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Evidence for the Generation of Juvenile Granitic Crust During Continental Extension,

Mineral Mountains Batholith, Utah

DREW S. COLEMAN! AND J. DOUGLAS WALKER
Department of Geology, University of Kansas, Lawrence

Field, chemical and isotopic data from the Miocene Mineral Mountains batholith in southwest Utah are
consistent with the batholith being derived through differentiation of material recently separated from the
lithospheric mantle, with little involvement of pre-Oligocene crust. The batholith ranges in composition and texture
from diabase and gabbro to high-silica rhyolite and granite and is distinctly calcalkaline in nature. Field evidence
for anatexis of intermediate-composition Oligocene crust and magma mixing suggest that fractional melting and
mixing were important processes during the evolution of the batholith. Major oxide and rare earth element data for
the batholith are consistent with chemical evolution of the magma system being controlled by fractionation of
homblende, plagioclase and sphene (all of which occur in restitic portions of Miocene migmatites exposed in the
field area) during partial melting, and mixing between gabbro and granite. Isotopic data indicate a lithospheric
mantle source for mafic rocks in the study area and, on the basis of field data and their similarity in isotopic
composition, granitic rocks are interpreted to be derived indirectly from the same source during Basin and Range
extension. Evolution of the granites is hypothesized to involve a series of partial melting steps, one of which is
exposed in the batholith, which refine mantle-derived gabbros into high-silica rocks. Thus the Mineral Mountains
batholith represents juvenile granitic material added to the crust during extension. This raises the possibility that
extension may be an important granitic crust-forming event. Furthermore, this suggests that pure-shear igneous
inflation of the crust by the mantle can be an important mechanism during extensional deformation. Data presented
here indicate that fractional meling of young mafic crust may be an important process in the evolution of
isotopically homogeneous intrusive suites which span a broad compositional range. Furthermore, the data support

the idea that lithospheric mantle in the Great Basin region may be Proterozoic in age.

INTRODUCTION

Investigation of the evolution of the continental crust during
extension is fundamentally important to understanding crustal
genesis because evidence for continental rifting is observed through-
out the geologic record. Extension-related magmatism is gener-
ally credited withremobilizing preexisting crust [cf. Eichelberger,
1978, Hildreth, 1981] and generating new mafic crust through
underplating [cf. Gans, 1987; Johnson, 1991], with little or no
generation of juvenile high-silica crust. However, recent work in
Proterozoic “anorogenic” magmatic terranes, which are often
interpreted to be extensional [Anderson, 1983; Bickford, 1988;
Kayet al., 1989; Windley, 1989], has revealed that mantle separa-
tion ages and crystallization ages of some of these granitic rocks
are very similar [Nelson, 1990; Bowring et al., 1991], suggesting
that high-silica crust may evolve very quickly in extensional
orogens. The remarkable similarity between the isotopic compo-
sitions of coeval rhyolitic and basaltic magmas erupted locally
during Basin and Range extension in the western United States
also suggests that the high-silica units may have been derived
recently from the same source as the basaltic magmas, implying
that the rhyolites represent young mantle differentiates, and thus
juvenile crust [Johnson et al., 1990; Tegtmeyer, 1990; Johnson,
1991]. The data for Proterozoic rocks and young rocks from the
Basin and Range suggest that granitic liquids can evolve quickly
from the mantle, a process that is generally considered to occur
very indirectly over an extended period of time, involving a variety
of tectonic settings [cf. Bickford, 1988].
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If intrusion of mantle-derived melts into the crust during
extension is voluminous, then pure shear through igneous inflation
may be the locally dominant mechanism of extension [Bohannon,
1986]. The possibility of igneous inflation is particularly enticing
for the Basin and Range Province because the area has experienced
extreme extension (locally 250-500% [Miller et al., 1983; Gans,
1987; Wernicke et al., 1988, 1989]) over a very wide region (~
25,000 km?2), yet it maintains a relatively thick crust (~30 km
[Prodehl, 1970, 1979]). This apparent paradox can be explained
if crustal thickness has been maintained through the generation of
juvenile crust. Gans[1987] suggested that significant amounts of
maficunderplating during extension can account for the structural
and geophysical nature of some extended areas, and Johnson et al.
[1989, 1990] and Johnson [1991] suggested that large-volume
silicic volcanic centers in the western United States may contain a
significant fraction (30 to >50%) of mantle-derived material,
consistent with this idea. Alternatively, if magmatic activity was
dominated by remelting of preexisting crust, simple shear may be
the mechanism of extension and crustal thickness may be main-
tained through lateral flow of middle [Wernicke, 1990] or lower
[Block and Royden, 1990] crustal rocks.

The role of the mantle during continental rifting may be even
more fundamental than accommodating deformation through in-
flation if the mantle is actively driving extension. Menzies[1989]
argues for active upwelling of asthenospheric mantle inregions of
high heat flow in the Basin and Range Province, and Perry et al.
[1987] suggest thatlithospheric sources may be sampled passively
during initial phases of rifting along the Rio Grande rift, and that
active upwelling of the asthenosphere eventually replaces the
lithospheric mantle. Alternatively, Fitton et al. [1988] showed
that within the Basin and Range province, asthenospheric mantle
sources were involved only in areas of maximum crustal thinning,
implying that the mantle is sampled passively, and that the nature
of the mantle source is dependent on the degree of extension.

In this study we investigate the petrology and chemistry of the
Miocene Mineral Mountains batholith in Utah in order to under-
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stand the relative roles of the crust and mantle during extensional
magmatism in theregion. We examine the evolution of the magma
system over approximately 25 Ma of igneous activity and attempt
todiscern the nature of the mantle locally involved in magmatism,
and the mechanism(s) of granitic crust formation in the range.

GEOLOGIC SETTING

The Mineral Mountains batholith lies in southwest Utah, and
comprises approximately 200 km3 of exposed Miocene granitic
rocks (Figure 1). The northem and southern wall rocks of the
batholith are Paleozoic sedimentary rocks, and the western wall
rocks are 1725 Ma gneisses [J. D. Walker and J. M. Bartley
unpublished mapping, 1990, 1991; Earl,1957; Liese, 1957; Condie,
1960; Nielson et al., 1978, 1986; Sibbett and Nielson, 1980;
Aleinikoffetal.,1987; Walker and Bartley, 1990; Coleman, 1991].
The southern end of the batholith is separated from Paleozoic and
Mesozoic sedimentary rocks and Oligocene volcanic rocks by the
Cave Canyon detachment fault [Nelson et al., 1986; Price and
Bartley, 1990], which was interpreted to be a strand of the Sevier
Desert detachment fault, mapped in the subsurface to the north of
the Mineral Mountains (Figure 1) [Allmendingeret al., 1983; Von
Tish et al., 1985; Barker, 1986; Price and Bartley, 1990; Walker
and Bartley, 1990]. Nielson et al. [1986] concluded that the
plutonic rocks were intruded during detachment faulting; how-
ever, Price and Bartley [1990] noted that 9-Ma rhyolite porphyry
dikes interpreted by Nielson et al. [1986] to cut the Cave Canyon
detachment are cut by cataclasites related to the detachment fault,
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indicating that some brittle deformation occurred after emplace-
ment of the pluton. Intrusive rocks correlated with the Mineral
Mountains batholith occur in the hanging wall of the Cave Canyon
detachment in the southern part of the Mineral Mountains and in
the Star Range, Rocky Range and Beaver Lake Mountains to the
west (Figure 1) [Coleman , 1991; D. E. Price, J. M. Bartley and J.
D. Walker, unpublished mapping, 1990, 1991].

Geochronologic data demonstrate that the Mineral Mountains
batholith intruded between 25 [Aleinikoff et al., 1987] and 9 Ma
[Nielson et al., 1986] and that intrusion took place in at least four
distinct episodes. The bulk of the exposed intrusive rocks (>80%)
were emplaced between 18 and 16 Ma [Coleman, 1991]. Intrusion
of the early phases of the pluton does not appear to be synchronous
with substantial extensional deformation; however, the emplace-
ment of dikes at 9 Ma occurred during a period of significant
regional detachment faulting and uplift of the range [Nielson et al.,
1986]. Hornblende barometry for rocks intruded between 25 and
16 Ma indicate that they all intruded at pressures of 2.0 t0 2.5 kbar,
consistent with the idea that most uplift occurred after emplace-
ment of the batholith [Coleman, 1991]. The Mineral Mountains
arca has remained magmatically active and was the sight of
voluminous Quaternary volcanism [Lipman et al., 1978] and
continues to be a geothermal “hot spot.” With the exception of
minor 8 to 9-Ma rhyolite flows [Evans and Stevens, 1982], there
are no known extrusive equivalents to the intrusive rocks exposed
in the Mineral Mountains.

