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ABSTRACT 
Volcanic rocks of the eastern flank of the Marysvale volcanic field are 

exposed on the Awapa Plateau, one of the easternmost High Plateaus in the Utah 
Colorado Plateau - Basin and Range transition zone. Initial mapping by Wil
liams and Hackman (1971) showed the plateau to be similar in lithology and 
stratigraphy to those to the west. Mudflow breccia of the alluvial facies of 
the volcanic rocks of Langdon Mountain are exposed at the base of the 
stratigraphic section. The mudflow breccia records the eastward migration of 
volcanic debris from andesitic stratovolcanoes on the northern Sevier Plateau 
in late Oligocene to early Miocene time. Lava flows of William and Hackman's 
basaltic andesite unit overlie and are interlayered with the mudflow breccia. 
Isotopic ages determined by the potassium-argon method support synchronous 
volcanic mudflow deposition and lava flow emplacement. Chemical analyses of 
the basaltic andesite unit show the lava flows to be trachyandesite in com
position. Lava flows of similar age and composition were erupted across the 
High Plateaus. Trachyte lava flows of William and Hackman's latite unit over
lie the mudflow breccia and the basaltic andesite and are early Miocene in 
age. The Osiris Tuff, an ash-flow of regional extent, overlies all of these 
units and is interlayered with the mudflow breccia on the western margin of 
the plateau. By middle Miocene time volcanic sediments had accumulated to 
produce the Sevier River Formation. Effusive volcanic activity resumed by the 
middle Miocene and peaked in Miocene - Pliocene time. The resulting shield 
volcanoes, lava flows, cinder cones, and volcanic necks range from basalt to 
basaltic trachyandesite in composition and have geochemical characteristics 
distinct from older mafic lavas. 

INTRODUCTION 
The Marysvale volcanic field of central Utah covers an area of about 6000 

square miles (10,000 square kilometers) to a thickness of at least 3000 feet 
(900 meters). The Awapa Plateau, on the extreme eastern flank of the Marys
vale field, is along the eastern margin of the High Plateaus, a transition 
zone between the structurally complex, fault-dominated geology of the Basin 
and Range Province and the nearly flat-lying strata of the the Colorado 
Plateau (figure 1). Grass Valley, a major structural depression, bounds the 
Awapa Plateau to the west. Volcanic rocks of age and composition similar to 
those of the Awapa Plateau lie to the north and to the east on Fish Lake 
Plateau and Thousand Lake Mountain, respectively. Mesozoic clastic rocks of 
the Aquarius Plateau extend from beneath the southern margin of the Awapa 
Plateau volcanic pile. Farther to the west, in the main body of the Marysvale 
volcanic field, rocks of similar lithology, age, and composition are exposed 
on the Sevier Plateau, Markagunt Plateau, and in the southern Tushar 
Mountains. 

The Awapa Plateau is one of the least studied areas in Utah. Dutton 
(1880) noted the wide variety of rocks on the Awapa Plateau and their 
similarity to rocks to the west. Kennedy (1963) described the volcanic 
stratigraphy and the structure of Piute County, which includes the westernmost 
margin of the plateau. The easternmost margin of the plateau was mapped by 
Smith and others (1963) during an investigation of the Capitol Reef area; a 
variety of volcanic rocks were grouped in a single map unit. The only 
geologic map of the entire plateau was prepared by Williams and Hackman (1971) 
at the scale of 1:250,000. They distinguished several rock units and corre
lated units with those defined by Callaghan (1939). Callaghan (1973), in a 
report on the mineral resources of Piute County, mapped the westernmost margin 
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Figure 1. Index map of the High Plateaus of Utah, a sub-province of the 
Colorado Plateau. Stippled area shows the distribution of volcanic rocks of 
the Marysvale volcanic field, from Rowley and others (J979). 



of the plateau and divided the beds into the units he had defined in 1939. 
Rowley and others (1986a) mapped the extreme western margin of the Awapa 
Plateau. They show the Osiris Tuff interlayered with mudflow breccia and the 
latter overlain by basaltic lava flows. 
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The primary objectives of this study are: (1) to characterize the 
petrologic and geochemical variation of the middle and late Cenozoic volcanic 
rocks of the Awapa Plateau, (2) to constrain the age of the stratigraphic 
units, (3) to compare the volcanic rocks of the Awapa Plateau to the formally 
or informally designated stratigraphic units of the High Plateaus to the west, 
and (4) to outline the middle to late Tertiary geologic history of the Awapa 
Plateau. 

METHODOLOGY 
During the summers of 1988 and 1989 nearly 150 samples were collected to 

represent the stratigraphic and spatial variation of the volcanic rocks of the 
Awapa Plateau. From these a subset of 12 breccia clasts and 73 lava flows 
were selected for chemical analysis (Appendix 1, Plate 1). Major elements and 
phosphorus were determined by multi-element D.C. plasma atomic emission spec
troscopy at Northern Illinois University. The procedures detailed in 
Feigensen and Carr (1985) were used. A mixture of 0.10 gram of sample powder 
and 1.0 gram of lithium metaborate flux was placed in a graphite crucible. 
The mixture was melted in a furnace at 1000 degrees celsius for 10 minutes and 
poured into a Teflon beaker containing 50 milliliters of dilute hydrochloric 
acid and stirred until dissolved. This solution was used for the analysis of 
phosphorus. Five milliliters of the original solution was added to 50 mil
liliters of strontium-doped dilute hydrochloric acid to prepare major-element 
solutions. Calibration curves were constructed using a variety of U.S.G.S. 
and French standards. Analytical errors are summarized in Table 1. Trace 
elements (V, Sc, Ba, La, Cr, Co, Ni, Cu, Zn, Ga, Pb, Th, Rb, Sr, Y, Zr, and 
Nb) were determined by x-ray fluorescence spectrometry at Northern Illinois 
University. A mixture of 1.0 gram of sample and 0.5 gram of micro-crystalline 
cellulose were pressed into disks with a cellulose acetate backing. Mass
absorption effects were corrected by the method of Hower (1959). Geochron 
laboratories used mineral separates and whole-rock samples for six age 
determinations by the potassium-argon method. All isotopic ages in this 
report use or have been converted to the decay constants of the lUGS Sub
commission on Geochronology (Dalrymple, 1979; Steiger and Jager, 1977). Thin 
sections of representative samples from each stratigraphic unit were prepared. 
No geologic mapping was conducted. 

PETROLOGY, COMPOSITION, AGE, AND CORRELATION 
Introduction 

The rocks exposed on the Awapa Plateau range in age from late Oligocene 
to late Miocene and total about 3,000 feet (900 meters) in thickness. 
Mesozoic strata underlie the volcanic sequence and crop out to the east in 
Capitol Reef and to the south in the Aquarius Plateau. The only stratigraphic 
division applied to the entire plateau is that of Williams and Hackman (1971), 
who divided the volcanic sequence into nine units. Field work has shown the 
utility of Williams and Hackman's divisions and the accuracy of their initial 
descriptions. Six of their units will be described in greater detail in this 
report (figure 2). Samples from Williams and Hackman's two undifferentiated 
units are grouped within the basaltic andesite, latite, or Osiris Tuff, based 
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TABLE 1 
ANALYTICAL ERRORS FOR U.S. GEOLOGICAL SURVEY STANDARD AGV-1 

mean std. dev. 
Si02 58.74 0.400 
Ti02 1.03 0.019 
A1203 16.90 0.201 
FeOT 5.99 0.109 
MnO 0.095 0.070 
MgO 1.48 0.017 
CaO 4.84 0.095 
Na20 3.97 0.757 
K20 2.79 0.241 
V 121.7 3.8 
Sc 14.2 1.6 
Ba 1141.9 9.7 
La 40.8 3.1 
Cr 11.2 3.8 
Co 16.4 1.1 
Ni 18.2 1.0 
Cu 61.6 0.8 
Zn 89.4 1.4 
Pb 36.3 1.2 
Th 6.3 1.1 
Rb 70.0 0.4 
Sr 647.6 2.6 
Y 19.9 0.5 
Zr 231.2 1.2 
Nb 15.9 0.4 

Means and standard deviations are based on 10 measurements. 
Comparisons are made to the data of Gladney and others (1983). 

TABLE 2 
K-Ar RADIOMETRIC AGES 

Unit Sample Latitude(N) Longitude(W) Material K20(wt. %) 
basaltic andesite AP47 38° 9'22" 111°49 ' 5" plag 3.48 
basaltic andesite AP99 38°23'35" III °46 '42" plag 3.69 
basaltic andesite AP126 38°14 ' 3" 111°35'51" plag 3.29 
latite APl19 38°14' 28" 111°38'47" sanidine 6.48 
olivine basalt AP26 38°45 ' 5" III °47' 54" whole rx 1.97 
olivine basalt AP127 38°13'48" III °35' 8" whole rx 2.57 

4oAr* 4oAr* Calculated 
Unit Sample ( 10-12mol/g) (% total) date (106yr) 
basaltic andesite AP47 28.82 36.0,37.4 25.2±1.6 
basaltic andesite AP99 28.15 50.7,33.7 23.2±1.5 
basaltic andesite AP126 44.32 51.5,40.7 25.8±1.4 
latite APl19 2.49 61.7,81.4,82.6 23.l±1.0 
olivine basalt AP26 33.1 45.8,27.0 16.4±1.0 
olivine basalt AP127 87.2 13.9,13.9 5.9±0.6 
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Figure 2. Generalized stratigraphic column for the Awapa Plateau, from Wil
liams and Hackman (1971). 



on their mineralogy and chemistry. An undifferentiated sedimentary rock unit 
(Tsc, Williams and Hackman, 1971) is not described in this study. 
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The oldest exposed rocks along the base of the western front of the 
plateau consist of volcanic mudflow breccia, an alluvial facies of the vol
canic rocks of Langdon Mountain, an informal stratigraphic unit first de
scribed on the Sevier Plateau (Rowley, 1979; Rowley and others, 1986a). The 
unit was originally termed andesite breccia by Williams and Hackman (1971) 
(figure 2). The mudflow breccia thins to the east and is covered by lava 
flows of basaltic andesite that form the base of the exposed section on the 
east front (Plate 2). Both units are late Oligocene to earliest Miocene. 
Latite lava flows are interlayered with the upper portion of both units. The 
Osiris Tuff, with an age of about 23 Ma (Fleck and others, 1975), overlies the 
basaltic andesite and the latite on the eastern half of the plateau but inter
fingers with the mudflow breccia in the west (Rowley and others, 1986a). 
Siltstone, sandstone, and conglomerate of volcanic material, termed volcanic 
sediments by Williams and Hackman, overlie all of the above mentioned units 
and are classified as the Sevier River Formation. Lava flows, cinder cones, 
and volcanic necks of olivine basalt overlie all units. Best and others 
(1980) established an age range of 6.5 to 5.0 m.y. for the olivine basalt 
flows along the southwestern margin of the Plateau. 

