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St. George earthquake, Washington County, Utah

with experience in the area provided valuable information, in-
cluding Wayne Hamilton, Jim Fraley (Town of Springdale), and
local residents James Roberts and Al Warneke. Matthew Mabey
(Oregon Department of Geology and Mineral Industries) re-
ported on his reconnaissance of geologic effects, particularly
liquefaction, and provided advice regarding interpretations of the
Liquefaction Severity Index.
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GROUND SHAKING AND MODIFIED
MERCALLI INTENSITIES

by

Susan S. Olig!
Utah Geological Survey

INTRODUCTION

Ground shaking, either directly or indirectly, caused all of the
damage associated with the September 2, 1992 St. George earth-
quake. Unfortunately, strong-motion records were obtained at
only one site, in Cedar City, Utah (appendix), so it is difficult to
quantitatively evaluate the factors affecting ground motions. To
qualitatively evaluate these factors and the patterns of damage, I
documented site-specific observations and assigned correspond-
ing Modified Mercalli intensities (MMI) for the St. George
earthquake.

The MMI scale relates physical observations and effects of
an earthquake to ground shaking intensity, varying from I (barely
felt) to X1I (total destruction) (table 1). Since the MMI scale was
first published in 1931 (Wood and Neumann, 1931), many
revisions and additions have been suggested to update the scale
to make it more suitable to modern environments (see for exam-
ple, Stover’s [1989] caveat on using observations from people in
modern cars, Nason’s [1982] addition of physical effects in
grocery and furniture stores, and Richter’s [1958] caveats on
considering different types of construction). Many of these revi-
sions were considered in assigning the intensities for this study.
Observations of structural damage, interior damage, or interior
disturbance were given the most weight in assigning intensities
and locating isoseismals, whereas observations of geologic ef-
fects were weighted the least.

The intensities in this study are based on three sources of data.
The Utah Geological Survey distributed a survey (figure 1) in
local newspapers and received responses for 141 sites. Over half
of these sites were in St. George. To supplement the newspaper
survey, I interviewed numerous structural engineers, building
and emergency-response officials, architects, contractors, and
property owners to record their first-hand observations of dam-
age and physical effects caused by the earthquake. Additionally,
the National Earthquake Information Center (NEIC) provided
preliminary MMIs for 85 communities in the epicentral region
(L. Brewer, NEIC, verbal communication, 1993). They assigned
preliminary intensities for each community based on Earthquake
Reports (questionnaires mailed to local postmasters). Although
Richter (1958) recommends that the dominant MMI observed in
an area should be the value assigned to the area, I generally drew
isoseismals based on the maximum MMI observed. I chose this
convention because it is used by NEIC in developing their
intensity database for United States earthquakes (L. Brewer,
verbal communication, 1993).

RESULTS

Intensities for 242 sites form the basis for the preliminary

isoseismal map for the St. George earthquake (figure 2). The map
is preliminary because I used preliminary NEIC intensity deter-
minations in some areas.

Felt Area

Ground shaking during the St. George earthquake was felt
over an area of at least 143,000 square kilometers (55,212 mi2).
There are few observations from sites in southeastern Utah and
northern Arizona so the isoseismals are poorly constrained in
these areas. Given the uncertainties, the felt area for the St.
George earthquake compares favorably with the felt area of
roughly 168,000 square kilometers (64,865 mi2) estimated for
the 1962 M 5.7 Richmond earthquake (Lander and Cloud,
1964). The St. George event was felt as far south as Lake Mohave
on the Nevada-Arizona border and as far north as Delta, Utah. It
was felt as far west as Las Vegas, Nevada, and as far east as Tuba
City, Arizona. Unconfirmed newspaper reports of aman who felt
shaking in his trailer in Blanding suggest that motions were
barely discernible 350 kilometers (217 mi) east of the epicenter.
However, postmasters in Blanding, Monticello, and Bluff did not
report that anyone felt the shaking in their communities (M.
Black, R. Bumcrot, and S. Cannon, U.S. Postal Service, verbal
communications, 1993).

