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Abstract Syenites from the Barrel Spring pluton were 
emplaced in the Early Proterozoic Mojave crustal 
province of southeastern California at 1.42 Ga. All 
rocks, even the most mafic, are highly enriched in in- 
compatible elements (e.g. K20 4-12 wt%, Rb 170 
370 ppm, Th 12-120 ppm, La 350-1500 • chondrite, 
La/Ybn 35-100). Elemental compositions require an in- 
compatible element-rich but mafic (or ultramafic) 
source. Trace element models establish two plausible 
sources for Barrel Spring magmas: (1) LREE enriched 
garnet websterite with accessory apatite_rutile (en- 
riched lithospheric mantle), and (2) garnet amphibolite 
or garnet-hornblende granulite with enriched alkali 
basalt composition, also with accessory apatite __ rutile 
(mafic lower crust). Nd and Pb isotopic ratios do not 
distinguish a crust vs mantle source, but eliminate local 
Mojave province crust as the principal one, and indicate 
that generation of the enriched source occurred several 
hundred million years before emplacement of the Barrel 
Spring pluton. 1.40-I.44 Ga potassic granites are com- 
mon in southeastern California, suggesting a genetic 
link between the Barrel Spring pluton and the granites; 
however, although the same thermal regime was proba- 
bly responsible for producing both the granitic and 
syenitic magmas, elemental and isotopic compositions 
preclude a close relationship. Isotopic similarity of the 
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Barrel Spring pluton to 1.40-1.44 Ga granites emplaced 
in the Central Arizona crustal province to the east may 
imply that a common component was present in the 
lithosphere of these generally distinct regions. 

Introduction 
The Barrel Spring pluton, a 1.42 Ga mafic-felsic syenite 
complex located in the Piute Mountains of southeastern 
California (Fig. 1), has very high concentrations of rare 
earth and large ion lithophile elements, overlapping 
with compositions of distinctive, highly enriched ultra- 
potassic rocks that occur in a variety of settings (e.g. 
Foley et al. 1987). Mid-Proterozoic granites with some- 
what similar, though less extreme, trace element enrich- 
ment characteristics are very common in the southwest- 
ern United States of America, forming part of a trans- 
continental plutonic belt that extends from this region 
to the Baltic (Anderson 1983). The origin of the granites 
is commonly attributed to melting of typical felsic crust 
(Anderson 1983; Anderson and Bender 1989; Anderson 
and Morrison 1992). We will attempt to demonstrate 
that the extremely incompatible element-rich Barrel 
Spring syenites were derived from a much more unusual 
source, and that there is probably a genetic link between 
the granites and the syenites, though not a straightfor- 
ward one. 

Geologic setting 
The Barrel Spring pluton is one of several 1.4-1.5 Ga syenitic and 
granitic complexes intruding the Early Proterozoic Mojave 
crustal province, a region of the southwestern United States of 
America which includes southeastern Calfornia, southern Neva- 
da, and westernmost Arizona (Fig. 1). Although the oldest ex- 
posed rocks in this region are similar in age to those in the Central 
Arizona province to the east, i.e.mostly 1.65 180 Ga, (Karlstrom 
et al. 1987; Wooden and Miller 1990; Wooden and DeWitt 1991), 
they have higher relative 2~176 ratios and Nd crust forma- 
tion model ages, i.e. about 2.0-2.3 Ga, (Bennett and DePaolo 
1987; Wooden et al. 1988; Wooden and Miller 1990; Wooden and 
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Fig. 1 a Early Proterozoic Nd and Pb isotopic provinces in the 
southwestern United States of America, modified from Wooden 
and DeWitt (1991). Heavy stipple represents the Mojave Pb 
province, lighter stipple the Arizona-Colorado-New Mexico Pb 
province, including Central Arizona (Wooden and DeWitt 1991), 
and dark grey pattern is the boundary zone between Pb provinces 
(dashed where uncertain). Diagonal patterned lines define the Nd 
isotopic provinces of Bennett and DePaolo (1987), with Nd model 
age ranges shown. The Piute Mountains are located within the 
Mojave province, b Map shows location of the Barrel Spring plu- 
ton. e Simplified geologic map of Barrel Spring pluton showing 
the distribution of the three main syenite facies (see text). Sample 
locations for U-Pb zircon geochronology are also shown (see 
Table 1) 

DeWitt 1991). Furthermore, inherited and detrital zircons in the 
Mojave province provide clear evidence for the existence of latest 
Archean to earliest Proterozoic crust (Wooden and Miller 1990; 
Wooden and DeWitt 1991; Wooden, unpublished data). Wooden 
and Miller (1990) and Wooden and DeWitt (1991) suggested that 
juvenile Proterozoic island arc terranes of the Central Arizona 
crustal province were accreted against an older Mojave crustal 
province between 1.76 and 1.68 Ga. 

Mid-Proterozoic plutons intruded the stabilized crust of both 
the Mojave and Arizona crustal provinces between 1.40 and 
1.44 Ga (Anderson and Bender 1989). This intrusive episode was 
not associated with any known regional metamorphism or large- 
scale deformation. A great majority of these scattered plutons are 
potassic, rare earth element (REE)-rich granites that have "anoro- 
genic" elemental signatures (Anderson and Bender 1989; Ander- 
son and Morrison 1992). Isotopically, however, the granites from 
the two provinces are distinct, with Nd and especially Pb reflect- 
ing the differences in their basement rocks (Bennett and DePaolo 
1987; Wooden, unpublished data). In the eastern Mojave Desert 
region, ca. 1.4 Ga ultrapotassic syenites with extraordinary abun- 

dances of incompatible elements are also present within a belt that 
extends from the Old Woman Mountains (Fig. 1) north to Moun- 
tain Pass, California (Castor and Gleason 1989). Other, possibly 
related alkalic rocks of similar age are also exposed nearby in 
Arizona and Nevada (DeWitt et al. 1987). 

The basement complex of the Piute Mountains that is intruded 
by the Barrel Spring pluton comprises a layered sequence of upper 
amphibolite facies meta-supracrustal rocks consisting of parag- 
neiss, schist, quartzite and amphibolite, interlayered with and in- 
truded by granitic gneisses (Miller et al. 1982; Howard et al. 1987). 
This sequence is cut by relatively weakly deformed and metamor- 
phosed granite. The supracrustal sequence and gneisses are pre- to 
syntectonic (> 1.7 Ga), whereas the later granite is post-tectonic at 
1.68 Ga (Miller al. 1982; Howard et al. 1987; Wooden and Miller 
1990; Foster et al. 1992; Miller and Wooden 1994). These litholo- 
gies and the high grade of metamorphism are typical of the Mo- 
jave province. They contrast with those of the Early Proterozoic 
basement of central and southeastern Arizona, which comprises 
much lower grade arc terranes (e.g. volcanic greenstone belts; 
Condie 1992). 
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Field relations and petrography 
The 8 km 2 Barrel Spring pluton comprises a broad compositional 
and textural range of mafic through felsic alkali feldspar syenites 
(Fig. lc;  Gleason et al. 1988). Chilled margins and abundant fine- 
grained internal facies suggest a shallow depth of emplacement. 
Biotite and abundant K-feldspar are ubiquitous in the pluton. 
Hornblende is common in the more mafic rocks, and quartz is 
relatively abundant in more felsic rocks. Plagioclase is a minor 
constituent, mainly in felsic rocks, or absent. Variations in texture 
and proportions of K-feldspar, quartz, biotite, and hornblende 
permit division of the rocks of the pluton into three main units: (1) 
mafic syenite, rich in biotite and hornblende, (2) quartz syenite, a 
coarse grained rock that comprises 70% of the pluton, and (3) 
quartz syenite porphyry, characterized by K-feldspar phenocrysts 
in a fine-grained quartz-rich matrix that grades compositionally 
into alkali feldspar granite. Aphanitic K-feldspar-phyric dikes 
cross-cut the margins of the pluton and occur up to 5 km away in 
the southwestern Piute Mountains; although their compositions 
span much of the range exhibited by the pluton, none of the dikes 
matches the compositions of the most marie syenites. Cross-cut- 
ting relations in the pluton between the three major lithologic 
units document a mafic to felsic evolution: mafic syenites are in 
general the oldest rocks, and quartz-rich porphyries the youngest; 
all of these units are cut by quartz-rich alkali feldspar granite 
aplites, which are even more fetsic than the quartz porphyries. The 
diverse late dikes, local mingling textures between relatively mafic 
and more felsic rocks in both the pluton and the dikes, and rare 
instances of more mafic rocks cutting felsic within the pluton all 
demonstrate that evolution of the pluton was not entirely simple 
and monotonic. Rather, there appear to have been modest pulses 
of mafic to felsic magma throughout the emplacement of the plu- 
ton, suggesting periodic tapping of a fractionating magma cham- 
ber at depth and/or tapping of different magma sources. 