Volcanic rocks of Langdon Mountain 
The lowest stratigraphic unit exposed on the Awapa Plateau consists of 

volcanic mudflow breccia, conglomerate, and sandstone. Williams and Hackman 
(1971) grouped these rocks in their andesite breccia unit. Later, more 
detailed studies on the northern Sevier Plateau revealed "a stratovolcano se
quence of andesitic to dacitic, massive to well-bedded volcanic mudflow brec
cia and subordinate flow breccia, lava flows, and fluvial sandstone and con
glomerate" (Rowley and others, 1986a) that was informally designated the vol
canic rocks of Langdon Mountain (Rowley, 1979; Rowley and others, 1979). Map
ping by Rowley and others (1986a) showed the alluvial facies of the volcanic 
rocks of Langdon Mountain extended to the western margin of the Awapa Plateau. 
Systematic variation in clast size and bedding characteristics in the volcanic 
mudflow breccia across the Awapa Plateau support the assignment of this unit 
to the alluvial facies of the volcanic rocks of Langdon Mountain. 

Excellent exposures of the mudflow breccia are produced by the large dis
placement on the Paunsaugunt fault. The sequence is greater than 2,600 feet 
(800 m) thick and forms near-vertical cliffs along much of the length of 
Parker Mountain (Plate 1). The andesite breccia also crops out in the hills 
at the base of the mountain front. Clast-supported, polymictic, polymodal 
breccia dominates; the strata weather medium gray to brown. As the matrix 
content increases the steepness of the outcrop tends to decrease. Light-gray, 
plagioclase- and hornblende-phyric clasts are by far the most common (samples 
AP36, 37, 65, and 93)(figure 3). Dark-gray, plagioclase-phyric clasts were 
also found at most exposures (AP40, 42, and 92). Clasts range in size from 
pebbles to boulders and reach a maximum long-axis length of 9 feet (2.7 
meters). Structureless beds 30 to 50 feet (9 to 15 m) thick have scoured 
basal contacts; internally they are crudely stratified on a scale of 1 to 10 
feet (0.3 to 3 m). 

With the exception of a few deeply dissected canyons, exposures on the 
plateau are poor. At Big Hollow, 9 miles (14.4 kilometers) from the plateau's 





Figure 3 . Photomicrographs of representative samples from each stratigraphic 
unit. All photomicrographs are in plane-polarized light and are 4 mm across. 
Symbols: p-plagioclase, h-hornblende, a-augite, o-olivine, b-biotite, and 
l ~lithic . A. Clast from the alluvial facies of the volcanic rocks of Langdon 
Mountain, showing plagioclase and hornblende phenocrysts in a groundmass of 
iron oxides and glass (AP36) . B. Basaltic andesite, showing augite, resorbed 
plagioclase, and olivine in a groundmass of plagioclase microlites (APl14). 
C. La tite, showing augite and resorbed plagioclase in a glassy groundmass 
(AP69) . D. Osiris Tuff, showing plagioclase, augite, biotite, and lithics in 
a glassy groundmass (AP9lv). E. Olivine basalt, containing augite and fresh 
olivine in a groundmass of plagioclase and iron oxides (AP13l). F . Olivine 
basalt, containg augite and olivine rimmed by iddingsite in a groundmass of 
plagioclase and iron oxides (AP107). 

()O 
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western front, nearly 300 feet (90 meters) of well-stratified volcaniclastic 
sandstone and conglomerate comprise the uppermost part of the volcanic rocks 
of Langdon Mountain section. Beds of this sandstone and conglomerate range 
from 1 to 6 feet (0.3 to 2 meters) thick and range from well-sorted tuffaceous 
sandstone or clast-supported conglomerate to poorly-sorted, matrix-supported 
cobble and/or boulder conglomerate in a tuffaceous matrix. Composition of the 
clasts in the conglomerate is similar to that along the western front except 
for sample AP72, which appears to be a hornblende cumulate. The maximum long
axis length of a boulder is five feet (1.5 m). Beds are structureless, in
versely graded, or normally graded. Palmer and Walton (1990) and Walton and 
Palmer (1988) described similar facies to the west. 

The volcanic rocks of Langdon Mountain on the Awapa Plateau have not been 
dated. No attempt was made to determine the age of clasts within the breccia 
by the potassium-argon method because of the known difficulties in interpret
ing such ages. Two lava flows in the overlying basaltic andesite unit provide 
ages of about 25 m.y. (see below). On the western margin of the plateau the 
Osiris Tuff, a 23 m.y. old ash-flow tuff (Fleck and others, 1975), is inter
layered with the upper part of the mudflow breccia. Based on these isotopic 
ages the breccia must range in age from late Oligocene to early Miocene. 

Clasts from the andesite breccia range from basaltic andesite to 
trachyandesite and dacite in composition (figure 4). One clast (AP72), not 
shown in figure 4 because of its non-representative chemistry, consists 
entirely of centimeter-sized hornblende phenocrysts and is a basanite in com
position. 

On nearly all of the High Plateaus the lowermost exposed volcanic
stratigraphic unit is a thick sequence of vent-facies lava flows flanked by 
alluvial-facies mudflow breccia. In the Tushar Mountains, the Bullion Canyon 
Volcanics contain at least 3,300 feet (1,000 meters) of lava flows, flow brec
cia, mudflow breccia, subordinate conglomerate and sandstone, and several in
terlayered ash-flow tuffs (Rowley and others, 1979). Rhyodacite lava flows 
are most common and contain phenocrysts of plagioclase, biotite, hornblende, 
and lesser pyroxene (Cunningham and others, 1983). On the northern Markagunt 
Plateau and the southern Sevier Plateau, the Mount Dutton Formation, an assem
blage of crystal-poor dacitic to andesitic lava flows, flow breccia, and mud
flow breccia with local accumulations of felsic volcanic rocks and tuffaceous 
sandstone (Anderson and others, 1990 a and b), has a maximum thickness of 
about 2000 feet (600 meters) (Rowley and others, 1987). Blackman (1985), in a 
detailed examination of Mount Dutton vents near Circleville, found four mafic 
assemblages: pyroxene-phyric lava flows, transitional pyroxene and hornblende 
lava flows, and hornblende-phyric lava flows. Similar mineral assemblages are 
reported elsewhere in the Mount Dutton Formation (Anderson and Rowley, 1987; 
Anderson, 1986; and Anderson and others, 1987). On the northern Sevier 
Plateau the volcanic rocks of Langdon Mountain contain andesitic and dacitic 
lava flows, flow breccia, and fluvial sandstone and conglomerate, with an ap
proximate total thickness of 350 meters (Rowley and others, 1986a). 
Plagioclase is the most common phenocryst with subordinate hornblende, 
pyroxene, and Fe-Ti oxides. The basal sequence of the Awapa Plateau is almost 
entirely mudflow breccia; no lava flows or flow breccia are present. 
Plagioclase and hornblende, with minor amounts of clinopyroxene, comprise the 
phenocryst assemblage of the breccia clasts. Based on stratigraphic position, 
lithology, and mineralogy the mudflow breccia of the Awapa Plateau is similar 
to the other volcanic rocks exposed to the west in the High Plateaus. More 
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than 92 samples from lava flows of the Mount Dutton Formation (Mattox, un
published data) define a field in figure 5. Clasts from the mudflow breccia 
of the Awapa Plateau plot within the field, and attest to the compositional 
similarity of the two units. Rowley and others (1986a) mapped the mudflow 
breccia at the base of Parker Mountain as alluvial facies of the volcanic 
rocks of Langdon Mountain and suggested local sources on the Awapa Plateau. 
Based on stratigraphic position, lithology, and mineralogy Rowley and others' 
assignment is correct but the gentle eastward dip of these strata, the lack of 
lava flows, the eastward decrease in maximum clast size, abundance of breccia, 
bed thickness, and the lack of similar beds in Thousand Lake Mountain point to 
a source on the northern Sevier Plateau. The mudflow breccia undoubtedly is 
the distal alluvial facies of a stratovolcano complex whose vents are in the 
northern Sevier Plateau, probably the Langdon Mountain area. 

Basaltic Andesite 
Lava flows and flow breccia of Williams and Hackman (197l)'s basaltic 

andesite unit overlie the volcanic rocks of Langdon Mountain. The two units 
are laterally equivalent on the eastern portion of the plateau where lenses of 
basaltic andesite are surrounded by mudflow breccia. Maximum exposed thick
ness of basaltic andesite is approximately 300 feet (90 meters) at Black Point 
and in Long Hollow (S sec. 16, T.28S., R.2E.). Williams and Hackman (1971) 
reported a maximum thickness of 700 feet (210 meters). The well exposed lava 
flows capping Boulder Mountain east of the Awapa Plateau allowed Smith and 
others (1963) to distinguish three flows in a section 475 feet (145 meters) 
thick. An excellent exposure of a lava flow is provided by a road cut at 
Black Point. Flow breccia is exposed in a roadcut north of Loa (NENW sec. 36, 
T.27S., R.2E.)(sample AP87). Elsewhere the unit weathers to discontinuous 
ledges or boulder-strewn hillsides. Medium-gray to black porphyritic lava 
flows contain nearly equal amounts of clinopyroxene (0.2 to 3.5 mm, typically 
1 to 3 mm) and sieved-textured, embayed plagioclase (0.3 to 1.0 mm)(figure 3). 
Olivine (0.2 to 1.0 mm, typically 0.2 to 0.5 mm), in part altered to idding
site, orthopyroxene (0.2 to 2.5 mm), and iron oxides (0.1 to 1.0 mm) are less 
abundant. The groundmass is dominated by plagioclase microlites and various 
amounts of iron oxides and glass. Vesicles are common and elongate in the 
direction of flow. 

