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Abstract 

Cenozoic volcanism in the Great Basin is character ized by an outward 
migration of volcanic centers with time from a centrally located core region, 
a gradat ional  decrease in the initial Sr~7/Sr ~ ratio with decreasing age and 
increasing distance from the core, and a progressive change from calc-alkalic 
core rocks to more alkalic basin margin rocks. Generally each volcanic center  
erupted copious silicic ignimbrites followed by small amounts  of basalt and 
andesite. The Sr~/Sr  '~" ratio for old core rocks is about 0.709 and the ratio for 
young basin margin rocks is about 0.705. Spatially and temporal ly  related silicic 
and mafic suites have essentially the same Sr"VSr"" ratios. 

The locus of older volcanism of the core region was the intersection of a 
north-south trending axis of crustal extension and high heat tlow with the 
northeast t rending relic thermal ridge of the Mesozoic metamorphic  hinterland 
of the Sevier  Orogenic Belt. Derivation of the Great Basin magmas  directly 
from mantle  with modification by crustal  contaminat ion seems unlikely. Init ial  
melt ing of lower crustal rocks probably occurred as a response to decrease 
in confining pressure related to crustal  extension. Volcanism was probably 
also a consequence of the regional increase in the geothermal  gradient that 
is now responsible for the high heat flow of the Basin and Range Province. 

High Sr isotopic ratios of the older  core volcanic rocks suggests that 
conditions suitahle for the production of silicic magmas by partial fusion of 
the crust  reached higher levels within the crust during initial volcanism than 
during product ion of later magmas with lower isotopic ratios and more alkaline 
chemistry.  As the Great Basin became increasingly at tenuated,  progressively 
lower port ions of the crust along basin margins were exposed to condit ions 
suitable for magma genesis. The core region became exhausted in low tern- 
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perature melting components, and volcanism ceased in the core before nearby 
areas had completed the silicic-mafic eruption cycle leading to their own 
exhaustion of crustal magma sources. 

Introduction 

Initial Sr87/Sr86 ratios of igneous rocks are limited indicators of 
chemical characteristics of magma source rocks. An initial isotope 
ratio represents the integrated accumulation of Sr 87 from Rb 87 in a 
rock system and its predecessors throughout geologic time; because 
of the concentrations of Sr and Rb depend upon the highly variable 
chemical evolution or rock systems, the initial isotopic ratio thus is 
a consequence of an unknown, possible complex chemical evolution. 
In rare circumstances Sr isotopes can provide an unambiguous 
indication of a mantle or crustal origin of magmas, but in most cases 
supporting information for magma genesis models is required from 
other isotopic, chemical, petrographic, and geologic observations of 
the rock system and its geologic environment. We have examined the 
temporal and spatial relationships of initial SW/Sr ~ ratios and bulk 
chemistry of eastern Great Basin volcanic rocks and will discuss a 
possible model for the magmatic evolution of the region. 

Regional Geologic Framework 

The Great Basin is a region of internal drainage that covers most 
of Nevada and parts of Utah and California (Fig. 1). Precambrian 
basement with an age of 2000-2500 m.y. underlies the northern half 
of the eastern Great Basin and 1500-17000 m.y. old basement underlies 
the southern half (STACEV et  al., 1968), but these rocks are only rarely 
exposed at the surface. Throughout the Paleozoic, geosynclinal de- 
posits accumulated in the Cordilleran mio-geosynoline along the 
western margin of the stable continental interior. The change from 
shelf to geosyncline is roughly coincident with the eastern edge of 
the Sevier Orogenic Belt of Cretaceous age (Fig. 2). The Missisippian 
Antler Orogenic belt is a zone where western eugeosynclinal Paleozoic 
facies are tectonically intermingled with miogeosynclinal rocks (GIL- 
LULY, 1963). It forms a convenient western boundary for the eastern 
Great Basin, the area with which we are concerned. During Mesozoic 
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t ime miogeosynclinal rocks were deformed, metamorphosed,  and 
thrust  eastward over thin stable shelf sediments to form the Sevier 
Orogenic Belt and its hinterland (ARMSTRONG, 1968a). West of the 
folded and over thrust  Sevier belt a nor theas tward trending series of 
exposures of a metamorphic  infrastructure developed during the 
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F~t;. l -  Cenozoic normal fault pattern in the western United Statdes.  The heavy 
clashed line delineates the extent of internal drainage that defines the Great 
Basin. The Colorado Plateau is bordered by Ihe lighter dashed line. Approx- 
imately 50 ta 90 kilometers of crustal extension is recorded in displacements  
in surficial Cenozoic normal faults across the Great Basin. Modified after  
GII.Lt:I.Y (1963). 

Mesozoic in Pateozoic and Precambrian rocks extends across the 
Great Basin from southeastern California to Idaho (ARMSTRONG, 1968b; 
ARMSTRONG and HANSEN, 1966). The predominant ly  Cenozoic K-Ar 
dates f rom rocks of this Mesozoic metamorphic  belt (ARMSTRONG and 
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HILLS,  1967) probably represent the time of uplift, erosion, and cool- 
ing associated with Cenozoic block faulting; the metamorphic rocks 
are proof of a broad and irregular thermal ridge which developed 
within the crust during the Mesozoic; the young K-Ar dates indicate 
that the thermal anomaly persisted into the Cenozoic, and may well 
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FIC. 2 -  Pre-Cenozoic tectonic f ramework.  The Paleozoic Cordil leran geosyncline is 
represented  by  a miogeosynclinal  ca rbona te  sequence tha t  is much  thicker  
than the sediments  on the  c ra ton  east  of the  Sevier Orogenic Belt. Eugeosyncli- 
nal Paleozoic rocks are tectonically in termingled  wi th  mio-geosynclinal rocks  
in the  Mississippian Antler  Orogenic Belt. The Cretaceous Sevier Orogenic 
Belt  and  its h in te r l and  consist  of folded, thrus t ,  and me tamorphosed  Paleozoic 
s t rata .  Ranges tha t  contain Paleozoic and  Precambr ian  rocks me tamorphosed  
dur ing the  Mesozoic are indica ted  by the  solid pa t te rn .  After  ARMSTRONG 
(1968a). 
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have been of significance for the Cenozoic magma genesis that will 
be discussed later. 