Maximum Intensity

The maximum intensity was a weak VIl in the Hurricane-To-
querville-Virgin area (figure 2). Many older, unreinforced ma-
sonry buildings showed minor structural damage, including
walls separating from roofs and ceilings, partial collapse of
masonry infill walls, extensive cracks in walls and foundations,
and chimney damage (figures 3, 4, and 5). Most older, unrein-
forced chimneys were cracked, shifted, or sheared as a result of
the earthquake, although none were known to be completely
sheared off (R. Bezette, contractor, verbal communication,
1993). Interior damage included extensive cracking and falling
of plaster, and overturning of bookshelves and filing cabinets.
Lots of bottles and cans were knocked from shelves and filled
the aisles at Lins Market in Hurricane (L. Imlay, Hurricane city
councilman, verbal communication, 1992). Because the earth-
quake occurred very early in the moming (4:26 a.m. MDT;
Pechmann and others, this volume), many people were asleep
and were awakened by the shaking and loud noise. Many re-
ported hearing loud rumbling noises or booms, and some re-
ported feeling the floor drop before the shaking started. Geologic
effects in the area of maximum intensity included many rock falls
along the Hurricane Cliffs and side canyons, and dramatic

! currently with Woodward-Clyde Federal Services, Oakland, California.
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Table 1. MODIFIED MERCALLI INTENSITY SCALE ! (modified from Case, 1988).
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Intensity Personal Reactions Vehicle Response of Buildings Miscellaneous Effects Geologic Effects
(Magnitude? Response
! Barely felt by sensitive few, Animals restless. Trees, structures,
1-2) some dizziness, nausea. liquids, bodies of water may sway.
Doors may swing very slowly.
1} Felt by few indoors, Delicately suspended objects may swing.
2-3) especially on upper floors or Effects noticed in | are more obvious.
while lying down.
1l Felt by several while indoors.  Parked cars Hanging objects may swing.
(3) Similar to passing of light rock slightly.
truck.
\"2 Felt by many indoors, a few Parked Wooden walls and frame creak. Dishes, windows, doors, glassware, and Threshold for disrupted slides and falls,
(3-4) outdoors, light sleepers vehicles rock. crockery rattle, clash, clink. Hanging chiefly rock falls.
awakened, a few frightened. objects swing. Liquids in open vessels
Similar to passing of heavy slosh back and forth.
truck or heavy object jolting.
A\ Felt by almost everybody, Some plaster walls, and rarely, Small, unstable objects (giassware, Threshold for coherent slides (stumps,
(4-5) indoors and outdoors. Most windows crack. dishes, objects of art) are displaced, translational slides) and liquefaction
sleepers awakened, some are upset, broken. Pictures are skewed or (including lateral spreads and flows).
frightened and run outdoors. thrown against wall. Doors/shutters open
Shaking direction estimated. or close abruptly. Liquids disturbed/spill.
Buildings tremble throughout. Pendulum clocks change rate or
stop/start. Hanging objects swing greatly.
Slight shaking of trees and bushes.
Vi Felt by all, many are Masonry D: plaster and brick walls Many small objects such as dishes, Disrupted slides and falls likely.
) frightened and run outdoors. crack and pieces fall. glassware, knickknacks, or books are
Walking is unsteady. Some broken or thrown off shelves. Pictures fly
loss of life possible near off walls. Heavy furniture moved, lighter
epicenter. pieces overturned. Small bells ring. Trees
and bushes rustle and shake.
Vil Difficult to stand. Drivers Masonry D damaged: cracks, falling of ~ Hanging objects quiver. Furniture is Seiches are produced, water can
(5-6) notice plaster, stucco, loose bricks/stones/ overturned and broken. Large bells ring.  become turbid with mud. Small slumps
ground tiles, cornices, parapets, and ornaments  Trees and bushes rustle moderately to and slides along sand and gravel banks.
movement. fall. Some cracks in Masonry C walls strongly. Concrete irrigation ditches are Coherent slides and liquefaction likely.
and foundations. damaged.
vl Steering is Masonry C buildings may partially Branches are broken from trees. Decayed  Spring or well water may change flow
6-7) affected. collapse. Some damage to Masonry B,  pilings are broken off. rate, odor, turbidity, or temperature.
none to Masonry A. Stucco and some Dry wells may renew flow. Cracks
masonry walls fall. Chimneys, factory develop in wet ground or steep slopes.
stacks, monuments, tombstones, Sand boils may eject sma!l amounts of
towers, elevated tanks may twist or fail. mud/sand. Threshold of surface fault
Unbolted frame houses shift on rupture.
foundation, loosely attached panels are
thrown from frame. Solid stone walls
are cracked and broken.
X General panic. Extensive loss Masonry D buildings destroyed. Underground pipes may be broken. Conspicuous ground cracks. Sand boils,
7) of life possible. Masonry C heavily damaged, earthquake fountains, sand craters in
sometimes with total collapse. Masonry alluvial areas. Serious damage to
B structures are seriously damaged. reservoirs. Fractures 20-30 km (12-19
General foundation and frame damage. mi) long breach ground surface along
Unbolted structures shift off fauit.
foundations.
X Most masonry and frame structures, and  Rails bent. Underground pipelines Serious damage to dams. Large
(7-8) their foundations are destroyed. Some crushed or separated. landslides are triggered. Water is
well-built wooden buildings and thrown onto banks of water bodies.
bridges collapse. Serious damage to Lateral spreading of sand/mud occurs
dams. on beaches and flat land. Fissures occur
on wet banks.
X1 Well-built bridges collapse due to Rails are bent greatly. Underground Ground disturbances are abundant and
8-9 failure of ground at pillars, footings, pipelines are completely out of service. widespread, particularly if ground is
and piles. soft and wet.
XN Lines of sight and level are Damage nearly total. Objects are tossed into the air. Large rock masses are displaced.
8-9) distorted. Significant landslides are numerous and

