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Abatract

The 1.0-1.2 b.y. old rocks of the southeastern Llano Uplift, Texas include a 7-km-thick
section of amphibolite-grade, stratified, maflc metasedimentary rocks with interlayers of more
felsic composition (Packsaddle Schist). Prior to the end of maximum deformation, the se-
quence was intruded by syntectonic tonalite (Big Branch Gneiss). At 1167+12 m.y. ago,
nearly contemporaneous with the emplacement of the tonalite, small sills of granite (Red

Mountain Gneiss) were ernplaced adjacent to the tonalite body. The Big Branch Gneiss is

characterized by variable Al2O3 (14.90-18.14%), Sr (287-873 ppm), Rb (21-71 ppm), and Zt
(108-348 ppm) and low Ni (7-25 ppm), Co (17-19 ppm), Cr (18-36 ppm), Sc (8-10 ppm) and

KrOlNarO (0.22a.aa); K/Rb ratios range from 274-394. The Big Branch Gneiss has initial
E?Sr786Sr:0.7038+0.0002. Two Big Branch Gneiss samples have La abundances 36-97
times chondritic and exhibit light REE enrichment with lla/Smly from 3.134.24 and

lla/Ybl" kom 12.4V29.34; neither sample exhibits a significant Eu anomaly. The Red Moun-

tain Gneiss has a fairly uniform granitic composition but extremely variable Rb (127-286
ppm), Sr (17-69 ppm), Y (40-71 ppm), Zr (62-233 ppm), and K/Rb (138-348); Ni is uniform
(10-15 ppm). The Red Mountain Gneiss has initial 875r/865r:0.7057+0.0010.

Major and trace element systematics are consistent with an island arc model in which the

Big Branch Gneiss tonalite was generated by -20"/o partial melting of basaltic portions

of subducted oceanic crust at a depth greater than 55 km, leaving residual eclogite
( t hornblende). The Big Branch Gneiss tonalite was emplaced into the island arc complex
where it underwent in situ fractionation of plagioclase and minor hornblende. As the vol-

uminous Big Branch Gneiss magma ascended through the lower portion of the island arc

complex, it caused local partial melting of felsic portions of the volcanic and volcaniclastic
materials to produce the granitic Red Mountain Gneiss magma, which was subsequently
emplaced adjacent to the Big Branch Gneiss pluton. The Red Mountain Gneiss magma

underwent a minor amount of in situ fractionation of biotite * quartz*alkali feldspar
+ magnetite.

merous small pegmatites, and basaltic to rhyolitic dikes
(Goldich, 1941; Garrison et al., 1979).

The rocks of the eastern Llano Uplift underwent low-

pressure metamorphism similar to the conditions described

as andalusite-sillimanite type by Miyashiro (1961) and as

cordierite-medium grade by Winkler (1979). Metamorphic

mineral assemblages suggest that local metamorphic con-

ditions may have reached a maximum of - 3.5 kbar and

650-710"C (Garrison, 1981a). Maximum regional dyna-

mothermal metamorphism probably occurred about 1167

!l2m.y. ago and terminated about 1129*10 m.y. ago
(Garrison et al., 1979). After regional uplift of some G7 km,

the emplacement of the post-tectonic granite plutons about

1056 + 12 m.y. ago effected a widespread thermal overprint,

as evidenced by regional averages of 1062+24 m.y. and

1037+13 m.y. for K-Ar ages of hornblendes and biotites,
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Introduction

The Llano Uplift, Central Texas, is a gentle structural
dome in which erosion has exposed 1.0-1.2 b.y. old Pre-
cambrian basement. The lower part of the exposed base-
ment consists of a thickness of at least 3.8 km of metarhy-
olite and meta-arkose: the Valley Spring Gneiss (Mutis-
Duplat, 1972; Droddy, 1978). The Valley Spring Gneiss is
overlain by the much thinner (40-1000 m thick) Lost Creek
Gneiss (Mutis-Duplat, 1972). These quartz-feldspar
gneisses are overlain by at least 7 km of more mafic, strati-
fied rocks, the Packsaddle Schist, which is intruded by a
varied suite of syntectonic and late-kinematic igneous
rocks ranging in composition from basalt to tonalite to
granite (Garrison, 1979; 1981b). Both gneiss and schist are
intruded by several large, unfoliated granite plutons, nu-
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saddle Schist is more than 6.8 km thick and consists of two
main rock types: hornblende schist (and amphibolite) and
quartz-feldspar rocks that range from massive mica-poor
varieties to micaceous schists (Burnitt, 1961; McGehee,
1963). The lower Packsaddle Schist, totaling 3 km, consists
dominantly of graphitic schist with marble beds. interca-
Iated with hornblende schist; quartz-feldspar rock is not
uncommon. The middle Packsaddle Schist, a 1.6 km thick
pelitic sequence, consists of thick interlayers of quartz-
feldspar rock, muscovite schist, biotite-cordierite gneiss,
cordierite schist, and quartz-feldspar-mica schist. The upper
Packsaddle Schist, totaling 2.2 km,consists dominately of
hornblende schist with interlayers of actinolite schist,
quartz-feldspar rock, and mica schist. The upper 1.2 km of
the upper Packsaddle Schist contains ..melange', blocks of
soapstone, talc rock, tremolite schist, and serpentinite, (all
representing altered ultramafic material) and large olisto-
stromal blocks of serpentinized peridotite and cumulate
gabbro (Garrison, 1981a, 1981b). Large elongate blocks of
metasedimentary and metavolcanic materials also occur
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Fig. I Simplified geologic map of Precambrian rocks in the southeastern Llano Uplift, Ccntral Texas. After McGehee (1963).

within the melange. The protolith material of the Packsad-
dle Schist was probably an accumulation of shallow-water
shelf and slope deposits rich in organic materials, interca-
lated with thick sections of mafic and felsic volcaniclastic
materials. Olistostromal blocks of periodotite and gabbro
were emplaced into the upper Packsaddle schist prior to
major compressive orogeny and regional dynamothermal
metamorphism and were probably derived from ophiolitic
materials exposed adjacent to the island arc.

Located within the well-exposed Packsaddle Schist se-
quence of the southeastern Llano Uplift (Fig. 1) is a suite of
syntectonic and late-kinematic intrusive rocks (McGehee,
1963; Garrison, 1979,1981a, l98lb). These intrusives are
generally confined to the upper and middle units of the
Packsaddle Schist. The first major intrusive event was the
near-synchronous syntectonic emplacement of the tonalitic
Big Branch Gneiss and the granitic Red Mountain Gneiss.
Prior to the end of maximum deformation. both the Pack-
saddle Schist and the Big Branch Gneiss were intruded by
low- to middle-K2O tholeiitic basalts (Garrison, lgSlb).
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Late-kinematic low-KrO tholeiitic basalts were intruded as
dikes into the folded rocks. The syntectonic and late-
kinematic metabasalts and metagabbros have chemical
compositions similar to island arc tholeiitic basalts (Garri-
son, 1981b). This suite of metaigneous rocks, as well as the
volcaniclastic protolith materials of the Packsaddle Schist'
have been interpreted as a metamorphosed island arc plu-
tonic complex (Garrison, 1979,l98la, 1981b).