The batholith ranges in composition and texture from diabase
and gabbro to high silica rhyolite and granite, with quartz monzo-
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Fig. 1. General geology of the Mineral Mountains and the surrounding region, compiled from Hinsze [1980], with minor revisions after
Coleman [1991] and J. D. Walker and J. M. Bartley (unpublished mapping, 1990, 1991). Inset shows the location of the study area
and the location of the eastern limit of the Sevier Desert detachment as it is mapped in the subsurface. The eastern limit of the map
includes the edge of the Marysvale volcanic field which lies within the Colorado Plateau. Unit Tv1 includes voluminous Oligocene
ignimbrites of the Marysvale volcanic field, and unit Tv2 at the northern end of the map includes the southernmost tip of the Twin Peaks
volcanic field.
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nite and low-silica granite comprising greater than 80% of the
exposed phases [Nielson et al., 1978, 1986; Sibbett and Nielson,
1980]. Field relations indicate that there is a progression toward
intrusion of more silicic phases throughout the history of the
batholith [Coleman, 1991]. Early (25 Ma) intrusive events are
essentially 100% granodiorite whereas the main intrusive event
(18-16 Ma)is characterized by early intrusion of quartz monzonite
and syenite followed by intrusion of quartz-poor granite and
subsequent intrusion of quartz-rich granite. Emplacement of each
of these phases was coincident with apparently minor, but ubiqui-
tous, gabbro intrusion. The youngest igneous activity exposed in
the batholith (9 Ma and Quaternary) is essentially bimodal basalt/
rhyolite dike emplacement and volcanism.

In general, the batholithic units are medium- to coarse-grained
and are fresh at the mineral scale despite locally pervasive forma-
tion of grus. Coarse-grained units intruded as stocks whereas
diabase and rhyolite are limited to dikes which vary from less than
a meter to tens of meters thick. Monzonitic to granitic rocks
comprise hornblende, biotite, K-feldspar, plagioclase, quartz as-
semblages, whereas gabbros to granodiorites comprise pyroxene,
hormnblende, plagioclase + biotite and quartz assemblages [Nielson
et al., 1978]. All phases of the batholith contain abundant acces-
sory sphene, as well as apatite, allanite and zircon. Most units,
including diabases and gabbros, contain primary hornblende and
biotite indicating that all phases of the batholith were hydrous.
Alteration of most of the batholithic units is limited to minor
chloritization of hornblende, although locally more significant
alteration is present.

Field data indicate that mixing and fractional melting of young
intrusive units were important in the generation of the batholith.
During the 18-Ma intrusive event, diorite and granite were in-
truded together and underwent significant mixing. This mixing
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event generated regional variations (gradual changes over tens of
kilometers) in the petrography and chemistry of the units involved
and yielded an essentially continuous range in composition from
diorite to granite. Such variations were noted by Nielson et al.
[1978, 1986] and Sibbett and Nielson [1980], but were not attrib-
uted to mixing. Nine-Ma dikes also show mixing between mafic
and felsic units; however, compositional variations generated
during this mixing event occur on a local, rather than regional,
scale.

In addition to magma-mixing features, the northern and west-
ern margins of the batholith contain extensive zones of
migmatization. The leucosome of the migmatites is quartz mon-
zonitic and characterized by large phenocrysts of K-feldspar,
whereas the melanasome comprises biotite + plagioclase +sphene
+ hornblende and zircon. Geochronologic data for the phases
involved in migmatization, and for the migmatites themselves,
suggest that anatexis of 25-Ma hornblende granodiorite occurred
at 18 Ma and generated a porphyritic biotite-hornblende monzo-
nite [Coleman, 1991], indicating that remobilization of young
crust was an important process in the generation of at least some
of the phases of the batholith.

ResuLTs

Major and Trace Element Geochemistry

Twenty-six samples from the Mineral Mountains batholith and
associated igneous rocks in adjacent ranges were analyzed for
major oxide compositions by X ray fluorescence spectrometry
(Tables 1 and 2). A subset of these samples was analyzed for rare
earth element (REE) geochemistry by directly-coupled plasma
(DCP) analysis (Table 3). Detailed descriptions of analytical
methods are provided by Coleman [1991]. The data in Table 2

TABLE 1. Sample Descriptions and Locations

Sample Field Description* Location
MMS88-3  (Mmg) thin granophyric dike in biotite-hornblende granite 38°21'47" N; 112°50'38" W
MMS88-5 Lincoln porphyry from Lincoln mine 38°16'03" N; 112°5326" W
MMS88-6 (Mbhm) porphyritic biotite-homblende monzonite 38°21'44" N; 112°47'34" W
MMS88-7  (Ma) andesite dike 38°21'10" N; 112°47'05" W
MMS88-8 (Mbg) beryl-bearing pegmatite in biotite granite 38°21'42" N; 112°46'44" W
MMS88-10 (Qv) Quatemary obsidian 38°29'12" N; 112°4834" W
MMS88-12 (Mpr) rhyolite porphyry dike in biotite-homblende granite 38°30'48" N; 112°45'36" W
MMS88-13 (Md) diabase dike in biotite-homblende granite 38°2225" N; 112°50'47" W
MMS88-14 granodiorite dike 38°22'36" N; 112°5227" W
MMS88-17 (Mbhm) porphyritic biotite-horblende monzonite 38°20'08" N; 112°51'32" W
MM88-18 (Mbhm) porphyritic biotite-hornblende monzonite 38°2007" N; 112°51'32" W
MMS88-20 (Mbg) biotite granite 38°19'04" N; 112°49'56" W
MMS88-21 (Mpbhm) porphyritic biotite-homblende monzonite 38°2021" N; 112°51'11" W
MMS88-22 Corral Canyon rhyolite flow 38°23'56" N; 112°53'06" W
MMS88-23 (Mpr) rhyolite porphyry dike in biotite-hornblende granite 38°25'36" N; 112°51'15" W
MM88-24 (Ohg) foliated hornblende granodiorite 38°25'37" N; 112°5123" W
MMS88-25 (Pcbg) Precambrian gneiss 38°26'03" N; 112°51'42" W
MMS88-32 (Mbhd) well-mixed biotite-homblende diorite 38°25'13" N; 112°5128" W
MMS89-4  (Mbg) bioctite granite 38°21'13" N; 112°48'43" W
MMS89-5  (Md) thin diabase dike in biotite-homblende monzonite 38°19'43" N; 112°48'04" W
MMS89-10 (Mg) gabbro mingled with biotite-homblende monzonite 38°18'10" N; 112°49'35" W
MMS89-17 (Mg) medium-grained gabbro 38°18'10" N; 112°49'35" W
MM89-18 (Mg) coarse-grained gabbro 38°18'10" N; 112°49'35" W
MM89-20 (Md) thick diabase dike in biotite granite 38°19'48" N; 112°49'34" W
MM89-27 (Mbhg) biotite-hornblende granite 38°2227" N; 112°50'36" W
MM89-35 Gillies Hill rhyolite 38°26'44" N; 112°37'36" W
MM89-36 (Mbhg) biotite-hornblende granite 38°30'14" N; 112°47'10" W
MM89-37 (Mbhg) biotite-homnblende granite 38°33'30" N; 112°49'05" W
MMS89-48 (Mbhg) biotite-hornblende granite 38°18'33" N; 112°54'48" W
MM89-49 (Mg) gabbro mingled with biotite-homblende monzonite 38°18'34" N; 112°54'45" W
MM89-50 (Pcss) sillimanite schist in biotite-hornblende diorite 38°18'25" N; 112°54'54" W
MM8E9-51 (Mbhm) biotite-hornblende monzonite 38°18'25" N; 112°54'54" W
MM89-53 Miocene(?) basalt flow 38°13'59" N; 112°5021" W

*Unit designations (Mmg, Mbhm etc.) refer to map units of Coleman [1991].