extensive.

Note:

2: Approximate earthquake magnitude which may produce the intensity effects near the epicenter.
CONSTRUCTION TYPES:

Masonry A:
Masonry B:
Masonry C:

Masonry D:

The building shows good workmanship using good materials, the design includes reinforcement specifically intended to withstand lateral forces.

1: The effects given with each intensity level are taken from Wood and Neumann (1931), Richter (1958), Keefer (1984), and Smith and Arabasz (1991).

The building is reinforced and shows good workmanship using good materials, but the reinforcement was not designed to withstand lateral motion.

The unreinforced building shows ordinary workmanship with standard materials. The building has no extreme weaknesses, like failing to tie-in at corners, but it is not designed to resist
lateral forces.
The building is constructed of weak materials, such as adobe or poor mortar, with low standards of workmanship, and the design is weak against horizontal forces.
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(Carey, this volume). For comparison, total loss for the 1962 M
5.7 Richmond earthquake was nearly $1 million in 1962 dollars
(Lander and Cloud, 1964); the 1987 My 5.9 Whittier Narrows,
California earthquake caused $358 million of damage; and losses
estimated (as of May 1993) for the March 25, 1993, Scotts Mill,
Oregon, earthquake (ML 5.6) are nearly $30 million (Madin and
others, 1993).

Despite the relatively minor structural damage directly
caused by ground shaking during the St. George earthquake,
there is no clear evidence in the MMI data for unusually weak
ground motions. Using McGuire’s (1983; equation #46) relation
for estimating MMIs in Utah, a hypocentral distance of 21
kilometers (13 mi), and an M of 5.8, the estimated site intensity
for the Hurricane area during the St. George earthquake is about
6.6, in good agreement with the observed intensity of weak VII.
Gutenberg and Richter’s (1956) relation for estimating magni-
tude based on maximum intensity indicates that a maximum
intensity of VII yields an estimated magnitude of about 5.7.

Observations from the one set of strong-motion records
obtained from Cedar City also suggest that the St. George earth-
quake did not generate unusually weak ground motions. The
peak horizontal ground motion measured on accelerograms re-
corded in Cedar City by the U.S. Geological Survey (R. Maley,
written communication, 1992) is approximately 0.03 g (appen-
dix). This compares favorably with an estimate of 0.02 g calcu-
lated using Campbell’s (1987) empirical relation, a distance of
75 kilometers (47 mi), and an M of 5.8.