The Basin and Range Province, which includes the Great Basin, 
is a Cenozoic rift system of north trending grabens and horsts formed 
by regional east-west crustal extension (CooK, K. L., 1965; THOMPSON, 
1965); between 50 and 90 kilometers of crustal extension along normal 
faults (THOMPSON, 1959; J. GILLULY, oral communication, 1969) has 
been estimated for the widest portion of the Great Basin (Fig. 1). 
NGrmal faulting began in early Oligocene time (NOLAN, 1943), reached 
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FIG. 3 - Crusta l  and  mant le  s t ruc ture  in an east-west Great Basin cross  section. The 
thinner  crus t  and low velocity upper  mant le  are the dist inctive character-  
istics beneath  the Great Basin. Compiled f rom EAr0x (1965), ROLLI.:R (1965) and 
JACKSON and PAKIsr-R (19651 by BLACKWEI.L (19691. 

a maximum in Mio-Ptiocene time (MooREs, SCOTT, and LUMSDEN, 1968) 
and is presently active (THOMPSON, 1965). 

Underlying this surficial rift system is a relatively thin crust (25- 
30 km thick) and a low-velocity upper mantle (7.6-7.8 km/sec P-wave 
velocity) (CooK, K. L., 1965; EATON, et al., 1965; ROLLER, 1965; JACKSON 
and PAKtSER, 1965) (Fig. 3). The Basin and Range Province lies on a 
zone of relatively high heat flow (Fig. 4) (1.5 to 3.0~tcal/cm 2 sec) 
with boundaries roughly coincident with the boundaries of the Basin 
and Range Province (BLACKWEI.L, 1969). 

Extensive Cenozoic volcanism covered most of the Great Basin 
with wide-spread sheets of voluminous dacitic to rhyolitic ignimbrites 
and smaller andesite and basalt flows (MACKIN, 1960; COOK, E. F., 
I965; ARMSTRONG et aL, 1969). Individual ignimbrite cooling units 
average about 50 meters thick but attain thicknesses as great as 800 
meters in some localities (CooK, E. F., 1965; SCOTT, 1965) and cover 
as much as 50,000 square kilometers. In several localities the total 
volcanic accumulations are over 1.5 km thick. A conservative estimate 
of the amount of volcanism suggests that 200,000 square kilometers 
of the Great Basin were covered with an average of 500 meters of 
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volcanic material representing about 100,000 cubic kilometers of 
eruptive rock. These volcanic rocks include calcic to peralkalic suites 
(NOBLE e t  al., 1965; NOBLE et  al., 1968). 

The distribution of volcanic centers for silicic Cenozoic volcanism 
followed a distinct trend in time and space within the Great Basin 
(ARMSTRON6 e t  al., 1969). Most older (30-40 m.y.) volcanic centers are 
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FIG. 4 -  Heat flow in the Great Basin and vicinity. The hatched boundaries  enclose 
a region of heat flow greater than 1.5 Ix ca l / cm 2 sec. The open circles indicate 
heat  flow measurements  of 1.5-2.0 I~ cal/cm2 sec.; filled circles, 2.0-2.5; triangles, 
2.5-3.0; and squares > 3.0. The  dashed borders outline the region where the 
thermal ridge formed during Mesozoic  metamorphism persisted into the 
Tertiary; most  of the K-Ar dates for these rocks with Mesozoic  metamorphic  
fabrics are Tertiary. After BLACKWELL (1969). 

grouped in a core area centrally located in the Great Basin (Fig. 5). 
Subsequent centers are found progressively farther from the core 
with decreasing age; a marked absence of younger volcanic rocks 
characterizes the inactive core. The simple radial pattern of  time 
transgressive volcanism is best documented for regions south of the 
core zone, including the area of concern in this paper; north and 
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east  o f  the  core  zone  the vo lcan ic  h i s t o r y  is m o r e  complex .  Mos t  
centers  in i t ia l ly  ex truded  v o l u m i n o u s  s i l ic ic  i gn imbr i te s  a n d  lavas 
followed by less voluminous rnafic lavas - the ,, capping lavas ~, of 
V I T A L I A N O  ( 1 9 6 9 ) .  

The significance of the superimposed rift system, volcanism, and 
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thin crust  was emphasized by MENARO (1961) when he suggested tha t  
an extension of the East  Pacific Rise under  the continental  crust  of 
the western United States produced these features.  Since that  t ime 
addit ional  informat ion  concerning the na ture  of the crust, upper  
mantle,  and heat  flow in the western  United States has s t rengthened 
convictions that  all these phenomena,  including magma generation, 
are integrally related as par t  of a complex ma jo r  tectonic system 
(COOK, K. L., 1968; MACKENZIE and MORGAN, 1969). 