The Big Branch Gneiss (Barnes, 1945) occurs as a large
plutonic mass occupying most of the upper Packsaddle
Schist in the southeastern Llano Uplift, with an outcrop
diameter greater than l0 km (Fig. 1). The Big Branch
Gneiss is a texturally and mineralogically complex body
whose composition varies greatly, depending in part upon
proximity to its contact with the Red Mountain Gneiss.
Away from the contact, the Big Branch Gneiss is a poorly-
to well-foliated gray rock consisting of quartz and plagio-
clase, with minor biotite, hornblende, and microcline. The
Big Branch Gneiss commonly contains inclusions of the
Packsaddle Schist. Within a few hundred meters of its con-
tact with the Red Mountain Gneiss, porphyroblasts of pink
microcline appear in the Big Branch Gneiss, increasing in
size and abundance so that nearest the contact they make
up nearly a quarter of the rock and may reach a diameter
of several centimeters (Clabaugh and Boyer, 1961). These
authors suggested that the Red Mountain magma was em-
placed slightly later than the Big Branch Gneiss body while
the latter was still warm, producing alkali metasomatism of
the adjacent Big Branch Gneiss. Blaxland (1975) concluded
that near the contact with the Red Mountain Gneiss a
maximum alkali enrichment of 40% occurred relative to
initial Na + K.

The Red Mountain Gneiss (Barnes et al., 1950) is a red
granite gneiss that occurs as a series of sill-like bodies
forming an arcuate trend consistent with the regional struc-
ture (Fig. 1). It contains xenoliths of schist, and local dis-
cordant contacts with the enclosing Packsaddle Schist
attest to its igneous origin. Mineralogically, the Red
Mountain Gneiss is a microcline granite containing minor
biotite and muscovite.

The field work of Clabaugh and Boyer (1961) and the
Rb-Sr isotopic work of Garrison et al. (1979) provide evi-
dence for near isochronous intrusion of the Red Mountain
and Big Branch magmas. Clabaugh and Boyer (1961)
pointed out that the Red Mountain intrusive rock exhibits
no evidence of chilling against the Big Branch Gneiss
rocks, although it was chilled against the Packsaddle Schist
country rock. Garrison et al. (1979) found that the Rb-Sr
whole-rock isochron ages for the two bodies are identical
within the calculated 2a errors; in fact they represent two
parallel isochrons with initial ttsr785sr ratios of 0.7038
+0.0002 and 0.705710.(D10 for the Big Branch Gneiss
and Red Mountain Gneiss, respectively. Garrison et al'
(1979) calculated a preferred age of syntectonic emplace-
ment of the two bodies of 1167 + L2 m.y.

In this study, a suite of samples was collected from the
Big Branch and Red Mountain Gneisses and analyzed for
major and trace elements. By characterizing the major ele-

ment, trace element, and Sr isotopic systematics of these

two syntectonic intrusive rocks, a petrogenetic model and

more complete geologic history for the Llano Uplift are

developed. Any model for these rocks has direct impli-

cations for the nature of tectono-magmatic processes oper-

ating during this 1.0-1.2 b.y' orogenic event' The postu-

lated "alkali metasomatism" of the Big Branch Gneiss

where in contact with the Red Mountain Gneiss is re-

examined in light of this new major and trace element

chemical data.

AnalYtical methods

Five to ten kilogram samples of the Big Branch and Red Moun-

tain Gneisses were crushed and sized to less than 160 mesh in a

tungsten carbide shatter-box; five gram representative aliquots

weri split from this material for use in chemical isotopic analysis'

Petrographic descriptions and sample locations for these rocks

can be found in Garrison et al. (1979\ and Garrison (1979)'

More element analyses of whole rocks were performed by G' K'

Hoops of the University of Texas at Austin using the standard

analytical methods outlined by Shapiro and Brannock (1961) and

Shapiro (1975).

Rb, Sr, Ni, Y, and Zr abundances in whole-rock samples were

determined by X-ray fluorescence spectrometry (XRF) using the

procedures outlined by Garrison (1981b). The precisions for Rb,

Sr, Ni, Y, and Zr ate 6%, 2%, l%, l0%, and 6%o (1o), respec-

tively. The accuracy of these analyses is estimated to be 1-5%' Rb

and Sr in selected samples were determined by isotope dilution

mass spectometry (Garrison et al., 1979); accuracy and precision

for these Rb and Sr determinations are O.5'h (Lo).

Abundances of Sc, Cr, Co, Hf, Ta, and Th, and the rare earth

elements (REE) La, Ce, Sm, Eu, Tb, and Yb in selected whole-rock

samples were determined by instrumental neutron activation

analysis [NAA). Procedures are outlined by Garrison (1981b) and

the data reduction procedure is described by Tiezzi (1981)' The

precisions for Sc, Cr, Co, Hf, Ta, and Th are0.7Vo,0'8%,0'8%'

l0% and lO% (lo\, respectively. Precisions for the REEs La, Ce'

Sm, Eu, Tb, and Yb are 0'3%, l3Vo, 1o/o, 3o/o, 5o/o, all,d 4o/u (lo),

respectively.

PetrograPhY

The Red Mountain Gneiss is typically a fine- to medium-

grained red granite gneiss composed of 50% perthitic microcline'

4ryLht quafiz, 4%, plagioclase (oligoclase), 5%' biotite' lo/o mag-

netite with accessory amounts of muscovite, apatite, sphene,

zircon, and allanite (Burnitt, 1961). In the interior of the main

sill-like body, the rock becomes coarser and the microcline con-

tent increases as large porphyroblasts appear' When the gneiss

occurs in small isolated bodies, the plagioclase content may ap-

proach 15%, (Burnitt, 1961; McGehee' 1963).

Texturally the Red Mountain Gneiss is quite variable depend-

ing on distance from the margins of the sill-like bodies and the

type of country rock present. The gneiss is finer-grained where in

contact with Packsaddle Schist and exhibits textural evidence of

chilling such as relict outlines of high-temperature quartz' The

gneiss is much coarser where in content with the Big Branch

Gneiss. The foliation of the Red Mountain Gneiss in the northern

portions and near the contacts with the schist is defned by elon-

iate microcline and quartz grains and thin streaks of biotite'

ihese quartz grains have a preferred orientation of their c-axes

(Clabaugh and Boyer, 1961)' Towards the southeast, the Red
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Mountain Gneiss becomes less foliated and slightly coarser. In the
interior of the main sill-like body, the rock is unfoliated.

The Big Branch Gneiss is typically a medium- to fine-grained
gray gnelss composed of 35-6O% plagioclase (An.o ,Abur.uOro.,
to An.".oAbu...Oro.r), 25-40% quartz, 10_2O./. biotite, and
5-10% magnesio-hornblende (Garrison, 1979). The mafic minerals
occur in clusters and as minor disseminated groundmass constitu-
tents. Microcline is usually present in minor amounts, rarely
making up more than 2.h of the rock. Accessory idiomorphic
epidote (2Vo) is common, and in some rocks it occurs as an alter_
ation of plagioclase and in granular aggregates making up as
much as l3%, of the rock (Burnitt, 1961; Richmann, 1977). Other
accessory minerals are sphene, apatite, zircon, magnetite, and il_
menrte.

Burnitt (1961) noted that the Big Branch Gneiss becomes more
foliated, lighter in color, and more quartz-rich in the north and
northeastern portions of the pluton. Burnitt (1961) noted that near
the margins of the body, the gneiss is relatively fine-grained and
more distinctly foliated, possibly represenring a marginal phase of
the pluton. As the contact of the Big Branch Gneiss with the Red
Mountain Gneiss is approached, the Big Branch Gneiss becomes
an augen gneiss with microcline prophyroblasts (augen) making
up 20-3O% of some samples (Burnitt, 196l; Clabaugh and Boyer,
1961). The augen have been cataclastically deformed and re_
crystallized to various degrees. The rock (here referred to as the
marginal phase) is distinctly coarser and resembles a porphyritic
quartz monzonite or granodiorite. In these samples, biotite be_
comes slightly more abundant; it appears that the plagio_
clase/quartz ratio decreases only slightly, white the (micro_
line + plagioclase)lquartz ratio increases more dramaticallv.

