

No f a u l t s  a re  located in  the dam foundation so surface faul t ing does not pose 
a hazard t o  Joes Valley Dam (Foley and others ,  1986). 

7.5.16 Scoffeld Dam 

Scofield Dam is located on the Wasatch Plateau about 60 km north of Joes 
Valley Dam (p l .  1 C ) .  Cenozoic extension is indicated by north and northeast- 
trending normal f a u l t s  on t h i s  par t  of the Plateau. The results of 
investigations and the conclusions from a si te-specif ic  sei smotectoni c study 
f o r  Scofield Dam (Foley and others,  1986) a r e  su~rmarized below. 



7.5.16.1 S i t e  Geology 

Scofield Dam was constructed on a foundation of Ter t i a ry  sedimentary rocks 
adjacent  t o  the north-trending Pleasant  Valley f a u l t  zone on the e a s t  s ide  of 
the Pleasant Valley graben. A1 though no scarps  a r e  preserved i n  l a t e s t  
Quaternary deposi ts  i n  t h e  Pleasant  Valley graben, several  of the f a u l t s  
exh ib i t  geomorphic c h a r a c t e r i s t i c s  t h a t  a r e  sf m i  1 a r  t o  the l a t e  Quaternary 
f a u l t s  i n  the Joes Valley graben. The f a u l t s  w i t h  infer red  l a t e  Quaternary 
displacement c l o s e s t  t o  the dam a r e  the East and West Pleasant Valley f a u l t s  
both of which under1 ie  the reservoir .  

7.5.16.2 Seismic sources and MCEs 

Seismic sources and associated MCEs f o r  Scofield Dam a r e  shown i n  t a b l e  7.18. 

Table 7.18 Maximum cred ib le  earthquakes f o r  Scofield Dam 

Closest  Average 
Earthquake approach Focal re turn  
source MCE t o  site depth perf od 

(Ms ( km) (km) . ( 1 0 0 0 y r s )  
~ ~ ~ o ~ ~ ~ ~ o . ~ ~ ~ o ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ . ~ ~ ~ o ~ o - ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ o ~ ~ ~ ~ ~ . ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  

Joes Val l e y  
f a u l t  zone 7 1/2 22 10-15 10-40 

Pleasant  
Val l e y  
f a u l t  zone 7 local  10- 15 no data  

Random 
earthquake 6 t o  6 1/2f local  8- 15 * 
-0 o ~ ~ ~ ~ ~ ~ I . o o ~ ~ ~ ~ ~ . o ~ ~ ~ ~ ~ ~ . . ~ ~ ~ o ~ ~ - ~ ~ ~ ~ ~ ~ ~ ~ ~ - - - - ~ ~ ~ ~ ~ . ~ ~ ~ ~ ~ ~ - ~ ~ ~  

ML * f o r  an estimated annual probabi l i ty  of 0.00001 t o  0.00002 

7.5.16.3 Surface f a u l t i n g  

No l a t e  Quaternary f a u l t s  have been iden t i f i ed  t h a t  trend through the  dam 
foundation, so surface f a u l t i n g  is not considered t o  pose a hazard t o  
Scofield dam (Foley and o the rs ,  1986). 



7.6 Reservior i nduced sei smici t y  

RIS (reservof r fnduced seismioity) refers t o  the occurrence o f  small- and 
moderate-magnitude earthquakes during o r  a f t e r  the impoundment o f  reservoirs. 
These earthquakes, which have occurred a t  a number o f  reservoirs worldwide 
(Sfmpson, 1976), are thought t o  be na tura l l y  occurring events tha t  are 
tr iggered prematurely by the presence o f  the reservoir. A s t a t i s t i c a l  
analysis o f  h i s to r i ca l  seismici ty to determine i f  R I S  had occurred a t  any o f  
the reservoirs i n  the Regional Study area i s  reported i n  Appendix B. The 
p r inc ip le  conclusions from t h i s  study are sunmarized below: 

1) No increase i n  earthquake a c t i v i t y  was noted a t  any o f  the subject dams 
upon i n i t i a l  f i l l i n g ,  al thou h a l l  but one o f  the reservoirs were f i l l e d  
p r i o r  t o  1967, before i n s t a l  9 a t ion  o f  the current seismograph network. 

2) Based on the s t a t i s t i c a l  analyses reported i n  Appendi x B, there i s  no 
evidence f o r  the occurrence o f  RIS a t  any but one o f  the reservoirs i n  the 
region. While the analysis pointed to possible R IS  a t  Wanship Dam, 
further considerations lead t o  the conclusion tha t  RIS had not  occurred. 

3) Based on theoret ical  studies and observed cases o f  R I S  worldwide, the 
Regional Study area shares a number o f  a t t r i bu tes  tha t  appear t o  be 
conducive t o  RIS. However, the depths and volumes o f  the reservoirs i n  
the study area are lower than those for  which the probabil i t y  o f  R I S  
occurrence has been judged t o  ba s igni f icant .  
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PROBABILISTIC DETERMINATION OF EPICENTRAL DISTANCES 

When speci f f  c sources of earthquake a c t i v i t y  are  i den t i f i ed ,  such as 
fau l t s  wi th evidence o f  recent recurrent  sur face displacement , a deter- 
m i n i s t i c  assessment o f  earthquakes f o r  engineer ing analysis m y  be made. 
A conservative method places the assigned event on the  f a u l t  a t  the 
po in t  of c losest  approach t o  the  s i t e  o f  i n t e res t .  As long as causative 
fau l t s  o r  c l us te r s  o f  seismic a c t i v i t y  are i d e n t i f i e d ,  there i s  l i t t l e  
d i f f i c u l t y  i n  app ly ing t h i s  method. Prob lem ar ise,  however, when 
se ismic i t y  i s  apparent ly uncorrelated w i t h  spec i f i c  locat ions o r  fau l t  
s t ruc tures.  

If the s i t e  o f  i n t e r e s t  f a l l s  w i t h i n  a zone o f  seemingly random seismic- 
i ty ,  two avenues o f  i n t e r p r e t a t i o n  may be followed. A simple deter-  
minist ic-approach would be t o  assign reg iona l  events a t  the s i te .  This 
may be over ly  cautious, however, since t he  method essen t i a l l y  takes the 
ra te  of se i sm ic i t y  f o r  the  e n t i r e  zone and. app l ies  i t  t o  the  s i t e .  
Scal ing the observed se ismic i t y  t o  a smal ler  zone surrounding the  s i t e  
does no t  remedy t h i s  problem since there  i s  no r e a l i s t i c  way of p ick ing 
an appropr ia te  s i z e  f o r  t he  zone. The a l t e r n a t e  procedure i s  t o  take 
i n t o  account d i r e c t l y  t he  p r o b a b i l i s t i c  nature of sefsmic i ty  i n  the 
zone. 

If the assumption can be made t ha t  earthquakes occur as independent 
events, unrelated both s p a t i a l l y  and i n  time, then a p r o b a b i l i s t i c  pro- 
cedure may be used t o  compute epicentral  distances. With in the zone, 
earthquakes a re  assumed t o  have a uni form spa t i a l  d i s t r i bu t i on .  For 
t h i s  case, t h e  number o f  earthquakes i n  any area contained i n  the zone 
i s  independent of the actual  l oca t ion  o f  t he  area and i s  dependent on ~y 
on the area's s i z e  and length o f  exposure time. 