For the Sr isotopic studies a sequence of Tert iary silicic and 
mafic volcanic rocks were selected that  represents  a t ime and space 
profile f rom the Grant  Range in the core region, southeas tward  
toward  the margin  of the Great Basin near  the Utah-Arizona-Nevada 
border  junction.  The petrology and chemical characterist ics of the 
silicic rocks studies have been investigated in considerable detail by 
SCOTT (1965 and 1966) and NOBLE (1968, and et  al., 1967) but  only the 
generalized results  of those studies having specific bearing on prob- 
lems of magma genesis will be dealt  with in this paper. 

Analytical Methods 

Rock, glass, and mineral separates were analyzed for rubidium/strontium 
ratios by X-ray fluorescence at Univ. of Adelaide using the NBS feldspar 70 
(Sr = 65 ppm and Rb = 530 ppm) as a standard. Strontium-isotope compositions 
were determined with a 6 inch radius, Nier-type mass spectrometer equipped 
with expanded scale recorder. The Eimer and Amend standard SrCO3 (lot No. 
492327) was analyzed several times during the study and gave an average 
Sr~7/Sr 8~ ratio of 0.7073 _+ 0.0001. To correct for isotopic fractionation all results 
reported are normalized to Srss/Sff~= 0.1194. Replicate analyses indicate that 
the reproducitility for the unspiked Sr87Sr *~ ratio measurements is approxi- 
mately + 0.0006 (a). 

The normalized SrSTSr a ratio, initial Sr87/Sr ~ ratio, Rb/Sr ratio, K-Ar date 
and location of the samples are listed in Table 1. 

Internal Isotopic Variation within Individual Units 

Before we can discuss the regional t rends of initial SrS7/Sr 86 ratios 
we mus t  consider the quest ion of the exact significance of the values 
measured  for  whole rock and  separated phases of individual ash 
flows. HEDGE and NOBLE (1967) have observed var ia t ion in the isotopic 
composit ion of composi t ional ly zoned ignimbri te  cooling units  of the 
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southern Great Basin: a 0.006 to 0.008 decrease in isotopic ratio was 
observed from the base to the top of vertical sections of compo- 
sitionally zoned, voluminous, compound cooling units. The more calcic 
upper portions of the units gave lower, presumably less contaminated 
ratios. In the present study this problem or internal variation related 
to magma chamber zoning and reaction of low Sr magmas with 
radiogenic wall rocks is proably less serious. All of the ignimbrites 
studied are either simple cooling units with no apparent compositional 
zoning or cornpound cooling units with very slight compositional 

}7 a o  

i:! 

z o  

Io  
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c D t ¢  " R  ~ rEE  

. d, a N r O l ~  
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Fro. 6 - Evo lu t ion  of' S r  i so topes  of silicic vo lcanic  rocks .  The  hor izon ta l  l ines ind ica te  
t h e  r ange  of Sr  i so tope  e r ror .  The  y o u n g e s t  t h ree  po in t s  a re  f r om Non]*: e l  al .  
(19681. C l u s t e r s  of  o v e r l a p p i n g  po i n t s  a re  s e p a r a t e d  on  the  ver t ica l  scale  e n o u g h  
to d i s t i n g u i s h  b e t w e e n  t hem.  

zoning evident in vertical profiles. Moreover, the Sr contents are 
relatively high, even in the slightly zones units, and this should 
diminish the effects of high level crustal contamination or conta- 
mination with ground water Sr. 

The analysis of separate mineral phases as well as whole rock 
samples provides a worthwhile check on processes that might disturb 
the isotopic composition of pyroclastic volcanic rocks. These proc- 
esses include late mixing of magmas from distinct sources, high-level 
crustal contamination with radiogenic Sr from magma chamber 
or vent wall rock reactions, and alteration of groundmass isotopic 
composition by ground water equilibrated with Sr from the Paleozoic 
limestones that underlie the region studied. The data of Table 1 
demonstrate that variation of Sr isotopic composition between phases 
of individual ignimbrites is quite common. The generalization is 
evident that the feldspars are usually, but not invariably, slightly 
lower (0.001-0.002) than whole rocks in Sr87/Sr~ ratio (Fig. 6). There- 
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fore, a modest amount of high-level crustal contamination has 
occurred so that the exact ratios observed for specific samples cannot 
have too much significance attached to them. Similar disequilibrium 
between feldspars and the parent magma has been noted by DASCH 
(1969). The isotopic composition trends for rock and feldspar, how- 
ever, are identical and thus the trends are real and worthy of further 
discussion. Rather large excesses of radiogenic Sr observed in mafic 
mineral separates from the Needles Range Formation are further 
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• s I 0  
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Ft6. 7 - Evolution of Sr isotopes in mafic volcanic rocks. The horizontal lines indicate 
the range of Sr isotope error.  The size of the black spot indicates the pre- 
cision of the K-Ar age measurement .  All isotopic analyses are of whole rocks 
except the indicated hornblende.  The youngest point represents  the average 
of  analyses of late Cenozoic alkali-olivine basalts by MANTON and LEEMAN (1969). 

evidence of lack of isotopic equilibration between the phases deposited 
by ash flows as a consequence of complex contamination processes. 
A corollary of this observation of lack of interphase equilibrium is 
the doubtful validity of the comparison of phase chemical com- 
positions with experimental systems when discussing petrogenesis. 