Geochemistry

M aj or element g eochemistr y

Major element chemical analyses of seven samples of Big
Branch Gneiss and four samples of Red Mountain Gneiss
are presented, along with molecular norms. in Table 1.
Molecular norms were calculated volatile-free with FerO./
FeO adjusted, where required, by the criteria of Irvine and
Baragar (1971\.

Red Mountain Gneiss. The four samples of Red Moun_
tain Gneiss have a fairly uniform granitic composition
(Table 1). These samples exhibit a correlation of decreasing
MgO (0.2G{.02%), K 20 (5.624.34%), TiO, (0. I 8_{.01 %),
FeO* (i.e., all Fe calculated as FeO) (1.8G4.68%), and,
MgO/(MgO + FeO*) ratio (0.10-0.02g) with increasing
SiO, content (7 5.07 -7 7.68%). The normative orthoclase/al_
bite ratio (orlab) (1.214.78) also decreases with increasing
SiOr; total alkalis remain approximately constant. Al-
though the data base for the Red Mountain Gneiss is quite
small, these chemical trends suggest that minor in situ dif_
ferentiation may have occurred within these relatively thin
sill-like bodies. The existence of relict outlines of high-
temperature quartz in the chilled margins of the Red
Mountain sills suggests that quartz was a near-liquidus
phase and can be considered a possible fractionated phase.

The normative qvartz (q), albite (ab), and orthoclase (or)
contents of the four Red Mountain Gneiss samples are
shown in Figure 2 plotted on the ternary e-Ab--Or dia_
gram; the cotectic line at P".o :2 kbar (heavy solid line)
and the temperature minima for prro:0.5, 3, 5, and l0

kbar (plus signs) in the system NaAlSi.Or-KAlSi3O8-
SiO2-H2O (Tuttle and Bowen, 1958, Luth et al, 1964) are
also shown. The least fractionated Red Mountain Gneiss
sample (i.e., with lowest SiO, and highest MgO/(MgO
* FeO*) ratio), RM-l, with 2.29 molo% normative anor-

thite (an), plots near the cotectic line at P",o : 2 kbar. The
most fractionated sample, RM-5, with 1.39 mol%o dn, plots
near the cotectic line at P",o -0.5 kbar. Since field re-
lationships (Clabaugh and Boyer, 1961) and Rb-Sr isotopic
systematics (Garrison et al, 1979) suggest that the Red
Mountain granitic magma was intruded during peak dyna-
mothermal metamorphism, at a pressure (P,o,"J neat 34
kbar, it is likely that the Red Mountain magma was
HrO-undersaturated. The loci of the Red Mountain Gneiss
data on the Q-Ab-Or ternary suggest: (l) that the Red
Mountain magma may have frationated alkali feldspar and
(2) that at the time of igneous differentiation, Pg,s -0.5
kbar. The experimental study of Whitney (1975) of the
system "granite-HrO" indicates that for quartz to be a
nearJiquidus phase, as suggested from petrographic data,
at Protur : 3-4 kbar, the system must contain less than 4
wt.%o HtO. At Ptot"r : 3-4 kbar, a granitic magma requires
8-9 wt.% HrO to be HrO-saturated (Whitney, 1975). A
granitic magma containing <4 wt.o/o HrO would have an
effective Puro 3 1.5 kbar.

Experimental studies (Piwinskii, 1968; Gibbon and
Wyllie, 1969; Whitney,1975) indicate that a granite similar
in composition to the Red Mountain Gneiss would have,
as possible near-liquidus phases, biotite, alkali feldspar,
plagioclase, quartz, and magnetite. The correlation of in-
creasing NarO (3.05-3.83%) with increasing SiO, in the
Red Mountain Gneiss suggests that plagioclase was not an
important fractionating phase. On balance, the major ele-
ment systematics of the Red Mountain Gneiss are best
explained in terms of crystalJiquid fractionation involv-
ing the assemblage biotite * quartz*alkali feldspar
* magnetite.

Big Branch Gneiss. Chemical analyses of six samples of
"normal" Big Branch Gneiss (i.e., those samples containing
only minor amounts of microcline) from the northern and
southern portions of the pluton are presented in Table l,
along with one sample, BB-1, representing the microcline-
rich marginal phase of the gneiss near the Red Mountain
body (with 27oh modal microcline). The ,.normal" Big
Branch Gneiss samples are tonalitic in composition (64.37-
68.55% SiOr); marginal phase sample BB-1 is compo-
sitionally similar to granodiorite or quartz monzonite
(70.47% SiOr). When the normative ab, an, and. or data for
these samples are plotted on the normative Ab-An-Or
classification diagram of O'Connor (1965), as modified by
Barker (1979), five of the six "normal" Big Branch Gneiss
samples plot within the tonalite field (Fig. 3). Sample BB-4
(67.23% SiOr) plots within the trondhjemite field, although
it has too high FeO* * MgO (5.35%) to be trondhjemite
as strictly defined by Barker (1979). The microcline-rich
marginal phase sample plots distinctly away from the other
samples, along the boundary between the fields of granite
and quartz monzonite.
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Table 1. Chemical analyses and norms of Big Branch and Red Mountain Gneisses