A commonTy used model o f  earthquake occurrence over t ime i s  the Poisson 
d i s t r i bu t i on .  This process assumes t ha t  events occur a t  an average ra te  
X ,  mi  ch does not vary over time, and t h a t  events are independent (i .e., 
there are no t rends wi th  t ime such as af tershock sequences o r  loca l ized 
swarms ). Although evidence has been presented which suggests tha t  i n  
many instances these assumptions are not accurate, other s t a t i s t i c a l  
models have not  been shown t o  have any greater  a p p l i c a b i l i t y .  The 
Poisson model i s  thus a simple, wel l  understood parameterizat ion fre- 
quent ly  used i n  seismic hazard analysis. 

The geqeral form o f  the Poisson d i s t r i b u t i o n  i s  given by 



where P i s  the probabf l f t y  o f  k events occurring during t ime t, w i t h  an 
average ra te  o f  occurrence 1. The mean number of events occurri  ng i s  
A t .  The p robab i l i t y  of no events occurring i n  tlme t i s  

I n  applying the Poisson model t o  earthquake occurrence over an area of 
uniform seismicity, X i s  defined t o  be the mean number of events i n  the 
area wi th  magnitudes between m - m/2 and m + ~m/2 per u n i t  time. The 
magni tude-f requency o f  occurrence law i s  

where N i s  the  number o f  events w i th  magnitude m o r  larger  per un f t  area 
per u n f t  time, and a and b are constants. Using t h i s  re la t i on  fo r  an 
area of radius r then a l l o m  X t o  be expressed as 

If a probabi 1 i t y  P o f  nonoccurrence i s  speci f i  ed, then the  radi us r may 
be found I n  terms o f  known parameters using equations 2 and 4. 

Equation 5 gf ves an epicentral  distance a t  t h e  selected probabi 1 i t y  of 
nonoccurrence P w i th in  an exposure t ime t. An event of  magnitude m 
wi th in  the i n te rva l  ~etAm/2 has a p robab i l i t y  of 1-P of  occurring closer 
than a distance r w i t h i n  a t ime t. It i s  i l l u s t r a t i v e  at t h i s  point  t o  
fu r ther  examine the Poisson d i s t r i b u t i o n  and demonstrate some simple 
r e l a t i  onships. 

GI ven a probabi l i t y  of nonoccurrence Pn over exposure time tn, a mean 
ra te  of occurrence Xo i s def i  ned by 

This ra te  of occurrence Xo i s  then 

from t h i s  rate of occurrence one could calculate an epicentral distance 
r f o r  a given magnitude i n te rva l  11rkAml2 by using equation 4. This i s  
the distance given by equation 5. 

Given the occurrence ra te  Xo (which i s  determined by Pn and tq) the 
occurrence time to f o r  which the probab i l i t y  of  occurrence reaches some 
value Po i s  d e t e n i  ned from 



For t h e  special case X , t ,  8 I, the p r o b a b i l i t y  of occurrence i s  

and t h e  occurrence tfme to i s  

tn / ( l -Pn)  f o r  I - P n < < l  

I n  the  timi tn there  i s  a p robab i l i t y  o f  1-Pn o f  an event occurring. 
However, i n  a t ime t,/l-Pn there i s  a probabi l f t y  o f  0.63 of an event 
occurr ing, provided P,, i s  close t o  un i ty .  

For example, l e t  the  annual ( t n  = I) p r o b a b i l i t y  on nonoccurrence Pn of 
an earthquake i n  some area be g i  van by 1 '- ( 2  x 10-5) = 0.99998. Then 
there i s  a probabi 1 i t y  o f  0.63 o f  having an earthquake occur i n  t ime 
t n / l - P n  50,000 years. 
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B.l.0 Introduction 

Reservoir induced seismicity (RLS), the occurrence of earthquakes caused by the artificial storage 
and regulation of impounded water, is a phenomenon that is generally acknowledged to have 
occutred in a number of cases. In specific cases, however, RIS has proven very difficult to define, 
observe, and predict (Meade, 1982). Early reviews of FUS include those by RothC (1970), Simpson 
(1976), and StuartiUexander and Mark (1976). Packer and others (1977) list 16 "accepted" and 35 
"questionable" caseu of RIS worldwide. The moat destructive induced earthquake appears to be the 
1967 magnitude 6.3 Koyna, India event. This quake killed 200 penons and injured 1500 others, 
and caused significant damage to the dam (Gupta and Rastogi, 1976). Other notable examples 
include activity a t  Hoover Dam, Nevada (Carder, 1945), Nunk reservoir in the Soviet Union 
(Simpson and Negmatullaev, 1981), and Lake Kariba in Rhodesia (Gough and Gough, 1970). 

Proposed mechanisms for the physical causes of RIS are presented by Kisslinger (1976) and Simp- 
son (1986). It is generally agreed that two main effects are responsible for the phenomenon: elastic 
stresses transmitted to the underlying crust due to the weight of the impounded water, and the 
effect of increased pore pressure on fault planes at depth. In both cases the state of stress on a 
fault must be very near that required for rupture, so that the impounded wqter in effect acts as a 
triggering mechanism. Facton that appear to be important include the volume and depth of the 
reservoir, the type of rock underlying the reservoir, its permeability, the existence of pre-existing 
faults, and the magnitude and orientation of the crustal stress field. Packer and others (1980) 
found that the great majority of RIS events occurred within 5 yeam of initial impoundment, and 
all but one occurred within 10 yean. It has been suggested (Simpson, 1986; Leith, 1984) that the 
cwo main mechanisms described above iduence the delay time between initial impoundment and 
the RIS event. Whereas initial compaction due to the water weight would cause the event to occur 
within several weeks or months, pore pressure changes due to the downward percolation of water 
could take several years to manifest as failure of a fault plane. Gupta and others (1975) found 
that RIS is influenced by the rate of increase of water level, the duration of loading, and the period 
of time during which high water levels are maintained. 

To our knowledge. the only suggested case of RIS in the ISB is a t  Palisades Reservoir. Idaho (e.g., 
Smith and Sbar, 1974; Schieicher, 1975). T h u e  suggestions, however, are based on the detection of 
swarms near the reservoir during brief (less than one month) recording periods. Bones (1978), in 
discussing the results from a 3-week microearthquake survey, disputed Schleicher's (1975) sugges- 
tion. Piety and others (1987), during a 3-month microearthquake survey, found swarms lasting 
several days to be pervasive in the area. and unrelated to fluctuations in reservoir level. Continu- 
ous monitoring over several years would be necessary to resolve the question of RIS a t  Palisades 
Reservoir. 



In this study we analyzed historical seismicity to detect possible RIS occurrence associated with the 
13 USBR reservoirs in north-central Utah. The study consists two parts. In the first, a search for 
an increme in activity following initial reservoir impoundment is made. In the second, the more 
recent network data are examined statistically to search for consistent seasonal increases in seismic 
activity that may be related to the normal yearly fluctuations in reservoir level. At the end of this 
section, the potential for RIS in north-central Utah will be discussed based on the results of this 
study, publihed observations of R E  elsewhere, and theoretical studies. 

B.2.0 Statistical Analysis of RIS in North-central Utah 

This section describes a statistical analysis of earthquake occurrence around USBR dams in north- 
central Utah. The purpose of the study waa to try to determine whether RIS occurred upon initial 
Wing, or has occurred on a seaaonal basis in the vicinity of the subject dsms. The procedure for 
the analysis was as follows: 

(1) Earthquaku from the entire historic record occurring within 15 km of the 13 subject dams 
were axtracted from the University of Utah cadog. Thew were plotted in map view in order 
to examine their spatial dbtribution, relation to regional seismicity patknrs, and relation to 
mapped faults. 