V a r i a t i o n  of  Ini t ia l  Sr~7/Sr86 Rat io  in T ime  a n d  Space  

Pronounced trends are found in the initial Sr87/Sr 86 ratios for 
rocks and phase separates of both silicic and mafic rocks. SrST/Sr~ 
ratios of silicic rocks decrease from about 0.709 to 0.705 with decreas- 
ing age during a 20 million year period (Fig. 6). Associated mafic 

12 



- -  1 3 - -  

rocks have ratios that decrease from about 0.709 to 0.704 during a 
35 million year period (Fig. 7). The similarity in these trends may 
be seen by comparing Figures 6 and 7. Lower initial Sr~7/Sr ~ ratios 
are characteristic of the younger rocks which are found nearer the 
margins of the Great Basin (Fig. 8). The chemistry of volcanic rocks 
from the Great Basin changes from the predominantly calc-alkalic 
rocks erupted in the core area to alkalic rocks (even comendites and 
pantellerites) closer to the margins (Fig. 9). This relationship between 

s m 

~'°41 
CORE 

I 
m 

2 0 0  3 0 0  

MAF, GIN 

F!G. 8 - La te ra l  change  in Sr  i so topic  c o m p o s i t i o n  f r o m  the  core  s o u t h e a s t w a r d  to tb.e 
m a r g i n  of  the  Grea t  Bas in .  Silicic vo lcanic  c e n t e r s  a re  r e p r c s e n t e d  by ,, s ,,, 
a n d  , m ,, r e p r e s e n t s  mar ie  volcan:.c cen te r s .  T h e  ver t ica l  l ines r e p r e s e n t  the  
p rec i s ion  of  S r  i so topic  m e a s u r e m e n t s .  

location of volcanic centers and chemistry characterizes the suite of 
units chosen for this study; for example, the Ox Valley Tuff and the 
camptonite dike are considerably more alkalic than the Stone Cabin 
and Windows Butte Formations of the Core region (Table I). Thus, 
Great Basin calc-alkalic volcanic suites have initial SrST/Sr ~ ratios 
near 0.709 and alkalic suites have 0.705 ratios. This general correlation 
between alkalic magmas and low initial Sr87/Sr ~ ratios conforms with 
most observations of alkalic lavas (HAMILTON, 1965, p. 119-120); 
HAMrLTON (1968) reports a range of 0.703 to 0.705 and a mode of 
0.704 for SrST/Sr ~6 for most alkalic basalts, their differentiates, and 
carbonitites. 

Great Basin volcanic rocks generally have higher initial Sr87/SrS~ 
ratios (0.707 " 0.003) than typical continental volcanic rocks (0.7045 ! 
-t- 0 . 0 0 1 5 )  (HEDGE,  1966). This is in agreement with the observations 
o f  E A S T W 0 0 D  (collaborator in D A M O N ,  1968, p. 54-56) and BIKERMAN 
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(1967) that the ratios of volcanic rocks in the Basin and Range 
Province of Arizona are higher (0.707 q-0.003) than typical for conti- 
nental rocks. On the Colorado Plateau and in eastern Arizona (east 
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Average chemical trends of volcanic rocks in the Great Basin. Chemical 
trends taken from literature (listed in abbreviated from below) were plotted 
on a graph of SiO2 weight % versus CaO + MgO / Na20 + K20. The SiO2 % at 
the intercept of the average trend -with CaO + MgO/NaO2 + K20 = 0.2 is 
indicated on the map. The index of 76-78 is typical of the calc-alkalic suites. 
The 68-64 index characterizes alkalic rocks. Literature references: CALtan~, 
1937, Univ. Nevada Bull., VXXXI, No. 5, p. 1; C~A6rIAN, 1939, Am. Geophys. 
Union Trans., Vol. 20, p. 438; CARMtCnAEL, 1967, Contr. Mineral. Petrol., Vol. 14, 
p. 36; CnmS~bXNSEN and NOBLE, 1964, GeoL Soc. America Spec. Paper 82, p. 
246; CooK, 1969, Geol. Soc. America Memoir 116, p. 107; DP, EWES, 1963, U.S. 
Geol. Survey Prof. Paper 413; Dm3WES, 1967, U.S. Geol. Survey Prof. Paper 
557; Gn.BmT, 1941, Geol. Soc. America Bull., Vol. 52, p. 781; GILLULY and MA- 
stmsr% 1965, U.S. Geol. Survey Bull. 1175; GILLULY and GATES, 1965, U.S. Geol. 
Survey Prof. Paper 465; HoTz and WILU)mq, 1964, U.S. Geol. Survey Prof. 
Paper 431; ~ m ~ N  and LOUCnLIN, 1919, U.S. Geol. Survey Prof. Paper 107; 
LIPXIAN, 1966, Am. Jour. Sci., Vol. 264, p. 810; Lr~M~'~ and CnalSTIANSEN, 1964, 
U.S. Geol. Survey Prof. Paper 501-]3, p. 74; LON~WELL, 1963, U.S. Geol. Survey 
Prof. Paper 374; MooRE, L&MPH~PJ~, and OB~OWClt, 1968, Econ. Geology, Vol. 
63, p. 612; MUFFLER, 1964, U.S. Geol. Survey Bull. 1179; NOBtZ e t  al., 1964, Geol. 
Soc. America Spec. Paper 82, p. 143; NOBL~-, 1965, U.S. Geol. Survey Prof. Paper 
525B, p. 85; NOBLE, 1966, Geol. Soc. America Spec. Paper 87, p. 117-118; NOBL~ 
e t  al., 1968, Science, Vol. 160, p. 1337; NOLAX, 1935, U.S. Geol. Survey Prof. 
Paper 177; ROBmCTS, 1964, U.S. Geol. Survey Prof+ Paper 459-A, p. 1; Ross, 1961, 
Nevada Bureau Mines Bull. 59; ScoTt, 1965, Ph.D. thesis, Rice Univ., Houston, 
Texas; STOATZ and C~R, 1964, U.S. Geol. Survey Prof. Paper 415; THO.MPSON 
and WHI~, 1964, U.S. Geol. Survey Prof. Paper 458A, p. I;  WALKER, 1961, U.S. 
Geol. Survey Prof. Paper 42AC, p. 142C; WILLDEr~, 1964, Nevada Bureau Mines 
Bull. 59. 
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and north of the Basin and Range Province) PUSHKAR and DAMON 
(collaborators in DAMON, 1969, p. 25-26) observe lower values (0,7033 
to 0.7054, average of 0.704). In the regions adjacent to Arizona's rift 
system (EAsTwooD, collaborator in DAMON, 1968, p. 54-56) and in the 
rift system (BICKERMAN, 1967) Sr isotope initial ratios show a con- 
sistent change with time: the rocks have a linear trend from a 27 
m.y. porphyry with a 0.709 initial ratio to a 10 m.y. basalt with a 
0.704 initial ratio. The extra-rift rocks define a linear trend from a 
27 m.y. basaltic andesite with a 0.7054 initial ratio to a 2 m.y. basalt 
with a 0.7033 initial ratio. The Arizona rift trend is indistinguishable 
from that of the Great Basin rocks; the extra-rift Arizona trend is 
comparable to Great Basin rocks except for the lower SrST/Sr~ ratios 
of the Arizona rocks. These isotopic data suggest that similar evolu- 
tionary processes have been active under  these regions. The crustal 
differences between the Colorado Plateau and the Great Basin (and 
Basin and Range Province) may explain the different range of isotopic 
ratios as outlined below. 