Using the potassium-argon method, Best and others (1980) dated a sample 
from Williams and Hackman's latite and basaltic andesite flows un
differentiated, collected north of the Awapa Plateau near the southern end of 
Fish Lake. An age of 24.5 m.y. was obtained. Samples AP27 and AP28 of this 
study are from this locality and, based on their mineralogy and chemistry, 
have been reassigned to the basaltic andesite. Three samples collected in 
this study have been dated by the potassium-argon method. Sample AP47 was 
collected east of the Tanks (Plate 1) from lava flows originally mapped as 
latite by Williams and Hackman (1971). The chemistry of the sample is in
distinguishable from that of the basaltic andesite lava flows and is therefore 
grouped with the basaltic andesite. The sample yielded an age of 25.2±1.6 
m.y.. Sample AP99 was collected from the top of the basaltic andesite sec
tion, just below the Osiris Tuff, and yielded an age of 23.2±1.S m.y.. Sample 
AP26 was collected from the extreme eastern margin of the Awapa Plateau and 
yielded an age of 2S.8±1.4 m.y.. ! ,Jf P 

Lavas flows from the basaltic andesite unit are trachyandesite {.,in com
position (figure 4). All samples from the Awapa Plateau contain more than 
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3 weight percent K20, a characteristic shared with mafic lava flows of similar 
age to the west (Steven and others, 1990). Trace-element abundances suggest 
that the unit can be divided. Large-ion lithophile elements (Ba, Sr) are en
riched in samples from the northern Awapa Plateau. Samples from Thousand Lake 
Mountain and south of Bicknell Bottoms have lower concentrations of these ele
ments (figure 6). Five samples (AP2l, 24, 27, 28, and 47) from Williams and 
Hackman's basaltic andesite and latite undifferentiated unit were reassigned 
to the basaltic andesite unit because of their mineralogy and major- and 
trace-element chemistry. 

Based on stratigraphic position, lithology, mineralogy, texture, chemical 
composition, and age, the basaltic andesite unit is correlative to the 
potassium-rich mafic lava flows, volcaniclastic breccia, and conglomerate of 
Steven and others (1990), potassium-rich mafic volcanic rocks in the Southern 
Tushar Mountains of Cunningham and others (1983), the mafic lava flows of 
Birch Creek Mountain of Anderson and others (1990 a and b), the mafic lava 
flows of Circleville Mountain of Anderson (1986), and to the lava flows of 
Riley Spring of Nelson (1989). At most locations, laterally continuous sheets 
of mafic lava of shield or fissure origin lie unconformably above mudflow 
breccia. On the Sevier Plateau, Anderson and Rowley (1975, p. 34) described 
olivine- and magnetite-phyric basalt "in a groundmass of glass and crystal
lites of plagioclase and ferromagnesian minerals." In the southern Tushar 
Mountains, mafic lava flows contain "small subhedral crystals and large (as 
much as 1 cm) glomeroporphyritic clusters of augite, with sparse amphibole and 
olivine (commonly altered to iddingsite)" (Anderson and Rowley, 1975, p. 35) 
in a glassy groundmass of plagioclase laths and magnetite. All of the above 
mentioned phenocrysts are observed in the basaltic andesite of the Awapa 
Plateau but clinopyroxene, not olivine, appears to be the most common. 
Glomeroporphyric texture of olivine, clinopyroxene, orthopyroxene, and 
plagioclase was observed in samples AP99 and AP126. The groundmass ranges 
from glass to plagioclase microlites. Iron oxides are ubiquitous in the 
groundmass. Unlike the potassium-rich lavas to the west, plagioclase is a 
common phenocryst in the basaltic andesite of the Awapa Plateau. Nearly 30 
samples from potassium-rich mafic volcanic rocks of the Southern Tushar 
Mountains, mafic lava flows of Birch Creek Mountain, and the mafic lava flows 
of Circleville Mountain define a field in figure 5 (Mattox, unpublished data). 
The Awapa Plateau samples fall within a restricted area in this field. The 
basaltic andesite is remarkably similar in major- and trace-element chemistry 
to the lava flows of Riley Spring. For example, compare samples 1 and 2 of 
Nelson (1989, Table 2) to samples AP126 and APl14 (Appendix 2), respectively. 
Ages for the potassium-rich lava flows to the west range from 23 to 21 m.y. 
(Fleck and others, 1975; Best and others, 1980). Best and others (1980) also 
reported an age of 24.5 m.y. for a potassium-rich lava just north of the Awapa 
Plateau. The lava flows of Riley Spring are 23.8 m.y. old (Nelson, 1989). 
Isotopic ages for samples from this study range from 25.8 to 23.2 m.y. Appar
ently potassium-rich volcanism began in the east. The distribution of the 
ages does not support a westward migration of activity but might reflect early 
eruptions ringing the Marysvale field. The older ages for the basaltic 
andesite are supported by their stratigraphic position beneath the Osiris 
Tuff. Steven and others (1979) described a broad shield volcano centered on 
the northern Sevier Plateau that may have been the source for the basaltic 
andesite lava flows of the Awapa Plateau. 
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Latite 
Lava flows of the latite unit of Williams and Hackman (1971) are inter

layered with the alluvial facies of the volcanic rocks of Langdon Mountain and 
the basaltic andesite. At most exposures the unit has weathered to large 
boulders; however, in the lower reaches of Big Hollow (secs. 11, 12, 13, and 
14, T.29S., R.2E.), latite lava flows nearly 500 feet thick (150 meters) form 
cliffs that overlie the mudflow breccia. In upper Wildcat Hollow (NESW sec. 
36, T.29S., R.2E.), discontinuous outcrops of platy latite are more than 300 
feet (90 meters) thick and can be separated into at least three differerent 
flows. Southeast of Bicknell Bottoms (NE sec. 15, T.29S., R.3E.) a resistant 
latite layer rests on basaltic andesite that has weathered to boulders. 
Black, vesicular lava flows are nearly holohyaline. The few percent of crys
tals present consist of resorbed plagioclase (0.6 to 2.0 rom, typically 1.2 
rom), clinopyroxene (0.3 to 1.0 rom, typically 0.4 rom), hornblende (0.3 mm typi
cally), and iron oxides (0.2 to 0.35 mm)(figure 3). Medium-gray structureless 
or flow-banded lava flows are also common. They are nearly holohyaline except 
for plagioclase (0.4 to 1.5 mm, typically 0.6 mm), clinopyroxene (0.3 to 0.8 
mm, 0.6 mm typically), and iron oxides (0.16 to 0.28 mm). 

A single latite sample was dated for this study. Sample AP19 was 
collected from Wildcat Hollow and yielded an age of 23.l±1.0 m.y .. 

Latite samples are from the most silica-rich lava flows of the Awapa 
Plateau and plot within the trachyte compositional field (figure 4). Sample 
AP139, from Williams and Hackman's basaltic andesite and latite un
differentiated unit, was reassigned to the latite unit based on its mineralogy 
and major- and trace-element chemistry. 

Definitive correlation of the latite unit away from the Awapa Plateau is 
difficult. It shares some similarities with several units, including the 
Antimony Tuff Member of the Mount Dutton Formation (Anderson and Rowley, 
1975), the tuff of Albinus Canyon (Steven, 1979; Cunningham and others, 1983; 
Willis, 1986), and the lava flows of Deer Springs Draw (Nelson, 1989), but 
differences are significant. Alternatively, the latite unit may be limited to 
the Awapa Plateau. Both the Antimony Tuff Member and the tuff of Albinus Can
yon are beneath the Osiris Tuff, a stratigraphic position similar to the 
latite unit. Both tuffs are crystal poor, with feldspar being the most common 
phenocryst, a characteristic shared with the latite. It is possible that 
these two tuffs were grouped in the latite unit by Williams and Hackman (1971) 
because of the reconnaissance nature of their mapping. The major- and trace
element chemistry of each unit is distinctive (Mattox, unpublished data; 
Willis, unpublished data), and unpublished potassium-argon ages (data of H.H. 
Mehnert in Rowley and others, 1988b) of approximately 25 m.y. show the tuffs 
are significantly older than the latite. The lava flows of Deer Springs Draw 
are exposed north of Thousand Lake Mountain and are described by Nelson 
(1989). These lavas have similarites with the latite flows, including their 
low abundance of phenocrysts. However, the trachyte lava flows of Deer Spring 
draw are older (26.3 Ma) and have significant differences in major-element 
compositions. Field relations between the latite and the other stratigraphic 
units of the Awapa Plateau clearly demonstrate the relatively thin and 
laterally discontinuous nature of the latite lava flows. It is possible that 
the latite was erupted from vents on the Awapa Plateau and, because of its 
small volume, never extended beyond the plateau's margins. Magmatic centers 
of similar composition and age occur over a large area of central and western 
Utah and eastern Nevada (Nelson, 1989). 
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Osiris Tuff 
Williams and Hackman (1971) informally designated the tuff of Osiris for 

an ash-flow tuff of regional extent. Later work showed the tuff to be the most 
widespread in the Marysvale field, covering more than 1540 square miles (4000 
square km)(Rowley and others, 1986a and b; Rowley and others, 1988a and b; 
Steven and others, 1984). The tuff is named for exposures near the abandoned 
village of Osiris, in Black Canyon (sec. 13, T.32S., R.2W.). Anderson and 
Rowley (1975) formally defined the unit as Osiris Tuff. The Osiris Tuff 
serves as a stratigraphic marker on the Awapa Plateau, interlayered with and 
overlying the alluvial facies of the volcanic rocks of Langdon Mountain, and 
overlying the basaltic andesite and the latite. Excellent exposures can be 
found in the cliffs of Riley Canyon, where the Osiris Tuff is nearly 200 feet 
(60 m) thick due to ponding on irregular topography. At other exposures on 
the plateau, Parker Hollow (sec. 11, T.28S., R.lW.), Long Hollow (NW sec. 19, 
T.28S., R.2E.), Big Rocks (SW sec. 24, T.28S., R.2E.), and Big Flat Top (sec. 
17, T.29S., R.2E.), the ash-flow tuff is 15 to 25 feet (4.5 to 7.6 m) thick 
and weathers to house-sized boulders. Most exposures contain a black basal 
vitrophyre a few feet (1 to 2 m) thick overlain by medium-gray welded tuff. 
The unit contains abundant phenocrysts of plagioclase (0.4 to 2.5 mm, 0.6 mm 
typically), minor amounts of sanidine (0.5 to 2.5 mm), biotite (0.5 to 2.0 mm, 
1.5 mm typically), rare clinopyroxene (0.4 to 1.7 mm), and iron oxides (0.1 to 
0.7 mm)(figure 3). The Osiris Tuff is the result of an eruption associated 
with collapse the Monroe Peak caldera of the northern Sevier Plateau (Steven 
and others, 1984). 