(2) The earthqualru for each dam were plotted in histogram form to show the number of events 
p a  year, and detect any s i d e a n t  ineressar in local earthquake oceurnnce following initial 
water impoundment. 

(3) A statistical analysis waa performed on more recent data (19741986) to search for seasonal 
biases in seismicity lev& around the subject reservoirs. A tat wae made to see if monthly 
variations in activity in the vicinity of each dam diered s i w c a n t l y  from variations in the 
regional data. Then, the data were grouped into tmonth  periods to detect increases in sea- 
sonal proportions between the local and regional data sets. 

(4) The evidence for RIS around each dam waa then discused in light of the above evidence. and 
additional factors such as significant changes in network configuration and other sampling 
problems were considered. 

Table El lista the 13 USBR dams that are the subject of this study. Information regarding the 
location, year of initial IiUng, and reservoir capacity are listed for each dam. The structural 
height of the dam is tabulated, and is taken as a reasonable estimate of maximum reservoir depth. 
The locations of the dams are plotted on Plates la, lb ,  and lc. 

Earthquakes taken from the University of Utah catalog that occurred within 15 km of the dams 
are plotted in figun B l ( e m ) .  This distance is somewhat arbitrary, but was judged to be a rea- 
sonable value considering such facton as the size of the reservoirs, the closeness of induced events 
to reservoirs in documented cases, and the location errors of earthquakes in the catalog. The plot- 
ted symbols are scaled to magnitude, and faults are drawn as mapped on Plate 1 on each figure. 
la contrast to the epicenters plotted on plate 1, those in figure B1 encompass the entire historical 
extent of the catalog. In the figure for Joe's Valley dam (B-If), the cluster of events in the box are 
the result of mining activity (Smith and others, 1974; Foley and othen. 1986; Williams and .ha- 
bas.  1988) and were not used in further analyses. 

Histograms that display the epicentvs plotted on figure El M number of events per year are 
shown in figure B2(bm). The year of initial reservoir filling is indicated by an arrow. In figures 



without arrows, seismicity within 15 km of the dam was not recorded until a number of yean after 
initial filling. Note that scales differ between figures, and that due to the record length at some 
damsites the histograms may extend for two or three pages. In most of the figures, an increase in 
activity is evident in the mid-1970's. This is largely due to the installation of a dense, high- 
magnification network of seismograph stations in central Utah, which allowed for the detection and 
location of larger numbers of smaller magnitude events. A signscant problem with graphs of this 
type is that changa in detection capabilities sometimes occur within the time span of the displayed 
daca set. In order to compensate for the increase in detection in 1974, earthquakes that occurred 
between 1962 and 1986 with magnitude greater than or equal to 8.3 are plotted in tigure B-? as 
solid portions of the histogram. Since Arabasz and others (1980) assert completeness for the 
Wasacch front area for magnitude 2.3 since 1962, the solid representations give a more accurate 
picture, from the standpoint of a uniform detection level, of earthquake occurrence around the 
dams. A discussion of changes in instrumentation and detection capabilities in the study area can 
be found in section 4.2 in the main body of this report. 

Table B-3 summarizes postimpoundment activity in the vicinity of the reservoin. The largest 
post-impoundment earthquake within two different radii, 15 and 25 km, is tabulated from a point 
estimated to be the center of the reservoir. At  d e n  to the number of yean after initial filling the 
event occurred, and the length of the observation period is noted in the last column. Simpson 
(1986) obacnred that RLS due to pore pressure changes can occur up to 20 km from the reservoir. 
The 25 km distance was chosen to conform to thia distance, and to take into account such vari- 
ables Y irnguiaritiu in raervoir ouzliine and epicentral errors. 

The purpose of the statistical analysis wm to compare monthly seismicity rat= between local sam- 
ples near the ruervoirs (figure B-1) and rates recorded in the central Utah region as 3 whole, in 
order to detect possible seasonal biases that may be attributable to RIS. The "central Utah region" 
as d&ed for thia analysis extends from latitude 39.ON - 42.ON, and from longitude lll.OW - 
112.5W, and is therefore equivalent to the area shown in Plate 1. Because of uncertainties in cata- 
log completeness before installation of the dense high-gain network, only data recorded since 
Sovember 1, 1974 are used in the analysis. The catalog was complete through June, 1986 at  the 
time of this study. Although Arabase and others (1978) state that this catalog can be considered 
complete only for evenu of magnitude 1.5 and above, all magnitudes were utilized. While a 
greater number of events lends greater credence to the statistical conclusions, the danger exists that 
a change in the station distribution in the vicinity of a specific site can significantly alter the detec- 
tion capability in that area, and therefore give a biased estimate of the seismicity rate. To account 
for this possibility, yearly station location maps have been d r a m  (figure B3). These, along with 
knowledge of the operating histories of individual stations, were used to help determine whether 
signscant changes in activity were real or could be attributed to changes in detection capability. 

Due to practical considerations. aftershocks and swarms events were not deleted from the catalog 
before carrying out the statistical analysis. While over a large region these phenomena may occur 
randomly and frequently enough to not bias the data, for local samples the occurrence of either is 
bound to signal aberrations in seismicity not necessarily due to RIS. Ideally, it would be preferable 
for earthquake occurrence to approximate a Poisson process, where events occur independentlv in 
time and space. Since it does not for this case. we were forced to identify the effects of aftershocks 
and swarms on a case by case basis when discussing statistically significant results. 



The first statistical test considered was to see whether or not the monthly proportions of events at 
a given site can be said to d8er  significantly from those in the region. This "goodness of Et" test 
has an approximately X' distribution (e-g., Waldpole and Myers, 1985), and was calculated with 
the statistic 

where o; = the obswed number of evenu that occurred around the reservoir in month i ,  and ei - the expected number of local events in month i ,  given the proportion of events that occurred in 
the central Utah region (aa defined above) during that month. Tabulations of the number of 
events occurring in each month of each year, for the region and for the area around each dam, are 
prumted in table B-2. In this and the following test, the events occurring around the ruervoir 
were subtracted from the number of regional events, so that the two samples were independent. 

An important limitation to the eflectivenesr of this statistical tat is the small sample sire around 
maay of the reservoin. A number of statttiu textbooks (e.g. Wddpole and Magen, 1985) state 
that equation (1) should not be used when c,- is less than 5. Thia means that low confidence 
should be placed in the analysis of damsitas where the eanhquake sample sira is lean than about 
50. Table B-2 s h m  that about half of the d a m  have sample skcs below thia number. However, 
xZ vaiuea have been computed for all d a m ,  and problemr associated with sampling ddciencia will 
be discussed later for each case. 

The calculsted x2 valucs are presented in table B.4. Here we tested the hypothesis that the 
monthly proportion of activity amund a particular reservoir did not differ significantly from that 
in the region aa a whole. Eramining the table with n-1 = 11 degms of freedom, we b d  that 
the X2 value is s i w c a n t  a t  the 95% level if it exem& 19.675. It can be seen in table B-4 that the 
x' values for Deer Creek. Echo, Hyrum, Neaan,  and Wanship Dams exceeded this value. The 
analysis therefore pointed to these darns as subjects for further examination. 