GENERATION OF JUVENILE GRANTTIC CRUST

COLEMAN AND WALKER:

11,014

£2°8¢ 8T'SE SL'LE ¥6°LE 1L°LE S8°LE LE'SE 08°LE vE°8¢ £8°8¢ v6'Le  9dpoz/9dggz

65°S1 86°C1 9p°S1 IR T8°61 16751 65°S1 £5°S1 79°¢1 ¥9°61 LS'ST dpz/d; o7

LE'81 7581 66°LI 10°81 T6°L1 86°L1 95°81 €6°L1 LE'8T 1681 v8LI dpz/9dgoz

$°ST L9t $°61 9'v1 ] 6Tt T'1s 112 6'€ oy o

L9 (Y I'9 60 9°0 ST 1'6 80 TS [ n

95°8- sv'o- 69°01- 60°L- S9'v- gLL 80°9- T6'11- 06'8- v6'9- oM

681Z1S'0  00ETIS'O  8LOTIS'O  +9TTIS'O  S6ETIS'O  SETTISO  0TETIS'O  1ZOZIS'O  OLIZIS'O  89TZISO PNy 1/PNgpy

pSPOT'0  SLIZT'0  T8I60°0  L660T°0  SIGOI'0  T6880°0  LTSEI'0  S6160°0  9EL600  6LEOID PNpp 1 /S 41

SL'OE LL'6T $8°8¢ TL'99 LT'0¢ 65°1€ 66'T€ 61'1Y w6 v8'Sh N

€S 00°9 06°'S N4 Ly'S §9'y ¥S°'L 979 £T°L L8'L wg

SY90L'0  ¥080L'0  TEYOL'0  O¥90L'0  ELVOL'O  SE90L0 - TLSOL'0  6€90L°0 IPLOLO €L90L°0 Y1899/1S, 9)

S8L90L'0  LIO60L'0  9FS90L'0  LO990L'0  TIBYOL'O  LYS9OL'O  T6ITI8'0  TTESOL'O  06L90L°0  TSYLOL'O  6ESOTL'O S9/'S ;g

L98€°C v8v89 v0LO'T 6296°0 £655°0 £90€°¢ 0800'v9S L1960 v188'1 0SST'1 1408°92 98/, g

6267 L8T1 T'LLE 89¢p 8'19L €891 vy 8169 672¢ Tveb vL Y

9'1¥C LP0E §'6€1 1234 Tl y'T61 S'Ts8 0°0¢2 0012 €L61 6°091 o

$L°001 60°101 $9°001 61°€01 S0°101 LT°101 06°001 $€°001 90101 08°001 VIOL

$TO $2°0 vT0 96°C 78°0 €Ll 00°C 18°0 90'1 620 01

L0°0 60°0 ¥1°0 850 LO"0 700 91°0 11°0 ZA] 70°0 S0l

s €€y sT'9 9L'¢ 819 op'y 289 L9V 60'S ocd ool

£6°€ o1t wy 1A So'g 95y 86°C ¥6°¢ 09'¢ vy o%eN

LT0 7€°0 6€°0 S0'1 82°0 01°0 050 SE'0 85'0 AN0] 1L

76°1 €€'C 10°C vL'9 £9°1 69'0 96°¢ ve°T Iy LSO tolad

6270 ¥S°0 85°0 €L'T 9¢'0 00°0 LT'1 ¥$°0 L61 v0°0 03N

¥8°0 69°1 €L'1 6€'T rA)] §T°0 90°7 T$°1 LT 99°0 (0,20)

6S°€l 85°¥1 0591 ZAA! 8L'€l 60°€1 ¥T'S1 0S¥l JANY 19°¢1 foly

Ly L ¥8°TL 60°89 7619 LS'¥L 6€°9L L0°89 LS'1L 1599 vL9L To1s

81 91 81 81 (6) [6] 91 (6) 81 €2 (81) (=N 28V

IZT-88ININ  OCT-88WIN  ST-8SININ  LI-88INWN  +I-8SIWIN  TI-8SWIN  8-88IAIN  L-SSIANIN  9-88INW __ S-8SININ ___ E-88INN a[dureg
splonueLn)

eI 21do10S] PUE [BIWAYD03D : FTAV.L



11,015

COLEMAN AND WALKER: GENERATION OF JUVENILE GRANITIC CRUST

€6°LE €L°LE 91°8¢ I8¢ IL°LE €L°LE v8'LE 6€'8€ £€°8¢€ 6L°LE 150 9dpog/dggr

LSSt €6°ST 9661 95°61 TS°'ST 15°S1 £5°S1 65°S1 sS°S1 §°St LTAY 9d},07/9d 07

00°81 98°Ll 61°81 £7°81 yLLY LLLT 88°LL LE'81 sT'81 L8°L1 Ll 9dypr/9dggg

[S4S 1'§T T'82 L'€E 1°6% 1'2€ L'€T L€T 062 o

6°€ 0’8 6F £y v'€ LT n

LE'6" 9b°8- £8'6- 06'S- LL'S- oLs- 8%'9- ¥$9- 99'6- L0°6 YATE (P

SPIZIS'O  €61Z1S0  STEZISTO  ¥TETIS'O  OSIZTIS'O  6LIZISO  S6TTISO  16ZCIS0  6ZIZIS'O  99IZISTO  ZOG6LISO PNy 1/PNgy

I8160°0  OTIOI'0  0Z960°0  T6T60°0  S8¥90'0  ¥SS80°0  08E80°0  8IS60°0  8€£801°0  10T80°0  80Z0I'0 PNy, 1/%S 41

9%°LT 79°'TH 88°6¥ 06°LE 66°6 ¥6°0€ 68°SI 00°6L €60 96°1Z WPE N

LUy €1°L v6°L £8°S Lo'1 £S°¥ 0z'C vyl veL 86'C 18°¢ wg

P6SOL'0  96¥0L'0  OESOL'O  LISOL'0  T9LOL0  S8PSOL'0  8LSOL'0D  $6SOL'0  €£90L°0  9PSOL'0  00SOL'O )

18090L'0  1ZOSOL'0  80SSOL'0  909SOL'0  9S680L°0  PSLSOL'0  ¥STOIL'0  ZEIY0L'0  06V90L°0  I8690L°0  SOHSOL'O 1S9g/S g

8895°0 6ZvT0 vr19'1 966L'1 81SY°01 SIL'K 60987 618570 6809°0 0EbL 01 6b0E’€E 1Sgg/T¥; g

182 L198 €48 8182 9°€S vETE 8°0¢ 6589 €°L8S S'6L 1etl 15

L'98 vTL L'8SI £SLI 9°€61 4 LYOE v 6€T 9'€Tl €567 T6T1 LY |

65°101 S€001 19°001 78°001 6v°001 19°001 1101 L¥001 VIOL

L6°0 91'1 T €'l 0s°0 8¥°0 790 LEO 01

£1°0 10 70°0 11°0 70°0 18°0 12°0 70°0 S0

16'% 09°S 95y 8LV 86'€ LL'Y 8L'€ o1's ot

6v'v 1S'# 0g'€ SL'E 0 6T'Y $8'€ 0S'€ O&N

SH°0 (AN S1°0 9€°0 SL°0 LO'T 0s°0 L1'0 oy,

LET 81'CT 89°0 €€°T 98°0 LE'S SL'Y €6°0 €0l

96'0 8p°0 o1°0 65°0 80°0 9L'1 €€'T €1°0 O

£€°1 Tl L9°0 LS'T aa) SI'E 80'% £6°0 0%

00°S1 9Z°S1 99°Z1 oL€l 811 85791 €8°S1 80°€1 17074\

6€'1L 0b°69 ST9L YTTL £9°8L €€°79 9€'69 €2°9L o018

81 81 81 81 6 81 91 81 sz l6] [s] (=) 23y

IS-63INW 8V 68NN LE-68ININ _ 9t-68ININ _ SE-68WIN _ LZ-6SIWNN  b-68WIN  CE-88IAIN  VC-8SIAIN _ £C-8SININ  ZT-88AAL adieg
splojtue1n