Using samples collected from the southern Tushar Mountains and the 
Wasatch Plateau the age of the Osiris Tuff is 23 m.y. (Fleck and others, 
1975). 

Based on chemistry, the Osiris Tuff is a trachyte (figure 4). The con
siderable chemical variation is probably the result of variable phenocryst 
and/or lithic abundance, location of the sample within the ash-flow tuff 
(basal vitrophyre or main body), and the degree of weathering. 

Since the informal designation of the tuff of Osiris (Williams and Hack
man, 1971) the unit has been mapped throughout the southern High Plateaus 
(Anderson and others, 1990a and b; Anderson and others, 1981; Cunningham and 
others, 1983; Rowley and others, 1987; and Willis, 1986). Samples from the 
Awapa Plateau are petrologically similar to those described at other 
localities (Anderson and Rowley, 1975, Table 1-1; Rowley and others, 1986b). 
Ten samples from the type locality of the formation and five samples from 
other plateaus (Mattox, unpublished data) define a compositional field in fig
ure 5. The Awapa samples plot within or very near the field. Although the 
Osiris Tuff was not dated on the Awapa Plateau, the isotopic ages of samples 
AP99 and APl19 constrain its maximum age to 23.2 m.y .. 

Sevier River Formation 
The Sevier River Formation, called volcanic sediments by Williams and 

Hackman (1971), filled depressions developed on the older stratigraphic units. 
These unconsolidated, fluvial sediments were derived from surrounding volcanic 
strata. The formation is well exposed in road cuts in Big Hollow (N sec. 7, 
T.29S., R.3E.) and near Black Point (N sec. 35, T.27S., R.lE.). At Big Hol
low, it has a maximum thickness of about 200 feet (60 m). Laminated, 
medium grained sandstone, and structureless tuffaceous sandstone comprise most 
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of the unit. Thick-bedded, tuffaceous, pebbly sandstone and less abundant 
clast-supported, pebble and cobble conglomerate fill channels that have been 
eroded in the sandstone. Elsewhere on the plateau, exposures are essentially 
non-existent and the presence of the unit is marked only by pebbly soil. 

The Sevier River Formation of the Awapa Plateau is similar to other ex
posures on the High Plateaus. Callaghan (1938) designated partly consolidated 
fanglomerate, conglomerate, sandstone, siltstone, and diatomaceous beds as the 
Sevier River Formation. The sedimentary rock was derived from local sources 
and accumulated in nearby basins. Freshwater fauna indicate a late Pliocene 
or early Pleistocene age for the rocks at the type locality (Callaghan, 1939). 
Based on the presence of a few outcrops of fluvial sediments in the uplands of 
the southwestern High Plateaus, Anderson and Rowley (1975, p. 41) thought "it 
probable that the Sevier River Formation formerly filled significant parts of 
the intermontane valleys of the southern High Plateaus." On the Awapa 
Plateau, poorly consolidated sandstone, pebbly sandstone, and clast-supported 
conglomerate have filled depressions developed on older volcanic rocks. 
Isotopic ages of 14.2 and 7.1 m.y. were reported by Steven and others (1979) 
for ash layers at the base and top, respectively, of the Sevier River Forma
tion in the Marysvale area. No datable material was recovered from the Sevier 
River Formation of the Awapa Plateau but their minimum age is constrained by 
the overlying olivine basalt (AP26), dated at approximately 16 m.y. 

Olivine Basalt 
Olivine basalt occurs as lava flows, cinder cones, and volcanic necks. 

In morphology most individual volcanoes are shields, with central vents still 
recognizable at Smooth Knoll and Elsies Nipple. Many flows weather to 
boulders or small, discontinuous outcrops. One exception is the fresh basalt 
exposed in a road cut at the extreme eastern margin of the plateau (sample 
AP127)(NWNE sec. 9, T.30S., R.3E.). Maximum thickness of the unit is roughly 
450 feet (135 m). Most lava flows consist of black, porphyritic rock domi
nated by olivine (0.3 to 2.7 mm, typically 1.0 mm), but also contain small 
crystals of clinopyroxene (0.1 to 0.8 mm. 0.5 mm typically) (figure 3). The 
olivine commonly weathers to iddingsite. Plagioclase microlites, commonly in 
a trachytic texture, iron oxides, and volcanic glass make up the groundmass. 

Olivine basalts from near the town of Antimony and the southwest rim of 
the plateau yielded ages from 5.0, 5.4, and 6.6 m.y. (Best and others, 1980). 
Samples A4 through A7, A2 and A3, and AP142 of this study were collected from 
the same lava flows, respectively. Two olivine basalt samples were dated for 
this study. Sample AP26 was collected north of the Awapa Plateau near the 
southern end of the Fish Lake Plateau. The sample yielded an age of 16.4+/-
1.0 m.y .. Sample AP127, collected near the extreme eastern margin of the 
Awapa Plateau, yielded an age of 5.9+/-0.6 m.y .. 

Samples from the olivine basalt stratigraphic unit range from basalt to 
basaltic trachyandesite in composition (figure 4). At some localities in the 
High Plateaus the young (16 m.y.) basalts cannot be distinguished from older 
mafic flows because of their similar mineralogy and lack of isotopic age or 
stratigraphic constraints. All samples of olivine basalt from the Awapa 
Plateau contain less than 3 weight percent K20, suggesting a chemical 
criterion may be used to differentiate the two stratigraphic units. All of 
the olivine basalt lava flows are nepheline normative with the exception of 
the two more evolved samples (AP54 and AP142). Fractional crystallization of 
the observed phenocryst phases can explain the major-element variation of the 
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more evolved samples of olivine basalt (figure 7). The more mafic samples are 
probably related by variable degrees of partial melting of an enriched mantle 
source (Mattox and Walker, 1990). 

The olivine basalt of the Awapa Plateau is part of a widespread sequence 
of scattered basalts in the High Plateaus (Steven and others, 1990; Cunningham 
and others, 1983). Dutton (1880) noticed their concentration on the periphery 
of the Marysvale field. In a detailed study of the mineralogy of the younger 
basalt flows, Lowder (1973) showed olivine to be the most common phenocryst 
followed by plagioclase and clinopyroxene. Lava flows of the Awapa Plateau 
have nearly equal amounts of plagioclase and clinopyroxene. Plagioclase occurs 
in the groundmass or as phenocrysts. More than 35 samples (Mattox, un
published data) from younger basalt flows of the Markagunt Plateau and Sevier 
Plateaus define a field in figure 5. Most lava flows from the Awapa Plateau 
plot within the field. The higher total alkalies for the more evolved olivine 
basalts of the Awapa Plateau reflect an eastward increase in these elements 
for all younger basalt flows of the High Plateaus (Mattox and Walker, 1990). 
Best and others (1980) reported a range of 0.26 to 12.7 m.y. for younger 
basalt flows on the Markagunt and Sevier Plateaus. Fleck and others (1975) 
reported an age of 0.44 m.y. for a flow on the west margin of the High 
Plateaus. One sample from the southeast margin of the Awapa Plateau yielded 
an age of 5.9 m.y., very similar to the ages in Best and others (1980). The 
16.4 m.y. age for sample AP26 is the oldest reported for a younger basalt 
flow. 

GEOCHEMISTRY 
Lavas ranging in composition from basalt to trachyte were erupted on the 

Awapa Plateau (figure 4). The reader is reminded that eruptive activity was 
concentrated in two periods, separated by a hiatus of at least 6 million 
years. Major- and trace-element analyses and CIPW normative calculations are 
reported in Appendix 2. Major-element and selected trace-element trends are 
shown in figure 6. With increasing silica, enrichment of Na20 and K20 and 
depletion of CaO, FeO

T
, MgO, Ti0

2
, and P

2
0

5 
occur. Each stratigraphic unit 

forms a relatively discrete cluster on the variation diagram for all the ele
ments except A1203, which may reflect the variability in the abundance of 
plagioclase phenocrysts from sample to sample and unit to unit. 

The samples define an alkali-lime index (Peacock, 1931) of 56, transi
tional from alkali-calcic to calc-alkalic. They also appear transitional from 
alkaline to subalkaline in the alkali-silica plot of Irvine and Barager 
(197l)(figure 8) but plot well within the subalkaline and calc-alkaline fields 
of a normative olivine-nepheline-quartz projection and an AFM plot, repective
ly (Irvine and Baranger, 1971)(figure 9). 

The curvilinear pattern on the variation diagrams might reflect crystal 
fractionation from a single parent or mixing of two magmas with different com
positions. Such processes likely acted on the magmas of a single 
stratigraphic unit (olivine basalt) or several units (andesite breccia, 
basaltic andesite, and latite) but certainly do not relate the late-Tertiary 
unit to the mid-Tertiary units. 

A chondrite-normalized spider diagram is used to show graphically the 
variation in trace elements for representative samples from each unit (figure 
10). The andesite breccia and the basaltic andesite show similar enrichments 
and depletions. The chemistry of the latite and the Osiris Tuff suggests that 
a crustal component may have modified their composition. For example, Zr is 
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enriched relative to Ti02 and P205 , a characteristic of magmas that have been 
contaminated by crustal rocks (Thompson and others, 1983). All samples have 
Ba/Nd ratios> 26, a characteristic of subduction-related orogenic lavas 
(Gill, 1981). 

The onset of potassium-rich volcanism is believed by Rowley and others 
(1988b) to have been coincident with the main phase of structural differentia
tion of the High Plateaus (Rowley and others, 1978) and the beginning of peri
od of volcanic activity dominated by bimodal, basalt and rhyolite, volcanism. 
In a detailed study of the geochemistry of middle and late Tertiary rocks from 
the southern portion of the Marysvale volcanic field, Mattox and Walker (1989) 
and Mattox (1990) reported systematic enrichments of K20 and large-ion 
lithophile elements from middle Tertiary lavas to the potassium-rich lava 
flows. Late Cenozoic (less than 16 m.y.) lava flows have markedly different 
chemistry. Mattox and Walker (1989) suggested the enrichment trends may 
reflect detachment or the demise of a subducted slab beneath the western por
tion of the continent. A similar compostional trend and tectonic history is 
reported for the Aeolian Islands by Keller (1974) and Ellam and others (1988). 
After a hiatus of several million years late Tertiary volcanism began. Selec
tive enrichment in some trace elements indicated that the source of the 
olivine basalt was modified by C02-rich, alkaline fluids or magmas (Walker and 
Mattox, 1989). 