The next step in the pmc- waa to isolate the particular month or season that gave anomalous 
statistical results in individual cases, and see if an annual periodicity in anomalous behavior was 
evident. For thia test the rates for each month were summed into 3-month quarten in order to 
detect rate changes in a "seasonal" time frame. This grouping is baaed on the presumption that 
water level changes responsible for RIS also occur a t  roughly "seasonal" intervals. Every possible 
consecutive 3-month combination was utilized, so that if indeed a cause and effect relationship 
existed, a phase shift of 1 or 2 months would not go undetected. This staggering of quarters was 
also effective in isolating single months of anomalous activity, as will be seen in the discussion ol' 
the results. 



In this case we were interested in comparing the quarterly proportiom of activity in the area sur- 
rounding the dam to that in the region, to see if a significant difference could be detected. For this 
purpose we used the statistic. 

where 8 = =1 + =2 

nl  + nl ' 
zl is the number of events per quarter around the dam, nl is the total number of events around 
the dam, and z l  and n? are the same values, nspective~y, for the region. z is a random variable 
having approximately the standard normal distribution. 

In formalizing this problem, our null hypothesis, H,, was that the local quarterly proportion did 
not signiscaatly differ from the regional quarterly proportion. Where we set the critical z-value 
for a given siguiicance levd depended on whether the alternative hypothesis, HI, was that the 
local proportion was greater than or less than the regional proportion, or whether it was only 
greator. For the pupoaea of this study, we chore the second option (with a critical value of 1.645)' 
on the reasoning that for engineering purposa we are only interested in identifying an increased 
hazard due to possible RIS effects. The k t  alternative, however, assumu interat in decreased 
activity as w d ,  and has implications for the physical csuses of the fluctuations. Thia will be dis- 
cussed further in section B.3.0. 

The computed valucs an shown in table B-5 with vduss greater than 1.645 marked. The table 
shows that q u e e n  with abnormally- high r a t e  appeared to be distributed equally among the 
spring, summer, and autumn months. There was no dam around which activity could be charac- 
terized as unusually high during the winter months. In no quarter were there more than four dams 
that exhibited anomalous activity, and thus the evidence does not suggest a regional seasonal 
preference for abnormally high activity. 

In examining the question of whether RIS has occurred at  any of the major dams in the CUP 
region. each dam and reservoir will be discussed in terms of seismicity occurrence upon initial 
tilling, seismicity occurrence in the vicinity of the reservoir and its relation to regional pattens, 
and results of the statistical analysis. If the analysis showed signific3ntly higher activity during 
particular periods than that observed in the region, table B-2 was examined to see if the anomaly 
was due to an isolated swarm or mainshock-aftenhock sequence, or if it was caused by consistently 
higher activity in all or most of the years of record. Because the number of earthquakes varied 
greatly from sample to sample, there were cases where the occurrence of a small number of events 
during a gven period gave rise to 3 misleadingly high statistic. These cases were identified where 
they arise. 

Reservoir, filled in 1966, lies on the eastern edge of the north-south trending back 
valley seismicity trend (plate la). Two local (within 15 km of the dam) events were recorded 
in 1967; then none until 1971 (figure B2a). The z-test showed one period that slightly 
exceeded the 95% confidence limit. This anomaly can be traced to a swarm of events that 



occurred in September 1978 (table B-2b). 

Rrec b e k  Reservoir, 6Ued in 1941, lia in a zone of sparse activity near Round.Valley (plate 
lb). No local events were recorded until 1953, 12 yean after initial impoundment. The chi- 
square tat (table B-2) shows a significant deviation from the regional norm, which also 
appean in columns 4 5 ,  and 6 of table B-5. An examination of the monthly event counts 
(table B-Zc) shows June and July to have had a high number of events relative to the rest of 
the year. Further examination of the table, howwer, meals  that 17 of 23 monthly readings. 
or 74%, had zero events, and 9 of the 23 events, or 40%, occurred during only 2 periods. 
Thus it does not appear that June and July exhibit consistently increased activity. 

Ea& CRnvnn Resenroir, filled in 1966, lies within the back valley seismic trend northeast of 
Salt Lake City (plate lb). Local seismicity w a ~  negligible h the 8 y a m  following initial 
impoundment (figure B-2c). While the chi-square tsst was negative (table B-f?), the z-test 
showa hro a n o d o u s i y  high late summewsueumn quutars (fable B-5). Tbia observation can 
be tnrced to the occurmace of a marm of small (Mt < 1.5) events in September and October 
of 1976, which is seen in figure B-lc acr a cluater &out 10 km northeast of the dam. Figure 
B3 showa a stable station diatribution about this site during the entire recording period. To 
draw a pomible c o d a t i o n  b e ~ ~ e a a  thia swarm and the Eaat Canyon fault ia beyond the 
scope of thia study. Aside from the mcum, activity during September and October in all 
other yeam appears normd. 

Erha Reservoir is located about 20 km east of East Canyon Reservoir. Although the reser- 
voir waa Wed in 1930, no local carthquakar were documeatad untii 1964 (figure B-2d). The 
z-vduar show anomalously high periods in the autumn. This d t a  from the same 1976 
swarm that war responsible for high valuas for Eaat Canyon R c b ~ o i r ,  and aside from that 
year activity during thow months appean normal. 

Hvrrlm Reservoir, llled in 1935, is located about 50 km north of Ogden, several km w a t  of 
the back valley seismic trend (plate la). No a ~ o d o u s  activity waa recorded following ini- 
tial Wing of the reservoir (figure B-2e). The statistical teats show anomdously high activitv 
rates in spring and late fall (table B-5). These caa be traced to a swarm of 19 small (Mr. < 
1.0) events on June 12. 1982, and a week-long swarm of 25 somewhat larger (ML < 2.0) 
earthquakes in late December, 1983 (table B-2f). The 1982 swarm can be seen if figure B l e  
about 5 km southeast of the dam; the 1983 swarm is part of the cluster on the east side of 
che East Cache fault. Aside from these two isolated swarms, activity during those months 
appean normal. Figure B-3 shows that station distribution around the reservoir has been 
dmse and stable since 1978. 

h a  Reservoir, filled in 1966, is located on the Wasatch Plateau (plate lc), in an area 
of low-level, d i h e  seismicity. The dense cluster of activity outlined in figure B l f  has been 
related to cod mining activity (Smith and others, 1974; Foley and othen, 1986: Williams 
and .bbasz ,  1988), and was deleted prior to analysis. No anomalous activity was recorded 
following initial reservoir filling (figun B-2f). The statistical analysis (table BS) shows a 
high quarter during the spring. An examination of actual activity, howwer, (table B-2g) 
shows that 12 of the total of 27 events occurred during this period. Given this small total 
number, and the fact that moat of the entries during March, April, and May show zero 
events, the high z-value computed for this period should be attributed to the small sample 
size. Sampling problems due to uneven station distribution about the site are also suggested 
by figun 8 3 .  

h~ Q c c k  Reservoir, also filled in 1966, is located in a rqion of very low seismicity about 
40 km east of Ogden (plate la). No unusual activity was recorded following initial reservoir 



filling. Although one anomalously high quarter was noted by the statistical analysis (table 
Bj), arguments presented above regarding the validity of the analysis when small sample 
sizes are involved apply to this case also. 

I\lmvtan Reservoir, Wed in 1945, is located in a relatively quiet zone about 90 km northeast 
of Logan (plate la). No local activity was recorded until 12 years after initial filling. The 
statistical analysis shows 3 summer quarten of high activity, which can be traced in table 
B 2 i  to a high total number for the month of July. However, since only 3 of the 11 yean are 
responsible for the anomaly, this cannot be considered a cowistent seasonal trend. 