(panumuoo) 7 ATEVL



COLEMAN AND WALKER: GENERATION OF JUVENILE GRANITIC CRUST

11,016

‘109L0°0 = PNy
IS 151 (900000°0%F) T8ETTS'0= PNy t/PNeyt (90°0F) 9'Z-= ()™3 ((b0"0F) SL'907 = [PN] POPPIKOPN 5€ pazA[eue [-dSD (£2000°0F) £59L0°0= PNp1/®S 5 H(010000°0F) LLETTS0=PNywi
/PNy (01°0%) 8°T- = ()™ 3 (6769 80°L02 = [PN] *(8€°0F) 97°9Z = [WS] PAp[3IA +PN 58 PazA[eUE [-dSO ‘PELEL 0= PNipp1/US 51 H800000°0F) 8Y9Z1S0= PNw1/PNey (ST'0F) 61°0=()™'3
(1009 €1'6Z = [PN] P2PIPIA OPN 5¢ oz [-40E “(8000°0F) 16ZE1°0 = PN/ WS p1 (800000°0F) 1#9Z150 = PNyst/PNgy1 *90°0 = (0™3 (€509 #5762 = [PN] *91°0%) 08'9 = [ws]
PI3IK LPN 5 un1 {30 pIepuels SOSN Jo sas[eur amoriday [1661] uowiao) 398 sanbrunpoy w_u Jo uoissnastp 313dwoo € J0,] “TOTRUONORIY JO§ NUIE/9, | () PAIOALIOD T8 PUE 49460 =
Uelor/Id oz, (A UOWIOD) [86-SEAN 01 paowsagal are sasAfeus sdorost per] ‘L9610 = MO D pN,, g, ) pue gegzigo=""WO TP\ o, ) Smsn parernoyes are uonwzieskio
Jo sum 3y 18 pN 1oj sanfea uojisdg ‘OSBTIS0 = PNyy1/PNeyy BIIO[ € 01 POUAIIAL PR 6170 = PNiy1/PNgyy O PRZI[EULIOU 18 suoimsodwioo 9idojost wnuApoaN ‘0SZ0TL0 = 1Seef3S,5
L86-SHN 01 pdOUIIYAI PUB 6] [ ') = I534/1Sge OF PAZI[EULIOU AR sUCHIsOduI0D d1dotost umpuong -8d o1 weyy ssaf are pauodar siwawa|3 [[e 10§ SYUE[q eonA[Euy woureny 3y a(Sws € uo
128 eofjts Suisn QPN s paz[eue a1om sojdums [RI9A9G 'SIPIS B, PUE 19130 IY © QUM Wuam|l) ofdin ¢ Bursn pazA[sue sem [E1OW PN PUR SIUSUR[L 3y SSUIS UO Papeo] sEM Gy ‘STUSUR[I] B,
3[8Uls UO papeo] A1aM WNUBUISS PUE UMIUONS AU 00G = WS,,; PUE AW (0T =q ;. P4 9POUI J0193[[0IN[NUL-011e1s Suisn pozA[ewe aram WNLIEuTes pue WIpIqUY A [ = PNy PUB Ab=1Sgs
QA 2poul JOWS[[coN[nW-oNweup Sulsn pazA[eue aioM WNIWIAPOST PUE WNRUONS “SESUEY] JO LNSIDATUN) ) 18 J15W0II3ds SSEUI UOIBZIUO! [BULINR (G 103098 DA € Uo pauuopad alom
sasAeue ado10s1 [[V “[¥861] #ay2104 pup 211y A4 JO poqIsw UO3 L -uo-JHHAJH 3y Suisn paresedas a1am wmiwAposu pus wnueureg ‘sanbruyaa) a3ueyoxa uorres prepuels Sursn paysidmosoe
seam dnor3 gy sy pue 1§ ‘qy jo uoireredsg ~asmxra1 FQNH/IH Ue Suisn quoq pajess e wr ),08] Ajoteunxoidde 1e pountoptad sem stsApeur adotost 1oy sojdumss Jo uonnjossiq ‘sesA[eue
aresedas 215 15%9] 18 JO 99194% oY 1UasaIdal UMOYS BIR(] *SESUBY JO ANSIDATUY) 91 16 Jarwondads 90UsdsAIoR[) Kel X YR[A[-S (eSR © U0 pIzA[eue pue Y[y 31RIOqEIW-WNI] U PIsn] AI9M
sopdures 1uawalo Jofepy [ (sas4jene ado105] puR SR 98) JIURISO-SUME UR JO (53sATEUR JUaWS]2 Jofew) spiqres-unsure e w s1apmod auij 01 paonpar pue Jaystus mef [os1s & Suisn
sdryo [[ews 01 poysud alam sajdures gsar, ‘voljfiu 1ad sued ut usAlS ase sjUURP 308N ‘wodlad 1YBiam U wAIS are sapixo v T 3[qe, Ut papiacid are suonedo] pue suonduossp sjdureg

"qujoYreq o Jo uoneuuoj uyr Suunp (15 pue (7)™3) vonisodwoo ordotost srewrrxardde praIk o1 pasn st ] 8 10q [£361 “77 12 foyruraly] B GTLT St $300I URLIQUIESAL] JO a8y,
‘[1661 ‘upwizjo)] suone|as pjayy woly pauayut sasayuared ut soe [ggg1 “1v 12

uosya1N] sanbruysal 1y -3 4q s1axoeiq u sade [ [661 ‘w10 {1861 1 12 Joyraayy] sanbluyoa uoonz-q -1 £q pauruusiop od A wewor wisady -'ig pue (1)PNajo uonenoes 1oy pasn a8y,

69°LE S1'8€ £0°1 £0°8€ 19°8¢ ¥L8¢ $T'8E LE 88°LE 06°LE 6s'Le  9dpoz/Udgoz
1561 65°ST SLST 95°S1 €961 99'S1 LS'ST 05°s1 ¥S°S1 $Sst 1$°S1 7/, 07
€8°L1 6¢'81 £1°0T 97'81 6581 ¥0'61 8€'81 09°L1 5081 5081 98°L1 9dpgz/%dgor
T £9v 62T 4114 Al £ 9'07 8°01 v'8¢ 611 ad
9's 6'S 9'¢ S'€ 91 6'C 0l n
L6 £9°L1- 60°L1- sI'1l- £5°01- £TII- 08°9- vh'o- L wL- 0L'8- (P
ovIZISO ETLITS0O  TSLIISO 850TIS'0  160TIS'0  9S0TIS'O  6LITISO €0ETIST0  T9TTIS'O  T9TTIS'O  98ITISO PNpy1/PNgy 1
£6980°0 §T€01°0  LTZ01°0 OILET'0  ¥PETI'0  OLZEI'0  THLOTO TETITO ISIOI'0  8T560°0  ZTYOI'0 PNy /S b1
LE'ET £1°101 8¥°0€ £0'92 LETE 78°0¢ ve9p 1 74 T6°1S 9b°9¢ £5°8% N
9¢°¢ LT'LT 9 16°S 19'9 9L'9 AAL L6'E s 06'8 LE'S ws
0801L°0 189ZL°0  9LIS80 TYIILO I911L°0  SEEILO 1SSOL0 EPPOL'0  9ISOL'0  8ISOLO £1S0L°0 Y5955, 9)
TTOTIL0 vY89TL'0  TOOTSS'O YTSTILO  #ILIIL'0  IPIEIL'0  +8SSOLO 09¥b0L'0  €0ZSOL'0  STISOL'O  TLISOLO 189g/'S ;g
¥916°S1 £EVTl 6STV'8 #904°0 61SH°0 88270 $01€'0 L09T°0 £S1€°0 991€'0 $9T1E0 1Sgg/MY; g
9'vE v'zob 8'b8 raal; 1§13 8'06¥ 6°8EL 6°02¥ 8'96L v'898 £IvL IS
€061 9'TLI 9°€YT 6°LS TLe 8°8¢ €6L 6°LE 6'98 056 I'18 o
68°001 62101 00201 oz'101 ¥S°201 z9°101 0L°66 #8°€01 TVIOL
L9°0 690 611 SET S0t 9’1 LS'T £L'E 01
70°0 L00 12°0 820 9Z°0 960 6v°0 8€°0 Sold
10's 9¢'S 95°1 ] 44 Is°1 o1°¢ 16°C €1 oy
88°E y0'€E 90'¢ STE Lt 09°¢ ISy 09°€ oCeN
81°0 $T0 €0'1 6870 90°1 8¢°1 €r'l €51 o
$6'0 €17 SLT1 SS°8 08°01 L8L £8°9 0S' 11 £0lg
$0°0 6€°0 €S°L 91y 9%'9 $S°9 ] M €L O3
650 o1t 006 v°9 L8'8 $0°9 79'v ov's (0.0)
1521 €6°€1 £ vl 66'v1 ILST S1°91 9Z°91 gLLl folv
£0°LL SE'VL £T°TS 11°88 o1°tS 7798 ST'LS 1r°8p o8
n 481 481 (31) (o1) (o1) (€39) (03] (6) (6) (6) (W) 38y
01-8SIAN 0S-68WIN___ ST-8SIWIN 6-68NIN  SI-68WW __ L1-68SININ __ O1-68IAIN £6-68INN  0Z-68INW  S-68ININ  E£1-S8SIAIN adursg
Areusareny) UBLIqUIED3l ] oqqen eseq pue aseqer(]

(panunuco) 7 ATV



TABLE 3. Rare Earth Element Data

—

Quat.