HEDGE (1966) considers that most continental felsic volcanic rocks 
are significantly enriched in radiogenic Sr and therefore, have been 
derived within the crust or appreciably contaminated by crustal 
material. EASTWOOD (collaborator in Damon 1968, p. 54-56) concludes 
that the higher isotopic ratios of Basin and Range samples are 
indicative of a lower crustal magma source or mantle-derived mag- 
mas diluted by large amounts of crustal material. PUSItKAR (1966) 
postulates from the isotopic ratios of Central American ignimbrites 
that most of their magmas might have formed by melting of crustal 
rocks, or by large scale assimilation of crustal rocks by mantle-derived 
magmas. The consensus of these authors is that specific magma 
sources cannot be identified from the isotopic data alone. 

Eugeosynclinal sedimentary rocks have Sr and Rb concentrations 
and Sr~7/Sta6 ratios compatible with the hypothesis that these rocks 
are the source of anatectic granitic magmas in orogenic belts (PE- 
TERMAN, et  al., 1967; EWART and STIPP, 1968). But Paleozoic miogeo- 
synclinal strata overlie Precambrian crystalline rocks in the eastern 
Great Basin and, therefore, Phanerozoic eugeosyndinal sediments 
cannot be a source for western Great Basin silicic volcanic rocks 
(Fig. 2). 

MAN1;~N and LEEMAN (1969) and MANTON (1967; and oral com- 
munication, 1969) report that late Cenozoic alkali-olivine basalts and 
trachyandesites from the Great Basin and Basin and Range Province 
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have an average Sr~/Sr 86 ratio of 0.704 with 25 ppm Rb and 780 ppm 
Sr. These volcanic rocks are younger than virtually all those shown 
in figure 5 and occur as small, local cones and flows throughout the 
region. They commonly contain olivine nodules; this has not been 
observed in any of the rocks studied by us. Manton and Leeman 
suggest that the low ratios of the alkalic basalts indicate derivation 
from the mantle. If this conclusion is correct and the mantle isotopic 
composition has remained relatively constant in the Cenozoic, then 
it follows that older Great Basin extrusive suites with higher initial 
ratios must be derived either from crustal rocks or mantle rocks 
contaminated by crustal rocks. 

Contamination schemes can be devised that explain any individual 
Sr isotope ratio, but consistent trends of the spatial and temporal 
evolution of Sr isotopes cannot be the result of random contamination 
processes. The similarity of isotopic compositions of associated silicic 
and mafic extrusive rocks requires that mantle derived silicic parent 
magmas must consistently assimilate about half as much radiogenic 
Sr-rich crust per unit volume as the associated less voluminous mafic 
magmas. Using the contamination scheme of PUSHKAR (1966) (also 
used by EWART and STIPP, 1968, p. 730) the fraction of contaminating 
crust can be calculated by the equation: 

(Srm Srm Sr~)(SrST/Sr~)~ + ( X Sr~ (S#7/Sr~), (Sr~/Sr~)~ 
+ X tSrm + X S r c j  

where the following values and definitions are used: 

contamination models 

Srm = S r  in p a r e n t  m a g m a  . 

S n  = S r  in c o n t a m i n a n t  

(Sr~V~). = r a t io  of  p a r e n t  m a g m a  

(Sr~/Sr~)o = ra t io  o f  c o n t a m i n a n t  

(Sr~/Sr~)om = ra t io  of  c o n t a m i n a t e d  m a g m a  

X = pa r t s  of  c o n t a m i n a n t  fo r  one  p a r t  pa ren t  m a g m a .  