Ebexh Reservoir, located several km east of Ogden (plate la), was fint filled in 1937, and 
raised to its current dimensions in 195:. No anomalous activity was noted during the decade 
following either year (figure B-8). A high z-value is noted during January, February, and 
March in table B-5. This is due to 5 swarm events that occurred on February 11, 1976. 

smasrd Reservoir, filled in 1946, is located on the Wasatch PIateau in a region of low seismi- 
city (plate lc). No local activity was noted until 21 years aitv  initial filliig. Although 
seismicity duriag the months of March, April, and May are noted in table B-5 as being high, 
the small sample size (30 total events) preclude thia from being labeled significant. This site 
h~ a h  sdered from uneven and sporadic station coverage (figureB-3). 

Snldirr CrnL Reservoir is located in a relativdy quiescent zone about 30 km east of Provo 
(place lb). Although the dam was constructed in 1973, &g did not begin until 1984. 
Because filling is not yet complete, the memoir outline has not been drawn on figure B-lk. 
Figure B2k  indicaus no in- in activity since 1984. Because only 5 local events have 
been recorded for thia site, statistical analyses ate probably meaninglesa. Figure'B-3, how- 
ever, s h m  that station coverage in thia area has always been poor, and an examination of 
the 5 events show that none have a magnitude less than 1.2. Therefore it is likely that 
smaller earthquakes are missing from the sample, and that the low activity rate is somewhat 
misleading. 

Reservoir, located a few km west of Soldier Creek Reservoir, was filled in 1913. 
No local events were recorded until 1971 (figure B21). Since the local seismicity sample 
numbers only 12 events, a statistical analysis, as for Soldier Creek, is probably meaningless. 
The discussion on station coverage presented in the previous paragraph also appiies to this 
site. 

%uship Dam (Rockport Reservoir), is located on the east side of the back valley seismic 
trend about 30 km east of Salt Lake City (plate lb). The reservoir was filled in 1957, and no 
local activity was recorded until 1970 (figure B2m). The statistical analysis points to 
anomalously high activity during the fall months (table B2.B-5). Table E 2 n  shows the 
numben of events to be fairly well distributed throughout the years, except for a swarm of 4 
events that occurred during December &lo, 1978. The removal of these events would lower 
the number of anomalous periods. The sample size for this site is relatively small (45 
events). Aside from these considerations, two additional observations argue against RIS 
occurrence at  this site. The k t  is that the anomalous period is during the autumn months. 
when reservoir levels are generally low and stable. An examination of table B2n shows that 
the statistical anomaly is due to heightened activity during the months of October. 
November, and December. Simpson (1976) and Simpson and Negmatullaev (1981) point out 
that induced earthquakes seem to occur when the water level is at  or near maximum. and 
also when abrupt decreases in water level or rapid decreases in the rate of filling occur. Con- 
sidering the normai seasonal water level cycles for reservoirs in the study area, these condi- 
tions and level changes are very unlikely to occur during the months of October. November. 



and December. The second is that the local seismicity pattern seen in 6gure B l m  cleariy 
appeam to be part of the larger regional pattern seen in plate lb. We would therefore argue 
against RIS occurrence at Rockpon Ruervoir, although the evidence is not conclusive. 

The results of the statistical analysis show no clear evidence for RIS at any of the 13 USBR dams. 
However, the limitations of this study require that these ruults should not be considered con- 
clusive. Earthquake detection capabilities a t  the dates when many of the mervoin were initially 
Elled w e n  poor by today's standards, and it is therefore possible that smaller magnitude induced 
events occurred that were not detected. The University of Utah seismograph network was not 
designed with the documentation of RIS as a primarily goal, and coverage amund a number of the 
reservoirs has been poor or uneven. Thus i t  is possible that RIS has occurred in the study area, 
but that midence for i t  is not obtainable from the avaibble data. Ah, the statistical analysis 
looked a t  only one parameter, number of earthquaka. The examination of other parameters, such 
aa moment nleaae, could yidd diEereat nsuits. The possibility that the statistical models used do 
not adequately appmximate the earthquake occurrace proecsr abo abts. 

Baecher and Keeney (1982) attempted to draw statiatid comlationa between documented caaa of 
RIS and attributa such ar memoir depth and volume, bedrock type, st- Bald, and presence of 
active faulting in the w o k .  They found that of all the characteristics, depth and volume b a t  
cornlated with RIS occurrence. S p d c a l l y ,  it war found t h 3  reservoin deeps than 92 m or 
greater than 12 x 1@ m3 in volume showed the highest probabilitiu of exhibiting RIS. A we& 
coda t ion  between depth and volume, given RIS occurrence, wam noted. Rmtrvoirs with parame- 
ters 1- than these vducs were judged to have pmbabilitia of RIS of cloae to %em. Other p r o  
ferred attributes were found to be sedimentary bedrock beneath the reservoir, and'active faulting 
present prior to resenroir imp'oundment, although the statistical correlation for  the^ characteristics 
waa not as strong as that for depth and volume. Pmbabilitiu for RIS were pmented given vari- 
ous single and combined attributes. For example, looking only a t  reservoirs exceeding 92 rn in , 

depth gives an RIS frequency of about .14. 

A strean field in which extensionai or shear faulting predominatu appeam to be the most conducive 
for RIS occurrence, based on theoretical studies (Simpson, 1988) and observed casu (Baecher and 
I h n e y ,  1982). A sizable body of evidence (section 2.4) indicates that the CUP region is currently 
experiencing crustal extension. In-situ stnss measurements conducted near the JordaneIle darnsite 
(discussed in section 2.4) indicate strua lev& that may be close to failure. The measurements also 
indicated low pore pressures, which would tend to maximize the potential for induced failure on a 
fault due to water seeping down from a reservoir. Simpson (1986), however, points out that uncer- 
tainties in this type of measurement may be large compared to the strua required to initiate 
fdure. 

In the dacription of the statistical analysis, it was mentioned that there was a choice between a 
one-aided t a t  and a two-sided test when using equation (2) in section B.3.0, depending on whether 
we were interested in identifying both increases and decreaau in activity, or only incnsses. For 
the purposes of this study, only increases w m  noted. In table B5 ,  there are 27 quarters in which 
the regional rate was exceeded at the 95% confidence level. It is intensting to note. howwer. that 
then were 95 quarters in which the local rate was lower than the regional rate at the same 
confidence level (i.e., z-value leu than -1.645). This implies that if there is one specific mechanism 
causing the local fluctuations, it has the effect of both raising and lowering the rate of local seismic 
activity. 



Although the great majority of documented R E  cases record an increase in activity due to reser- 
voir related effecu, two cases have b a n  ddcribed in which a decrease in seismicity has been attri- 
buted to effecw associated with water impoundment. In the fint, a gap in seismicity along the 
Calaveras fault in central California is postulated by Bufe (1976) to be caused by stable sliding 
(creep) along the fault due to increased pore pressure, resulting from downward percolation of 
water from h d e n o n  Reservoir. Bufe (1976) implied that this effect occurs at  shallow (less than 5 
km) depths, and for s m d  earthquakes on faults already prone to creep. The second case involves 
Tarbela Dam in Pakistan. Jacob and others (1979) noted a reduction in seismicity during initial 
memoir filling, which they attributed to increased loading in a compressional tectonic environ- 
ment. While the data for this case were not well supported statistically, good theoretical argu- 
menu exist for thek hypothesis (Simpson, 1976). None of the specialized conditions involved in 
these two casa appear to exist in north central Utah. Regional stresses are clearly extensional, not 
compressional, and to our knowledge fault creep has not been shown to play a significant role in 
tectonic movements. We would therefore expect reservoir related dects to manifest aa an increase 
in activity in the CUP region. The fact that an approximately equal number of periods of 
d-ed as opposed to increased activity were observed argues against RIS as the causative 
mechanism of the abnormal periods identified in table B-5. 