Precambrian
MMSS-
25

Diabase and Gabbro

MM89-
5

Granitoids

MM88-
23

MM8s-
12

MMS88-
10

MMB89-
50

MM?9-
49

MM§89-
17

MM89-
51

MMS88- MMS89- MMB9- MMSS-
32 4 36 37

MMS88-
24

MMS8s-
20

MMS88-
6

47
86
25.1
3.7

89.7
154.7
75.6
14.7

113.6
48.4
8.9
0.83
5.8
4.8

6.56
1.37

20.2
43.5
25.7

59.7

30.8
7.4
1.63
4.7
5.9
2.9

126.4
56.5
9

23
4.1

32.6
60.9

57.8
123.4
48.2
7.22
1.42
5.2
5.1

104.8
34.7
5.8

3.6
0.27
1.6
2

59.4
13.8
2

188.4
76.8
10.6

83.5
37.6
7

3.8
0.4

2

69
18

34.8

76.3

335
6.2
0.69
6.7

49.6
93.8
31.4

5.7

57

114
43.4
7.6

0.43
2.7
2.3

2.79
12.4

2.42
6.9
4

0.88
2.6
24

1.09
4.8

2.63
6.1

1.44
5.5
4.5

0.82

4]
—
—

COLEMAN AND WALKER: GENERATION OF JUVENILE GRANTITIC CRUST

9.6
5

5.4
2.9

34
2.3

52
3

2.6
2

5.1

L g}
-~

2.8

1.9

2.7

ctraspe V DC plasma spectrometer by J. Walker and S. Mattox at the University of Northem Illinois.
in lithium metaborate flux. The fused sample was dissolved in HC] and REEs w

1.2

3.3

—

2.3

illion. All analyses done on a Beckman Spectraspan

Analysis was performed on approximately 200 mg of sample which had been fused

3.4

2.2

Concentrations given in parts per m

HAH
(32

.‘3(325&6:5‘5'

ere separated using
ood agreement between

by DCP (Table 3) with the same data obtained by isotope dilution (Table 2) shows g

standard column chromatography. Comparison of Sm and Nd data obtained

the two sets of data.

11,017

show a complete range in composition from 48 to 79 weight %
Si0,, with the major phases of the batholith (biotite-hornblende
quartz monzonite, biotite-hornblende granite and biotite granite)
clustering between 68 to 79 weight % SiO;. Several samples
yielded totals greater than 102 weight %, but are characterized by
unusually high (2-4 weight %) loss on ignition. Recalculation of
the data on a volatile-free basis does not significantly alter the
major oxide compositions.

All of the samples are moderately peraluminous to
metaluminous, and show a well-defined calc-alkaline trend on a
standard AFM diagram (NayO + K5O: FeOyqq: MgO). Samples
which were designated as gabbros and diabases in the field have a
wide range in bulk composition despite their similarities in petrog-
raphy and occurrence. The most primitive mafic rock analyzed
(MM88-13) can be classified as a basalt according to the scheme
of Le Bas et al. [1986] and is transitional between an alkaline and
high-alumina basalt. Major element compositions show signifi-
cant scatter variably at high (NayO, K»O) and low (Al,03, TiO,,
Nay0,P505)silica, precluding any simple mixing or fractionation
scenario for the origin of the trends (Figure 2).

Chondrite-normalized rare earth element data (Table 3, Figure
3) show moderate enrichment in all of the REEs, and greater
enrichments inlight REEs (LREE)relative to heavy REEs (HREE).
Precambrian wall rocks to the batholith are slightly more REE
enriched than Tertiary rocks, and there is a general trend toward
decreasing REE contents in more evolved (granitic and rhyolitic)
rocks relative to the diabase. Gabbroic rocks have significant
depletion in REEs relative to the diabase, consistent with their
marked deviation in major oxide chemistry as well. Most of the
units analyzed have negative Eu anomalies, including very minor
anomalies in the gabbros. Of the Tertiary units analyzed, only the
diabase and one sample of biotite-homblende monzonite do not
have Eu anomalies. In addition to Eu anomalies, granitic samples
have marked depletion of middle REEs (MREE; Nd-Dy) relative
to both the mafic rocks and the Precambrian wall rocks.

Isotope Data

Thirty-three samples from the Mineral Mountains and sur-
rounding ranges were analyzed for Pb, Sr and Nd isotopic compo-
sitions (Table 2, Figures 4 and 5). A discussion of analytical
methods, normalization factors, reported analyses for standards
and blank levels is provided at the bottom of Table 2 and by
Coleman[1991]. Initial Srratios and ey4(¢) values were calculated
using the best estimates for the ages of individual Tertiary samples,
and 18 Ma for Precambrian rocks in order to show the isotopic
composition of the basement during the main phase of Tertiary
magmatism.

There are no obvious correlations between major or trace
element chemistry and isotopic composition in the data in Tables
2 and 3. Generally, the mafic and felsic rocks from the Mineral
Mountains have indistinguishable Pb isotopic compositions. The
Tertiary rocks have considerably less radiogenic Pb than the
exposed Precambrian gneiss but have Pb isotopic compositions
similar to the Precambrian sillimanite schist. Samples from the
Mineral Mountains batholith have 206Pb/204Pb and 208Pb/204Pb
comparable to other rocks from within Pb province Ib of Zartman
[1974]. All of the data considered together define a poorly
constrained Pb-Pb age of 1760 + 280 Ma, consistent with the age
of the exposed basement [Aleinikoff et al., 1987, 1725 Ma];
however, Tertiary samples considered alone define a much older
age of 1870 + 380 Ma.

On the basis of their elevated 207Pb/204Pb ratios relative to
206pPb/204Pb ratios, Stacey and Hedlund [1983] and Wooden et al.
[1988] argued that Pb from galenas in the Milford area had an
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Fig. 2. Major element variation for the Mineral Mountains batholith. Plot symbols are as described in the figure.

Archean component. The data for Tertiary rocks from the Mineral
Mountains lie on or below the Pb evolution curve of Stacey and
Kramers[1975] (Figure 4a), and therefore there is no evidence for
an Archean component in their source. This suggests that the Pb
in the batholithic rocks of the Mineral Mountains was not derived
from the same source as the Pb from the galenas, which Stacey and
Hedlund[1983] interpreted to be Proterozoic crust. Furthermore,
Pb from the Tertiary units in the Mineral Mountains plot below the
orogene curve of Zartman and Doe [1981] (Figure 4a), which,
according to the model of these authors, indicates that the rocks
have little or no upper crustal component.

The overall variations in 87Sr/86Sr; and eyy(f) for samples
from the Mineral Mountains batholith are quite large (0.70443 to
0.85176 and -4.65 to -17.63, respectively); however, most of the
Tertiary samples, including all of the granites and diabases, fall
within a much narrower range (0.7051 to 0.7064 and -6 to -10,
respectively; Table 2, Figure 5). The isotopic compositions of the
granites and diabases are significantly different than those of the
exposed Precambrian basement rocks analyzed, whereas data for

most gabbroic rocks and young volcanic rocks are notably shifted
away from the main cluster of data for Miocene rocks toward wall
rock isotopic compositions. Exclusive of these gabbro and volca-
nicrock samples, the Pb, Srand Nd isotopic compositions obtained
for samples ranging in composition from diabase to granite are
similar to those reported from elsewhere in the Basin and Range
province forenriched mantle [cf. Fitton et al., 1988, 1991; Farmer
et al., 1989; Menzies, 1989] (Figure 5a).

DiscussioN

Examination of the chemical and isotopic data in Tables 2 and
3 reveals that no simple mantle-crust mixing or fractionation
(fractional crystallization or fractional melting) scenario can ac-
count for the trends. However, several fundamental observations
canbemade: (1) with one exception, gabbroic rocks are dramati-
cally shifted in both bulk composition and isotopic composition
away from diabases and granites, (2) several young volcanic rocks
(9-1 Ma) are isotopically distinct from Miocene intrusive rocks,
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Fig. 3. Chondrite-nommalized REE data for the Mineral Mountains
batholith. Plot symbols are as described in the figure.

(3) exclusive of most gabbros, Miocene intrusive rocks show
relatively little isotopic variation despite a wide range in bulk
geochemistry, and no coherent chemical-isotopic covariation (Fig-
ures 2, 4, and 5). In order to simplify discussion of the evolution
of the batholith, the outliers in the data set (gabbros and young
volcanic rocks), which coincidentally represent a volumetrically
insignificant portion of the exposed batholith, will be discussed
first.