Mild alteration and textural modification accompanied lower 
greenschist facies metamorphism in the Cretaceous, but igneous 
textures and mineral associations were generally retained. In addi- 
tion to the principal magmatic minerals, K-feldspar + biotite+ 
hornblende_+ quartz + plagioclase, diverse and abundant accesso- 
ry minerals make up several modal percent of most samples. The 
common accessories are magnetite, spheric, apatite, allanite, and 
zircon in approximate descending order of abundance. Several 
other trace phases, including fluorite, monazite, thorite, 
chevkinite, ilmenite, and baryte, have also been identified. The 
most mafic samples commonly have cumulate textures (dominat- 
ed by coarse, subhedral grains of early-forming phases). Perthitic 

K-feldspar is typically the coarsest mineral, ranging from about 
1 cm in aphanitic porphyries to 3 cm in coarse quartz syenites and 
quartz syenite porphyries; it is generally subhedral, but in the 
most mafic rocks it is interstitial. Extremely K-feldspar-rich rocks 
(to 90%) are probably cumulates from somewhat evolved liquids. 
Biotite and hornblende poikilitically enclose abundant accessory 
minerals, especially apatite. In the most mafic rocks, grains of 
hornblende have altered cores that may have been clinopyroxene 
(a smaller, almost identical syenite complex 15 km away in the 
Old Woman Mountains includes similar mafic syenites with well- 
preserved clinopyroxene cores in hornblende). Quartz is intersti- 
tial. 

Both hornblende and biotite began crystallizing early, along 
with apatite and possibly sphene, and reach their greatest abun- 
dance in 1-10 m cumulate pods th~tt are engulfed and cut by 
quartz syenite. Other principal accessory minerals (magnetite, al- 
lanite, zircon) are present throughout the pluton, but they are 
most abundant in rocks of intermediate composition, in which 
textural relations indicate they were relatively early crystallizing 
phases. Fluorite is generally restricted to more felsic rocks, and is 
probably mostly secondary. We infer the following crystallization 
sequence for the pluton: (1) hornblende+biot i te+apat i te+ 
sphene (clinopyroxene may have preceded hornblende), (2) K- 
feldspar +sphene + zircon + magnetite, (3) allanite, (4) quartz + 
plagioclase+fluorite (cf. Gleason 1988). All phases except horn- 
blende and the postulated clinopyroxene continued to crystallize 
to the solidus. 

Age 
U P b  isotopic analyses of zircon from three samples collected 
within the pluton, and one from a mafic syenite prophyry dike 
5 km east of the pluton, are all moderately discordant (Table 1, 
Fig. 2). Taken individually or together, all samples indicate an age 
of about 1420 Ma. The best-fit line for all 13 fractions yields an 
upper intercept age of 1419.2+ 3.4 Ma (Fig. 2), which we interpret 
to be the crystallization age of the Barrel Spring pluton. There is 
no evidence of older, inherited zircons. 

Table 1 U-Pb zircon isotopic data 

Sample d Fraction b ppm U ppm Pb 2~ 2~ z~176 2~176 Concordia age a 

EPZ-1 NM + 163 583 171 0.21052 2.5779 0.08881 1400 1421 + / -  14 
N M + 6 3 - 1 0 2  682 188 0.20556 2.5183 0.08885 1401 
M+163 557 157 0.21217 2.6034 0.08899 1404 
M + 6 3 - 1 0 2  1049 249 0.18368 2.2296 0.09804 1383 

EPZ-2 N M +  163 104 32 0.23367 2.8824 0.08947 1414 1 4 1 6 + / -  17 
N M - 6 3  127 37 0.22241 2.7402 0.08936 1412 
M +  163 123 37 0.22284 2.7478 0.08943 1413 

JW87-100 N M - 6 3  284 76 0.19136 2.3351 0.08850 1 3 9 3  1 4 1 8 + / - 4 4  
M - 6 3  385 97 0.17775 2.1568 0.08810 1385 

BSPZ-1 N M +  163 79 28 0.23189 2.8558 0.08932 1 4 1 1  1 4 2 7 + / - 2 7  
N M + 6 3 - 1 0 2  90 28 0.22965 2.8287 0.08934 1411 
M +  163 81 31 0.23034 2.8373 0.08934 1411 
M +  63-102  93 30 0.22764 2.8007 0.08922 1409 

EPZ- 1 = mafic syenite; EPZ-2 = quartz syenite; BSPZ-1 = quartz 
syenite; JW87-100 = mafic dike 
b NM = nonmagnetic fraction; M = magnetic fraction; + / - 63 
163 = sieve size in microns 
: 2~176 age in millions of years (Ma) 

Concordia upper intercept ages of composite zircon fractions for 
each sample. 
Errors are as follows: U and Pb + / - 0 . 5 % ;  2~ + / -  0.2%; 
2~  + / - -  0 . 8 %  ; 2~176 + / - 1.0% 
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Fig. 2 U-Pb concordia diagram showing a composite of thirteen 
zircon fractions from three internal units of Barrel Spring pluton, 
and a mafic dike outside the pluton (data from Table 1). Upper 
intercept defines a crystallization age of 1419 Ma. Symbols: trian- 
gles, quartz syenite (EPZ-2), squares, mafic syenite (EPZ-1), dia- 
monds, quartz syenite (BSPZ-1), stars, dike (JW87-100) 
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Fig. 3 K20 and Na20 vs SiO2 variation diagram from Barrel 
Spring pluton and related dikes. K20 and K2/Na20 are highest at 
intermediate SiO2 (55-58%) in rocks interpreted to be K-feldspar 
cumulates. Dike samples NBS-1 and EP-57 have lower K20 at 
intermediate SiO2, and are used to represent liquid compositions 
in trace element modelling (see text) 

Geochemistry 
Major and trace elements 

Rocks from Barrel Spring pluton range from 48 to 70 
wt% SiO2 and are uniformly potassic (Table 2; Fig. 3). 
K20 ranges from 4 to 13 wt%, reaching highest concen- 
trations in intermediate SiO2 rocks that we interpret as 
cumulates (Fig. 3). Na20 increases rapidly with increas- 
ing SiO2 from values as low as 1 wt% in the most mafic 
syenites to 4% in more fetsic rocks. K20/Na20 is ex- 
tremely high in the most mafic rocks and in K-feldspar 
cumulates (to > 10), but is close to 1.5 in all rocks with 
more than 62 wt% SiO2 (Fig. 3). MgO, Fe (as Fe203), 
CaO, TiO2, P205 and MnO all decrease with increasing 
SiO2, with MnO, MgO and CaO reaching especially low 
concentrations (Table 2). Twenty-five percent of our 
samples would be considered as "ultrapotassic" accord- 
ing to the criteria of Foley et al. (1987) for mafic rocks 
(K20/Na20>2,  K 2 0 >  3 wt%, M g O >  3 wt%), and 
many others meet the first two critera. 

Barrel Spring rocks are characterized by extremely 
high concentrations of the large ion lithophile trace ele- 
ments (LILE; K, Rb, Ba, Cs), Th, U and light rare earth 
elements (LREE; La, Ce, Nd) (Table 2). Th and U rise 
with SiO2, Cs falls, and Rb is erratic. Ba and Sr concen- 
trations are both high but variable in the most mafic 
rocks, then fall precipitously with increasing SiO2. High 
field strength trace elements (HFSE; Ta, Nb, Zr, HI) are 
abundant, but not so strongly enriched as the LILE 
(Fig. 4); they increase with SiO 2 up to 60-65 wt%, and 
then fall in the most felsic rocks (Table 2). Trace transi- 
tion metals (Ni, Cr, Co, Sc, V) vary widely, from fairly 
high concentrations in mafic cumulates (e.g. Ni 820 ppm 
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Fig. 4 Trace element abundance (spider) variation diagram for 
Barrel Spring pluton and related dikes. Trace elements shown 
plotted in order of general incompatibility with a mantle source 
(Sun and McDonough 1989). Total range of Barrel Spring compo- 
sitions is shown, along with the weighted mean composition and 
the mean composition of dikes NBS1 and EP57 (see text). Barrel 
Spring pattern is characterized by general incompatible element 
enrichment with relative Ta, Nb and Ti depletion, similar to mod- 
ern ultrapotassic rocks (Foley et al. 1987). Average crust (Taylor 
and McLennan 1985), ocean island (enriched) basalt (Wilson 
1989), and mid-ocean ridge (depleted) basalt (Sun and Mc- 
Donough 1989) are shown for comparison 

and Cr 470 ppm) to very low values in the most felsic 
rocks (<  10 ppm for both). Undepleted mantle-normal- 
ized spider patterns of the syenites (Fig. 4) are similar to 
those of other extremely incompatible element-enriched 
ultrapotassic rocks (Foley et al. 1987). 