I emphasize that neither these observations, nor the MMI
data, are conclusive as to whether or not the St. George earth-
quake caused unusually weak ground motions, particularly in the
St. George area. The degree of damage caused by shaking is
dependent on the frequency, duration, and amplitude of the
motions as well as the type of structures present. Thus, evaluating
ground motions based on observed damage is difficult at best.
However, the MMI data do suggest one possible explanation for
the relatively small amount of total loss associated with the St.
George earthquake; the maximum intensities occurred in a
sparsely populated rural area, roughly 15 kilometers (9 mi) east
of the epicenter and 25 kilometers (16 mi) east of the more
densely populated St. George area.
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THE SPRINGDALE LANDSLIDE

by

Randall W. Jibson and Edwin L. Harp
U.S. Geological Survey, Denver, Colorado

INTRODUCTION

The most dramatic geologic effect of the 1992 St. George,
Utah, earthquake (Mg 5.6, M 5.7, M 5.8; Arabasz and others,
1992) was the triggering of the 14,000,000-cubic-meter
(18,000,000-yd3) Springdale landslide, 44 kilometers (27 mi)
from the earthquake epicenter. Landslide movement destroyed
three homes, threatened several condominiums, disrupted utility
lines, and temporarily closed State Route 9, the southwest en-
trance to Zion National Park. For an earthquake of such small
magnitude, both the size and great epicentral distance of this
landslide are extraordinary when compared to observations of
landslides triggered by earthquakes worldwide.

In the sections that follow, we describe the geologic setting
and physical characteristics of the landslide, analyze its static and
seismic stability, interpret the conditions leading to failure, con-
sider the implications of the great epicentral distance, and briefly
discuss continuing hazards posed by the slide.

SETTING AND PHYSICAL DESCRIPTION
OF THE LANDSLIDE

The landslide is located directly north of downtown Spring-
dale and just south and west of the Zion National Park boundary
(figure 1). The slide occurred on a convex-outward slope at the
confluence of the valley of the North Fork Virgin River with
Blacks Canyon, a small tributary valley extending northwest-
ward from the Virgin River. The steep valley walls above the
landslide consist of Lower Jurassic sandstone of the Kayenta
Formation capped by Navajo Sandstone. Underlying the base of
the Kayenta is a prominent ledge of Springdale Sandstone Mem-
ber (Harshbarger and others, 1957), which locally is the upper-
most member of the Lower Jurassic Moenave Formation. The
head of the landslide is some distance below the ledge in the
less-resistant part of the Moenave, and most of the landslide mass
consists of permeable Moenave sandstone sliding on the weak
Petrified Forest Member of the Upper Triassic Chinle Formation
(Stewart and others, 1972). The Petrified Forest Member is a
structureless, variegated claystone formed by alteration of rede-
posited volcanic debris. We collected surface samples of the
Petrified Forest Member exposed at the toe of the landslide.
X-ray diffraction shows that the samples consist of mixed-layer
clays that are 70 percent montmorillonite and 30 percent illite.
Landslides in the Chinle Formation are abundant in the region
(Christenson and Deen, 1983; Harty, 1992).

The landslide is somewhat irregular in plan view (figure 2).
In maximum dimension, the slide is about 1,100 meters (3,600
ft) wide and 500 meters (1,640 ft) long (from main scarp to toe)

and covers an area of about 400,000 square meters (4.3 million
ft2) (Black, 1992). Estimated average depth to the slip surface is
35 meters (115 ft), which yields a volume of about 14,000,000
cubic meters (18,000,000 yd3).

The landslide has a spectacular main scarp consisting of a
single fracture dipping 57 to 77 degrees that is 8 to 15 meters
(25-50 ft) high along most of its length (figure 3). The central
two-thirds of the scarp is linear in plan view, and the east and
west ends curve to follow the convex topography at the site.
Multiple scarps developed on the west end where the main scarp
intersected a separate smaller slide higher on the slope. Slicken-
sides are well developed along the main scarp (figure 4), and in
most places they indicate purely dip-slip displacement. How-
ever, evidence of oblique slip in the western half of the scarp
reflects complex internal displacement within the landslide
mass.