Origin of Large Ion Lithophile-enriched Gabbros
and Young Volcanic Rocks

Gabbros which were collected within a few meters (<1 to2 m)
of exposed Precambrian and Paleozoic rocks (MM89-17, 18 and
49) have the mostradiogenic Sr and Pb, and the leastradiogenic Nd
among Tertiary intrusive rocks sampled in this study. These three
gabbros also account for most of the scatter at the low-silica end of
the major element plots, are significantly less Sr- and Nd-rich, and
have approximately 2 times the Pb concentration, relative to other
mafic rocks analyzed. The proximity of these gabbros to exposed
pre-Tertiary units and the shift in their isotopic compositions away
from other Tertiary mafic and felsicrocks toward large ion lithophile
(LIL)-enriched sources, suggests that these differences may be due
to contamination by pre-Tertiary wall rocks. However, the REE
patterns of the gabbros can not be reproduced by simple mixing
with Proterozoic rocks analyzed, and some assimilation-fraction-
ation process must be invoked to account for their chemical
characteristics. The small negative Eu anomaly and LREE deple-
tion in the gabbros is consistent withremoval of plagioclase during
crystallization. Alternatively, field data cited above indicate that
the chemistry of the gabbros should be affected by mixing with the
Miocene granites which are also characterized by LREE and Eu
depletion.

A monzonitic sample (MM89-51) which was collected adja-
cent to (<1 m) and is commingled with gabbro MM89-49 has
significantly less radiogenic Sr and Pb and more radiogenic Nd
than the gabbro, and is isotopically indistinguishable from other
Tertiary granitic rocks in the range. Also, a gabbro collected
approximately 5 km from the nearest exposed pre-Tertiary rocks
(MM289-10) is isotopically indistinguishable from most other
Tertiary mafic and felsic rocks. These relations suggest that
whereas mixing with Miocene granites may have resulted in
variable major element chemistry, small Eu anomalies, and de-
pressed LREE concentrations among the gabbros, the radiogenic
Sr and Pb, and nonradiogenic Nd of gabbros collected near ex-
posed pre-Tertiary units must reflect interaction with those units.
Contamination by pre-Tertiary units undoubtedly altered the bulk

11,019
a) 15.8
*
15.7 1
207py, e A NHRL
204 py, oo 2
15.5 1 o \Gabbro collected
v ) adjacent to exposed
pre-Tertiary wallrocks
15.4 - T T r
17 18 19 20 21
206 pp/ 204 pp
b) 42
41 Gabbro collected %
] adjacent to exposed
401 pre-Tertiary wallrocks
208p), /l\
38 1
[m]
37 L) M L] T
17 18 20 21

19
206 Pb/ 204 Pb

Fig. 4. Pb isotopic variation for the Mineral Mountains batholith. Plot
symbols are as described in Figure 2. S&K = two-stage model Pb
evolution of Stacey and Kramers [1975] and is approximately equivalent
to the “orogene” curve of Zartman and Doe [1981]; NHRL = northem
hemisphere reference line of Hart [1984].

chemistry of the gabbros as well; thus these gabbros probably
reflect a complex variety of open-system effects.

Other than the gabbros, the only samples which have a signifi-
cant shift away from the cluster of data in Figure 5 are an altered
andesite dike, a Miocene rhyolite flow and Quaternary rhyolitic
obsidian. The major oxide compositions of these samples plot
along trends defined by other rocks from the batholith. The
feldspar and groundmass of the andesite experienced extreme
kaolinitization and sericitization, and it is possible that the rela-
tively nonradiogenic 143Nd/144Nd of the andesite is the result of
this dueteric alteration. Whereas the Pb isotopic compositions of
the andesite and obsidian are comparable to other samples in this
study, the Pb isotopic composition of the Miocene rhyolite is the
least radiogenic Pb among samples analyzed from the Mineral
Mountains. The rhyolite is also characterized by the highest
208pp/206Pb ratio among samples analyzed, suggesting that it
interacted with a lower crustal source characterized by low U-Th/
Pb but high Th/U (see discussion below). The relatively radio-
genic Sr and nonradiogenic Nd isotopic compositions of the
Quaternary obsidian suggest thatit may have interacted with upper
crustal rocks similar to those which contaminated the gabbros.
The obsidian is also characterized by a significant depletion in
MREEs and a negative Eu anomaly which may be generated by
plagioclase and sphene fractionation or interaction with the Mio-
cene batholith which it erupted through. Alternatively, as dis-
cussed below for the Miocene portions of the batholith, the
obsidian could obtain its REE characteristics through anatexis of
the older Miocene intrusive rocks which are also characterized by
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Fig. 5. Sr-Nd isotopic variation for the Mineral Mountains batholith. Plot
symbols are as described in Figure 2. Figure 5b is an enlargement of the
data cluster in Figure 5a. Fields for mantle compositions are approxi-
mated from values reported for the Basin and Range province [cf. Fitton
et al., 1988, 1991; Farmer et al., 1989; Menzies, 1989]. Field for pre-
Miocene crust includes Precambrian, Mesozoic and early Tertiary crustal
isotopic compositions (including analysis of exposed wall rocks to the
batholith from this study) and extends beyond the limits of this figure
[Kistler and Peterman, 1978; Leeman, 1982; Farmer and DePaolo, 1983,
1984; Bennett and DePaolo, 1988; Gans et al., 1989; Wright and Wooden,
1991]. Values for crust are present-day values or values back-calculated
to 18 Ma in order to represent the isotopic composition of crustal reser-
voirs which may have interacted with magmas during the generation of the
batholith.

MREE depletions and negative Eu anomalies. This possibility is
consistent with the Quaternary unit being among the most evolved
rocks analyzed.

Origin of Miocene Intrusive Rocks

Excluding the samples discussed above, the remaining samples
analyzed, including rocks which range from diabase and gabbro to
rhyolite and granite, display coherent major oxide (with the excep-
tion of Na;0O) and REE trends, and have limited isotopic variabil-
ity. These rocks comprise well over 95% of the exposed Tertiary
batholith. Major oxide variation diagrams (Figure 2) exhibitlinear
to slightly curvilinear trends, consistent with field data indicating
that both fractional melting and magma mixing are important
processes in batholith formation. Fractional melting alone should
generate kinks in oxide trends as phases enter and leave the
fractionating assemblage, whereas two-component mixing alone
should generate straight lines between end-members. Combined
melting and mixing can generate the observed trends if melting
moves liquids along one vector and subsequent mixing moves
them along a different vector. The variable presence of biotite,
plagioclase and hornblende in therestitic portions of the migmatite
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allows for great flexibility in melting vectors. Recognition in the
field that both fractional melting and mixing may affect the same
unit (for example, the leucosome of the migmatite is mixed with a
coeval gabbro) make it difficult to constrain the relative effects of
any of these processes on the basis of major oxide data. Therefore
we stress only that the trends observed are consistent with the field
observations.

The REE patterns of the Tertiary batholith show very regular
trends toward more negative Eu anomalies and more substantial
MREE depletion with increasing silica. These trends can be
reproduced by increasing fractionation of plagioclase (Eu anomaly),
homblende and sphene (MREE depletion). Field evidence for
fractional melting, and the presence of plagioclase, hormblende
and sphene in restitic portions of the migmatite can therefore
account for the observed REE patterns. Either mixing between
extremely depleted granitic magmas and undepleted mafic mag-
mas, or progressive depletion of Eu and MREE:s through a series
of stepwise partial melting events could account for the interme-
diate REE compositions of intermediate composition rocks.

Fractional melting and magmamixing can also account for the
isotopic data for the batholith. Field evidence for melting 25 Ma
granodiorite (such as MM88-24) to yield 18 Ma biotite-horn-
blende monzonite (such as MM88-6, 18, 21 and MM89-51) ex-
plains the remarkable similarity in the Pb, Sr and Nd isotopic
compositions of these rocks (Table 2). Furthermore, mixing
between isotopically similar 18 Ma gabbro (such as MM89-10)
and granite (such as MM89-27, 36 and 37) produces a wide range
in bulk and REE compositions, and little variability in isotopic
composition (Table 2). Asdiscussed below, minor contamination
by pre-Tertiary wall rock can account for the isotopic variability
observed, but isotopic data seem to require relatively *closed
system” behavior for generation of the Miocene batholith. Thatis,
isotopic data are consistent with field, major oxide and REE data
which indicate that the dominant processes controlling the chemi-
cal evolution of the batholith are magma mixing between isotopi-
cally similar end-member compositions in the batholith, and
partial melting of older parts of the batholith, with little involve-
ment of pre-Tertiary crust.