LREE and middle REE (MREE) concentrations are 
uniformly and exceptionally high but display little cor- 
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Table 2 Major and trace element data for representative samples of the Barrel Spring pluton and related dikes (QS quartz syenite, QSP 
quartz syenite porphyry, MS mafic syenite, D dikes) 

EP20 EP47 EP48 EP88 BSP1 EP8 BSP16 EP26 EP29 EP33 EP50 EP53 BSP2 BSP13 
QS QS QS QS QS QSP QSP MS MS MS MS MS MS MS 

wt% 
SiO2 65.13 61.16 58.55 62.43 5 9 . 2 1  69.20 69.38 54.88 57.89 58.30 56.19 51.02 50.4 48.01 
TiO2 0.65 0.60 1.22 0.71 1.09 0.43 0.62 1.34 1.02 0.76 1.59 1.45 1.29 1.14 
A1203 1 6 . 7 0  1 7 . 7 9  1 6 . 5 2  17.80 1 6 . 9 6  1 4 . 7 3  1 5 . 2 9  14.62 1 5 . 3 8  17.00 1 4 . 2 9  12.27 12.0 9.88 
F%O 3 3.32 4.05 5.76 3.75 5.56 2.73 3.25 9.88 5.63 6.32 7.05 6.77 8.28 10.08 
MnO 0.04 0.05 0.10 0.03 0.08 0.05 0.03 0.09 0.08 0.05 0.09 0.01 0.16 0.17 
MgO 0.61 0.96 2.19 0.84 0.56 0.69 0.98 2.67 3.40 0.94 4.55 7.81 9.01 15.51 
CaO 1.30 2.38 3.49 1.76 3.09 1.58 1.05 2.53 1.96 0.69 4.77 6.05 6.39 6.13 
Na20 4.75 4.16 3.54 4.41 4.14 3.63 3.40 2.24 2.40 1.00 2.77 1.27 1.89 1.32 
K20 6.78 6.95 6.49 7.14 6.33 5.63 6.29 9.51 9.21 13.00 5.95 8.06 5.27 4.77 
P205 0.10 0.16 0.35 0.17 0.25 0.13 0.20 0.61 0.81 0.19 0.71 1.37 0.98 0.91 
LOI 0.58 1.25 1.18 0.80 0.78 1.09 0.88 0.52 0.74 0.47 1.33 1.36 0.70 1.58 
Sum 99.97 99.42 99.38 99.84 99.05  99.89 100.37 98.89 98.52 99.50 99.28 97.53 97.30 99.50 

ppm 
Rb 270 269 244 256 176 343 233 365 366 614 198 353 235 218 
Cs 2.3 3.1 3.8 2.7 1.4 2.8 1.3 4.0 4.9 4.3 3.7 5.6 4.8 8.2 
Sr 607 1226 1144 1042 1211 530 404 1170 1179 725 1244 1428 1009 587 
Ba 754 3144 2947 1884 2810 1455 2028 3193 5975 4673 3228 8616 5268 3138 
Sc 5.7 5.9 12.7 6.2 10.1 5.1 6.1 16.9 11.0 4.9 15.6 17.5 21.8 18.6 
V 17 49 61 33 57 21 40 250 168 150 141 153 170 144 
Cr 43 31 52 14 14 33 23 21 60 10 192 334 390 741 
Co 2.0 5.1 9.0 4.8 6.8 3.8 5.0 20 15 9.9 28 29 34 56 
Ni <5 8 39 <5 7 14 14 8 72 29 129 229 340 813 
Cu 2 8 10 5 3 2 10 560 33 8 113 24 1 3 
Zn 61 60 118 41 93 54 33 153 141 95 141 124 170 165 
Y 61 29 55 40 58 23 32 47 46 21 37 45 37 38 
Zr 958 840 1262 817 1120 375 575 253 657 700 519 265 410 392 
Hf 27 23 33 25 27 11 14 6.5 17 17 17 7.3 9.6 12 
Nb 60 30 40 30 28 30 30 20 30 24 40 20 11 20 
Ta 2.6 1.1 1.9 1.4 1.9 1.4 1.5 1.3 1.0 1.1 1.0 0.8 0.7 0.5 
Pb nd 24 58 22 34 nd 14 nd 42 38 26 20 22 8 
Th 82 27 35 44 23 110 76 35 66 57 32 19 15 12 
U 4.8 3.3 4.3 4.5 3.0 10.7 3.7 4.4 6.1 3.7 3.9 1.8 2.9 2.2 
La 488 202 362 241 200 232 400 260 226 95.2 204 292 161 121 
Ce 846 308 621 399 398 358 596 515 447 217 354 547 313 247 
Nd 292 100 205 135 176 86.0 156 200 166 84.0 131 209 137 119 
Sm 41.0 14.1 28.4 20.8 31.6 8.96 14.6 33.0 27.1 14.4 21.2 32.7 24 19.7 
Eu 7.99 4.15 5.73 6.11 7.00 2.10 3.24 9.80 6.52 4.45 5.22 8.15 7.21 5.06 
Tb 3.00 1.30 2.60 2.00 2.60 0.70 1.10 2.50 2.40 1.30 1.70 2.40 1.80 1.50 
Yb 4.11 2.09 4.38 3.13 4.23 1.82 2.61 3.11 2.53 1.90 2.72 2.23 2.88 2.21 
Lu 0.61 0.26 0.54 0,37 0.50 0.36 0.45 0.32 0.37 0.25 0.35 0.26 0.36 0.28 
F 4300 3300 3200 

"Sampled from same dike dated at 1420 Ma (JW87-100; see 
Table 1) 
b Mean composition, weighted by areal extents of units of Barrel 
Spring pluton 
~ Mean of dikes EP57 and NBS1 

d Analyses of sample EP29 at Smithsonian and NAS, showing 
typical discrepancy 
e Samples of international standard, by NAS 
r Recommended value of international standard (Govindaraju 
1989) 
g Samples of international standard, by Smithsonian 

r e l a t i on  wi th  o t h e r  e lements .  L a  a b u n d a n c e s  r ange  f rom 
350 to 1500 t imes  c h o n d r i t i c  values ,  a n d  Sm f rom 50 to 
200 t imes  (Fig. 5). H e a v y  R E E  ( H R E E ) ,  in con t r a s t ,  a re  
no t  u n u s u a l l y  high,  a n d  c h o n d r i t e - n o r m a l i z e d  L a / Y b  
ra t ios  r ange  f rom 35 to 100 t imes  chondr i t e .  R E E  pa t -  
terns  (Fig. 5) a re  a l m o s t  all  s teep  a n d  very  s t ra ight ,  re- 
f lect ing the e x t r e m e l y  e l eva ted  L R E E / H R E E  a n d  
M R E E / H R E E  ra t ios .  The  h ighly  felsic q u a r t z  syeni te  
p o r p h y r i e s  d i sp l ay  c o n c a v e - u p w a r d  R E E  pa t t e rns ,  t ha t  
is, re la t ive  d e p l e t i o n  in M R E E .  M o s t  s a m p l e s  have  neg-  
l ig ible  Eu a n o m a l i e s ;  K - f e l d s p a r - r i c h  c u m u l a t e  have  

smal l  pos i t ive  a noma l i e s ,  a n d  some  felsic s a mp le s  have  
smal l  nega t ive  a n o m a l i e s  (up to  a b o u t  25%).  