Packer and othera (1980)~ in examining 42 "acceptad" RIS casar, tabulated the time between initial 
6l.ling and the occurrence of the largest suspected FUS event. It waa found that 37 of the total, or 
88% occurnd within 5 years of initial impoundment, and $1 but two, or 95%, occurred within 10 
yeam. In examining the caae for dams in north-cent& Utah in table B-3, for only 2 of the 13 dams 
(excluding Soldier Creek reservoir, which has not been completeiy Ued)  did the largest local event 
occur less than 10 yeam before initial Wing. The two exceptions an a magnitude 3.7 event seen 
13 km WSW of C a w  dam in figure &la, and a magnitude 2.8 event seen at the center of Joes 
Vatley ruervoir in figure E l f .  Neither earthquake appears to stand out from the regional seismi- 
city pattern, and neither is unusually large. 

The largest earthquake that appears to have been induced by water impoundment is the 1967 
Koyna, India event. The actual magnitude of this event, however, varies from source to source in 
the literature, and the maqnitude scale is rarely noted. The magnitude is stated as "magnitude 
7.0" in Guha (1977), "magnitude 6.0" in Gupta and Combs (1976), and "M 6.5" in Gupta and Ras- 
cogi (1976). Rothe (1973) uses values of "magnitude 6.3" and "magnitude 6.4" in merent places in 
the same article. The only mentions of magnitude scales found by this author were by Gupta and 
othen (1972) ("magnitude 6.0 on I h i k ' s  Lo H scale"), and an Ms 6.3 noted by Gupta and others 
(1980). The scale preferred by the USBR for magnitudes in this range for use in strong motion 
analysis is the lML scale. Whde it is apparent that no Wood-hdemn seismographs were operat- 
ing within a favorable distance of the 1967 event, the Ms reading gives some insight into an 
equivalent ML value. Based on a comparison between 1Ms and ML for 34 western U.S. earth- 
quakes. Xuttli (1979) caiculated 3 regression between the two scales which equates '& 6.3 to .\fL 
6.2. This relation should be considered very tenuous, however, because of the fact that there were 
only three magnitudes greater than 6 in Nuttli's analysis, and also because frequency filtering 
characterics of the crust in India may be quite different from those in the western U.S. Faced w ~ t h  
the necessity of estimating a value for the maximum induced event for central Utah, however. we 
will assume an .%fL 6.5 earthquake to be a reasonable, conservative value for such an event. This 
value also coincides with the estimated magnitude of the maximum random (i.e., non-surface rup 
turing) earthquake for the intermountain seismic belt. 

Based on observations of RIS worldwide. one may conclude that the CUP region is a favorable 
environment for RIS occurrence based on the presence of a moderately active, extensional stress 
field. However, all but one of the USBR dams considered here are smaller and shallower than 
those considered by Baecher and Keeney (1982) as having a greater than negligible probability of 
exhibiting RE.  The lone exception, Soldier Creek reservoir, would be classified ru shallow (81 m )  
but has a projected volume of 13.65 x 10' rn3. The depth of this reservoir. however, has to date 



not exceeded 63 m , and the current volume is 7.821 x lo8 m3. This is below the threshold value of 
12 x lo8 m3 proposed by Baecher and Kuney (1982). In summary, although to the b a t  of our 
knowledge RIS has not occurred in north-central Utah, reservoin that have existed to date in the 
region have not bun  as large as those for which RIS is considered to have a greater than negligible 
probability. 

(1) Within the resolution of available datq  no increase in activity upon initial f i g  was noted 
at any of the subject dams. However, all but one of the reservoirs were filled prior to 1967. 
before the inaallation of the c u m t  seismograph network. Therefore this conclusion must 
be q u a d  by the regional detection thnsholda discussed in section 2.1 of the main report. 

(2) The statistical tats proved useful in isolating seasonal periods of anomalously high seismic 
activity. In all but one cwe, however, the anomalous activity was traceable to swarms dur- 
ing s p e d c  years and not to consistently higha activity during dl of the yean. Inadequate 
sample sizes also provided juati8catiom for questioning the validity of anomalous values. 
The fact thrt comparable numban of anomrlody high and low values were identified argues 
agsinrrt RIS aa~ the causative m e w  of the fluctuuions. 

(3) B a d  on the statistical and* performed in thb  report, there is no evidence for the 
occurrence of RIS at aU but one of the 13 USBR nsenroim. While the anaiysia pointed to 
pcmaible RIS a t  Rockport Rawmou (Wanship Dam), further conaidemtiom lead us to con- 
clude that RIS was not reqmnaible for the stat iat id anomaly. 

(4) Baaed on theoretical studin and observed casea of RIS worldwide, the CUP region sham a 
number of attributes that appear to be conducive to RIS. However, the depths and volurna 
of the reservoirs analyzed in this repon are lower than thoae for which the probability of RIS 
occurrmce b been judged to have a greater than negligible value. For duper and larger 
volume reservoirs, RIS probabilitim may be amignable based on the work of Baecher and 
Keeney (1982). 

Commenw on this appendix furnished by Bill Astle, Mathematics Department, Colorado School of 
,Mines. are gnatly appreciated. Dr. Walter Arabasz of the University of Utah made several good 
suggestions which were incorporated into the tinal manuscript. 



Table B-1 Dam and Reservoir Parametem 

Year Capacity Structural 
Dam Latitude Longitude Completed (~10' m3) Height (m) 

Causey 41.298 111.592 1966 .084 66 
Deer Cmk 40.400 111.533 1941 1.84 72 
East Canyon 40.920 111.600 1966 .593 79 
Echo 40.963 111.432 1930 .911 48 
Hyrum 41.625 111.875 1935 .I89 35 
Joe's Valley 39.288 111.270 1966 .678 59 
Lost Cmlc 41.185 111.400 1966 247 76 
Newton 41.900 111.983 1945 .067 3 1 
Pineview 41.250 111.833 1937 .543 32 
Pineview 1957 1.359 42 
Scofield 39.789 111.125 1946 312 38 
Soldier Creek 40.153 111.015 1913,1983. 13.650 8 1 
Straw berry 40.157 111.114 1913 3.330 22 
Wanship 40.790 111.403 1957 ,751 53 

'filling began in 1983; 
reservoir depth is at 63 m. volume is at 7.821 x lo8 m3 (March, 1988) 



Table 8-2a. Monthly event counts for study region. 

NORTH-CENTRAL UTAH 

YEAR y N  FEE MAR APR MAY rRIN JUL AUG SEP OCT 

TOTALS 278 217 4 234 243 274 233 243 257 276 

OEC 

TOTAL W L R  OF EVEMS - 3 1 1 0  

Table B-2b. Monthly event counts for Causey Dam. 

CAUSEY OAW 

YEAR JAN FED MAR APR A JUN JUL AW sep ocr mv o ~ c  

TOTALS 16 8 10 S 4 9 8 13 14 9 9 1 0  

TOTAL NUMBER OF EVENTS = 11s 



Table 0-2c. Monthly event counts f o r  Deer Creek Dam. 