Alternatively, the batholith could represent fairly uniform
mixtures of mantle with significant volumes of pre-Tertiary crustal
material. This model could account for the observed major oxide
variation and the REE patterns if a suitable crustal contaminant
existed (not identified in the limited sampling of pre-Tertiary
rocks in this study), or if assimilation/fractional-crystallization
(AFC) processes involving fractionation of hornblende, plagio-
clase and sphene were invoked. Fractional crystallization cannot
be dismissed by the ehemical and isotopic data presented here.
However, because Miocene migmatites are documented in the
field area [Coleman, 1991], and cumulate phases have not been
identified in this or any previous study of the batholith, mixing and
fractional melting, rather than fractional crystallization, are pre-
ferred as the mechanisms responsible for generating the observed
chemical and isotopic trends. The question of involvement of pre-
Tertiary crust can only be addressed by examining potential
sources of the mafic and felsic rocks using isotopic data and
modeling the evolution of the complex within limits imposed by
these data.

Origin of Isotopic Variation in Mafic Rocks

The similarity in the isotopic compositions of the basalt,
diabase and gabbro collected away from exposed basement rocks
in this study suggest that they were all derived from the same
source. On the basis of the isotopic composition of the mafic
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rocks, this source is interpreted to be lithospheric mantle identified
in previous studies of Basin and Range magmatism (Figures 4 and
Sa)[Fittonetal.,1988,1991; Farmeretal., 1989; Menzies, 1989].
There are several important alternative interpretations for the
source of the mafic rocks. Origin in the asthenospheric mantle
followed by crustal contamination is the most obvious and may be
supported by petrographic data and major oxide compositions
which indicate that some of the diabases are contaminated by more
silicic material. However, as discussed above, gabbros which
were collected adjacent to pre-Tertiary rocks and have bulk com-
positions similar to the diabases show significant shifts in Sr and
Pb concentrations and isotopic compositions away from those of
the diabases toward upper crustal isotopic compositions (Figures
4 and 5). This is best explained if the isotopic and bulk composi-
tion of the diabases was altered by interaction with the Miocene
granites which they intrude rather than LIL-enriched pre-Tertiary
crust. If this is true, models for the origin of the diabases through
asthenosphere-crust mixing require nearly all (if not all) of the Pb,
Sr and Nd of the diabases to be crustal, which is unrealistic.
Cryptic contamination of asthenosphere-derived liquids by mafic
crustal rocks such as described by Glazner et al. [1991] and
Glazner and Farmer [1992] may provide a more reasonable
mantle/crust mixing scenario; however, this also fails to account
for the limited isotopic variability of the diabases over the wide
range in bulk compositions observed. The most straightforward
argument is that the diabases were contaminated by silicic crust
with isotopic compositions close to their own, and gabbroic rocks
were contaminated by silicic crust characterized by radiogenic Pb
and Sr and nonradiogenic Nd. Furthermore, there are no indepen-
dent data from the Mineral Mountains (S. Mattox and D. S.
Coleman, unpublished data, 1991) or anywhere along the Colo-
rado Plateau/Basin and Range transition zone, supporting the
presence of an asthenospheric mantle component in the magmas
until the most recent volcanism (< 5 Ma [Fitton et al., 1988,
1991]). It seems unlikely that all of the oldermafic rocks analyzed
are asthenosphere-derived and crustally contaminated.

Alternatively, the mafic rocks need not be derived from the
mantle at all and may be melts of a mafic lower crust. Many
authors agree that ancient lower crustal rocks from the southwest-
ern United States are characterized by a long-term enrichment of
Threlative to U [cf. Zartman and Doe, 1981]. This generalization
may be broadly applicable to granulite facies rocks [Rudnicket al.,
1985; Wooden et al., 1988] and results in highly variable but
elevated 208Pb/204Pb ratios relative to 206Pb/204Pb (high 208Pt/
206Pb) over time. Therefore if diabases from the Mineral Moun-
tains were derived through anatexis of ancient lower crustal rocks
they should lie above the evolution curve of Stacey and Kramers
[1975] in Figure 4b. Clearly, this is not the case, but the possibility
of derivation from young mafic lower crust can not be eliminated
through interpretation of Pb isotopic data. Morse [1991] argues,
however, that generation of a basaltic melt from the lower crust is
implausible. He asserts that even if a basaltic melt could be derived
from basaltic lower crust, the amount of mantle material advected
to the crust necessary to yield a significant volume of basaltic
liquid from it would completely overwhelm the crustal signature
of the resultant magma.

Origin of Isotopic Variation in Felsic Rocks

The isotopic composition of the granitic rocks in the Mineral
Mountains is indistinguishable from that of the mafic rocks, and
different from that of the exposed basement in the range, indicating
that the granites were not derived through anatexis of Precambrian
upper crustal rocks. This is also supported by the differences in Pb
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isotope systematics between the Miocene granites and ore leads
from the Mineral Mountains which were interpreted to be derived
from Proterozoic upper and lower crust [Stacey and Hedlund,
1983; Wooden et al., 1988]. As with the origin of the isotopic
composition of the mafic rocks, the isotopic compositions of the
felsic rocks could be reproduced through asthenosphere-crust
mixing, but this seems unlikely for many of the same reasons
outlined above. Another alternative is that the granitic rocks were
derived from anatexis of lower crust. On the basis of their elevated
208pp/204Pb ratios, some of the igneous rocks exposed in the
eastern Basin and Range province have been interpreted to repre-
sent lower crustal melts [Zartman, 1974], yet none of the reported
isotopic data for Precambrian through Oligocene rocks are compa-
rable to those for rocks in the Mineral Mountains (Figure 5a).
Furthermore, as discussed above, the low 208Pb/206Pb ratio of the
rocks from the Mineral Mountains batholith argues against exten-
sive involvement of Precambrian lower crustal rocks (Figure 4b)
[Zartman and Doe, 1981; Rudnick et al., 1985; Wooden et al.,
1988]. Perhaps one of the most likely choices for a crustal source
for the Mineral Mountains batholith is Oligocene crust generated
during the voluminous ash flow eruptions in thisregion. However,
Srisotopic data for these ash flows indicates that they are signifi-
cantly moreradiogenic than the rocks in this study [Leeman, 1982;
Gansetal.,1989] and therefore are not suitable source material for
the Mineral Mountains batholith.

The simplest explanation for the similarity between the isoto-
pic compositions of mafic and felsic rocks is that the felsic rocks
were derived from the mafic rocks. This explanation is particu-
larly satisfying in light of the exposed Miocene migmatites in the
batholith which demonstrate that at least some of the felsic rocks
(quartz monzonite) were derived through anatexis of more mafic
units (granodiorite). The variation in the isotopic compositions
observed could be the result of minor upper crustal contamination
and isotopic heterogeneity within the source.

Model for the Evolution of the Mineral Mountains Batholith

It is difficult to constrain the amount of mantle and crustal
material present in the rocks from the Mineral Mountains batholith
due to the variability in the bulk and isotopic compositions of
possible crustal contaminants, and the variety of processes that
affected the rocks. However, the isotopic compositions of all of
the rocks from the Mineral Mountains can be modeled by limited
mixing between enriched lithospheric mantle and crustal rocks
(Figure 6). The end-member compositions on Figure 6 were fixed
for the lithospheric mantle end-mémber and varied within the
range of reported analyses of upper crustal rocks for the crustal
end-member. Although variation of the model parameters within
areasonablerange allows for all of the Mineral Mountains units to
be derived through mixing between the two components, the wide
range in possible end-member compositions limits the ability of
the models to predict exact proportions of the end-members in any
sample. End-members used in the models must be considered
idealized compositions for what are variable sources and contami-
nants. The models shown in Figure 6 are consistent with mixing
30-40% crustinto alithospheric mantle-derived basaltic magma to
generate the gabbros. The high proportion of crustal material
modeled in the gabbros is consistent with their variable bulk
compositions and REE patterns. The position of the graniticrocks
relative to the gabbros on the mixing diagram, at lower proportions
of crustal material, emphasizes the difficulty in deriving the
graniticrocks through anatexis of old crust or mantle-crust mixing.

According to the model, several of the late volcanic rocks and
Quaternary obsidian from the Mineral Mountains do have a sig-



11,022
a) -4 .
a
8-

Eng ()

-12 -

-16 .