The landslide mass moved about 10 meters (33 ft), primarily
by translation along a fairly planar, gently dipping, basal slip
surface; parts of the landslide also rotated. The slide mass con-
tains numerous internal scarps and extension fractures as deep as
6 meters (20 ft) (figure 5). The orientations of these fractures and
relative displacements along them confirm that the slide moved
as several large, coherent blocks. Near the head of the slide,
fractures primarily trend parallel to the scarp and bound deep
grabens resulting from longitudinal extension. In the central part
of the slide mass, some fractures trend parallel to the direction
of slide movement and form longitudinal grabens, indicating
transverse extension (figures 2 and 6). This extension perpen-
dicular to the direction of slide movement probably resulted from
the convex shape of the landslide, which allowed the slide mass
to spread outward as it moved downslope. Preexisting gullies in
the slide mass also enhanced the formation of these longitudinal
grabens. Differential displacement of the ground surface on the
landslide destroyed the only three homes on the slide (figure 7).

The toe of the landslide consists of a very steep, bulging front
that moved laterally outward several meters (figure 8). The
southeast part of the toe moved part way across State Route 9,
temporarily blocked access to Zion National Park, and destroyed
utility lines. The southernmost lobe of the toe moved to within a
few meters of a condominium complex that had to be temporarily
evacuated. The western part of the toe moved into and partiaily
blocked the stream draining Blacks Canyon. Landslide material
at the toe was dilated and oversteepened, which gave rise to
several shallow debris slides.

Residents from the two occupied homes on the landslide
reported that they were awakened by the predawn earthquake
shaking but returned to bed soon after the shaking stopped.
Within 15 to 30 minutes, they heard "snapping and popping"
noises and began to feel the ground shifting beneath them. As
they left their houses and tried to escape to safety, they could feel
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SHINOB KIBE CANAL

A portion of this canal is at or very near the epicenter of the
earthquake (figure 1). It is a non-reinforced, concrete-lined canal
(2.5 inches [6.4 cm] thick) along the north face of Shinob Kibe
hill, and it transports water from the Washington Fields diversion
dam. The canal was not damaged in the area of the diversion. In
the area of Shinob Kibe hill, however, about every fourth slab of
concrete along the canal had a visible crack that was nearly
vertical in the middle of the slab. This cracking is probably
earthquake related. Some of these cracks showed differential
settlement (figures 6 and 7). One slab had seriously cracked and
failed by foundation piping and displacement (figure 8) and will
need repair. The other cracks will require frequent inspection,
especially in the late winter and spring. The damage extends for
the entire length of the concrete-lined portion of the canal near
Shinob Kibe hill. Displacement and piping failure also occurred
along joints in the concrete-slab lining. The cracking-piping
damage represents a significant increase in normal annual con-
crete maintenance problems on the canal.

Rock fall into the canal has always been a problem because
it is cut into steep, unstable colluvial slopes. During the earth-
quake, rocks fell into and adjacent to the canal (figures 9 and 10),
and rock falls will continue to be a maintenance problem in the
future, particularly during earthquakes.

39

SUMMARY AND CONCLUSIONS

Earthquake damage was noted on the Washington Fields
diversion dam main wall (micro-cracking) and wing wall (major
crack), and in canal concrete slabs (cracking and piping failure).
The damage to the diversion and canal will necessitate increased
inspection and maintenance. Rock fall into the canal also oc-
curred but caused little damage.

No conclusions are warranted regarding the safety of the
design of the Washington Fields diversion dam with respect to
liquefaction and ground shaking in an earthquake of Richter
magnitude 6.0. The St. George earthquake was apparently
anomalous in that it did relatively little damage to urban and
earthwork structures in the epicentral region (Pechmann and
others, this volume; Olig, this volume). The lack of significant
damage to NRCS structures in the area may be due to the
character of this particular earthquake. The specific charac-
teristics that may have minimized the damage are: (1) the earth-
quake energy appeared to be focused away from the epicentral
area (Olig, this volume), and (2) the shaking may have been of
short duration for an earthquake of its magnitude.
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ESTIMATED ECONOMIC LOSSES

by

Robert Carey
Utah Division of Comprehensive Emergency Management

INTRODUCTION

This report addresses four types of losses in the St. George
earthquake: (1) damage to structures, (2) equipment and human-
resource costs for response, including debris removal, (3) prop-
erty devaluation, and (4) replacement and repair costs. In some
instances, the four types of losses are not easily separable. The
purpose of this report is to identify monetary loss and document
expenditures that resulted from earthquake-related damage and
earthquake-related response activities. To collect the data, I
contacted municipalities (public-works offices, city managers,
mayors), utilities, and other local government and state agencies.
Most of the communities in the epicentral area that experienced
a Modified Mercalli intensity VI and greater (Olig, this volume)
were contacted. This is not a comprehensive listing of all losses,
but rather an attempt to quantify the major losses to determine
the cost of the earthquake.