A l t h o u g h  de ta i l s  of  the i r  g e o c h e m i s t r y  as well  as field 
r e l a t i ons  p r e c l u d e  the  i n t e r p r e t a t i o n  t h a t  all  Bar re l  
Spr ing  r o c k s  r ep re sen t  a single,  s imple ,  m o n o t o n i c  se- 
quence,  the  e l emen ta l  d a t a  sugges t  t ha t  the  Bar re l  
Spr ing  r o c k s  b y  a n d  la rge  r ep re sen t  a f r a c t i o n a t i o n  se- 
quence.  By this  i n t e r p r e t a t i o n ,  the  m o s t  maf ic  syeni tes  
a re  ea r ly  cumula t e s ,  the  K - f e l d s p a r - r i c h  maf ic  syeni tes  
a re  l a te r  c u m u l a t e s  f rom m o r e  e v o l v e d  mel ts ,  a n d  the  
q u a r t z  syeni te  p o r p h y r i e s  r e p r e s e n t  evo lved  l iqu ids ;  
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Table  2 ( cont inued)  

EPI7  EP57 EPD1 N B S l a  M e a n  Maf ic  EP29 EP29 AGV-1 AGV-1 BHV0-1 BHVO-1 BCR-1 BCR-1 
D D D D p l u t o n  b d ikes  c Smith .  d NAS d NAS e rec f NAS e rec f Smith .  g rec f 

61.82 58.93 69.78 60.33 62.00 59.63 57.89 57.4 59.10 58.79 49.6 49.94 54.61 54.06 
1.07 1.37 0.55 1.25 0.83 1.31 1.02 1.07 1.05 1.05 2.62 2.71 2.24 2.24 

15.35 14.38 14.45 14.65 16.30 14.52 15.38 15.1 17.30 17.14 13.5 13.8 13.54 13.64 
6.01 6.68 3.28 5.75 4.58 6.72 5.63 5.83 6.76 6.76 12.0 12.22 13.46 13.37 
0.06 0.13 0.05 0.07 0.06 0.10 0.08 0.10 0.11 0.09 0.17 0.17 0.18 0.18 
1.49 5.11 0.53 3.44 1.76 4.28 3.40 3.34 1.59 1.53 6.88 7.23 3.46 3.48 
1.26 3.67 1.18 4.24 2.39 3.96 1.96 1.95 5.02 4.94 11.4 11.4 7.00 6.95 
2.95 3.16 3.44 3.08 3.78 3.12 2.40 2.37 4.26 4.26 2.10 2.26 3.27 3.27 
8.48 4.30 6.29 5.16 6.73 4.73 9.21 9.20 2.92 2.91 0.50 0.52 1.72 1.69 
0.30 0.54 0.10 0.49 0.27 0.52 0.81 0.89 0.48 0.49 0.23 0.27 0.29 0.36 
0.91 1.56 0.77 1.08 0.94 1.32 0.74 0.70 1.62 1.81 0.46 nd nd 0.75 

99.69 99.81 100.40 99.54 99.52 99.68 98.52 98.05 100.21 99.77 99.46 100.52 99.77 99.99 

318 345 313 181 263 263 366 380 80 67.3 20 11 
2.5 8.3 2.0 2.8 2.8 5.6 1.10 1.28 <0.5 0.13 

787 845 530 964 931 904 1179 1300 750 662 370 403 
2438 922 995 2241 2506 1582 5975 6600 1200 1226 130 139 

10.8 14.4 5.5 12.3 8.4 13.4 11.4 12.2 32.8 31.8 
138 108 20 96 56 102 168 160 140 121 360 317 

10 260 24 140 57 200 60 70 20 10.1 280 289 
7.2 7.7 4.7 18 7.9 12.9 17 15.3 49 45 
9 154 9 108 41 131 72 67 19 16 120 121 

45 5 8 26 19 16 33 33 57 60 141 136 
133 208 56 72 76 140 141 150 95 88 120 105 

62 36 43 38 43 37 46 30 16 20 210 276 
1202 605 632 670 826 638 657 730 200 227 160 179 

31 15 20 18 22.3 16.5 4.8 5.1 5.2 4.38 
50 20 40 30 34 25 20 15 30 19 

2.0 1.2 2.5 1.3 1.6 1.3 0.8 0.9 1.1 1.23 
nd 16 54 24 29 20 nd nd  nd  26 

120 36 110 50 51 43 5.90 6.5 1.1 1.08 
10.2 7.8 7.2 8.7 4.6 8.3 1.60 1.92 0.6 0.42 

332 167 299 245 290 206 38.3 38.0 17.4 15.8 
599 312 492 391 490 352 63.0 67.0 42.0 39 
215 109 158 143 166 126 27.0 33.0 23.0 25.2 

33.5 16.8 21.2 20.4 23.8 18.6 4.62 5.90 5.46 6.2 
9.36 4.28 3.72 5.06 5.50 4.70 1.43 1.64 2.30 2.06 
2.70 1.50 1.90 1.60 2.00 1.60 nd 0.70 0.70 0.96 
3.33 2.07 3.42 2.46 3.18 2.27 1.90 1.72 2.05 2.02 
0.58 0.45 0.47 0.38 0.43 0.42 0.30 0.27 0.30 0.29 

1700 

44 47.2 

314 330 
704 681 

403 407 
15 16 
48 37 
14 13 
15 19 

115 130 
37 38 

173 190 

11 14 

aplite dikes are the final fractionation products. The 
MgO-rich mafic syenites have compositions that are in- 
consistent with liquids that could crystallize early bi- 
otite and hornblende. Furthermore, their high trace 
transition metal, P, Ba, and Sr concentrations are con- 
sistent with biotite + hornblende + K-feldspar + apatite 
accumulation (e.g. Arth 1976; Hanson 1978). The most 
evolved rocks have the lowest concentrations of these 
elements. The rise in Zr, Hf, Ta, and Nb to a maximum 
at ca. 60 65 wt% SiO2 and subsequent fall in more felsic 
rocks may be a result of saturation in zircon (Hf and Zr) 
and sphene (Ta and Nb). The change in REE patterns 
from straight to MREE-depleted in felsic rocks is at- 
tributable to crystallization of sphene + apatite + horn- 
blende, all of which concentrate the MREE (e.g. Sim- 
mons and Hedge t978; Frey et al. 1978a; Watson and 
Green 1981). Some of the apparently erratic elemental 

variations described above were probably the results of 
varying modes of cumulates and variable entrainment 
of crystals, especially accessory minerals, in segregating 
liquids. 

Determining the initial melt composition (or compo- 
sitions) of the Barrel Spring magma is not straightfor- 
ward. The most mafic rocks are interpreted as cumu- 
lates and the more felsic rocks as evolved liquids. There 
are no chilled margin rocks that appear to represent 
plausible initial melts. The mean composition of ex- 
posed Barrel Spring rocks provides a crude estimate 
(Table 2); a significant proportion of entrained crystals 
in the intruding magma, extraction and loss of melt to 
higher, now eroded levels, or settling of crystals to low- 
er, unexposed levels would all introduce error in this 
estimate. The most mafic compositions of the aphanitic 
dikes that cut the pluton or its surroundings provide a 
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Fig. 5 Rare earth element patterns for Barrel Spring pluton and 
related dikes. Notable are the extremely high LREE abundances 
(up to 1500 x chondritic for La), and the steep, straight patterns 
for all lithologies except the porphyritic facies, which has strongly 
concave-upward patterns (see text). Chondrite normalizing values 
from Evensen et al. (1978) multplied by 1.35 to approximate those 
of Haskin et al. (1968) 

second way to estimate a parental melt composition. 
Although these dikes clearly postdate the main intrusive 
episode, they have the same broad elemental and iso- 
topic (see next section) characteristics as the main plu- 
ton, and they are the same age within error. Because 
they carry few phenocrysts (<10%), NBS1 and EP57 
are the best cadidates, and should be close to a melt 
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composition. Their compositions are slightly more 
mafic than, but close to, the average for the pluton 
(Table 2). 