86TI5D BB-6X BB-8 BB-3 BB-4 88-6 BB-1 RM-I R14-4 RM-3

s102 64 .37

T i o 2  o , 4 4

A 1 z O 3  1 8 .  1 4

F . 2 o 3  1 . 0 5

FeO 2 .49

Mno 0 .04

Mgo 1 .90

C a O  5 . 6 5

N a 2 0  4 . 5 4

Kro  1  ,00

H z o  0 , 4 0

H 2 O  0 . 0 2

c o z  0 . 0 2

P 
2O5 

0 .  13

64.62  64 ,63

0 . 3 8  0 . 4 1

1 6 . 8 2  1 7 . 4 7

I .  1 9  1 .  1 7

2 . 8 3  2 . 4 1

0 . 0 6  0 , 0 4

2 . 3 2  I  . 6 9

5 , t 2  4 . 8 9

4 .  t 4  4 . 4 9

| , 4 7  I  . 0 5

0 . 4 8  0 . 5 4

0 .  0 8  0 .  1 8

0 ,  0 4  0 . 0 5

0 . 2 0  0 .  1 6

6 5  .  9 8  6 7  , 2 3  6 8 .  5 5

0 . 4 r  0 , 7 0  0 . 7 7

t 7  , 2 2  1 4 . 9 0  1 5 .  1 0

0 , 9 8  2 . 4 7  3 . 0 0

2 . 4 0  r . 6 7  2 . 3 5

0 . 0 6  0 .  l l  0 . 0 8

r . 7 7  I . 4 6  0 .  8 3

4 , 8 7  2 . 6 6  3 . 3 7

4 . 5 8  5 . 3 1  4 . 2 0

L . 2 7  2 . 3 4  1 .  6 9

0 . 5 4  0 . 2 4  0 , 2 0

0 . 0 8  0 , 0 9  0 . 0 4

0 , 0  I  0 . 0 8  0 , 0 r

0 .  1 5  0 . 2 3  0 . 3 3

7 0 . 4 7  7 5 . 0 7

0 . 5 1  0 . I 8

14.32  12 .69

1 . 0 8  1 . 4 2

2 . 9 5  0 . 5 2

0 . 0 6  0 . o 2

0 . 7 3  0 .  2 0

1 . 8 8  0 .  5 3

3 .  1 5  3 .  0 5

3 . 8 9  5 , 6 2

0 .  1 8  0 . r 2

0 . 0 8  0 .  1 6

0 . 1 0  0 . 0 I

o , 2 3  0 . 0 6

7 5 , 2 6  7 5 . 8 0  1 1 . 6 8

0 .  1 1  0 . 0 1  0 . 0 1

1 3 . 1 1  1 2 . 7 6  1 2 , 2 3

t . 3 2  0 .  9 0  0 . 5 7

0 . 3 0  0 . 0 8  0 .  1 7

0 , 0 1  0 . 0 1  0 . 0 1

0 .  1 6  0 . 0 4  0 , 0 2

0 , 5 0  0 . 4 6  0 . 3 0

3 . 5 3  3 . 8 3  3 . 6 6

4 , 9 0  4 . 1 4  4 . 3 4

o . 2 2  0 . 2 1  0 ,  1 3

0 . 1 2  0 . 1 I  0 . l I

0 , 0 0  0 . 1 3  0 , 0 0

0 . o 2  0 .  0 1  0 . 0 2

q  1 7 ,  0 2

c  0 . 0 0

o r  5 ,  9 0

ab 40 .74

an 26 .15

d r  0 . 8 1

wo 0 .  4 I

e n  O , 2 7

f s  0 .  f 3

h y  ? . 4 1

e n  4 . 9 7

f s  2 . 4 4

m t  1 .  l 0

1 1  0 . 6 1

h n  0 . 0 0

a p  O . 2 5

L 8 . 3 2  1 9 . 4 1

0 . 0 0  0 . 4 9

8 . 7 6  6 . 3 0

3 7 , 5 0  4 0 . 9 2

2 3 .  1 8  2 3 . 5 7

0 . 9 1  0 . 0 0

0 . 4 5  0 . 0 0

0 .  3 0  0 . 0 0

0 .  1 5  0 . 0 0

9 ,  1 6  7 .  1 8

6 , 1 6  t t . 7 4

3 . 0 0  2 . 4 5

t . 2 6  1 . 2 4

0 . 5 3  0 . 5 8

0 . 0 0  0 . 0 0

0 . 4 0  o . 3 2

1 9  .  0 6  1 8 .  8 6  2 7  . 1 8

0 . 0 0  0 , 0 0  1 .  1 3

7 . 5 1  1 3 . 9 3  I 0 . 1 1

4 t . 1 , 7  4 8 .  0 5  3 8  .  2 0

2 2 . 7 t  9 . 9 9  1 4 . 7 5

0 . 4 0  L . 4 4  0 . 0 0

0 . 2 0  0 . 1 2  0 . 0 0

0 . 1 3  0 . 6 2  0 . 0 0

0 . 0 7  0 .  l 0  0 . 0 0

1 , 2 5  3 . 9 8  4 . 4 8

4 . 7 6  3 . 4 4  2 . 3 2

2 , 4 9  0 , 5 4  2 . 1 6

1 . 0 3  2 . 3 2  2 . 4 0

0 . 5 7  0 . 9 8  1 . 0 9

0 . 0 0  0 . 0 0  0 . 0 0

o . 2 9  0 . 4 5  0 . 6 6

9 9  . 6 3  9 9 . 6 5

2 9  . 4 7  3 2 , 7 0

2 . 3 t  0 . 8 6

2 3 . 5 4  3 3 , 9 2

2 8 . 9 8  2 7 . 9 8

8 . 0 2  2 . 2 9

0 . 0 0  0 .  0 0

0 . 0 0  0 . 0 0

0 .  0 0  0 . 0 0

0 . 0 0  0 ,  0 0

5 , 3 4  0 . 5 6

2 . 0 6  0 . 5 6

3 . 2 8  0 . 0 0

1 . 1 6  0 . 9 0

0 . 1 3  0 ' 2 6

0 .  0 0  0 ,  4 1

0 . 4 6  0 . 1 2

9 9 , 5 6  9 9 . 0 9  9 9 , 2 5

3 2 . 7 8  3 2 . 5 3  3 7  . 0 6

r . 2 ' 1  0 .  5 8  l .  1 3

2 9 , 5 0  2 8 . 6 2  2 6  '  \ 9

3 2 , 3 1  3 5 .  1 5  3 3 . 5 8

2 . 4 O  2 , 2 1  1 . 3 9

0 . 0 0  0 .  0 0  0 .  0 0

0 ,  0 0  0 .  0 0  0 ,  0 0

0 .  0 0  0 .  0 0  0 .  0 0

0 . 0 0  0 . 0 0  0 . 0 0

0 . 4 5  0 . 1 1  0 . 0 6

0 . 4 5  0 . 1 1  0 . 0 6

0 . 0 0  0 . 0 0  0 .  0 0

o .  5 0  0 .  1 9  0 . 4  I
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The "normal" Big Branch Gneiss samples are
characterized by very low KrO,tia2O ratios (O.224.M),
low KrO (l.W-2.34%1, high AlrO. (14.9G-18.14%), es-
pecially in the less silicic samples, and high MgO + FeO*
(5.054.22%); microcline-rich marginal pftase sample BB-I
has substantially higher KrO[rlarO (1.23) reflecting the
higher KrO content (3.89%) and the high modal abun-
dance of microcline in the sample. The "normal" Big
Branch Gneiss samples show a general decrease in Al2Ot
(18.14-14.90%), CaO (s.6s-2.66%), M.so (2.324.83%),
and MgO/(MgO + FeO*) (0.37-0.14) and a slight increase
in KrO (1.OV2.34%) (Fig. a) and TiO2 (0.38-0.77%) with
increasing SiO, (64.37-68.55%) and Thornton and Tuttle
(1960) differentiation index (i.e., q + ab + or) (62.9-79.7);
MgO + FeO* (6.22-5.05) remains fairly constant. These
general chemical trends suggest fractionation of a Al2O3-

and CaO-rich phase, such as plagioclase, and a ferromag-

nesian phase or Phases.
When the Big Branch Gneiss samples are plotted on the

Alkali-FeO*-MgO diagram (Fig. 5)' the five most mag-

nesian samples outline a trend subparallel to the A-M side

of the triangle that is very similar to the trend of the calc-

alkaline plutonic rocks of the Cascades province, north-

western U.S. (Carmichael et al', 1974). Fe-rich sample 88-6

(68.55% SiO, and 5.05% FeO*) lies significantly above the

other samples.
When the Big Branch Gneiss data are plotted on the

ternary Q-Ab-Or diagram (Fig. 2), the "normal" Big

Branch Gneiss samples are clearly separated from the

K-rich marginal zone sample BB-1. Since these samples

contain substantial normative an (8.O2-26.15 mol%)' they

cannot be adequately represented in the system
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Fig. 2. Ternary Q-Ab--Or diagram on which are plotted the
normative quartz, albite, and orthoclase data for the Big Branch
Gneiss (solid squares) and the Red Mountain Gneiss (open
squares). Weight percent used for plot. The solid line outlines the
cotectic curve at Pa.o: 2 kbar in the system
NaAlSirOr-KAlSirOr-SiOr-HrO: temperature minima for
PH,s : 0.5, 3, 5, and 10 kbar are denoted by plus signs (+) (Tuttle
and Bowen, 1958; Luth et al., 1964). The dasheit /izes represent the
projection of the 5 kbar isobaric cotectic curves in the system
CaAlrSirO*-NaAlSi.Or-KAlSi3O8-SiO2-H2O, onto the q-Ab_
Or plane of the An-AbOr-Q tetrahedron (Carmichael, 1963).