P a r e n t  m a g m a  = con t inen t a l  basa l t  C' ' )  si l icic d i f fe ren t ia tes  (?) c f  con t inen ta l  

basa l t  o r  poss ib ly  m a n t l e  de r ived  sil icic m a g m a .  

C o n t a m i n a n t  = ave rage  si l icic  c rus t  (s. 0.  

mafic 
magma 

800 p p m  (7) 

440 p p m  (5) 

0.704 (') 

0.725 (6) 

0.709 (7) 

silicic 
magma 

300 p p m  (7) 

440 p p m  (5) 

0.704 (9 
0.725 (0 

0.709 (0 

(5) TUREKIArq" and KULP (1956). 
(~) FALSE and HURLEY (1963). 
(7) Measured by us for Oligocene silicic and mafic volcanic rocks. 
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For the mafic contamination model, X = 0.5; this requires that 
33 % of the Oligocene mafic extrusive rocks of the Great Basin consists 
of average silicic crust contaminant approximately andesitic in com- 
position. Obviously a basalt altered enough to have the required 
isotopic ratio would no longer resemble an ideal basalt and might 
be rather similar to the alkali and alumina rich mafic volcanic rocks 
with which we are concerned. The silicic contamination model yields 
X = 0.2 or about 17 % average silicic crust, an amount that might 
easily be present yet not distinguishable from the parent magma in 
terms of bulk chemistry. To explain the observed trends by a contami- 
nation model requires that the contamination process be system- 
atically linked with geography and time in such a way that contami- 
nation decreases progressively towards the margins of the Great 
Basin as time passes. Because of the rather arbitrary assumplions 
involved in discussing such contamination models on a quantitative 
basis it is pointless to argue whether the isotopic and chemical data 
themselves are proof or disproof of a given hypothesis. 

POWELL (1969) recognizes several criteria by which possible 
contamination of magmas may be recognized; these include a positive 
relationship between Sr"7/Sr ~ and Rb/Sr ratios and between Sr"7/Sr ~ 
ratios and SiO2 wt. % and an inverse hyperbolic relationship between 
Sr87/Sr 8e ratios and Sr ppm. The scattered plot of initial Sr"7/Sr ~ 
ratios versus Sr ppm (Fig. 10A) shows a weak inverse trend suggestive 
of limited contamination. However, when the initial rock ratios are 
replaced by the initial ratios of their respective coexisting plagioclase 
(shown bv arrowhead), this weak trend is no longer present. As 
discussed above, a modest amount of high-level crustal contamination 
has occurred and is characterized by isotopic disequilibrium between 
plagioclase and rock. The absence of any trend between plagioclasc 
initial ratios and Sr ppm suggests that most of the contamination 
occurred after formation of plagioclases. A weak positive slope exists 
between initial Sr87/Sr ~ ratios and Rb/Sr  ratios (Fig. 10B) even if 
plagioclase initial ratios are used. We disagree with Powell's con- 
clusion that a positive relationship in this graph is indicative of 
contamination. A graph of Rb/Sr ratios versus Sr87/Sr~ ratios of lavas 
derived from different levels in a differentiated crust (lower Rb/Sr  
ratios with greater depths) would produce a positive slope. Therefore, 
application of Powell's criteria to isotopic data presented in this 
paper supports evidence of limited, high-level crustal contamination 
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and does not  support  a contaminat ion hypothesis for the origin of 
Sr isotopic t rends of Great Basin volcanic rocks. 

Obviously, the nature  of the low velocity upper  mantle  under  the 
Great Basin (Fig. 3) is very critical to hypotheses of magma genera- 
tion. ARCHAMBEAU and DAVIES (1969) consider the low velocity zone 
to consist of a region of partial melt, extending f rom 35 to 160 km 
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FIG. 1 0 A -  Relat ionship between initial SrST/Sr 86 rat ios  and  Sr  ppm of Great Basin 
volcanic rocks. The circles are silicic rocks and  the  solid circles are mafic 
rocks.  The dashed lines connect  rocks to coexisting plagioclases at  arrow- 
heads.  The plagioclase initial rat ios  probably  are more  indicative of 
u n co n t am ina t ed  magmat i c  initial rat ios  than  are the whole rock initial 
ratios.  

in depth that  was produced by depression of the melting curve 
associated with dehydrat ion of upper  continental  mantle.  They suggest 
that  decoupling between 100 and 150 km and sliding of the continental  
upper  mant le  over a region of high heat flux caused the melting. 
COOK, K. L. (1965) postulates that  the low velocities represent a 
mantle-crust mix, but  the nature  of this mix is not  clear. The low 
velocity upper  mantle of the Basin and Range region is similar in 
geophysical propert ies to the upper  mantle  underlying oceanic rises. 
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In terms of the concept of continental drift and the new global 
tectonics, it is difficult to accept that the low velocity mantle in both 
regions is profoundly different in chemical composition and physical 
character. In regions where continental crust is lacking, the low 
velocity upper mantle seems capable of yielding only tholeiitic to 
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I N I T I A L  SrS~/Sr 86 

Fit;. 1 0 B -  Relat ionship between init ia] SrsT/Sr ~ ratios and Rb/SF rat ios of Great 
Basin volcanic rocks.  Symbols  are the s a m e  as in figure 10A. Analyses 
of  m a g m a s  derived f rom different levels in a dif ferent ia ted c rus t  ( lower  
R b / S r  rat ios wi th  depth)  would  have a posit ive r e l a tkmsh ip  be tween R b / S r  
ra t ios  and initial Sr~77Sr ~* ratios.  

alkalic basaltic magmas and small amounts of their differentiation 
products. Thus it does not seem acceptable to propose that the same 
upper mantle beneath continental regions should yield large volumes 
of silicic calc-alkalic to alkalic primary magmas. We feel a more 
satisfactory explanation for the silicic magmas must be an origin 
largely within the continental crust itself. Only the very young, nodule 
bearing alkaline basalts with low Sr isotopic ratios that occur 
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scattered through the Basin and Range Province seem likely to be 
mantle-derived magmas,  with negligible crustal contamination.  