Nd and Pb isotopes 

In order to characterize better the source of Barrel 
Spring magmas, isotopic data were obtained for several 
samples. Data are presented in Tables 3 and 4, and labo- 
ratory methods are given in the Appendix. Six whole 
rock samples spanning the complete range of mafic to 
felsic compositions were analyzed for their Nd isotopic 
composition. Initial epsilon Nd values (calculated for 
1.42 Ga) range from -0 .3  to -2 .6  (Table 3). There is no 

Table 3 Sm-Nd isotopic data 
for the Barrel Spring pluton 
and related dikes 

Sample Sm a Nd a 1478m/]44Nd ~ ]43Nd/]44Nd b l~(Nd) d Z(dm) c 
(ppm) (ppm) Measured 4- 2 sigma 1.42 Ga (Ga) 

EP-53 33.68 212.05 0.0960 0.511596-t-7 -2 .0  1.89 
EP-57 20.19 132.41 0.0922 0.511577_+8 -1 .7  1.85 
EP-88 31.48 226.91 0.0839 0.511569 4- 11 -0 .3  1.74 
BSP-1 35.84 218.22 0.0993 0.511644_+7 -1 .7  1.88 
BSP-13 26.50 148.16 0.1082 0.511770_+6 -0 .8  1.85 
BSP-16 17.08 159.76 0.0646 0.511285_+9 -2 .6  1.81 

"2 sigma errors for Sm and Nd concentrations and 14VSm/]44Nd are <0.5% 
u Ratios normalized to  146Nd/144Nd = 0.7219 
~ Model age calculated from DePaolo (1981) curve 
d eNd= 104 [(143Nd/144Nd(t)sampie)/(]43Nd/144Nd(t)cHup.)__l], using 143Nd/144Nd=0.512638 as present 
day CHUR value 



Table 4 Pb whole rock and mineral isotopic data for the Barrel 
Spring pluton and related dikes. [Errors are estimated at 0.08%, 
0.01%, and 0.14% (2 sigma) for 2~176 2~176 and 
:~176 respectively 

Sample 2~176 2~176 2~176 

EP8 20.799 15.814 43.555 
EP29 17.892 15.519 39.557 
EP50 17.152 15.46 37.94 
EP53 17.46 15.47 39.06 
EP57 19.68 15.68 43.58 
ESPI 17.73 15.52 38.65 
EP88 17.47 15.48 38.17 
BSP13 18.57 15.58 41.37 
BSPI6 21.40 15.81 51.04 
EPD1 18.78 15.60 42.11 
NBS1 19.38 15.68 43.22 
EPZ1-F a 16.65 15.41 37.39 
EPZ2-F b 16.38 15.39 36.32 
EPZ1-SP c 28.46 16.47 52.80 

a K-feldspar mineral separate (mafic syenite) 
b K-feldspar mineral separate (quartz syenite) 
c Sphene mineral separate 

correlation between these values and lithology. For ex- 
ample, the entire range is represented by the two most 
felsic rocks analyzed. All samples but one have I47Sm/ 
144Nd ratios less than 0.1, and one sample has an excep- 
tionally low 147Sm/144Nd ratio of 0.065. This sample also 
has the lowest initial episilon Nd and is the most felsic 
one analyzed, representing a late intrusive phase (quartz 
syenite porphyry). 

The full range of values (A epsilon Nd of 2.3) is suffi- 
ciently large and outside analytical error to suggest the 
differences are real. However, the largest range in ep- 
silon Nd between any two n e a r e s t  (ENd) samples is just 
0.9, within the accepted analytical error. This precludes 
clear identification of two or more discrete populations. 
Isotope dilution Sm/Nd ratios (Table 3) compare well 
with those obtained by INAA (Table 2), demonstrating 
that these ratios are highly reproducible by different 
methods, thus indicating that the age corrected epsilon 
Nd values (initial ENd) are robust. Differences in ppm 
concentrations between the two data sets could be due 
to weighing error or, more probably, differential settling 
of sample powder during mailing. The reproducibility of 
the Sm/Nd ratios also lends weight to calculated Nd 
(depleted mantle) model ages TDv; Table 3), which 
range from 1.74 to 1.89 Ga. Though the range may be 
significantly large, again, no two nearest (TDM) samples 
are more than 0.07 Ga different, which is within the 
range of analytical reproducibility. 

Eleven whole rock samples plus feldspar and sphene 
mineral separates were also analyzed for their Pb iso- 
topic composition. Present day whole rock 2~176 
ratios range from 17.15 to 21.40, 2~176 ratios from 
15.46 to 15.81, and 2~176 ratios from 37.94 to 51.04 
(Table 4). Whole rock, feldspar and sphene data define a 
1427_+ 65 Ma 2~176 vs 2~176 isochron, indi- 
cating that the Pb system has not been seriously dis- 
turbed. Maximum initial 2~176 2~176 and 
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2~176 ratios are estimated to be 16.4, 15.4, and 
36.8, respectively, based on the least radiogenic feldspar 
separate (Table 4). 

Discussion 

Isotopic constraints on the source 

The Nd and Pb isotopic data do not distinguish be- 
tween a crust or mantle source for Barrel Spring mag- 
mas; in fact, both are plausible. Initial epsilon Nd values 
are all negative but do not fall much below chondritic 
values, hence their interpretation is ambiguous. They 
fall mostly above values for exposed early Proterozoic 
Mojave crust at 1.42 Ga (Fig. 6), and their Nd (depleted 
mantle) model ages (Table 3) are not characteristic of 
average Mojave crust, which is defined by 2.0-2.3 Ga 
Nd model ages (Bennett and DePaolo 1987). The model 
ages alone do not rule out Mojave crust as a potential 
source, as Sm/Nd fractionation can occur during grani- 
toid genesis if residual phases such as garnet, amphi- 
bole, pyroxene and zircon remain behind in the source, 
resulting in erroneously young model ages (e.g. Patchett 
1992; Anderson and Morrison 1992); however, the dis- 
tinctly higher initial epsilon Nd values indicate that typ- 
ical Mojave crust was not a significant component of the 
Barrel Spring source region. 

Pb isotopes (Figs. 7, 8) approach this problem from a 
different angle because they are very sensitive indicators 
of crustal contamination in mantle magmas, and can 
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Fig. 6 Nd evolution diagram showing present day and initial ~Nd 
values of Barrel Spring syenites (open triangles represent six sam- 
ples from this paper). Fields for initial ENd values for southwestern 
USA 1.4 Ga granites from California and Arizona are also shown 
(data from Farmer and DePaolo 1984; Nelson and DePaolo 1985; 
Bennett and DePaolo 1987; Barovich and Patchett 1992; 
Barovich and Patchett in prep). Evolution path for Mojave 
province is shown by grey band (estimated from data in Bennett 
and DePaolo 1987). Barrel Spring initial ratios plot above values 
for Mojave province crust at 1.42 Ga, but are similar to values for 
1.4 Ga granites of the Arizona province (see text). DM, depleted 
mantle of DePaolo (1981), CHUR, bulk earth evolution line 
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Fig. 7 2~176 vs 2~176 diagrams showing (a) calculated 
initial ratios (solid boxes) of Barrel Spring and 1.4 Ga granites 
(Mojave and Arizona), with 1.42 Ga trends of Mojave and Arizo- 
na crustal provinces shown for reference. Barrel Spring initial 
ratios plot distinctly below those of Mojave 1.4 Ga granites, show- 
ing more similarity to Arizona 1.4 Ga granites, while 1.4 Ga gran- 
ites of both provinces clearly reflect the Pb isotopic composition 
of the crust they intrude. Reference primitive mantle values are 
calculated from Zartman and Doe (1981) (ZD) and Zartman and 
Haines (1988) (ZH). Barrel Spring plots below the Stacey-Kramers 
(1975) two-stage model values (SK) for 1.42 Ga average crust. In 
b, present day whole rock data are plotted for Barrel Spring (Xs), 
Mojave (boxes) and Arizona (crosses) 1.4 Ga granites. All suites 
plot along 1.42 Ga isochrons, suggesting relatively isotopically 
homogeneous sources at 1.42 Ga for each suite. Mojave 1.42 Ga 
trend plots at distinctly higher 2~176 than Barrel Spring 
data, which lie on or slightly above the Arizona 1.42 Ga trend 

also distinguish upper from lower crust reservoirs (e.g.. 
Wooden et al. 1988). The estimated initial 2~176 of 
the pluton is distinctly lower than the range of Mojave 
crust at 1.42 Ga, but  is far higher than the likely values 
for asthenospheric mantle at the time (Fig. 7 a). Remark- 
ably, Pb isotopes clearly distinguish a Barrel Spring 
trend distinct from eastern Mojave 1.4 Ga granites 
(Fig. 7 b), which clearly share the elevated 2~176 of 
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Fig. 8 2~176 diagrams showing (a) calculated initial ratios 
of 1.4 Ga plutonic suites and 1.42 Ga trends of Mojave and Arizo- 
na crustal provinces (as in Fig. 7a). Initial ratios for Barrel Spring 
syenites, Mojave and Arizona 1.4 Ga granites are indistinguish- 
able, plotting within the field for high Th/Pb, high Th/U Mojave 
crust, well outside the field for less thorogenic Arizona crust. This 
suggests similarities in the Th/Pb, Th/U, and U/Pb ratios in the 
sources of the 1.4 Ga plutonic suite which span both terranes. In 
b, present day whole rock data are plotted as in Fig. 7b. Barrel 
Spring trend reflects the high and nearly constant Th/U ratios of 
the syenites, similar to the trend for Mojave 1.4 Ga granites 