GEOLOGIC HISTORY 
During the late Oligocene, clastic aprons moved to the east as volcanic 

mudflows prograded from topographically high stratovolcanoes in the Langdon 
Mountain area of the northern Sevier Plateau. The presence of lacustrine 
strata immediately beneath the volcanic sequence suggests the Awapa Plateau 
area had low relief, facilitating transport of volcanic mudflows to great dis
tances. Deposition continued on the western side of the plateau into the ear
ly Miocene. Synchronous with or following shortly after the deposition of the 
volcanic mudflow breccia, thick flows of basaltic andesite were erupted from 
vents that are now concealed, removed by erosion, or located to the east. The 
distribution of the basaltic andesite suggests that it onlapped the mudflow 
breccia from the east. Alternatively these flows may have traveled from a 
large shield volcano on the northern Sevier Plateau. In the early Miocene 
lava flows of the latite unit were erupted from local sources and were inter
layered with basaltic andesite lava flows. Mid-Tertiary effusive activity 
terminated shortly before the deposition of the Osiris Tuff 23 m.y. ago. Var
iation in the thickness of the Osiris Tuff attests to the irregular topography 
of the paleosurface. Fluvial deposition began as early as the early middle 
Miocene, as evidenced by exposures southwest of Fish Lake and the isotopic age 
of sample AP26, and produced the Sevier River Formation. Olivine basalt was 
erupted from early middle Miocene to the earliest Pliocene. Activity appears 
to have peaked in the latest Miocene - earliest Pliocene. Displacement of 
these young lava flows by the Paunsaugant fault support the relatively recent 
uplift of the Awapa Plateau noted previously by Rowley and others (198lb). 
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problems. Reviews by Drs. Walker and Weiss, Michael Ross, and Peter Rowley of 
the United States Geological Survey greatly improved this text. Additional 
assistance was provided by Tari Moulds, Sheri Quesnel, and Richard Markey. 
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APPENDIX 2 

MAJOR- AND TRACE-ELEMENT CHEMISrRY AND CIPW NORMATIVE COMPOSITIONS 
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Volcanic rocks of Langdon Mountain 

Sample AP36 AP37 AP38 AP40 AP41 AP42 AP65 AP66 

Si0
2 59.90 58.13 59.17 53.76 52.99 58.66 61.44 57.02 

Ti0
2 0.74 0.86 0.76 1.09 1.25 0.77 0.65 0.75 

A1
2
0

3 15.85 15.23 16.70 16.87 17.44 16.46 15.51 15.32 
FeO 6.05 7.02 6.36 8.40 9.37 6.65 5.55 6.21 
MnO 0.14 0.14 0.14 0.16 0.13 0.14 0.12 0.13 
MgO 2.83 3.84 2.96 3.95 2.67 3.19 2.11 3.02 
CaO 5.81 6.53 5.64 8.11 7.63 6.57 5.28 5.92 
Na

2
0 3.63 3.57 3.51 3.24 3.52 3.27 3.79 3.46 

K
2
0 2.76 2.58 2.76 2.03 2.49 2.44 2.52 2.61 

P20S 0.35 0.37 0.35 0.39 0.55 0.35 0.29 0.36 
Lor 1.54 1.21 1.43 1.18 1.10 1.23 0.98 1.23 
Total 99.60 99.48 99.78 99.18 99.14 99.73 98.24 96.03 

V 115.6 132.5 115.0 202.~ 242.4 127.8 102.6 118.5 
Sc 11.1 16.5 14.2 23.7 23.6 13.1 16.2 17.3 
Ba 1039.8 925.2 1014.1 836.3 867.5 1025.7 1076.6 916.0 
La 48.2 45.6 42.8 45.6 60.0 43.7 33.6 36.6 
Ce 0.0 0.0 92.4 0.0 96.8 0.0 0.0 0.0 
Cr 51.5 97.6 52.0 26.8 21.1 206.2 34.6 34.9 
Co 56.6 32.4 30.3 40.8 31.9 35.9 30.8 32.3 
Ni 16.3 25.2 17.6 13.5 13.8 54.6 14.0 13.8 
Cu 22.7 26.4 37.0 47.9 50.4 25.7 32.4 21.7 
Zn 94.7 88.3 80.3 93.2 86.0 78.6 64.2 78.6 
Ga 21.9 20.2 19.4 22.1 22.6 22.6 20.2 18.8 
Pb 24.3 21.3 56.3 14.7 28.5 23.7 19.7 18.6 
Th 9.9 6.7 8.1 8.6 5.7 11.7 7.5 7.2 
Rb 62.8 60.5 59.8 40.3 53.1 54.8 52.9 63.8 
Sr 1076.6 1057.6 1125.8 997.9 1206.4 1117.3 1107.4 1011.6 
Y 25.7 27.7 27.4 31.9 40.5 25.7 19.0 24.6 
Zr 167.8 167.0 198.7 140.2 227.5 135.7 122.4 148.6 
Nb 11.8 11.5 10.4 7.0 11.0 9.9 9.7 10.4 
Q 9.6 6.1 8.7 1.3 0.0 8.9 13.2 7.8 
or 16.3 15.3 16.3 12.0 14.7 14.4 14.9 15.4 
ab 30.7 30.2 29.7 27.4 29.8 27.7 32.1 29.3 
an 18.8 17.9 21.7 25.5 24.4 23.0 17.9 18.6 
di 6.5 10.1 3.4 10.2 8.4 6.1 5.4 7.1 
hy 13.9 16.3 16.4 18.6 15.1 16.1 11.9 14.4 
01 0.0 0.0 0.0 0.0 2.0 0.0 0.0 0.0 
i1 1.4 1.6 1.4 2.1 2.4 1.5 1.2 1.4 
ap 0.8 0.9 0.8 0.9 1.3 0.8 0.7 0.8 
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Langdon Mountain Basaltic Andesite 

Sample AP67 AP72 AP92 AP93 AP19 AP21 AP24 AP27 

Si0
2 60.25 40.07 61.56 60.06 56.32 57.06 55.26 57.64 

Ti0
2 0.72 2.30 0.93 0.85 1.01 1.04 1.03 1.04 

A1
2
0

3 
16.93 12.55 14.44 13.59 15.32 16.11 15.45 15.90 

FeO 6.33 16.21 6.58 6.16 7.22 6.85 6.82 6.98 
MnO 0.10 0.18 0.12 0.09 0.12 0.13 0.12 0.12 
MgO 2.13 10.33 3.38 3.10 3.27 2.36 3.19 3.39 
CaO 5.71 11.1-1-8 5.54 5.49 5.91 5.17 5.73 5.88 
Na

2
0 3.52 2.15 3.87 3.78 3.68 3.97 3.72 3.93 

K
2
0 2.45 0.99 3.45 2.52 3.75 3.96 3.47 3.61 

P
2
0

5 0.27 1.26 0.37 0.37 0.50 0.49 0.51 0.48 
Lor 1.05 0.52 1.17 1.48 2.85 1.21 1.20 0.71 
Total 99.46 98.04 101.41 97.49 99.95 98.35 96.50 99.68 

V 106.1 576.7 139.9 123.9 146.0 173.7 167.3 172.5 
Sc 12.5 62.6 14.3 15.8 11.4 17.7 14.5 17.1 
Ba 914.9 443.7 962.7 930.4 890.3 969.0 969.0 938.1 
La 31.3 36.4 51.4 37.7 39.0 57.0 43.3 54.3 
Ce 73.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Cr 33.6 105.4 172.1 147.8 26.4 29.5 30.3 27.4 
Co 24.5 73.8 37.4 31.2 23.0 26.3 29.7 38.6 
Ni 14.5 62.0 60.9 60.8 17.9 21.5 24.0 16.8 
Cu 26.8 38.4 47.1 45.9 92.4 106.4 101.4 98.5 
Zn 60.2 132.7 70.5 66.9 76.7 79.0 87.5 86.2 
Ga 19.9 24.1 21.6 20.5 18.7 24.0 23.3 21.0 
Pb 20.5 0.2 30.4 15.5 34.1 43.8 35.5 29.3 
Th 8.6 3.6 12.1 9.0 19.9 20.6 19.2 23.0 
Rb 58.1 8.3 102.4 57.7 113.1 142.0 105.9 113.8 
Sr 957.8 842.5 1004.8 998.6 1033.3 1089.8 1086.2 1117.0 
Y 23.6 44.1 25.6 20.5 26.3 36.8 28.2 26.9 
Zr 177.6 73.2 213.8 135.2 206.6 237.8 229.4 232.5 
Nb 10.3 7.3 10.5 10.4 10.6 12.8 12.3 13.1 
Q 11.6 0.0 7.9 11.1 7.0 2.3 1.9 1.9 
or 14.5 0.0 20.4 14.9 22.2 23.4 20.5 21.3 
ab 29.8 0.0 32.8 32.0 31.1 33.6 31.5 33.3 
an 23.2 0.0 11.8 12.7 14.2 14.4 15.2 15.1 
di 2.9 0.0 11.0 10.1 6.8 6.8 8.3 9.1 
hy 14.5 0.0 13.7 12.7 5.0 13.6 14.9 15.2 
i1 1.4 0.0 1.8 1.6 0.3 2.0 2.0 2.0 
hem 0.0 0.0 0.0 0.0 7.2 0.0 0.0 0.0 
ti 0.0 0.0 0.0 0.0 2.2 0.0 0.0 0.0 
ap 0.6 0.0 0.9 0.9 1.2 1.1 1.2 1.1 
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Basaltic Andesite 

Sample AP28 AP47 AP75 AP84 AP87 AP96 AP98 AP99 

Si0
2 59.18 56.56 55.72 57.04 64.09 57.62 58.46 58.30 

Ti0
2 

1.06 0.83 0.94 1.02 0.75 1.09 1.05 1.12 
A1

2
0

3 
16.64 18.01 16.76 16.03 16.78 16.10 15.98 15.83 

FeO 6.98 5.61 7.17 6.92 3.74 7.35 6.98 7.47 
MnO 0.12 0.12 0.12 0.14 0.09 0.13 0.12 0.13 
MgO 2.79 2.09 3.17 2.86 0.99 3.43 3.25 3.33 
CaO 5.76 6.11 5.95 5.47 2.88 6.28 5.87 5.77 
Na