LOSSES

The most damage and economic loss was in the Springdale-
Zion National Park area. The town of Springdale reported about
$2,000 damage to its water system. Three homes in the Balanced
Rock Hills subdivision were destroyed by the Springdale land-
slide and were valued by the Washington County Assessor’s
Office at $187,730. In addition to the monetary loss to the indiv-
idual homeowners, property values dropped on the remaining
land parcels in the subdivision. According to the County Asses-
sor’s Office, the total taxable properties of Balanced Rock Hills
subdivision were valued at $346,530 prior to the earthquake.
Following the earthquake, the taxable properties were valued at
$24,500, a $322,030 loss of property value for landowners and
tax base for the town.

Removal of the slide material from State Route 9 and replace-
ment of the power lines damaged by the slide cost over $63,300
as reported by the Utah Department of Transportation (UDOT)
and Utah Power and Light Company. Early UDOT estimates of
the cost of rebuilding the highway ranged from $250,000 to
$400,000. Several years have passed and the slide appears to be
stable, so UDOT has no immediate plans to rebuild the highway.
Zion National Park spent $17,000 in debris removal inside the
Park and assisted homeowners from the Balanced Rock Hills

subdivision in opening the road on the slide and removing
personal belongings.

Hurricane City had one home damaged beyond repair, a
church with some internal nonstructural damage, and some
water-system damage to a local business for a total cost of about
$57,500. La Verkin, north of Hurricane, reported spending $300
for an evaluation of water samples from the city water system for
sedimentation problems caused by the earthquake.

St. George City spent approximately $10,000 for debris
removal. Reported damage to local businesses was about
$35,000 and significant private damage was about $100,000.
State facilities in the area reported about $2,000 damage. Wash-
ington School District placed work orders for about $6,000 in
repairs. However, one school may require $50,000 to $70,000 to
repair an interior adobe wall that was damaged. Historic build-
ings in St. George were also damaged. Current damage estimates
are about $75,000, with part of that money being spent on
strengthening the structures. It must be noted that, with time,
additional damage to these older structures may be recognized.

Many households experienced some type of damage such as
cracks in dry wall, plaster that broke loose or cracked, and/or
broken glass. This type of damage is incidental and generally
goes unreported. However, if all such losses were summed as a
category of damage it would likely be significant.

The library in Kanab was under renovation at the time of the
earthquake. Damage to the library was significant and caused the
city building inspector to consider condemning the structure.
Because the library is being replaced, the city manager did not
believe it appropriate to include damage estimates to the existing
building in the total earthquake costs.

CONCLUSIONS

This brief look at damage and economic loss from the St.
George earthquake indicates that it was one of the most costly
earthquakes in Utah history. Total losses from direct damage,
response costs, and lost property values documented in this
report approach $1 million, but this is likely a minimum value.
If the estimated costs to rebuild the highway were included, the
total cost meets or exceeds $1% million. As new losses are
discovered and more comprehensive estimates are made, loss
estimates could rise even higher.
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Appendix

Accelerograph Record - Cedar City

The U.S. Geological Survey operates a Kinemetrics SMA-1
(#1509; trigger threshold 0.01 g) analog instrument mounted on
a seismic pier on the bottom floor of the Southern Utah Univer- Olig, S.S., and Christenson, G.E., 1993, Preliminary policies and devel-
sity library in Cedar City (USGS station number 2267), 75 opment plan for the Utah Geological Survey component of the Utah
kilometers (47 mi) from the epicenter of the September 2, 1992 Strong-Motion Instrumentation Program: Utah Geological Survey
St. George earthquake. The library is a large, multi-story build- Open-File Report 302, 15 p.
ing at 37.67556° N. latitude and 113.06833° W. longitude on
deep, Quaternary-age flood-plain alluvium (Olig and Christen-
son, 1993). The record is shown below; film speed - 2 time
marks/second, sensitivity 18.5 millimeters/g. Peak ground ac-
celeration was in the east-west component at about 0.03 g.
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