DEER CREEK o m  

YEAR  AN I t 8  r*R APR YAY 3UN JUL A W  SEP OCT M I V  D t C  

TOTALS 4 1 3 b 3 13 10 
5 3 2 3 4 

TOTAL w n t R  OF EVENTS 56 

Table 0-2d. Monthly event counts f o r  East Canyon Dam. 

EAST CANYON Om 

YEAR JAN CEO MAR APR HAY JUN JUL A M  SEP UCT NOV OEC 

TOTALS 10 9 4 4 4 8 7 0 1 6  19 7 14 

TOTAL WmQR OF EVENTS - 1 0 6  



Table B-2e. Monthly event counts f o r  Echo Dam. 

YEAR JAN FEE MAR APR MAY JUN JUL A SEP OCT NOV OEC 

TOTALS 6 2 0 4 0 8 7 1 11 12 8 12 

TOTAL MJMBCR OF EVENTS 78 

Table B - 2 f .  Monthly event counts f o r  Hyrum Dam. 

HYRW DAY 

YEAR JAN FEE MAR API MAY JUN JUL AUQ SEP OCT 

TOTALS 5 8 11 S 18 32 3 7 8 7 

DEC 

TOTAL W-ER OF EVENTS = I S I  



Table 8-29. Monthly event counts f o r  Joes V a l l e y  Dam. 

JOE'S VALLEY DAM ( M I N I N G  EVENTS DELETED) 

YEAR JAN FEB MAR APR MAY JUN JUL AUG SCP OCT NOV OEC 

TOTALS 1 2 3 S 4 0 2 1 2 1 2 4 

TOTAL NUMEER OF EVENTS - 27 

Table 8-2h. Monthly event counts f o r  Lost Creek Dam. 

LOST CREEK OAM 

YEAR JAN FEB MAR APR MAY JUN JUL bus SEP OCT NIIV DEC 

TOTALS 4 2 0 2 0 0 2 1 4 3 S 0 

TOTAL FIUMEER OF EVENTS - 23 



Table 6-25. Monthly event counts f o r  Newton Dam. 

NEWTON DAM 

YEAR JAN FEE MAR APR MAY JUN JUL AUG SEp OCT wv OEC 

TOTALS 4 2 3 4 1 4 2 0  0 1 0 2 4 

TOTAL NUMBER Of EVENTS 49 

Table 8-23. Monthly event counts f o r  Pineview Dam. 

PINEVIEW DAM 

YEAR JAN FEE MAR APR MAY JUN JUL AUG SEP OCT NOV OEC 

TOTALS 12 7 4 1 4 6 5 5 6 6 9 4 

TOTAL NUMBER OF EVENTS = 69 



Table 0-2k. Monthly event counts f o r  Scof ie ld  Dam. 

YEAR JAN FEE MAR APR MAY JUN JUL AUG SEP OCT NCIV DEC 

TOTALS 2 0 4 3 5 0 1 3 3 5 1 3 

TOTAL N U m E R  OF EVENTS = 30 

Table 8-21. Monthly event counts f o r  So ld ie r  Creek Dam. 

SOLDIER CREEK DAY 

YEAR J A N  FEB MAR APR MAY J U N  JUL AUG SEP OCT NOV 

TOTALS 0 0 0 0 1 0 0 1 0 1 0 

TOTAL NUMBER OF EVENTS = S 



Table B-2m. Monthly event counts for Strawberry Dam. 

STRAWBERRY DAM 

YEAR JAN CEB MAR APR 3UN JUL AUG SEP OCT mrv DEC 

TOTALS 0 1 0 0 I 0 0 1 2 1 1 5 

tOTAL NUmER OF EVENTS = 12 

Table 8-2n. Monthly event counts for Wanship Dam. 

VANSHIP DAM 

YEAR JAN FEE MAR APR MAY JUN JUL AUQ SEP OCT NOV DEC 

TOTALS 2 s o 2 3 1 3 3 I 9 a a 

TOTAL NUMBER OF EVENTS 4s 



*filling not compieted 
"'M, a t  r-15 km exceeds M, at  r-25 km 

Table B-3 Largest Post-Impoundment Earthquakes 

Year ivrnu At  Mmu At Years Since 
Dam Filled r=-15 km (yn) r=-25 km (yrs) Initial Filling 

*exceeds 95% level 

Causey 1966 
Deer Creek 1941 
East Canyon 1966 
Echo 1930 
H~rum 1935 
Jas  Valley 1966 
Lost C m k  1966 
Newton 1945 
Pineview 1937 
Pineview 1957 
Scofield 1946 
Soldier Creek* 1983 
Strawberry 1913 

- Wanshiv 1957 

20 
45 
20 
56 
51 
20 
20 
41 
49 
29 
40 
3 

73 
29 

3.7 1 
5.0 17 
2.7 12 
2.8 28 
4.1 ?9 
2.6 9 
2.8 17 
3.1 33 
3.7 30 
3.7 10 
2.7 39 
2.6 3 
5.8 72 
2.7 21 

a* 

I* 

2.8 17 
3.7 25 
4.3 11 
3.1 16 
3.6 20 
3.1 17 
I* 
I* 

3.9 37 
I* 
4.0 50 
2.7 25 



*exc& 95% confidence level 

Table B-5 Computed a-values 

Newton 
PinaVie~ 
s ~ ~ a d d  
Soldier Cmk 
Strawberry 
Wanship 

0.584 
1.828. 
-.476 
-1.246 
-1.253 
-1.290 

0.367 
-1.041 

-1.197 
-1.162 
-1.089 

0.852 
-2.056 
2.208. 
-.I64 
-1.216 
-1.921 

0.611 
-1.633 
.327 
-.216 
-1.281 
-1.704 

4.972. 
-.527 
-.sn 
0.214 
-1.179 
-1.349 

4.621. 
-244 
-1.385 
-214 
-1.279 
-1.349 



CAUSEY DRM 

Figure 0-la Seismici ty  wi th in  15 km o f  Causey Dam, through 6/86. 
Symbols scaled f o r  magnitude; x s i g n i f i e s  magnitude 
not  computed. Faults  p lo t ted  as on p l a t e  1. Reservoir 
area out l ined.  



DEER CREEK DAM 

Figure B-lb Seismicity within 15 km o f  Deer Creek Dam, through 6/86. 
Symbols scaled f o r  magnitude.; x s ign i f i es  magnitude not 
computed. Faults p lot ted as on p la te  1. Reservoir area 
out1 ined. 



EAST CANYON 

Figure 8-lc. Seismicity within 15 km of East Canyon Dam, through 
6/86. Symbols scaled for magnitude; x signifies magnitude 
not computed. Faults  plotted as on plate 1 .  Reservoir 
area outlined. 



ECHO 

Figure Bold. Seismicity wi th in  15 km of Echo Dam, through 6/86. 
Symbols scaled f o r  magnitude; x s i  qn i f i es  magnitude 
not computed. Faults p lot ted as on plate 1. Reservoir 
area out1 ined. 



HYRUM 

Figure 0- le .  Seismici ty  w i th in  15 km o f  Hyrum Dam, through 6/86. 
Symbols scaled f o r  magnitude; x s i g n i f i e s  magnitude 
not computed. Faults  p l o t t e d  as on p l a t e  1. Reservoir 
area out l ined.  