NaAlSi.O.-KAlSi3O8-SiO2-HrO. They can be repre-
sented in the system CaAlrSi2Os-NaAlSi.Os-
KAlSi3Os-SiO z-HzO (i.e, in the An-Ab-Or-e tetra-
hedron). The dashed line in Figure 2 represents the projec-
tion of the 5 kbar isobaric cotectic curve, defined by the
intersection of the cotectic surfaces plagioclase + quartz +

Fig. 3. The normative An-Ab-Or classification diagram for
siliceous igneous rocks of O'Connor (1965), as modified by Barker
(1979). The data for the Big Branch Gneiss samples are shown by
solid squares; the Red Mountain Gneiss samples are shown by
open squares.
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Fig. 4. Plot of weight percent KrO versus weight percent SiO,
for the "normal" Big Branch Gneiss samples (solid squares) and
the microcline-rich marginal phase sample BB-l (open square).

liquid + vapor, plagioclase + alkali feldspar + liquid +
vapor, and quaftz + alkaki feldspar + liquid * vapor in
the system CaAlrSirOr-NaAlSi.Or-KAlSi3OB-SiO2-
HrO, onto the Q-Ab-Or base of the An-Ab-Or-Q tetra-
hedron (Carmichael, 1963). In this system, sample BB-1
plots very close to 5 kbar isobaric cotectic curve on the
plagioclase + quartz + liquid + vapor surface. The
"normal" Big Branch Gneiss samples lie distinctly above
the base of the tetrahedron within the plagio-
clase + liquid + vapor volume. The loci of the "normal"
Big Branch Gneiss samples within this volume suggest that
the "normal" samples cannot be related simply by frac-
tionation of plagioclase, within this simple five component

Fig. 5. Alkali-FeO*-MgO (AFM) diagram for the syntectonic
and late-kinematic metaigneous rock suite of the Llano Uplift,
Texas. Solid Jine outlines the trend for the Cascades province,
northwestern U.S. (Carmichael et al., 1974). Dashed /ine outlines
general trend for the island arc suite from Tonga (Ringwood,
1975). Strippled area is Packsaddle Schist amphibolites (Garrison,
1981b). Weight percent oxides used for plot.

O R.d hdoi q.b
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Tzble 2. Trace element analyses of samples of Big Branch and Red Mountain Gneisses (ppm)

BB-3 BB-6X 88-6  8B-4  BB- l  BB-8  R l { - l  R i l -3  R l ' t -q

s c 8 l 0

Cr  t 8  36

C o  1 7  1 9

N i  1 3  2 5

Rb 33 3l
sr 649 873

Y  < 1 5  < 1 5

Z r  1 0 8  I  l 0

H  f  2 . 7 6  2 . 9 3

T a  2 . 3 9  3 .  3 8

Th  3 .28  6 .60

La I  I  .82 32 .0\

ce  2 \ . 32  63 .20

s m  2 . 0 7  l r . l 5

E u  0 . 5 1 {  1 . 0 8

Tb  0 .20  0  . 32

Y b  0 . 5 8  o  . 5 6

l l a / s m l .  3 . 1 3  4 . 2 4

l la/vu |  *  tz . \o 29 .3t+

Rb /S r  0 .051  0 .036

K/Rb 319.5 393.7

7
4 1 "

\26-

r )

7 1
287

1 3

2 7

o t z

1 5

286"

1 7

7 1

t )

2 lo

30

167

t 3

127

30

a t

l 0

1 34'
6g"

40

1 5

1 5 0

122

297 ? q  ? 233 52

0 . 0 9 6  0 . 2 4 7

342.2  273.6

1  .  230 0 ,  039 l  -942

2 t 5 . 3  3 2 2 . 9  3 4 8 . 2

1 7 . 0 0  7  . O 0  4 . 2 3 3

t37  .6  193.7  283.7

*  a n a l y s e s  b y  i s o t o p e  d l l u t l o n  n a s s  s P e c t r o n e t r y  ( G a r r i s o n  e t  a I . '  1 9 7 9 ) .

system; another phase, probably ferromagnesian, must also
be involved. Since the least fractionated Big Branch Gneiss
samples lie well within the plagioclase + liquid + vapor
volume, quite a distance from the cotectic surfaces near the
plagioclase-quartz side of the tetrahedron, it is unlikely
that liquids of their compositions could have crystallized a
significant amount of alkali feldspar. Furthermore, it is also
unlikely that microcline-rich marginal phase samples such
as BB-1 are related to the "normal" Big Branch Gneiss by
simple crystal-liquid fractionation.

The Big Branch Gneiss samples have bulk compositions
and KrO/NarO ratios similar to those of the tonalites de-
scribed from the Precambrian tonalite-trondhjemite ter-
ranes of Colorado and New Mexico (Barker et al., 1976),
northeastern Minnesota (Arth and Hanson, 1975; Goldich
et al., 1972), the Superior Province of Manitoba (Ermano-
vics et al., 1979), Scotland and eastern Greenland (Tarney
et al., 1979), and Labrador (Collerson and Bridgwater,
1979). The silicic Big Branch Gneiss samples are actually
quite similar in composition to the calcic trondhjemites
(Barker, 1979) of these complexes, although they are some-
what too mafic (i.e., MgO + FeO* : 5.05-6.22%\ to be
classified as trondhjemites sensu stricto.

Trace element geochemistr y

The abundances of Sc, Cr, Co, Ni, Rb, Sr,Y,Zr, Hl Ta,
and Th and the REES La, Ce, Sm, Eu, Tb, and Yb for
selected samples of the Big Branch and Red Mountain
Gneisses are presented in Table 2.

Red Mountain Gneiss. The Red Mountain Gneiss sam-

ples are characterized by variable Rb (127-286 ppm), Sr

(17-69 ppm), v (40-71 ppm), Zr (62-233 ppm), and K/Rb

ratios (138-3a8); Ni (10-15 ppm) is relatively uniform.

These variations do not correlate with any index ofigneous

differentiation such as SiO, or Thornton-Tuttle Index'

These limited trace element data ilo not necessarily invali-

date or confirm the suggestion that the Red Mountain

magma underwent a minor amount of crustal-lev.el frac-

tionation of biotite * quartz * alkali feldspar t magnetite.

Trace element heterogeneity within the Red Mountain

Gneiss was also observed by Garrison, et al. (1979)' Rb-Sr

systematics of eight samples from their study show excess

scatter which they consider to be geological in origin; the

Rb-Sr isotopic data scatter badly about a best-fit isochron

which yields an age of 1167 tl2 m.y. and initial 875r/865r

ratio of 0.7057+0.0010. They suggested that the Red

Mountain Gneiss magma probably consisted of subsys-

tems, with differing Rb and Sr (and probably Ni, Y, and Zr)

concentrations, that failed to equilibrate during intrusion.

They further suggested that these heterogeneous isotopic

and trace element abundances may have been inherited

from a heterogeneous "crustal" source. This is consistent

with the initial 8'5r/865r ratio of 0.7057, the highest initial
87Sr7E6Sr ratio of any of the syntectonic or late-kinematic

metaigneous rocks in the southeastern Llano Uplift' The

nearly isochronous Big Branch Gneiss has initial 875r/865r

ratio : 0.7038+0.002. This more mafic Big Branch Gneiss

magma may have provided the heat to initiate the partial

melting event that gave rise to the Red Mountain magma.
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Fig. 6. Plot of ppm Sr versus weight percent SiO, for the
"normal" Big Branch Gneiss samples (so/id squares) and the
microcline-rich marginal phase sample BB-1 (open square).

Big Branch Gneiss. The "normal" Big Branch Gneiss
samples are characterized by high and variable Sr (287 873
ppm), Zr (108-348 ppm), and Rb (2i-71pm) and low Ni
(7 25 ppm), Co (17 19 ppm), Cr (18-36 ppm), and Sc (8-10
ppm). These samples show a general decrease in Sr with
increasing SiO, (i.e., differentiation) (Fig. 6); there is a gen-
eral increase in Rb (Fig. 7),2r, and Ti with increasing SiOr.
The K/Rb ratios (274 394) are relatively uniform through
the entire range of SiO, contents. Microcline-rich marginal
phase sample BB-l has substantially higher Rb (150 ppm)
and lower Sr (122 ppm) and K/Rb (215) than the..normal,'
Big Branch Gneiss samples.