Proposed Model for Magma Genesis and Evolut ion 
in the Eastern Great Basin 

We propose that the volcanic core area of the Great Basin 
originated at the intersection of an axis of Cenozoic crustal extension 
and high heat flow with a Mesozoic metamorphic belt that still 
retained its steep thermal gradients, although plastic deformation 
at depth had largely ceased by early Cenozoic time (Fig. 4). Thus 
the thermal condition of the crust inherited from its previous tectonic 
history exerted a pronounced influence on the Cenozoic tectonic 
evolution under a grossly different tectonic regime. The initial 
condition for Basin and Range rifting was definitely not one of an 
isotropic crustal plate subject to tensile stress; rather  it was one of 
extension of a crustal plate containing a warm, relatively weak zone 
that was first to respond to the new tectonic regime and first to 
complete its magma generation cycle. It is even permissible to 
speculate that the thick warm crust itself nucleated the extension 
process with consequent upwelling of mantle material independent 
of the East Pacific Rise. Only later in Miocene and Pliocene time 
would the two zGnes of extension have merged more or less in the 
manner  discussed by MACrENZIE and MOR6~ (1969) in their paper 
on triple junctions. In any case, the Basin and Range Province is 
today closely linked with the East Pacific Rise and San Andreas 
transform fault system (MENAm~, 1961; CO~K, K. L., 1968) and is clearly 
a zone of continuing crustal extension and t r a n s c u r r e n t  fault move- 
ments. 

Initial crustal extension would result in partial fractional melt- 
ing of warm crustal rocks due to decrease in tectonic confining 
pressure, upward flow of material to lower pressure zones under 
approximately adiabatic conditions, and to temperature increases 
caused by convective transfer of heat from deep zones by magmas 
generated within crust and upper mantle (Fig. 11A). The first Cenozoic 
normal faults in the core area proceded the oldest volcanism in the 
core area by only a few million years (KELLOGG, 1964; MOORES et  al., 
1968). Faulting seems to have progressed toward the Great Basin 
margins along with the volcanic transgression. An intimate interre- 
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lationship between crustal extension and volcanism is thus inescap- 
able. 

The silicic volcanic rocks and capping mafic lavas were derived 
by successive stages of fractional melting of the lower crust with 
relatively low Rb/Sr ratios (HEm, 1964) and therefore, with Sr~7/Sr 86 
ratios lower than average silicic crust, but higher than mantle rocks. 
Fractional melting appears to have yielded first the volatile rich 
(although not necessarily water saturated) intermediate to silicic 
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F[(;. 11 - Eas t -wes t  sec t ion  a c r o s s  the  Grea t  Bas i n  s h o w i n g  p r o p o s e d  m a g m a  genesi .  ~ 
a n d  c rus t a l  evo lu t ion  in the  Cenozoic  Era .  In i t i a l  v o l c a n i s m  d u r i n g  the  3040 
m.y .  per iod  is s h o w n  in Fig. II A. Late  Cenozoic  v o l c a n i s m  (10 m.y. )  pe r i od  
is s h o w n  in Fig. 11 B. The  s t ipp led  p a t t e r n  r e p r e s e n t s  p r o b a b l e  r eg ions  of 
calc-alkal ic  m a g m a  genes i s  in t he  30-40 rn.y. pe r iod  a n d  the  r e su l t i ng  e x t r u s i v e  
u n i t s  in the  co re  area.  The  le f t - s loping  a n d  ver t ica l  line p a t t e r n s  r e p r e s e n t  
e x t r u s i v e  rocks  of  an  i n t e r m e d i a t e  age. T he  r igh t - s lop ing  line p a t t e r n  d is t in-  
g u i s h e s  r eg ions  of genes i s  of  m o r e  a lkal ic  m a g m a  a n d  r e su l t i ng  e x t r u s i v e  
u n i t s  n e a r  the  Great  Bas in  m a r g i n s  Late  Cenozoic  a lkal i -ol ivine b a s a l t s  a re  
ind ica ted  in black.  The  d a s h e d  line p a t t e r n  cove r s  r eg ions  o f  the  c r u s t  
p r e s u m a b l y  dep le ted  in low t e m p e r a t u r e  m e l t i n g  f r ac t ious .  The  t h i c k n e s s  
of  e x t r u s i v e  u n i t s  is g rea t ly  exagge ra t ed .  T h e  heavy  black line is the  s c h e m a t i c  
u p p e r  l imit  of  c o n d i t i o n s  capab le  of  p r o d u c i n g  m e l t i n g  o1 the  silicic corn- 
p o n e n t  of  the  c r u s t  in the  p r e s e n c e  of  wa te r .  B e c a u s e  o f  the  effect  o f  conl in-  
ing  p r e s s u r e  on the  l iqu idus ,  it is no t  exac t ly  an  i s o t h e r m .  
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magmas that formed the ash flow sheets and soon thereafter a second, 
higher temperature, drier melt of mafic, aluminous character formed 
the capping lavas. The refractory residue from the fractional melting 
process constitutes the lower crust of the volcanic depleted areas, 

In the core region, the temperature and pressure conditions 
capable of producing volcanic magmas included shallower crustal 
zones than elsewhere (Fig. l lA). Relatively shallow magma genesis 
produced the calc-alkalic melts with highest Sr87/Sr ~ ratios. The 
similar isotopic ratios of the mafic melts derived at high tempera- 
tures indicates that they were from approximately the same crustal 
zones. 