the crust they intrude; in fact, Barrel Spring Pb isotopes 
define a trend most  nearly approximating that for cen- 
tral Arizona 1.4 Ga granites (Fig. 7b). This is further 
evidence indicating that 2.0-2.3 Ga  Mojave crust, with 
elevated 2~176 was not involved in the genesis of 
Barrel Spring magmas. The Pb isotopic similarity of 
Barrel Spring syenites to the Arizona 1.4 Ga granites, 
which share the Pb isotopic characteristics of the crust 
they intrude, does not  necessarily imply the involvement 
of this crust in Barrel Spring magma genesis, but  it does 
suggest a more isotopically primitive source than typi- 
cal Mojave crust. Examples could be (1) mafic lower 
crust or, (2) lithospheric mantle. 



Trace element constraints on the source 

Another approach to constraining source composition, 
through inversion of trace element data, requires equi- 
librium modelling of various potential crustal and 
mantle source lithologies. Most results can be discarded 
leaving one or two that are plausible. This approach, in 
combination with the isotopic data, produces a much 
more complete picture of magmatic source regions. The 
age information obtained from isotopic studies also 
makes possible tectonic scenarios for crust/mantle evo- 
lution to be devised. Equilibrium trace element mod- 
elling requires identification of a primary magma (one 
unaffected by assimilation/fractionation during ascent 
and emplacement), which is not a trivial task for the 
Barrel Spring pluton. In this section, we establish a 
plausible trace element composition for a Barrel Spring 
primary magma, and then use this to constrain crust vs 
mantle sources. 

Geochemical data combined with petrographic ob- 
servations suggest that fractional crystallization may 
have strongly affected rock compositions in the Barrel 
Spring complex. Though our data set is not large 
enough to allow any real mass balance constraints on 
this, the possibility is large that both shallow (at present 
level) and deeper magma chambers produced much of 
the variation observed. The possibility that the most 
mafic rocks are cumulates, and the absence of mafic 
chilled margin units, rules out most Barrel Spring 
lithologies as good indicators of primary magma com- 
positions. Mafic to intermediate (55-60% SiO2) syenite 
dikes may provide the best constraints. Though they are 
porphyritic-aphanitic (ca. 5-10% K-feldspar phe- 
nocrysts), high Sr concentrations (800-1000 ppm) and 
insignificant Eu anomalies (Eu/Eu* = 0.95-1.0) indicate 
that K-feldspar fractionation did not significantly affect 
the trace element composition of these dikes. Their ma- 
jor and trace element composition is also very similar to 
a "weighted average" composition calculated for the en- 
tire Barrel Spring complex. Therefore, we have chosen 
with a high degree of confidence to take the average 
composition of two dikes (NBS-1 and EP-57) as repre- 
sentative of the Barrel Spring complex. 

Because we will place the most emphasis on rare 
earth element modelling, it is important to establish that 
fractionation did not significantly affect either rare earth 
abundances or the slopes of their rare earth patterns. 
The absolute abundances of the REE cannot have 
changed by more than a factor of two unless fractional 
crystallization (involving high pressure phases such as 
olivine, pyroxene and garnet) was greater then 50%. 
While it cannot be ruled out, this much fractionation 
would seem unlikely to have produced these highly 
potassic (5% K;O), low to intermediate silica (58% 
SiO2) liquids, unless it occurred at the base of the crust 
uner anhydrous conditions (Mean 1990). Only garnet 
would have a significant affect on REE patterns, reduc- 
ing HREE concentrations relative to LREE (Kay and 
Gast 1973). With the possible exception of the HREE, 
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the slopes of the REE patterns are probably very similar 
to that of a primary magma (one in equilibrium with its 
source), even if extensive fractionation occurred at 
depth to generate the dike melt. 

Using this primary magma composition as represen- 
tative of the Barrel Spring complex, we shall attempt to 
demonstrate that: (1) the source was enriched in LREE 
and other incompatible elements by factors of at least 5 
to 10 over typical crustal and mantle lithologies, and (2) 
that this unusually enriched source could plausibly 
reside in either the mantle or the lowest crust. Several 
lines of evidence suggest that the primary magma was 
not derived from a typical felsic crustal source. The rela- 
tively low SiO2 and high Ni, Cr and MgO of the primary 
magma (58 wt%, 120 ppm, 200 ppm, 5 wt% respective- 
ly) suggest a mafic source. Melts with broadly similar 
silica and mafic content, derived from basaltic sources, 
can coexist with hornblende + plagioclase + clino- 
pyroxene• •  in the deep crust 
(e.g. Rapp 1990; Rapp et al. 1991). Trace element models 
show that felsic crustal sources (e.g. tonalitic) would 
have absurdly large positive Eu anomalies and unrealis- 
tically high Sr (up to a factor of 6 greater than average 
crust). Models for more realistic mafic lower crustal 
lithologies (Fig. 9), demonstrate the best match is for a 
garnet and hornblende-bearing source residue (e.g. gar- 
net amphibolite and garnet-hornblende granulite). 
These model compositions are still quite unusual in 
their high LREE and steep REE patterns, but are a near 
perfect match for average continental alkali basalt 
(Fig. 9). Garnet-free lithologies (e.g. amphibolite and 
granulite) yield REE patterns which are absurdly steep 
(much like the Barrel Spring pattern, which is certainly 
not representative of the crust!), while garnet-rich 
(20%), hornblende-free lithologies (e.g. garnet granulite) 
give unrealistic, strongly concave patterns. What all 
have in common, however, is a 5 to 10 fold enrichment 
in LREE relative to average crust (Fig. 9). These models, 
it is important to note, were calculated based on in- 
finitesimal (0%) batch partial melting (see Fig. 9) which 
would have produced the greatest possible enrichment 
in the Barrel Spring primary magma. Therefore, they 
represent the lowest possible calculated concentrations 
in the source residue. The factor of 5 to 10 LREE enrich- 
ment in the source is an absolute minimum estimate. 

The intermediate silica composition of the Barrel 
Spring primary magma, if it is unfractionated, is proba- 
bly not best produced by melting of an olivine-rich 
source in the mantle, though it cannot be ruled out for 
potassic melts (e.g. Barton and Hamilton 1982). Ni, Cr 
and Mg ~ [ < 60 = 100(Mg/Mg + Fet)] are all lower than 
would be expected if it were a direct partial melt of 
peridotite (e.g. Frey et al. 1978b). Our REE models 
demonstrate that potential garnet-free peridotitic and 
pyroxenitic source residues would have primitive 
mantle normalized (roughly equivalent to 2 x chondrit- 
ic) La/Yb ratios of 30, the same as Barrel Spring. Clearly 
these are not very realistic mantle sources. Garnet-rich 
assemblages such as eclogite and garnet lherzolite 
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ma. Average of two relatively mafic aphanitic dikes (EP57, NBS1) 
were used to approximate initial melt (see text); partition coeffi- 
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melt to the residue. All residue compositions were calculated for 
F =0  (infinitesimal partial melting) using Co = CL [F + D - F D ]  
where Co is concentration of element in residue, CL is concentra- 
tion of element in liquid, F is % melting of source, and D is bulk 
partition coefficient. Average total crust (normalizing value), low- 
er crust, and upper crust from Taylor and McLennan 1985; in- 
traplate alkalic basaltic from Wilson 1989; undepleted (primitive) 
mantle composition (normalizing value) from Sun and Mc- 
Donough 1989 
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(> 5% garnet) yield unrealisitc, strongly concave REE 
patterns. The best match is for garnet websterite (Fig. 9). 
However, in all cases, LREE are enriched from 30 to 80 
times primitive (undepleted) mantle, and would in all 
cases be enriched greater than 50 times that of depleted 
(MORB) mantle (and even more for 5 or 10% partial 
melting). Studies of mantle xenoliths have clearly 
demonstrated that lithospheric mantle beneath cratons 
has experienced a long and complex history of repro- 
cessing and trace element (metasomatic) enrichment 
(e.g. Roden and Murthy 1985; Wilshire 1987; Menzies 
et al. 1987). Though garnet websterite is not a common 
xenolith type (Wilshire 1987), it is one of those often 
demonstrating enrichment in incompatible elements 
(e.g. LREE, Rb), and has been linked to metasomatic 
events in the upper mantle (Menzies et al. 1983 ; Wilshire 
1987). The Barrel Spring primary magma is therefore 
plausibly derived from such a mantle source. 