JOE5 VALLEY 

Figure B-lf. Seismicity wi th in  15 km o f  Joes Val ley Dam, through 6/86. 
Symbols scaled f o r  magnitude; x s ign i f i es  magnitude not 
computed. Faults p lot ted as on p la te  1. Reservoir area 
out1 ined. 



LOST CREEK 

Figure B-lg. Seismici ty  w i th in  15 km o f  Lost Creek Dam, through 6/86. 
Symbols scaled for  magnitude; x s i g n i f i e s  magnitude not 
computed. Faults  p lo t ted  as on p l a t e  I. Reservoir area 
out1 ined. 



NEWTON 

Figure B-lh. Seismici ty  w i th in  15 km o f  Newton Dam, through 6/86. 
Symbols scaled f o r  magnitude; x s i g n i f i e s  rnagni tude 
not  computed. Faul ts  p l o t t e d  as  on p l a t e  1. Reservoir 
area out l ined.  



PINEVIEW 

Figure 6-li . Seismic? ty within 15 km of Pineview Dam, through 6/86. 
Symbols scaled for magnitude; x signifies magnitude not 
computed. Faults plotted as on plate I. Reservoir 
area outlined. 



SCOF I EL0 

Figure 8- l j . .  Seismicity within 15 km o f  Scofield Dam, through 6/86. 
Symbols scaled f o r  magnitude; x s ign i f i es  magnitude not 
computed. Faults p lot ted as on p la te  1. Reservoir area 
out1 ined. 



STRRWBERRY 

Figure B-lk. Seismicity within 15 km of Strawberry Dam, through 6/86. 
Symbols scaled for magnitude; x signifies magnitude not 
computed. Faults plotted as on plate 1. Reservoir area 
out1 ined. 

3 1 



SOLD I ER CREEK 

Figure 8-11. Seismicity within 15 km of Soldier Creek Dam, through 
6/86. Symbols scaled for magnitude; x signifies ragnituae 
not conputed. Faults plotted as on plate 1. 

3 2 



Figure B - l m  Seismici ty  w i th in  15 km o f  Uanship Dam, through 6/86. 
Symbols scaled f o r  magnitude; x s i g n i f i e s  magnitude 
dot computed. Faults  p l o t t e d  as on p l a t e  1. Reservoir 
area out l ined.  



Figure B-2a. Yearly event count f o r  Causey Dam. Arrow s igni f ies  year o f  
i n i t i a l  reservoir  f i l l i n g .  S o l i d  portions ind icate  events 
> III~(JII i L ~ I ~ u  2. 3 .  - 



OtCH CREEK OfUl 
1941 

Figure B-2b. Yearly event count f o r  Deer Creek Dam. Arrow s i g n i f i e s  year 
o f  i n i t i a l  reservo i r  f i l l i n g .  So l id  portions ind icate  events 



Figure B-2c. Yearly event count f o r  East Canyon Dam. Arrow s i g n i f i e s  year 
o f  i n i t i a l  reservo i r  f i l l i n g .  S o l i d  port ions ind icate  events 
> r ~ a y n i  tude 2 . 3  -- 



YEAR 

Figure  0-2d. Year ly  event count for  Echo Dam. Arrow s i g n i f i e s  year  of  
i n i t i a l  r e s e r v o i r  f i l l i n g ,  S o l i t l  r ~ o r t i o n s  i n d i c a t e  events 



Figure B-2e. Yearly e v e n t  count f o r  l4yrum Ddm. Arrow s igni f ies  year of  
i ~ r i t i a l  t ~ e s e r ~ v o i r  I - i l l i n q .  



I EXR 

Figure B-2e ( C o n t ' d )  So l id  port ions i n d i c a t e  events - > magnitude 2 .3 .  



Figure  0 - 2 f .  Year ly  cvent cou~rt f o r  Joes V a l l e y  Dam. Arrow s i g n i f i e s  year o f  
i 1, i I t I v 1 i $411 i l l  nr1r.t i o n s  i n d i c a t e  f!ventz > 



a- 

ll? ' 

Figure 8-29. Yearly event count f o r  Lost Creek Dam. Arrow s i g n i f i e s  year of  
. . , .  1 . , - : 1 1 :  ,- . .  , , . . I .  I 



Figure B-2h. Yearly event count for  Newton Dan). Arrow s ign i f i es  year of 
i 1 1 i  t i ~ i  I f 11 1 i o 1 ~ 1  
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Figure B-21) (Cont'd) . Solid portions indicate events - > magnitude 2.3. 



Figure  B - 2 i .  Year ly  event c o u ~ i t  f o r  Pineview l1a111. Arrow s ign i f i es  year o f  
i r i i l i a l  i.eservcrir* f i l l i n q .  



PINUVIEW DAM 

Figure B - 2 i  (Cont 'd )  





Figure  B - 2 j .  Year ly  event count f o r  Scof ie ld  Dam. Arrow s i g n i f i e s  year  o f  
i i  1 t i  f l l i n  Snl ill rrnr-t inn5 i n d i c a t e  e v ~ n t z  



Y C H R  

F i ( l l l t . t l  I< I ~ L  V I v I I I f I I t I .  Arrow s i c ~ n i f i e s  vear o f  



Fiatrre 8-21.  Y e a r l y  event count f o r  Strawberry Dam. Arrow s i q n i f i e s  year o f  



HtiIJSI 1 I P DAM 
1957 

Figure 0-2111. Y e a t . 1 ~  event c o ~ r n t  f o r  Wanship D a ~ s .  Arrow s i g n i f i e s  year o f  . . , .  , . .  , 



Figure 8-3a. Stations (octagons) operated f o r  7 or. more 
months o f  1974. Dams shown as diamonds. 
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Figure 0-3b. Stat ions (octagons) operated f o r  7 or  more 
months o f  1975. Dams shown as diamonds. 



Figure El-3c. Stat ions (octagons) operated f o r  7 or  more 
months o f  1976. Dams shown as diamonds. 
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1977 STRT CONS 

Figure B-3d. Stations (octagons) operated f o r  7 or more 
months o f  1977. Dams shown as diamonds. 



1 97a STAT ON5 

Figure 8-3e. Stat ions (octagons) operated f o r  7 o r  more 
months o f  1978. Dams shown as diamonds. 



Figure 0-3f. Stations (octagons) operated f o r  7 or more 
months o f  1979. Dams shown as diamonds. 

56 

1973 STAT t ON5 

.n 

.3 4 (3 !( - 
I !-! f-1 
;( - - \,\;~VRL 

'i 1-1 .d 

? 'j 
z{ 1 -l 

L il 
1 

Y I  
'n - 
i..) l 

-' ' 

": 
-3 pn 

'=I 

-z  

'J? 
m F 

-113.0 -!12.0 -ILL.O -! 10.0 



F,igure 8-39. Stations (octagons) operated for  7 or more 
months o f  1980. Dams shown as diamonds. 



Figure 0-3h. Stat ions (octagons) operated f o r  7 or  more 
months o f  1981. Dams shown as diamonds. 



Figure B-3i. Stat ions (octagons) operated for 7 or  more 
months o f  1982. Dams shown as diamonds. 



Figure B-3 j .  Stations (octagons) operated f o r  7 or more 
months o f  1983. Dams shown as diamonds. 



Figure B-3k. Stations (octagons) operated f o r  7 or more 
months o f  1984. Dams shown as diamonds. 
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Figure 8-31. Stations (octagons) operated f o r  7 or more 
months o f  1985. Dams shown as diamonds. 
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