2
0 4.04 4.06 3.76 3.99 3.67 3.85 3.88 3.87 

K
2
0 4.03 3.38 3.48 3.79 5.18 3.55 3.72 3.69 

P20S 0.51 0.44 0.37 0.49 0.27 0.47 0.49 0.49 
Lor 1.11 0.38 0.72 0.44 1.54 0.97 0.67 0.85 
Total 102.22 97.59 98.16 98.19 99.98 100.84 100.47 100.85 

V 166.5 132.7 160.1 172.6 53.6 212.1 169.5 210.5 
Sc 13.7 13.5 14.2 13.1 9.5 16.8 16.5 13.4 
Ba 1063.2 719.9 679.2 964.9 779.0 1002.1 1002.4 947.5 
La 52.9 48.3 43.3 52.1 52.4 53.6 51.8 60.6 
Nd 0.0 45.5 0.0 0.0 0.0 0.0 0.0 0.0 
Ce 0.0 91.7 0.0 0.0 0.0 0.0 0.0 0.0 
Cr 27.7 18.4 43.5 31.9 4.9 62.6 38.2 37.5 
Co 37.5 26.3 26.8 28.7 32.8 62.1 32.5 38.9 
Ni 21.3 11.8 19.7 18.4 5.9 30.0 16.9 18.1 
Cu 110.3 114.6 117.5 106.4 31.2 98.6 99.9 105.6 
Zn 87.3 67.5 77.1 77.4 64.5 95.9 83.0 93.9 
Ga 22.5 23.4 22.6 24.9 21.0 22.1 21.9 23.2 
Pb 37.8 32.4 30.7 56.7 58.5 31.4 38.7 36.7 
Th 23.4 16.1 17.9 21.6 27.4 22.7 21.1 19.1 
Rb 132.6 91.7 102.6 132.9 196.3 102.4 122.1 123.0 
Sr 1186.6 965.4 847.4 1109.0 442.9 1172.8 1143.9 1137.8 
Y 30.9 26.6 26.5 28.7 35.0 28.1 28.5 28.5 
Zr 241.8 173.8 204.5 230.9 371.9 220.4 235.3 240.4 
Nb 13.5 10.5 13.3 12.4 17.5 13.2 14.6 12.7 
Q 2.2 2.3 0.6 1.6 13.4 1.5 2.8 2.5 
or 23.8 20.0 20.6 22.4 30.6 21.0 22.0 21.8 
ab 34.2 34.3 31.8 33.8 31.0 32.6 32.8 32.8 
an 15.4 20.9 18.6 14.6 12.5 16.2 15.2 14.9 
C 0.0 0.0 0.0 0.0 0.6 0.0 0'.0 0.0 
di 8.3 5.5 7.2 7.8 0.0 10.0 9.0 8.8 
hy 14.1 11.6 16.1 14.5 8.3 15.5 14.9 16.0 
i1 2.0 1.6 1.8 1.9 1.4 2.1 2.0 2.1 
ap 1.2 1.0 0.9 1.1 0.6 1.1 1.1 1.1 
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Basaltic Andesite 

Sample AP104 AP105 AP111 APl14 AP125 AP126 AP136 AP145 

Si0
2 

58.33 58.37 56.78 56.16 56.73 57.92 56.88 57.50 
Ti0

2 
0.99 1.00 1.01 0.94 1.03 0.97 0.85 0.99 

A1
2
0

3 
15.98 16.37 16.53 16.80 16.39 17.07 19.35 15.99 

FeO 6.61 6.64 6.82 7.24 7.68 7.21 5.70 7.49 
MnO 0.12 0.11 0.13 0.12 0.13 0.13 0.11 0.14 
MgO 2.84 2.68 3.01 3.20 2.73 3.43 2.09 3.68 
CaO 5.50 5.30 6.08 5.89 5.66 6.16 5.99 6.39 
Na

2
0 3.91 3.98 3.81 3.65 3.60 3.73 3.93 3.50 

K
2
0 3.73 3.91 3.64 3.52 3.62 3.30 3.47 3.13 

P
2
0

5 
0.46 0.46 0.47 0.38 0.43 0.40 0.41 0.39 

Lor 1.31 1.24 1.42 1.02 1.08 0.92 0.72 0.82 
Total 99.78 100.06 99.70 98.92 99.08 101.24 99.50 100.02 

V 161.9 161.5 157.8 166.9 185.0 181.1 123.0 176.1 
Sc 12.6 15.8 16.8 18.0 16.3 14.1 10.8 18.7 
Ba 970.9 998.8 954.4 676.7 696.8 720.0 734.5 742.2 
La 46.5 49.3 51.9 44.0 45.6 41.3 47.2 40.8 
Ce 0.0 0.0 96.6 0.0 0.0 0.0 0.0 0.0 
Cr 44.8 57.8 37.4 31.6 37.2 32.3 23.4 31.6 
Co 31.1 25.3 32.5 33.1 32.8 32.8 21.8 34.0 
Ni 17.8 15.9 19.6 17.6 22.9 18.7 11.8 19.4 
Gu 102.5 102.6 101.6 112.8 133.5 139.3 97.6 130.4 
Zn 82.3 80.7 75.9 75.1 81.7 78.7 62.8 85.1 
Ga 21.4 21.8 20.5 21.0 20.8 24.5 20.9 23.0 
Pb 38.2 48.0 40.9 32.4 47.7 35.9 30.0 32.6 
Th 22.0 19.5 21.4 17.2 18.2 19.4 14.8 15.2 
Rb 132.4 133.5 92.1 113.5 134.2 117.8 89.2 114.8 
Sr 1143.6 1121.4 1173.4 845.7 802.6 893.7 887.6 750.0 
Y 27.9 25.5 27.3 27.1 31.9 29.2 26.6 29.9 
Zr 228.1 225.2 239.5 206.2 238.4 223.3 162.2 221.9 
Nb 13.9 12.5 11.9 -11.5 13.0 11.4 11.0 11.7 
Q 3.7 3.0 1.6 1.4 2.8 2.7 2.2 3.7 
or 22.0 23.1 21.5 20.8 21.4 19.5 20.5 18.5 
ab 33.1 33.7 32.2 30.9 30.5 31.6 33.3 29.6 
an 15.0 15.3 17.3 19.1 17.9 20.1 24.9 18.7 
di 7.8 6.8 8.3 6.4 6.3 6.6 1.8 8.8 
hy 13.9 14.0 14.4 16.7 16.3 17.1 13.6 17.2 
il 1.9 1.9 1.9 1.8 2.0 1.8 1.6 1.9 
ap 1.1 1.1 1.1 0.9 1.0 0.9 0.9 0.9 
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Basaltic Andesite Latite 

Sample AP146 Smith4 AP15 AP60 AP62 AP63 AP69 Smith8 

Si0
2 

56.21 58.70 66.66 65.50 66.11 66.51 64.57 65.60 
Ti0

2 
0.97 1.00 0.66 0.66 0.67 0.68 0.83 0.72 

A1
2
0

3 
16.08 17.00 16.80 15.58 15.93 15.56 16.29 16.60 

FeO 7.57 7.98 2.50 2.67 2.57 2.79 3.77 2.97 
MnO 0.15 0.12 0.08 0.05 0.12 0.10 0.09 0.05 
MgO 3.20 2.53 0.47 0.58 0.56 0.58 1.33 0.84 
CaO 6.35 4.95 1.19 1.35 1.41 1.38 3.29 2.20 
Na

2
0 3.64 3.33 4.02 4.35 4.33 4.40 4.22 4.00 

K
2
0 3.25 3.74 6.98 6.17 6.37 6.27 5.01 6.30 

P20 S 0.36 0.57 0.14 0.15 0.14 0.16 0.30 0.18 
Lor 1.01 0.00 1.23 0.93 1.57 0.48 1.85 0.00 
Total 98.79 99.92 100.73 97.99 99.78 98.91 101.55 99.46 

V 209.0 0.0 39.7 24.1 23.6 27.1 47.9 0.0 
Sc 18.1 0.0 8.4 10.0 5.2 6.9 10.6 0.0 
Ba 744.0 0.0 973.1 936.1 900.1 897.6 870.5 0.0 
La 48.7 0.0 59.1 51.5 59.0 53.7 60.8 0.0 
Ce 0.0 0.0 129.8 0.0 0.0 0.0 0.0 0.0 
Cr 39.4 0.0 70.7 114.5 1.8 191.0 9.9 0.0 
Co 35.7 0.0 23.9 13.4 14.9 14.6 24.4 0.0 
Ni 21.6 0.0 13.2 8.3 4.1 9.2 6.6 0.0 
Cu 126.1 0.0 12.6 12.6 12.0 16.1 16.3 0.0 
Zn 78.4 0.0 51.5 53.6 49.6 56.1 69.0 0.0 
Ga 25.7 0.0 16.9 20.0 18.3 19.7 19.6 0.0 
Pb 57.9 0.0 92.7 44.4 54.4 68.2 57.0 0.0 
Th 14.9 0.0 33.4 34.8 32.9 33.4 31.0 0.0 
Rb 117.0 0.0 226.5 233.4 224.7 237.0 200.4 0.0 
Sr 771.9 0.0 236.4 246.8 245.1 244.1 482.1 0.0 
Y 29.9 0.0 37.9 35.5 33.6 36.7 33.2 0.0 
Zr 216.9 0.0 363.2 403.8 380.8 424.1 398.4 0.0 
Nb 12.9 0.0 18.9 17.7 18.0 19.7 20.9 0.0 
Q 1.9 6.3 12.0 11.7 11.5 12.0 10.9 11.0 
or 19.2 22.1 41.3 36.5 37.7 37.0 29.6 37.2 
ab 30.8 28.2 34.0 36.8 36.6 37.2 35.7 33.8 
an 17.9 20.4 5.0 4.8 5.2 4.2 10.7 8.7 
C 0.0 0.0 0.8 0.0 0.0 0.0 0.0 0.0 
di 9.4 0.4 0.0 0.8 0.7 1.4 3.1 0.9 
hy 15.8 19.3 4.8 4.9 4.8 4.9 7.5 6.0 
i1 1.8 1.9 1.3 1.3 1.3 1.3 1.6 1.4 
ap 0.8 1.3 0.3 0.3 0.3 0.4 0.7 0.4 
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Latite 