The REE abundances in the Big Branch Gneiss samples
BB-6X (64.62% SiOr) and BB-2 (65.98% SiOr), normalized
to chondrites (Haskin et al., 1968), are presented in Figure
8. La abundances are 97 times chondritic in BB-6X and 36
times chondritic in BB-3. Both samples are enriched in
light REEs with llalSml" : 4.24 and 3.13 and llalYbl* :
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Fig. 7. Plot of ppm Rb versus weight percent SiO, for
"normal" Big Branch Gneiss samples (solid squares\ and
microcline-rich marginal phase sample BB-1 (open square).

29.34 and 12.40 for BB-6X and BB-3, respectively. Neither
sample exhibits a significant Eu anomaly.

Major element systematics require the fractionation of
plagioclase and a ferromagnesian phase or phases. In the
system "tonalite-granodiorite" at 3 kbar in the presence of
excess H2O, near liquidus phases are hornblende, plagio-
clase, and magnetite (Robertson and Wyllie, 1971; Gibbon
and Wyllie, 1968; Piwinskii, 1968); at lower temperatures
(i.e., less than 6O'h melt) biotite will begin to crystallize. In
the absence of HrO, clinopyroxene becomes stable on the
liquidus and hornblende and biotite disappear (Robertson
and Wyllie, 1971). There are several possible combinations
of fractionating near-liquidus phases, each very sensitive to
bulk composition, for, fs,o, temperature, and pressure.
Since primary igneous phases are absent and the compo-
sition of the undifferentiated parent magma is not known,
models for the crystal-liquid fractionation within the Big
Branch magma can only be qualitatively evaluated. Liquid
line of ilescenl calculations and quantitatiue fiace element
modeling can only be considered illustrative at best. A
qualitative inspection of the partition coeffrcients for the
possible fractionating phases suggests that the major ele-
ment and trace element systematics can best be explained
by the fractionation of plagioclase and minor hornblende.
The fractionation of substantial biotite would have the
effect of decreasing K and Rb. Model liquid line of ilescent
calculations, utilizing a hornblende composition most
likely to be in equilibrium with a tonalitic liquid such as
the Big Branch Gneiss (i.e., the hornblende in Table 40,
number 27 of Deer et al., 1963\, indicate that the frac-
tionation of 25'h plagioclase and minor hornblende can
account for the observed major element variation of the
"normal" Big Branch Gneiss samples. The absence of sig-
nificant Eu anomalies in samples BB-6X and BB-3 would
suggest that these samples are relatively undifferentiated
and have not undergone substantial fractionation of
plagioclase. These maflc Big Branch Gneiss samples may
actually have compositions that approach that of the pres-

BIG BRANCH GNEISS

Lo C. Sm Eu Tb Yb

Fig. 8. Plot of chondrite-normalized REE abundances for two
samples of Big Branch Gneiss. Dashed lines outline the range of
tonalites and trondhjemites from Finland and Norway (Arth and
Barker, 1976).
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ent magma. At best, the major element and trace element
data are not inconsistenr with minor in situ "crustal-level"
fractionation of plagioclase and minor hornblende.

The Big Branch Gneiss samples have Rb, Sr, Zr, Ni, and
Cr abundances and K/Rb ratios similar to those of the
tonalites from the Precambrian tonalite-trondhjemite ter-
ranes (i.e., Barker et al., 1976; Ermanovics et al., 1979; and
Collerson and Bridgwater, 1979). The REE patterns of the
two Big Branch Gneiss samples are similar to the frac-
tionated REE patterns, with low heavy REE content and
small or no Eu anomalies, of "high-AlrO." trondhjemites
such as the Kroenke Granodiorite and the Pitts Meadow
Granodiorite of Colorado (Barker, et al., 1976) (Fig. 8).

Discussion

Origin of the Big Branch Gneiss

Hypotheses to explain the origin of "high-AlrO."
tonalite-trondhjemite suites (Barker, 1979), similar to the
Big Branch Gneiss, have been constrained by trace ele-
ment systematics, particularly the heavy REE-depleted
chondrite-normalized REE patterns (Arth, 1979). These
heavy REE-depleted patterns require that garnet and/or
hornblende be a residual phase during partial melting or
crystallization (i.e., Arth and Barker, 1976). This REE pat-
tern was first observed for the Saganaga Tonalite by
Haskin et al., (1968). A variety of models for the genesis of
"high-AlrO." tonalite-trondhjemite suites have been pro-
posed: (l) fractional crystallization of tonalite from gab-
broic liquid involving hornblende as a fractionating phase
(Arth et a1., 1978), (2) partial melting of amphibolite at less
than 60 km depth leaving a hornblende-rich residuum
(Arth and Barker, 1976; Barker and Arth, 1976), (3) partial
melting of amphibolite or eclogite at depths greater than 70
km leaving a clinopyroxene + garnet (i.e., eclogite) re-
siduum (Hanson and Goldich, 1972; Arth and Hanson,
1972; Barker et al., 1976), and (4) partial melting of am-
phibolitic "crustal" material (i.e., hornblende plagioclase-
biotite-quartz gneiss) at 2O-25 km depth leaving a
hornblende-rich residuum (i.e., Lappin and Hollister, 1980).

A fractional crystallization model was proposed by Arth,
et al., (1978) and Hietanen (1943) to explain the origin of
the tonalites and trondhjemites of the Uusikaupunki-
Kalanti area, southwest Finland. They suggested that the
tonalites were derived by fractionation of hornblende from
a gabbroic liquid and that the more silicic trondhjemites
could be derived by further fractionation of biotite and
plagioclase, as well as hornblende. Such a fractional crys-
tallization model cannot be supported for the Big Branch
Gneiss tonalite because: (1) no compositions bet'iveen
gabbro and tonalite are represelted within the Llano
Uplift at the present level of exposufe, (2) metabasalts and
metagabbros within the study areas appear to have under-
gone only minor amounts of crustal level fraction'ation
(Garrison, 1981b), and (3) the Big Branch Gneiss tonalite
has a distinctly higher initial 87Sr/86Sr ratio than the
metabasalt metagabbro suite exposed within the Llano
Uplift (Garrison, 198lb; Garrison, et al., 1919).