greater than that predicted for apatite-saturated melts 
of this composition at 900-1000 ~ C (0.27 0.54 wt%; sat- 
uration equation of Harrison and Watson 1984). Like- 
wise, the TiO2 concentration of about 1.3 wt% is suffi- 
cient for rutile saturation (saturation level of 0.7 to 
1.4 wt% ; equation of Ryerson and Watson 1987). Third, 
elemental abundance patterns in the Barrel Spring pri- 
mary magma suggest the presence of apatite and rutile 
(or another HFSE-concentrating titanate), but not zir- 
con, in the residue (Fig. 4). Zr and Hf concentrations are 
consistent with those of other elements that were proba- 
bly incompatible with the source residue, whereas Ti, 
Nb, and Ta abundances are relatively depressed (Fig. 4), 
suggesting that they may have been partitioned into 
residual rutile in the source. 

Mantle vs crustal sources and timing of enrichment 

Accessory minerals in the source 

The trace element models discussed above (Fig. 9) as- 
sume mineralogically simple source residues. Because 
accessory minerals are a major repository for trace ele- 
ments, in particular the REE, their imprint on primary 
magmas must be considered here. Apatite, zircon, rutile 
and sphene are all common constituents of mafic crust, 
but not ultramafic rocks. However, these phases, in ad- 
dition to amphibole and mica, are documented accesso- 
ry phases in some mantle xenoliths (e.g. Dawson and 
Smith 1977; Lloyd et al. 1985). It is important to note 
that their presence in the residue would demand an even 
greater trace element enrichment for model sources, be- 
cause they have very strong compatibility with many 
LIL elements (e.g. Irving and Frey 1984). Based upon 
several lines of evidence, we suggest that apatite and 
possibly rutile, but not sphene or zircon, were present in 
the residue. First, the absence of zircon and sphene in 
the lowest (50%) SiO2 rocks of the complex, combined 
with low Zr, and the absence of a sphene fractionation 
effect on REE patterns (except at high SiO2), suggest 
that the initial magmas emplaced in the Barrel Spring 
pluton were saturated in neither zircon nor sphene. Ear- 
ly saturation in apatite is, however, indicated by abun- 
dant apatite enclosed in early crystallizing phases and 
maximum P205 concentrations in the most mafic rocks. 
Second, consideration of saturation levels indicate that 
a melt of Barrel Spring primary magma composition 
would have been saturated in apatite and rutile, but not 
in zircon at temperatures between 900 and 1000 ~ C at 
high pressure (Watson and Harrison 1983; Harrison 
and Watson 1984; Ryerson and Watson 1987). In such a 
melt, zircon saturation should only be achieved at con- 
centration of Zr between 830 and 2080 ppm (based on 
the zircon saturation equation of Watson and Harrison 
1983), far higher than the ca. 600 ppm Zr of the Barrel 
Spring primary magma. The concentration of P205 in 
the primitive liquid (0.5%), however, is equal to or 

While we cannot distinguish a mantle from crustal 
source based on our data, we can add further informa- 
tion by combining isotopic constraints with trace ele- 
ment models. In the first scenario, trace element mod- 
elling requires a mantle source residue similar to garnet 
websterite_ apatite and rutile. It also requires that this 
source was enriched in LREE by a factor of at least 30 
relative to primitive mantle (Fig. 9). Precise knowledge 
of the timing of this enrichment requires knowledge of 
Sm/Nd and U/Pb ratios in the source, and of isotopic 
ratios at the time of enrichment, which are unknown. 
However, our Nd isotopic data suggest that LREE en- 
richment could have occurred before 2 Ga, if we as- 
sume: (1) that the source was enriched at 2.15 Ga (aver- 
age model age of Mojave province), and, (2) isotopically 
indistinguishable from depleted mantle at 2.15 Ga 
(eNa= +4). It is then possible to calculate that the 
source had a Sm/Nd ratio of approximately 0.22. Such 
a source would now have an epsilon Nd of - 17, which 
is comparable to values obtained for late Cenozoic ul- 
trapotassic rocks (e.g. McCulloch et al. 1983; Vollmer 
et al. 1984). If such a source existed in the lithospheric 
mantle, Pb isotopes indicate that it did not possess the 
ancient enriched 2~176 signature which is charac- 
teristic of Mojave crust. 

In the second scenario, a mafic, garnet-bearing lower 
crustal source with the trace element composition of 
enriched alkali basalt melted to produce Barrel Spring 
magmas. In this case, a source 200 to 300 my older than 
Barrel Spring is plausible if it is assumed that the source 
had: (1) a Nd isotopic composition close to C H U R  (rea- 
sonable for some alkali basalts) and, (2) Sm/Nd ratios 
similar to some continental alkali basalts ( _< CHUR). In 
this case, some speculation might then be permitted on 
possible linkages between the source and 1.7-1.8 Ga 
orogenesis in the region. Underplating the crust with 
alkali basalt or injecting the lower crust with mafic sills 
are two, related, possibilities. 

Tectonic linkages are also suggested by the scenario 
involving mantle sources. A continuum of subduction 
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events in the region starting pre-2.0 Ga, as suggested by 
Wooden and Miller (1990), could have enriched the Mo- 
jave mantle lithosphere in LREE and other incompat- 
ible element-rich subduction components, as has been 
proposed for modern arc settings (e.g. Wyllie and Sekine 
1982; Rogers 1985; Wallace and Carmichael 1989). This 
would somehow require a decoupling of the mantle and 
crustal Pb isotopic signatures. One alternative hypothe- 
sis is that island arc terranes represented by the Arizona 
crustal province accreted to, and underthrust, Mojave 
lithosphere, leaving in place LREE-rich subduction 
components with a juvenile Pb isotopic signature in the 
sub-Mojave mantle. 

Relation to 1.4 Ga granites 

The mid-Proterozoic granites of the southwestern Unit- 
ed States of America, with ages ranging between 1.40 
and 1.44 Ga (Anderson and Bender 1989; Anderson 
and Morrison 1992), share many geochemical similari- 
ties with Barrel Spring syenites, though they do not 
show the same magnitude of trace element enrichment. 
The granites are also potassic, with high LREE and 
LREE/HREE, high Rb, Ba, Cs, Th, U and F relative to 
average upper crust (Anderson and Bender 1989; An- 
derson and Morrison 1992). None occur within the 
Piute Mountains, but at least ten major plutons occur 
within 125 km of Barrel Spring. The broad composi- 
tional similarities between the two suites, age and prox- 
imity suggest a close genetic relationship. Fractionation 
of Barrel Spring-like melt could yield granite, as indicat- 
ed by the fact that late fractionates in the pluton are 
alkali feldspar granites. However, there are problems 
with this simple model. First, even the evolved, quartz- 
rich Barrel Spring rocks differ significantly from the 
granites, with higher Sr, LREE, LREE/HREE, and 
MREE/HREE and smaller Eu anomalies (cf. Anderson 
and Bender 1989). Second, it is implausible that the vo- 
luminous granites could be fractionates of Barrel 
Spring-like mafic magma, because enormous masses of 
complementary mafic cumulates would be required; no 
such rocks of appropriate age have been observed. Fi- 
nally, the sparse mafic rocks associated with the 1.4 Ga 
granites diverge even more dramatically from Barrel 
Spring compositional trends than do the granites them- 
selves (Anderson and Bender 1989; Cullers et al. 1992). 
An assimilation/fractional crystallization (AFC) rela- 
tionship is somewhat more plausible, because contami- 
nation of Barrel Spring-like melt by crust would yield 
isotopic and elemental compositions closer to those of 
the granites. However, the very low volume of syenites 
seems inconsistent with their being an important com- 
ponent of the granites, and we tentatively conclude that 
the granites and syenites are not closely related by AFC 
processes. 