Sample Smith9 APl15 APl16 APl19 AP120 AP121 AP122 AP139 

Si0
2 

64.10 66.99 64.88 65.37 67.53 66.19 66.55 65.86 
Ti0

2 
0.72 0.68 0.66 0.73 0.69 0.67 0.67 0.71 

A1
2
0

3 
16.00 16.71 16.30 15.57 17.08 15.69 16.92 17.00 

FeO 2.90 2.53 2.44 2.91 2.60 2.73 2.55 2.57 
MnO 0.06 0.07 0.07 0.08 0.06 0.08 0.06 0.06 
MgO 0.85 0.54 0.55 0.58 0.53 0.47 0.56 0.65 
GaO 1.70 1.29 2.61 1.49 1.25 1.20 1.24 2.69 
Na

2
0 3.80 4.25 4.08 4.34 4.14 4.32 4.31 4.48 

K
2
0 6.40 6.57 6.44 6.32 6.47 6.13 6.35 5.94 

P
2
0

5 
0.16 0.13 0.13 0.15 0.13 0.15 0.14 0.19 

Lor 0.00 0.62 1.85 0.84 0.83 0.57 0.89 0.76 
Total 96.69 100.38 100.01 98.38 101.31 98.20 100.24 100.91 

V 0.0 37.7 28.9 24.4 21.6 17.1 29.8 46.0 
Sc 0.0 6.6 9.6 9.0 9.2 6.4 12.1 7.1 
Ba 0.0 913.1 899.8 944.2 941.2 954.4 968.3 1099.8 
La 0.0 69.4 65.5 60.0 62.1 62.5 66.6 60.4 
Nd 0.0 54.2 0.0 0.0 0.0 0.0 0.0 0.0 
Ce 0.0 135.7 130.2 0.0 131.3 0.0 123.9 0.0 
Gr 0.0 7.8 12.9 10.3 10.1 34.7 10.4 12.1 
Co 0.0 18.6 38.6 12.3 27.9 13.3 17.4 21.5 
Ni 0.0 7.6 7.5 7.0 7.7 5.8 8.5 7.5 
Cu 0.0 15.2 12.9 16.8 14.7 14.1 17.5 16.7 
Zn 0.0 53.2 62.7 58.5 56.3 55.2 51.7 46.5 
Ga 0.0 18.4 18.4 20.6 17.9 18.2 17.5 22.9 
Pb 0.0 63.7 45.6 66.8 74.9 69.2 52.6 44.0 
Th 0.0 36.4 33.8 35.,3 36.5 35.0 31.3 47.3 
Rb 0.0 243.0 222.4 240.8 228.8 236.5 219.0 254.0 
Sr 0.0 228.2 233.3 250.0 220.2 237.6 244.5 650.8 
Y 0.0 36.3 39.5 36.4 38.7 35.8 36.0 28.5 
Zr 0.0 434.5 369.1 420.8 383.9 418.1 359.7 465.6 
Nb 0.0 20.4 19.8 19.3 20.1 18.9 19.7 26.5 
Q 11.1 12.3 9.4 10.8 13.9 12.9 12.4 9.9 
or 37.8 38.8 38.1 37.3 38.2 36.2 37.5 35.1 
ab 32.2 36.0 34.5 36.7 35.0 36.6 36.5 37.9 
an 7.4 5.6 7.1 4.3 5.3 5.0 5.2 8.7 
C 0.1 0.6 0.0 0.0 1.3 0.1 1.0 0.0 
di 0.0 0.0 4.3 1.8 0.0 0.0 0.0 2.9 
hy 6.4 5.0 3.9 4.8 5.1 5.2 5.1 3.8 
i1 1.4 1.3 1.3 1.4 1.3 1.3 1.3 1.4 
ap 0.4 0.3 0.3 0.3 0.3 0.3 0.3 0.4 
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Osiris Tuff 

Sample AP64 AP90 AP9lv AP100 API0lv AP102 API03 APll0 

Si02 63.51 63.52 61.58 63.90 64.32 64.86 64.12 63.44 
Ti02 0.75 0.76 0.73 0.72 0.72 0.75 0.72 0.74 
A120

3 17.51 17.70 17.53 17.51 16.12 17.17 15.85 17.46 
FeO 2.46 2.53 2.42 2.45 2.25 2.73 2.22 2.39 
MnO 0.07 0.05 0.05 0.-06 0.06 0.06 0.07 0.04 
MgO 0.66 0.80 0.93 0.72 0.78 0.59 0.82 0.70 
CaO 2.76 2.92 3.25 2.73 1.99 2.33 1.99 3.03 
Na20 4.24 4.20 3.93 4.26 3.81 4.27 3.60 4.23 
K20 5.92 5.91 5.48 5.84 5.99 6.06 6.33 5.96 
P20S 0.18 0.21 0.15 0.19 0.13 0.16 0.28 0.14 
Lor 1.34 0.54 2.72 0.61 3.38 0.75 3.80 1.13 
Total 99.40 99.14 98.77 98.99 99.55 99.73 99.80 99.26 

V 52.5 52.4 46.0 47.8 39.0 53.2 51.3 38.2 
Sc 9.4 7.6 7.7 5.7 6.1 5.4 3.0 5.2 
Ba 1095.5 1134.9 1081.8 1205.5 963.0 1088.6 1095.3 1034.3 
La 60.6 55.4 52.8 63.9 65.5 62.9 59.5 60.2 
Nd 41.1 47.8 0.0 0.0 0.0 0.0 46.2 0.0 
Ce 117.7 120.5 0.0 0.0 0.0 0.0 121.5 0.0 
Cr 11.3 14.4 7.8 80.4 8.1 130.2 6.1 2.7 
Co 18.3 20.8 28.2 22.5 24.1 20.7 18.8 21.0 
Ni 8.4 7.5 7.0 9.6 6.0 8.8 8.3 7.3 
Cu 17.9 16.9 70.4 15.1 10.1 14.1 15.6 14.8 
Zn 42.0 41.8 49.2 40.7 51.3 40.6 42.3 38.6 
Ga 20.6 19.1 19.8 20.7 20.4 20.7 20.9 18.9 
Pb 49.3 47.1 47.5 72.8 59.7 48.3 50.9 28.4 
Th 45.3 45.3 40.7 45.7 56.0 48.8 44.1 44.9 
Rb 251.3 248.1 219.7 252.5 279.2 264.9 244.6 236.5 
Sr 620.7 665.0 691.0 670.8 374.8 577.4 602.5 566.7 
Y 28.9 29.4 26.1 27.0 31.2 30.2 27.5 26.9 
Zr 459.6 463.3 415.9 459.7 560.0 498.6 449.4 423.3 
Nb 25.8 26.4 24.3 25.8 29.4 27.6 25.6 25.0 
Q 8.5 8.3 8.6 9.0 12.8 9.8 12.9 8.1 
or 35.0 34.9 32.4 34.5 35.4 35.8 37.4 35.2 
ab 35.9 35.5 33.3 36.0 32.2 36.1 30.5 35.8 
an 11.3 12.0 14.0 11.4 9.0 9.8 8.0 11.1 
C 0.0 0.0 0.0 0.0 0.1 0.0 0.1 0.0 
di 1.1 0.9 0.9 0.8 0.0 0.6 0.0 2.6 
hy 4.5 5.0 5.2 4.8 5.0 5.0 5.1 3.7 
i1 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 
ap 0.4 0.5 0.3 0.4 0.3 0.4 0.6 0.3 
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Osiris Olivine Basalt 

Sample AP140v AP6 AP8 AP9 AP10 AP25 AP26 AP32 

Si0
2 

63.56 49.14 47.67 51.02 49.96 47.34 48.08 47.27 
Ti0

2 
0.76 1.36 1.57 1.60 1.52 1.23 1.23 1.27 

A1
2
0

3 16.85 13.94 14.44 16.81 16.47 14.41 14.49 13.65 
FeO 2.64 8.48 9.48 9.11 9.12 8.12 8.21 8.46 
MnO 0.06 0.15 0.17 0.16 0.17 0.14 0.15 0.15 
MgO 0.99 9.74 9.63 3.97 4.89 10.01 9.96 10.09 
CaO 2.64 8.68 8.73 7.49 8.59 10.88 9.99 10.35 
Na

2
0 4.52 2.89 3.21 4.07 3.48 2.91 2.96 2.98 

K
2
0 4.99 2.03 1.34 2.32 2.21 1.88 1.97 1.88 

P
2
0

S 0.14 0.53 0.57 0.90 0.56 0.62 0.66 0.63 
Lor 3.38 1.18 1.87 1.47 1.90 2.02 1.26 1.70 
Total 100.53 98.12 98.68 98.92 98.87 99.56 98.96 98.43 

V 41.8 205.5 200.8 206.9 258.3 222.7 216.1 202.6 
Sc 4.4 19.8 21.5 17.2 20.2 22.0 28.2 21.1 
Ba 1019.5 1287.2 1253.4 1951.7 1726.0 1407.0 1544.2 1276.8 
La 51.2 61.6 46.2 82.0 50.0 68.0 80.4 62.2 
Ce 0.0 0.0 0.0 0.0 0.0 0.0 153.6 0.0 
Cr 19.2 379.1 387.9 22.6 88.0 544.4 513.3 400.2 
Co 18.5 52.8 51.1 35.2 49.6 52.4 62.0 50.1 
Ni 8.6 234.6 225.6 18.2 45.8 214.5 237.0 261.3 
Cu 17.3 54.6 52.3 28.8 50.0 51.4 55.6 47.5 
Zn 89.8 80.2 84.6 103.8 86.1 84.0 86.4 79.1 
Ga 18.8 16.3 17.4 24.2 20.8 16.7 16.5 18.7 
Pb 56.6 13.4 6.4 16.7 11.4 13.5 11.9 9.2 
Th 50.6 9.4 8.2 11.1 6.8 4.2 7.2 6.3 
Rb 259.3 56.1 19.1 36.3 46.0 42.4 42.7 41.0 
Sr 518.7 780.6 838.2 1352.0 967.6 1330.1 1535.3 1261.4 
Y 29.5 23.3 23.4 26.6 23.8 24.5 22.6 24.4 
Zr 501.4 147.3 170.7 175.2 147.2 136.2 144.0 126.2 
Nb 27.5 30.6 31.2 29.6 24.6 16.9 16.5 18.3 
Q 10.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
or 29.5 12.0 7.9 13.7 13.1 11.1 11.6 11.1 
ab 38.3 23.0 23.1 34.1 27.7 12.3 16.3 13.9 
an 10.9 19.1 21.0 20.8 22.8 20.7 20.4 18.3 
ne 0.0 0.8 2.2 0.2 0.9 6.7 4.7 6.1 
di 1.0 16.7 15.1 8.8 13.4 23.7 20.1 23.5 
hy 5.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
01 0.0 21.6 23.1 14.8 14.8 19.3 20.6 19.9 
i1 1.4 2.6 3.0 3.0 2.9 2.3 2.3 2.4 
ap 0.3 1.2 1.3 2.1 1.3 1.4 1.5 1.5 
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Olivine Basalt 