The Rb-Sr isotopic systematics of the Big Branch Gneiss

tonalite clearly indicate that the Big Branch Gneiss tonalite

could not have been derived by fractional crystallization

from a gabbroic parent similar to those presently exposed

within the Llano Uplift. Garrison (1981b) found that the

metabasalt-metagabbro suite plotted along an Rb-Sr iso-

chron that yielded an age of 1176!77 m.y. with initial
8?517865r :  0.7029+0.0001. Garrison (1981b) further sug-
gested that metabasalts and metagabbros were derived by
partial melting of undepleted mantle material with
87517865r :0.7029 and Rb/Sr :  0.029. Although the 1167

* 12 m.y. Rb-Sr isochron age for the Big Branch Gneiss is

similar to that obtained for the metabasalt-metagabbro
suite, the initial 875r/865r ratio of the Big Branch Gneiss
(0.7038 + 0.0002) is distinctly different from the metabasalt-
metagabbro suite, at the 95"/o confidence level. Therefore, it

follows that the Big Branch Gneiss tonalite could not have

been derived by fractionation from a parent magma

derived by simple partial melting of sub-Llano mantle ma-

terial. Peterman (1979\ found that tonalite-trondhjemite
suites have low initial 8?517865r ratios that indicate either

direct or indirect mantle derivation; the initial 87Sr785Sr

ratios define a single-stage mantle growth curve with

Rb/Sr : 0.025, quite similar to the values postulated by

Garrison (1981b) for the sub-Llano mantle. The Rb-Sr iso-

topic systematics of the Big Branch Gneiss would require a

mantle source to have followed a growth curve with

Rb/Sr : 0.035, a value well outside the Peterman (1979)

growth curve, at the 99"/o confidence level. In this respect,

the Big Branch Gneiss is unlike the tonalites from the Pre-

cambrian tonalite-trondhjemite suites. A fractional crys-

tallization model for the derivation of the Big Branch
Gneiss tonalite, similar to that proposed by Arth et al.,
(1978) for the southwest Finland suite, can still be con-
sidered a possibility if it is assumed that a 87Sr-enriched

parent magma did exist but is not exposed at the present

level of erosion in the Llano Uplift. It also follows that,

since the Sr evolution curve for the Big Branch Gneiss

departs from the mantle growth curve (i.e., a multi-stage

evolution), that the Big Branch Gneiss magma inherited

some crustal-level Sr, either from oceanic or continental

crustal material.
Many workers have invoked models in which lV35%

partial melting of basaltic material, of either amphibolitic,
gabbroic, or eclogitic mineralogy to produce "high-AlrO."

tonalite-trondhjemite melts, leaving residua consisting of

clinopyroxene, garnet and/or hornblende (Barker, et al.,

1976; Arth and Hanson, 1972; Hanson and Goldich, 1972;

Arth and Hanson, 1972; Rollinson and Windley, 1980;

Tarney et al., 1979). The high Sr contents and lack of Eu

anomalies in these "high-AlrO." tonalite-trondhjemite

suites make it necessary that plagioclase was not a residual
phase. Experimental work by Stern and Wyllie (1978) has

documented that 20% partial melting at 30 kbar (5%

HrO) of a qtartz eclogite of abyssal tholeitte composition

will produce a tonalitic liquid (62.3% SiO2, K2O,rI'{arO:

0.19, 22.7% Al2O3, and (FeO* + MgO) :2.5%) leaving

kyanite eclogite. Experimental studies of Wyllie (1971,
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1979) and Lambert and Wyllie (1974\ have shown that
hornblende is stable in tonalitic liquids only up to pres-
sures ofabout 22kbar. Thus, whether the residuum is eclo-
gitic or amphibolitic is a function of depth of magma gen-
eiss. The high AlrO. and Sr contents and the lack of a
significant Eu anomaly in the Big Branch Gneiss samples
indicate that plagioclase was not a residual phase; the
heavy REE depletion requires the residuum to contain sub-
stantial garnet and/or hornblende. The high Co abun-
dances and K/Rb ratios in the two Big Branch samples
analyzed, both of which appear to be relatively un-
fractionated, argue that hornblende was, if present at all in
the residuum, only a minor phase.

Lappin and Hollister (1980) suggested the tonalitic plu-
tons within the Coast Plutonic Complex of British Colum-
bia could be produced by crustalJevel partial melting, at
pressures of G-8 kbar, of amphibolitic gneiss. They de-
scribed a melt-producing reaction in which a hornblende-
plagioclase-biotite-quartz gneiss would produce a tonalitic
mell  (57/7% SiO2, 22.75% Al2O3, (FeO* * MgO):
4.37oh, and KrO[.JarO : 0.19) and a residuum of quartz-
+ hornblende * plagioclase. This melt has a major ele-

ment chemical composition quite different from the tona-
lites from the tonalite-trondhjemite suites and the Big
Branch Gneiss. Since trace element data are lacking for the
tonalite described by Lappin and Hollister (1980), trace
element comparisons cannot be made, although it is clear
that the melt would exhibit a Eu anomaly and probably
low Sr and high Rb contents, in contrast to the trace ele-
ment systematics exhibited by most "high-AlrOr" tonalite-
trondhjemite suites and the Big Branch Gneiss.

On balance, the major and trace element systematics of
the Big Branch Gneiss is best explained by a model in
which the Big Branch Gneiss magma was produced by
about 20'k partial melting of a basaltic parent, either horn-
blende eclogite or quartz eclogite, at mantle depths, leaving
a residuum of clinopyroxene + garnet+hornblende. It is
not possible to evaluate this model quantitatively and trace
element models can only be considered illustrative at best
because: (1) the exact nature and modal composition of the
residuum is not known, (2) garnetlliquid partition coef-
ficients are not well known (i.e., Irving and Frey, 1978), (3)
the degree of late-stage modification of the trace element
systematics of the most primitive Big Branch Gneiss sam-
ples by crustal-level crystal fractionation is not known, and
(4) the nature and degree of contamination and hybridiza-
tion by seawater, oceanic sediments, and crustal materials
are not known (e.g., Kay, 1980). Simple qualitative model
calculations suggest that the basaltic parental source ma-
terial probably had REE abundances (1H0 times
chondritic) and lithophile element abundances similar to
basalts from ocean basins (e.g., Kay, 1977; Kay and Hub-
bard, 1978; Gill, 1976) and ophiolite complexes (e.g., Garri-
s o n , 1 9 8 1 b ) .

Depth and nature of partial mebing. The major element
and trace element systematics discussed above indicate that
the Big Branch Gneiss magma was probably produced by
about 2O'% partial melting of hornblende eclogite or quartz
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eclogite leaving the residual assemblage clinopyroxene
+ garnet+hornblende; plagioclase was not a residual

phase. Based on this information and the experimental
work of Wyllie and co-workers (Wyllie, 1971, 1977, 1979;
Stern, et al., 1975; Stern and Wyllie 1978; Lambert and
Wyllie, 1974),it is possible to place some constraints on the
depth of the partial melting event. If we assume that
plagioclase was not stable in the tonalitic liquid at the
depth of partial melting, the upper limit of plagioclase sta-
bility constrains the minimum depth of magma generation
to be about 55 km, corresponding to a pressure ofabout 16
kbar. If hornblende is indeed a stable phase of the residual
assemblage, the maximum stability of hornblende in tonali-
tic liquid constrains the maximum depth of the partial
melting event to be less than 70 km, corresponding to a
pressure of about 22 kbar. If the residual assemblage con-
tains only clinopyroxene and garnet, the partial melting
event occurred at depths greater than about 70 km.

Barker et al. (1976) suggested that the 1.7 b.y. old
"high-AlrO." Kroenke Granodiorite of the New Mexico-
Colorado tonalite-trondhjemite terrane is chemically simi-
lar to Jurassic trondhjemite of the Klamath Mountains,
California, and that the New Mexico-Colorado terrane
may have formed in a similar tectonic environment-a
continental margin subduction zone. Since many of the
features and rock associations indicative ofmodern conver-
gent plate margins were absent from the Colorado-New
Mexico terrane, Barker et al. (1976) abandoned this model
in favor of a model, similar to that proposed by Arth and
Hanson (1972) for Archaen tonalites and trondhjemites of
northwestern Minnesota, in which tectonics are dominated
by uertical motion and partial melting of amphibolite and
eclogite at the bases of foundering basaltic volcanic piles.

Since Garrison (1981a, 1981b) has provided evidence
that the Precambrian orogenic event that affected the
Llano rocks was coupled to brittle plate-tectonic processes,
it follows that the production of the Big Branch Gneiss
magma can be related to a plate tectono-magmatic process
such as subduction and island arc development. Any model
developed to explain the nature of the partial melting pro-
cess must consider the following deductions: (1) chemically
the source material had 15-40 times chondritic REE abun-
dances and trace element abundances similar to ocean
basin basalts (3) the magma had initial 8tsr78usr : 0.7038,
a value significantly higher than the 0.7029 ratio of sub-
Llano mantle, and (4) the partial melting event occurred at
a depth greater than 55 km, probably between 55 km and
70 km.