Isotopically the syenites and granites are grossly sim- 
ilar, but in detail the Barrel Spring samples are signifi- 
cantly different from Mojave province 1.4 Ga granites, 

and are more similar to Arizona 1.4 Ga granites. Initial 
epsilon Nd of the Mojave province granites are ca. - 2  
to - 5 ,  whereas those in the Arizona province have ep- 
silon Nd values between + 3 and - 2 (Fig. 6). Although 
strict division of the granites into these two provincial 
categories is made complicated by the fact that the tran- 
sition between the two provinces is a wide zone of mixed 
isotopic characteristics (Wooden and DeWitt 199 t), the 
epsilon Nd values of the Barrel Spring rocks ( -0 .6  to 
-2.3) appear to have more in common with Arizona 
province granites (Fig. 6), though they could also be 
considered transitional. As stated before, initial 2~ 
2~ for Barrel Spring syenites and Arizona province 
granites are almost identical, being distinctly lower than 
the initial 2~176 of the Mojave province granites 
(Figs. 7 a, b). Though present day Barrel Spring whole 
rock 2~176 ratios are much more similar to Mo- 
jave than to Arizona province granites (Fig. 8b), this 
reflects differences in Th/U, not in initial ratios. More 
significantly, 2~176 initial ratios for Barrel Spring 
are indistinguishable from those of both the Mojave and 
Arizona 1.4 Ga granite suites (Fig. 8 a). This is surpris- 
ing, given the distinct differences in time-integrated Th/ 
Pb, Th/U and U/Pb ratios for the two terranes (e.g. 
Wooden et al. 1988; Wooden and DeWitt 1991). The 
ratios for the two terranes produce divergent fields at 
1.42 Ga (Fig. 8 a), suggesting that the 1.4 Ga granites are 
not simple melts of older crust as exposed in Arizona 
and southeastern California. Mantle or lower crust dif- 
ferent from the exposed crust in these regions must also 
have played a role in the genesis of the 1.4 Ga granite 
suite. 

To our knowledge, although syenites are a minor as- 
sociate of mid-Proterozoic granites elsewhere in the 
trans-continental belt (e.g. Kolker et al. 1990), extremely 
incompatible element-rich alkalic rocks occur only in a 
restricted area of the eastern Mojave Desert and north- 
western Arizona that spans the boundary between the 
Mojave province and the Arizona province (DeWitt 
et al. 1987; Castor and Gleason 1989). Melting in a dis- 
tinctive, ancient lithospheric zone (crust or mantle) pe- 
culiar to this region during the mid-Proterozoic thermal 
event may have produced these magmas. If all of these 
intrusions have a common origin, this implies that the 
source enrichment event (i.e. mantle metasomatism or 
crustal underplating) occurred after ca. 1.8 Ga, since 
this is the age of the Arizona lithosphere. This could 
further suggest that a new component was added to the 
lithosphere of both the Mojave and Arizona provinces, 
probably during 1.7-1.8 Ga orogenesis, slightly earlier 
subduction and terrane accretion events, or slightly lat- 
er post-orogenic magmatism. We postulate that either, 
(1) the source of the Barrel Spring magma was one com- 
ponent of the larger crustal source region from which 
the granitic magmas were generated, or (2) mantle- 
derived, Barrel Spring type primary magmas intruded 
and modified the crust that melted to produce the 
granitic magmas. An important conclusion is that we 
cannot distinguish a crustal from a mantle source for 



the  Bar re l  Spr ing  syenites.  O u r  d a t a  suggest ,  however ,  
t ha t  the  s o u t h w e s t e r n  U n i t e d  S ta tes  of  A m e r i c a  mid -  
P r o t e r o z o i c  g ran i t e s  c o u l d  have  h a d  sources  in p a r t  
qu i te  different  f rom the  felsic c rus ta l  sources  p r e v i o u s l y  
p r o p o s e d  (e.g. A n d e r s o n  1983; A n d e r s o n  a n d  Bende r  
1989; A n d e r s o n  a n d  M o r r i s o n  1992). F u r t h e r  w o r k  is 
needed,  however ,  to e s t ab l i sh  a f i rm gene t ic  l i nkage  be-  
tween  the  two suites.  

Conclusions 

(1) Geochemical characteristics of 1.42 Ga Barrel Spring 
syenites require a source highly enriched in light rare 
earth elements and many other incompatible elements. 
Trace element models and isotopic composition do not 
distinguish a crustal from a mantle source, but establish 
two plausible alternatives: (A) enriched garnet webster- 
ite with accessory apatite and rutile (lithospheric mantle 
source) and, (B) garnet amphibolite or garnet-horn- 
blende granulite with enriched alkali basalt composi- 
tion, and accessory apatite and rutile (mafic lower 
crustal source). Isotopic compositions are consistent 
with generation of an enriched mafic/ultramafic source 
several hundred million years older than the Barrel 
Spring pluton. 

(2) Barrel Spring syenites are not closely related in any 
simple way to the voluminous, coeval mid-Proterozoic 
granites of the southwestern United States of America, 
though they must have been generated in response to 
the same thermal event. Their source may have been 
new or modified lithospheric material that was added to 
both the Mojave and Arizona lithosphere at about the 
time of amalgamation of the two terranes. Plausible 
connections between the granitic and syenitic suites are: 
(A) mantle-derived, Barrel Spring-type magmas intrud- 
ed and modified the crust that melted to produce the 
granitic magmas, or, (B) the source of the Barrel Spring 
magma was one component of the larger crustal source 
region from which the granitic magmas were generated. 

Appendix - analytical methods 

Isotopic and major and trace element data were obtained on 
whole rock powders prepared from ~ 1 kg rock samples. About 
100 g of representative material were taken from each hand sam- 
ple by sawing off several thin slabs and then powdering the mate- 
rial in a hardened steel shatterbox. Concentrations of major ele- 
ments, Rb, Sr, Ba, Y, Nb, Zr, V, Ni, Cr, Co, Cu and Zn were 
determined by XRF at the Smithsonian Institution and by NAS 
Inc. Duplicate analyses and interlaboratory comparisons estab- 
lish reproducibility for XRF major and trace elements at 5% or 
better, except for P and Mn (10% and 20%, respectively). Other 
trace element data (REE, Cs, HI', Sc, Ta, Th, U, Pb) were obtained 
by commercial INAA and DCP from NAS Inc. International rock 
standards run with XRF and INAA samples give results repro- 
ducible to within 10% of recommended values for most elements 
(Table 2). F was determined by specific ion methods at NAS Inc. 

U-Pb data were obtained on zircons separated from twenty to 
thirty kg of rock using standard wet shaking table, magnetic and 
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heavy liquid separation techniques, following crushing and pul- 
verizing of the samples. Zircon was further separated into magnet- 
ic and non-magnetic fractions using a Frantz machine, sized into 
four sieve fractions (Table 1), and hand picked to greater than 
99% purity. U and Pb concentrations were obtained simulta- 
neously with isotopic ratios by isotope dilution mass spectrome- 
try using a Finnigan MAT 261 single-collector mass spectrometer 
at the USGS Menlo Park. Dissolution and ion exchange separa- 
tion techniques for U and Pb follow those of Krogh (1973). Con- 
cordia ages were calculated using the method of Ludwig (1980). 

Pb whole rock isotopic analyses were performed on the same 
powders used for major and trace element analysis using the 
Finnigan MAT 261 at Menlo Park. Feldspar and sphene separates 
were also obtained from two large rock samples used for zircon 
U-Pb geochronology. Procedures for Pb isotopic analysis used in 
this study are given by Wooden et al. (1992). Pb isotopic composi- 
tions are corrected for a mass fractionation of 0.11% per mass 
unit based on multiple runs of the common Pb standards NBS- 
981 and NBS-982. Isotopic ratios are reproducible to 0.15% (2 
sigma) or better based on repeat runs of standards and samples. 
Repeat analyses of standard BCR-1 gave average values of 2~ 
2~ 2~176 15.628, and a~176 
Laboratory Pb blanks during this time were less than i ng. 

S t a N d  isotopic analyses were performed at the Australian 
National University. Analytical procedures follow those of Maas 
and McCulloch (1991). All samples were spiked using a mixed 
147Sm-aS~ spike prior to dissolution. During this work the Nd 
blank averaged 80 pg, and repeat analyses of BCR-1 gave 143Nd/ 
144Nd=0.512645_+12 (2-sigma). All Nd isotopic analyses were 
performed on the same sample powders used for major and trace 
element analysis. 
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