Sample AP45 AP52 AP54 AP55 AP58 AP76 AP78 AP80 

Si0
2 47.56 46.31 54.49 49.55 48.58 46.14 45.16 46.80 

Ti0
2 1.46 1.57 1.15 1.30 1.40 1.53 1.48 1.31 

A1
2
0

3 
15.36 14.20 14.89 15.57 14.31 15.09 13.74 14.36 

FeO 9.07 9.30 6.99 8.02 9.75 9.33 8.88 8.55 
MnO 0.17 0.17 0.13 0.14 0.17 0.16 0.17 0.16 
MgO 10.28 10.05 5.72 6.06 8.99 9.62 9.59 9.95 
CaO 10.38 9.97 8.16 10.76 9.13 9.21 12.17 9.47 
Na

2
0 L.55 3.51 3.57 3.52 2.84 2.81 3.06 2.68 

K
2
0 1.66 0.87 2.36 2.25 1.95 1.88 1.00 2.32 

Pi 0
5 0.67 0.60 0.55 0.67 0.63 0.49 0.84 0.63 

Lor 1.69 2.28 0.28 1.79 0.43 1.77 2.10 2.05 
Total 100.85 98.83 98.29 99.63 98.18 98.03 98.19 98.28 

V 225.4 226.1 162.0 191.9 186.2 215.7 244.8 208.7 
Sc 29.8 25.3 2.8 22.7 25.0 26.9 30.1 26.2 
Ba 1506.6 1387.5 1550.7 1979.2 1301.8 1443.2 2292.0 1922.2 
La 50.9 48.0 63.1 86.7 58.6 39.4 95.0 61.1 
Cr 427.9 404.7 168.0 238.4 343.9 281.0 379.9 362.3 
Co 59.1 49.3 56.4 41.4 49.0 52.5 52.6 48.3 
Ni 212.0 213.2 68.0 63.4 180.5 183.2 170.5 203.3 
Cu 47.3 45.1 45.4 35.2 44.1 46.6 43.3 49.5 
Zn 80.4 70.8 75.3 81.8 92.1 73.7 72.8 71.1 
Ga 17.4 15.8 20.1 18.2 19.0 17.2 15.9 17.7 
Pb 6.0 14.3 15.4 15.4 9.1 5.0 9.3 9.1 
Th 3.9 6.8 11.7 12.4 6.2 9.3 10.7 10.3 
Rb 41.7 41.1 53.0 42.8 49.9 61.0 20.8 58.6 
Sr 928.0 945.6 1075.5 1659.7 1064.9 868.3 1640.4 1222.8 
Y 28.7 25.7 20.1 24.8 23.2 27.5 25.0 22.4 
Zr 182.5 172.3 119.0 114.9 141.6 162.0 124.2 163.8 
Nb 31.0 32.6 23.4 22.0 24.0 32.9 35.3 27.6 
or 9.8 5.1 13.9 13.3 11.5 11.1 5.9 13.7 
ab 15.8 18.2 30.2 18.8 21.2 14.6 10.9 13.3 
an 25.6 20.4 17.6 20.0 20.5 23.0 20.8 20.3 
ne 3.1 6.2 0.0 5.9 1.5 5.0 8.1 5.1 
di 17.5 20.4 15.8 23 ;·8 16.9 15.9 27.7 18.3 
hy 0.0 0.0 15.0 0.0 0.0 0.0 0.0 0.0 
01 23.0 21.7 1.9 11.9 21.9 22.7 17.9 21.6 
i1 2.8 3.0 2.2 2.5 2.7 2.9 2.8 2.5 
ap 1.5 1.4 1.3 1.5 1.5 1.1 2.0 1.5 
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Olivine Basalt 

Sample AP107 AP127 AP131 AP133 AP142 AP143 Al A2 

Si~z 49.12 46.68 48.43 47.04 53.88 51.71 49.26 48.13 
TiOz 1.33 1.49 1.27 1.55 1.43 1.44 1.39 1.29 
A1z03 16.58 16.15 15.97 14.73 17.05 16.62 16.18 15.96 
FeO 10.23 9.10 10.11 9.11 8.27 8.22 9.07 8.11 
MnO 0.18 0.·17 0.17 0.17 0.14 0.15 0.16 0.15 
MgO 7.92 9.09 8.76 10.54 3.86 4.02 8.13 8.46 
CaO 9.93 9.64 9.61 10.19 7.25 7.52 9.77 8.56 
NazO 3.16 3.14 2.76 2.69 4.26 4.20 3.15 3.06 
KzO 1.39 2.52 1.40 1.75 2.43 2.57 1.95 2.63 
PZ05 0.45 0.49 0.46 0.65 0.82 0.82 0.52 0.59 
Lor 0.76 1.87 0.01 1 .. 00 1.46 1.14 0.95 1.42 
Total 101.05 100.34 98.95 99.42 100.85 98.41 100.53 98.36 

V 207.7 207.9 177.3 252.3 202.5 169.1 207.6 170.5 
Sc 26.6 23.5 27.8 24.8 17.9 16.8 23.3 21.4 
Ba 1133.8 2360.1 1127.6 1467.6 1971.9 1855.0 1569.5 2187.8 
La 46.5 72.8 39.6 68.8 91.7 83.6 51.1 49.9 
Nd 0.0 59.8 0.0 0.0 0.0 0.0 0.0 0.0 
Ce 0.0 144.0 0.0 0.0 0.0 0.0 0.0 0.0 
Cr 260.0 270.9 354.7 452.4 31.2 29.2 262.8 257.8 
Co 53.5 51.8 50.2 59.8 30.0 31.8 50.3 36.5 
Ni 136.3 146.3 158.3 231.3 24.6 25.8 138.6 146.7 
Cu 55.9 49.2 67.2 50.9 33.0 30.4 41.9 39.7 
Zn 86.6 71.1 80.0 87.0 108.2 96.0 77.2 65.2 
Ga 21.4 14.9 20.4 19.0 21.4 21.6 15.5 17.8 
Pb 6.6 8.1 7.2 13.8 22.6 18.1 16.3 8.8 
Th 5.1 8.3 5.2 7.2 13.6 11.3 5.6 7.8 
Rb 31.5 95.5 31.1 43.3 53.4 53.4 43.3 73.6 
Sr 881.9 1357.1 891.8 1041.9 1309.7 1272.5 890.0 900.1 
Y 27.2 31.0 26.2 28.8 26.3 27.1 26.2 26.2 
Zr 129.5 208.8 125.5 173.5 186.2 179.3 238.3 197.5 
Nb 19.9 42.2 19.2 32.8 30.4 29.2 26.8 40.0 
or 8.2 14.9 8.3 10.3 14.4 15.2 11.5 15.5 
ab 21.8 6.4 21.8 14.2 36.0 33.6 17.4 17.4 
an 27.0 22.5 27.0 23.0 20.2 18.9 24.3 22.0 
ne 2.7 10.9 0.9 4.7 0.0 1.1 5.0 4.6 
ka1 0.0 0.0 0.0 0.0 0.0 0.0 19.8 13.5 
di 15.9 20.6 14.4 19.0 13.2 10.9 0.0 0.0 
hy 0.0 0.0 0.0 0.0 0.4 0.0 18.4 20.0 
01 21.1 19.8 23.1 22.9 11.6 13.0 0.0 0.0 
ac 0.0 0.0 0.0 0.0 0.0 0.0 2.6 2.5 
i1 2.5 2.8 2.4 2.9 2.7 2.7 0.0 0.0 
hem 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.4 
ap 1.0 0.0 1.1 1.5 0.0 1.9 0.0 0.0 
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Olivine Basalt 

Sample A3 A4 AS A6 A7 

Si0
2 49.17 48.97 48.63 47.34 48.80 

Ti0
2 

1.43 1.43 1.39 1.37 1.38 
A1

2
0

3 16.10 15.80 15.64 15.44 15.76 
FeO 9.36 9.34 8.98 8.99 9.32 
MnO 0.16 0.16 0.17 0.16 0.17 
MgO 8.61 9.17 8.29 8.57 8.53 
CaO 9.33 9.30 9.76 8.81 9.69 
Na

2
0 3.20 3.23 3.31 2.96 2.74 

K
2
0 1.90 1.65 1.23 1.83 1.86 

P
2
0

5 
0.52 0.57 0.56 0.54 0.53 

Lor 0.44 0.61 1.64 0.33 2.40 
Total 100.22 100.23 99.60 96.34 101.18 

V 211.3 191.2 187.6 177.4 162.4 
Sc 25.9 23.7 26.4 22.5 21.1 
Ba 1567.7 1617.1 1573.7 1512.8 1331.5 
La 43.8 51.8 50.2 50.7 42.6 
Cr 271.4 285.0 290.2 259.0 296.1 
Co 49.8 51.1 48.0 50.9 40.6 
Ni 151.3 178.3 174.1 154.5 162.1 
Cu 40.8 43.5 43.2 46.9 49.2 
Zn 79.0 71.7 70.9 67.2 72.6 
Ga 17.2 16.7 17.2 17.7 15.8 
Pb 21.8 16.5 20.8 16.3 6.4 
Th 2.7 3.3 3.2 3.8 5.6 
Rb 40.4 30.5 19.2 40.6 38.6 
Sr 903.0 1001.0 947.6 862.1 920.9 
Y 26.3 25.8 25.0 25.6 27.8 
Zr 228.2 250.4 247.2 220.2 159.8 
Nb 26.5 27.2 27.3 25.4 26.6 
or 11.2 9.8 7.3 10.8 11.0 
ab 18.0 18.8 21.2 17.9 20.5 
an 24.0 23.7 24.2 23.4 25.2 
ne 4.9 4.6 3.7 3.9 1.5 
ka1 18.3 18.3 19.8 16.6 15.9 
hy 20.2 21.1 18.6 20.3 20.9 
ac 2.7 2.7 2.6 2.6 2.6 
hem 0.0 0.0 0.0 0.0 1.2 