In a subduction model, the tonalitic Big Branch Gneiss
magma could be generated by partial melting of (1) eclogi-
tic portions of mantle material in the wedge above the
subducted oceanic slab, or (2) basaltic portions of subduc-
ted oceanic crust. Model 2 is favored over model I be-
cause: (l) hornblende eclogite and quartz eclogite are ex-
tremely rare mantle materials (Ringwood, 1975; Mathias et
al., 1970), (2) the trace element systematics indicate source
material quite unlike normal mantle materials, and (3) the
Big Branch Gneiss magma had initial 875r/865r ratio



higher than sub-Llano mantle, although minor crustal con-
tamination could also have augmented this ratio.

A magma generated by partial melting of subducted
oceanic crust can either ascend to the surface in its original
state (Ringwood, 1977) or it may react with overlying
mantle peridotite to produce a hybrid pyroxenite zone that
subsequently undergoes partial melting (i.e., Nicholls and
Ringwood, 1973; Ringwood,1974,1975, 1977; Kay, 1977,
1980). Sekine and Wyllie (1982) modeled the hybridization
between siliceous magmas and peridotite within the mantle
wedge above the subducted slab and found that magmas
produced by partial melting of the hybrid pyroxenite
zone would leave residua of phlogopite-pyroxenite or
phlogopite-garnet-websterite. Since the Big Branch Gneiss
has trace element systematics suggesting an eclogitic re-
siduum, it is likely that the Big Branch Gneiss tonalite
magma ascended through the mantle wedge above the Be-
nioff zone without significant hybridization.

Origin of the miuocline-rich phase of the Big Branch
Gneiss. The high alkali content of the microcline-rich mar-
ginal phase of the Big Branch Gneiss (e.g., sample BB-1)
could be the result of : (1) mixing of the Big Branch Gneiss
and Red Mountain Gneiss magmas as they ascended
through the geosynclinal pile, (2) assimilation of felsic ma-
terial along this particular margin of the Big Branch Gneiss
pluton, or (3) alkali metasomatism eflected by the adjacent
Red Mountain Gneiss magmas as proposed by Clabaugh
and Boyer (1961). As discussed earlier, it is unlikely that the
microcline-rich marginal phase rocks are related to the
"normal" Big Branch Gneiss by simple crystal-liquid frac-
tionation. Blaxland (1975) concluded that a maximum
alkali enrichment of 40% occurred near the contact of the
Big Branch Gneiss with the Red Mountain Gneiss. Model
least-square liquid line of ilescent calculations indicate that
a microcline-rich sample such as BB-1 may have experi-
enced as high as 75-lO0% KrO-enrichment.

To account for the observed major element composition
of marginal phase sample BB-l by mixing of relatively un-
differentiated Big Branch Gneiss magma (e.g., BB-6X) with
Red Mountain Gneiss magma (e.g., RM-3) requires that the
Big Branch Gneiss magma and Red Mountain Gneiss
magma mix in proportions of 1.9 to 1, respectively. Mass-
balance calculations for Rb and Sr reveal that the observed
Rb and Sr abundances in marginal phase sample BB-1
cannot be explained by this simple magma mixing model;
the observed Sr abundance is lower by a factor oftwo than
that produced by magma mixing. Even mixing of differ-
entiated Big Branch Gneiss magma (i.e., 8B-6) with Red
Mountain Gneiss magma fails to explain the observed
trace element abundances.

Assimilation of felsic material by the Big Branch Gneiss
magma to produce the hybrid microcline-rich marginal
phase cannot be ruled out, since quartz feldspar rocks are
widespread in the lower and mifulle Packsaddle Schist. Be-
cause of the lack of quantitative major and trace element
data for these quartz-feldspar rocks, it is only possible to
examine this model qualitatively. To explain the compo-
sition of the marginal phase rocks by assimilation of quartz-
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feldspar rocks, as in the case of magma mixing, requires
that the Big Branch Gneiss magma mix with large amounts
of quartz-feldspar rock. Assimilation of such large amounts
of country rock would probably lead to major element,
trace element, and Sr-isotopic characteristics other than
those observed in the hybrid marginal phase rocks. Garri-
son et al., (1979) found that the Sr isotopic system of the
Big Branch Gneiss appears to have been undisturbed; the
Sr isotopic data permit a gain of Rb and loss of Sr from the
system, but not the addition of Sr as might be expected
from hybridization by magma mixing or assimilation.

The major element, trace element, and Sr isotopic data
for samples of microcline-rich marginal phase Big Branch
Gneiss (Garrison, 1979; Garrison et al., 1979; Blaxland,
1975) are probably on balance, best explained by a meta-
somatic process coupled to the near isochronous emplace-
ment of the Big Branch Gneiss and Red Mountain Gneiss
magmas.

Summary and geologic moilel

Models previously ileveloped for rocks in the southeast-
ern Llano Uplift, Texas have implied tbat brittle plate tec-
tonics processes were operative during the l.O-1.2 b.y. oro-
genic event that affected the Llano terrane (Garrison,
1981a, 1981b, 1982). Garrison (1981b) suggested that the
Packsaddle Schist sequence, which includes the Big Branch
and Red Mountain Gneiss, represents a thick sequence of
island arc-flank metasediments and that the uppermost
portion of these metasediments represents melange con-
taining large olistostromal blocks, including serpentinized
peridotite and ophiolitic debris derived from ophiolitic ma-
terial exposed proximal to the island arc. The syntectonic
and late-kinematic metabasalts and metagabbros that
occur within the metasediments represent moderately Fe-
rich, low- to medium-KrO tholeiitic basalts, similar in
composition to present-day island arc tholeiitic basalts,
generated by partial melting of undepleted mantle material
above the Benioff zone. Compositions of hornblende schists
within the Packsaddle Schist sequence suggest that the pro-
tolith materials were basaltic volcaniclastic materials with
strong tholeiitic affrnities. The geologic model developed
for these rocks is an island arc/subduction model in which
events from early island arc development to flnal late-
kinematic intrusion were dominated by tholeiitic volcanism
and intrusion.

The occurrence of the syntectonic Big Branch and Red
Mountain Gneisses within the volcaniclastic metasedi-
ments of the Packsaddle Schist coupled with the geochemi-
cal data discussed above indicate that the Big Branch
Gneiss and Red Mountain Gneiss magmas were generated
in response to island arc magmatic processes related to
brittle plate subduction. The Big Branch Gneiss magma
was generated by about 20o/o partial melting of basaltic
portions of subducted oceanic crust at a depth greater than
55 km, leaving residual eclogite. The Big Branch Gneiss
magma was emplaced into the lower portions of the island
arc complex about 1167t12m.y. ago, and upon emplace-
ment to depths of 12-15 km, underwent in situ frac-
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tionation of plagioclase and minor hornblende, possibly
aided by tectonic filterpressing. As the voluminous Big
Branch Gneiss magma ascended through the lower portion
of the island arc complex, it caused local partial melting of
felsic portions of the volcanic and volcaniclastic materials
to produce the granitic Red Mountain Gneiss magma,
which was emplaced as sill-like bodies only slightly later
than the Big Branch Gneiss magma. Upon emplacement
proximal to the Big Branch Gneiss pluton, the Red Moun-
tain Gneiss magma underwent a minor amount of
in situ fractionation of biotite * quartz*alkali feldspar
+ magnetite.
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