0704 0700 0.714

19.0

18.0

206 Pb/ 204 pp

Fig. 6. Representative model mixing curves for Nd, Sr and Pb calculated
using the equations of Langmuir et al. [1978]. Plot symbols are as
described in Figure 2. Mixing curve 1 is representative of mantle
lithosphere interacting with a large ion lithophile (LIL)-enriched reservoir
similar to reported analyses of local Precambrian upper crust, and curve
2 is representative of mantle lithosphere interacting with an LIL-depleted
reservoir (lower crust?). Straight lines connect 10% intervals of points of
equal mantle component along the two mixing curves. Parameters for the
mixing curves are lithospheric mantle (all curves) - eNd = -5; [Nd] = 40
pom; 37S1/86Sr = 0.705; [Sr] = 800 ppm; 2%Pb/2*Pb=17.5; [Pb] = 10 ppm.
Crust Model 1 - éNd = -18; [Nd] = 30 ppm; #7Sr/%Sr = 0.850; [Sr] = 85
ppm; 2%6Pb/2%4Ph = 20.5; [Pb] = 50 ppm. Crust Model 2 - eNd =-18; [Nd]
=70 ppm; 87S1/#Sr = 0.708; [Sr] = 400 ppm; 2%Pb/2%Pb = 17.2; [Pb] = 10
ppm.

nificant crustal component in their isotopic composition (Figure
6), suggesting that through time old crust may become more
important in magma generation. This may occur because, al-
though initially cold, the Precambrian crust quickly becomes hot
enough tomelt due to intrusion of mafic magmas. The observation
that gabbros assimilated old crust, and initially, higher silicarocks
did not, further supports the possibility that the Precambrian
basement was initially too cold to become extensively involved in
magmatism. Alternatively, crustal contamination may only be
important in very shallow, subvolcanic, magma chambers in the
region.

The most straightforward interpretation of the field, chemical
and isotopic data for the Miocene intrusive rocks in the Mineral
Mountains batholith is that the rocks represent juvenile material
added to the crust from the enriched mantle during Miocene
extension. On the basis of the field and geochronologic evidence
for Miocene migmatization of latest Oligocene rocks [Coleman,
1991], fractional melting of young crust is envisioned as the
mechanism for differentiation of the batholith. Although frac-
tional crystallization or zone refining may have also played arole
in the evolution of the magma system, as is interpreted for many
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other Tertiary igneous centers in the western United States which
display isotope systematics similar to the Mineral Mountains
batholith [cf. Halliday et al., 1984; Johnson,1991; Johnsonet al.,
1989], we find no field or chemical evidence which require
fractional crystallization.

We propose that the batholith may have evolved through a
series of partial melting events, one of which is exposed in the
range. According to this idea, a gabbro derived from melting of the
lithospheric mantle, perhaps due to decompression during exten-
sion, is emplaced into the crust, and is subsequently melted during
another intrusive event. If the gabbro is high in incompatible
elements including potassium (as are the gabbros in the Mineral
Mountains), melting may yield a granodioritic liquid. This grano-
diorite may then be melted to yield an even higher-silica unit, a
quartz monzonite, or ultimately a high silica granite or rhyolite.
This model is consistent with that of Huppert and Sparks [1988]
for the evolution of calcalkaline granitic crust. Although existing
experimental work on hydrous melting of rocks of basaltic compo-
sition indicates that liquids tend to be tonalitic and trondhjemitic
[cf. Johnston, 1986; Johnstonand Wyllie, 1988; Beard and Lofgren,
1991], data for melting high-K, amphibole-bearing mafic rocks,
such as those in the Mineral Mountains, are not available and
remain as an important test to the ideas presented here. Beard and
Lofgren [1991] did generate a limited number of granodioritic
melts in their experiments, and emphasized that the Na/K of
starting materials was reflected in melt compositions.

This model raises several important points regarding the evo-
lution of the mantle in this part of the Basin and Range province.
If the batholithic rocks in the Mineral Mountains were derived
indirectly from the lithospheric mantle, their Pb-Pb isochron age
of approximately 1870 Ma is consistent with the idea that the
enriched mantle in the region may be Proterozoic [Menzies et al.,
1983; Farmer et al., 1989]. This age (1870 Ma) is somewhat older
than that of overlying crust, perhaps supporting aminor older crust
component in the lithospheric mantle; however, on the basis of the
low 207Pb/206Pb ratios of the rocks, this source is probably not
Archean as suggested by Wooden et al. [1988]. Curiously, litho-
spheric mantle compositions reported by Wright and Wooden
[1991] for Jurassic-Early Cretaceous rocks from the eastern Great
Basin are nearly identical to those inferred for Tertiary rocks from
the Basin and Range Province [Fitton et al., 1988, 1991; Farmer
et al., 1989; Gans et al., 1989]. This implies that the isotopic
composition of the lithospheric mantle has not evolved signifi-
cantly since the Mesozoic, and because it is “enriched” mantle
(highRb, U and Th), it should have. A possible explanation for this
paradox is that Mesozoic subduction depleted the enriched mantle
in Rb, U and Th, essentially “freezing” its isotopic composition
during the Mesozoic.

Another feature of the Basin and Range mantle noted by Fitton
et al. [1988, 1991], and supported by the data in this study, is that
asthenospheric mantle sources were apparently not involved in
early extension in this region. Fittonet al.[1988] argued that this
indicated a passively sampled mantle; however, Fitton et al.
[1991] later suggested that the overall pattern of magmatism
throughout the Basin and Range province, and the late introduc-
tion of asthenospheric sources along the transition zone indicated
an active upwelling asthenosphere plume. In particular, Fitton et

al.[1991] noted that lithospheric mantle sources were long-lived
at the eastern and western margins of the Great Basin, relative to
the central portions of the region. An alternative interpretation of
these same observations is that the eastern and western margins of
the Basin and Range province could represent the hanging wall and
footwall, respectively, of aregion deformed by an overall simple-
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shear mechanism [Farmer et al., 1989, Figure 1]. According to
this model, lithospheric mantle is structurally removed in the
central part of the extending orogen but remains intact, until
thermally removed, along the margins. This may also explain the
apparent lack of lithospheric mantle sources along the southern
margin of the Basin and Range, which is difficult to reconcile with
the model of Fitton et al. [1991].

CONCLUSIONS

The Mineral Mountains record approximately 25 Ma of intru-
sive and extrusive igneous activity which was largely contempo-
raneous with Basin and Range extension. Field, chemical and
isotopic data suggest that the processes controlling the evolution
of the magma system were magma mixing and partial melting of
young crust. These two processes combined to generate a wide
variation in bulk chemistry with little variation in isotopic compo-
sitions. Minor addition of pre-Tertiary crust to a limited volume
of the magmas resulted in significantly greater scatter in isotopic
compositions. The ultimate source for all of the rocks in the
Mineral Mountains is interpreted to be lithospheric mantle, and
high-silica units are envisioned to be related to low-silica units
through a series of partial melting events. Intermediate composi-
tion rocks may represent intermediate partial melting steps or
mixtures of gabbro and granite. Thus the Mineral Mountains
batholith is interpreted to represent juvenile granitic material
added to the continental crust during extension.

The stepwise partial melting mechanism proposed here could
operate very efficiently in extensional settings due to the rapid
influx of magmas from the mantle which provide both great
volumes of material to differentiate into high-silica crust, and the
heat necessary for melting. Although the Mineral Mountains
represent arelatively small volume system when compared to the
large Tertiary ash flow sheets exposed in the western United
States, the evidence for fractional melting in the Mineral Moun-
tains suggests that partial melting of young crust may be aregion-
ally important mechanism in the differentiation of isotopically
homogeneous systems.

The results of this study suggest that extensional tectonics may
be important in generating silicic crust with a significant young
mantle component. This observation could help explain the
similarity in mantle separation ages and crystallization ages of
some of Proterozoic anorogenic granites. Furthermore, this inves-
tigation indicates that there may be a component of pure shear, as
igneous inflation of the crust by the mantle, during Tertiary
extension in this region of the Basin and Range province. Many
authors have suggested that pure-shear extension may inflate the
crust through voluminous intrusion of mafic liquids which remain
under highly extended terranes. The results presented here indi-
cate, however, that a large volume of the juvenile crust generated
may be granitic in composition and calcalkaline in nature. There
isnoreason why the same mechanism should not have been active
during extension throughout geologic time, raising the possibility
that other exposures of granitic crust may be extensional, and that
extension can be an important crust forming event.
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