Continued extension of the crust and exhaustion of lower tem- 
perature melting fractions of the crust in the core region brought 
volcanism there to an end. This must have been accompanied by a 
relatively dramatic decrease in the ductility of the core region rela- 
tive to surrounding crustal areas so that the locus of extension shifted 
continually to the thicker crustal areas surrounding the previous 
zone of crustal extension. If this were not so then we would have 
a Red Sea type of rift rather than the broad zone of distributed 
rifting of the Basin and Range Province. The location of volcanic 
centers throughout Cenozoic time (Fig. 8) indicates that the spread- 
ing of magma generating conditions was at a rate of slightly more 
than 1 cm per year. As spreading of volcanic activity toward the 
margins of the Great Basin occurred, partial melting was restricted 
to lower portions of the crust because the thermal anomaly inherited 
from the Mesozoic metamorphism became less pronounced away 
from the core zone and, as time passed, the metamorphic rocks 
continued to cool. More alkalic magmas with lower SraT/Sr 86 ratios 
were derived from deeper crustal zones close to present day Great 
Basin margins (Fig. 11B). At the scattered localities throughout the 
region where young basalts with low isotopic ratios are found we 
accept that tapping of deeper magma sources could occur after 
exhaustion of the crustal zones of magma genesis. 

Because silicic and mafic volcanic rocks from the Great Basin, 
the Basin and Range Province of Arizona and the adjacent Colorado 
Plateau all show a trend toward lower Sr~/Sr ~ ratios with decreas- 
ing age (EASTWOOD, PUSHKAR, and DAMON, collaborators in DAMON, 
1968 and 1969; BIRKERMAN, 1967) similar processes of evolution of 
magma sources must affect these regions. The Great Basin has the 
spatial relations that requires the somewhat unique explanation 
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above. But  the t ime-isotopic t rends in Arizona are apparent ly  not  
related to lateral t ransgressions of  volcanic activity. Product ion  of  
magmas  f rom different crustal  levels must  be invoked explain these 
trends.  Extract ion of the relatively Iow-temperature  melt ing fract ion 
f rom higher crustal  zones with higher R b / S r  and Sr87/Sr ~6 rat ios 
gave rise to the older  lavas; then, as isotherms rose, par t ia l  fusion 
of progressively less hydrous,  deeper  zones in the crust  and upper  
mantle  wi th  lower Rb-Sr and SraT/Sr 86 rat ios p roduced  the younger  
lavas. 

C o n c l u s i o n s  

Our generalized observat ions  and interpreta t ions  concerning mag- 
ma genesis for  Great Basin Cenozoic volcanic rocks can be sum- 
marized as follows: 

1) The Sr~7/Sr ~6 rat ios of silicic volcanic rocks decrease f rom 
0.709 for the 32 m.y. old, calc-alkalic rocks of the core area to 0.705 
for the 15 m.y. old, more alkalic rocks nearer  the margins of the 
Great Basin. 

2) In a like manner,  the Sr87/Sr~6 ratios of mafic volcanic rocks 
decrease f rom 0.709 for the 35 m.y. old calc-alkalic rocks of the core 
area to 0.705 for the 5 m.y. old more  alkalic rocks nearer  the margins 
of the Great Basin. 

3) The volcanic core area marks  the intersection of the relic 
thermal s t ructure  of a Mesozoic me tamorph ic  belt  with a zone of 
crustal  extension and high heat flow that or iginated in the late 
Eocene-early Oligocene time and is still active. The partial fusion of  
the deeper  crust was due to depression of the melt ing curve in lower 
pressure  environments  and may  have been addit ionally enhanced by  
regional heat  flow increases related to mantle convection that itself 
may have arisen as a consequence of crustal  extension. 

4) The source of the abundant  silicic and mafic magmas  was 
probably  the lower crust with relatively low R b / S r  and Sr~7/Sr s~ 
ra t ios ;  the silicic partial  melt f ract ion was extracted first and was 
followed by a mafic fraction as the t empera ture  rose in the same 
region of  the crust.  

5) Progressively lower Sr~7/Sr"~ rat ios and more  alkalic magma 
chemis t ry  were produced away from the core zone because  the upper  
boundary  of condit ions that could produce  a silicic partial  melt in 
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the  c r u s t  p r o g r e s s i v e l y  d e s c e n d e d  in the  c r u s t  so  t h a t  l o w e r  R b / S r  
a n d  SrS7/Sr~ r a t i o s  a n d  h i g h e r  p r e s s u r e  c o n d i t i o n s  c h a r a c t e r i z e d  the  
zone  o f  p a r t i a l  fus ion .  A t t e n u a t i o n  of  the  G r e a t  B a s i n  c r u s t  o c c u r r e d  
as the  p r o c e s s  of  m a g m a  g e n e r a t i o n  c o n t i n u e d .  
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We are  i n d e b t e d  to P. E.  D a m o n  o f  the  U n i v e r s i t y  of  Ar izona  a n d  
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