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Mineralogy of the Wooley Creek batholith, Slinkard pluton,
and related dikes, Klamath Mountains, northern California
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Ansrnc.cr

The Wooley Creek batholith and Slinkard pluton are part of a vertically extensive plu-
tonic system exposed by tilting and erosion. In general, the system is upwardly zoned from
pyroxene gabbro to biotite * hornblende granite. Structurally highest levels of the system
consist of numerous roof-zone dikes that range from basaltic to dacitic compositions and
represent fractions of magma tapped from the underlying magma. Comparison of mineral
compositional and zoning patterns suggests that andesitic dikes have cognate plutonic
rocks in the deep levels of the system (lower Wooley Creek batholith and Slinkard pluton)
whereas dacitic dikes have cognate plutonic rocks in the upper Wooley Creek batholith.
Basaltic roof-zone dikes have few coarse-grained equivalents in the system except for mafic
selvages, cumulate gabbroic blocks, mafic enclaves, and synplutonic mafic dikes. Various
mineral equilibria provide estimates of intensive variables during cooling of the system.
Pyroxene and oxide compositions in andesitic rocks indicate temperatures in the range
912'C to I 120"C with/o, slightly higher than NNO. Hornblende and biotite compositional
trends also suggest that differentiation was accompanied by oxidation. The presence of
primary titanite and relatively Mg-rich mafic phases in a late-stage granite stock indicates
intrinsic oxidation of the youngest magmas in the system. Mineral parageneses among the
entire suite suggest HrO-rich but undersaturated conditions. The effect of pressure on
pyroxene and hornblende compositions is primarily seen as a minor increase in Al content.
Plagioclase zoning patterns suggest that magma mixing primarily resulted in chemical
buffering of the system until the magma volume was small enough to be strongly affected
by influx ofbasalt.

fNrnonucrroN

Numerous studies of ash-flow deposits have shown that
the upper parts of many magma bodies are composition-
ally and mineralogically zoned (e.9., Williams, 7942;
Smith, 1979; Christiansen et al., 1977; Hildreth, l98l).
Eruption of voluminous, phenocryst-poor rhyolitic ash
flows suggests the presence of a vertically extensive mafic
root beneath the system that supplies heat, volatiles, and
fractionated liquid to the upper, high-silica magma (e.g.,
Smith, 1979; Hildreth, l98l). Petrologic and geophysical
studies ofgranitoid batholiths have led to the conclusion
that many batholiths are underlain by dense mafic rock
that represents the crystallized root zone of the magma
system (e.g., Bateman and ChappelI, 1979; Bateman and
Eaton, 1967). However, few granitoid plutons are dis-
sected deeply enough to expose appreciable mineralogical
or compositional variation. In some cases, geologic, pet-
rologic, and geophysical evidence can be used to dem-
onstrate that a plutonic body has been tilted (Flood and
Shaw, 1979; Cater, 1982 Barnes, 1983; Barnes et al.,
1986b; Dellinger and Hopson, 1986) such that subse-
quent erosion has exposed a significant "vertical" struc-
tural section ofthe pluton.

The Wooley Creek batholith and Slinkard pluton (WCB-
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SP) are the upper and lower parts, respectively, ofa ver-
tically extensive plutonic system in the Klamath Moun-
tains ofnorthern California (Barnes et al., 1986a, 1986b).
The system is gradationally zoned from structurally low-
est two-pyroxene gabbro to structurally highest biotite +
hornblende granodiorite and granite (Barnes, 1983; Barnes
et al., 1986a). In addition, the wall rocks adjacent to the
highest structural levels (the "roof zone") were cut by
numerous dikes derived from the underlying magma
chamber. These dikes provide samples of the evolving
magma that did not undergo the prolonged cooling his-
tory experienced by the plutons. This paper reports an
investigation into the compositional variations among the
mineral phases in the WCB-SP system, the effects of slow
cooling on mineral compositions, an attempt to relate the
roof-zone dike rocks to their depth of origin in the sys-
tem, and an attempt to use mineral equilibria to estimate
the intensive variables of crystallization.

Gnor,ocrc sETTING

The Klamath Mountain province can be broadly di-
vided into four lithotectonic belts or composite terranes
(Irwin, 1960, 1966, l98l). The composite terranes were
juxtaposed by east-dipping thrust faults so that, in gen-
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Fig. l. Simplified geologic map of Klamath Mountain province. WJ, western Jurassic terrane; CMS, Condrey Mountain Schist;

TrPz, undivided western Paleozoic and Triassic terrane; RCT, Rattlesnake Creek terrane; HT, Hayfork terranes; NT, North Fork

rerrane, SF, Stuart Fork Formation; CMT, Central Metamorphic terrane; EK, Eastern Klamath terrane. WC, Wooley Creek batholith;

S, Slinkard pluton; see Irwin (1985) for identification ofother plutons. After Irwin (1981).

eral, terranes to the west are younger than those to the
east (Irwin, 198 1). From east to west, the composite ter-
ranes are the Eastern Klamath, the Central Metamorphic,
the western Paleozoic and Triassic, and the western Ju-
rassic (Fig. l). The western Paleozoic and Triassic com-
posite terrane is host to the WCB-SP and consists of at
least five terranes (Irwin, 1972)that are also separated by
east-dipping thrust faults. These terranes are, from east
to west, the Stuart Fork Formation (Fort Jones terrane of
Blake et al., 1982), the North Fork terrane, the eastern
Hayfork terrane, the western Hayfork terrane, and the
Rattlesnake Creek terrane (Irwin, 1972; Wright, 1982;
Fig. l). The high-grade equivalent of the Rattlesnake Creek
terrane was named the Marble Mountain terrane by Blake

et al. (1982); however, the name Rattlesnake Creek ter-
rane was retained by Coleman et al. (1987) in a recent
synthesis of the metamorphic history of the area. The
WCB-SP intruded the high-grade Rattlesnake Creek ter-
rane, western Hayfork terrane, and eastern Hayfork ter-
rane at approximately l62Ma (Barnes et al., 1986a). The
Slinkard pluton is intrusive only into the structurally low-
est high-grade Rattlesnake Creek terrane, whereas the
Wooley Creek batholith crosscuts all three units (Fig. l).

During the Nevadan orogeny (approximately 150 Ma,
Harper and Wright, 1984), rocks of the western Jurassic
belt were thrust beneath the western Paleozoic and Trias-
sic belt and its associated plutons. Gravity studies (Jach-

ens et al., 1986; Mortimer, 1985) show that rocks of the
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western Paleozoic and Triassic belt and WCB-SP are un-
derlain by low-density rocks of the western Jurassic belt
and Condrey Mountain Schist (Fig. t) as much as 70 km
east of the study area. Post-Nevadan doming of the Con-
drey Mountain Schist (Mortimer anci Coleman, 1985)
tilted the overlying western Paleozoic and Triassic belt
so that erosion has exposed the structurally deepest levels
ofthe western Paleozoic and Triassic belt adjacent to the
dome.

The effects of tilting of the WCB-Sp are seen as a de-
crease in the estimated pressure of contact metamor-
phism from northeastto southwest (Barnes, 1983; Barnes
et al., 1986b). Barnes et al. (1986b) estimated a contact
metamorphic pressure of -6.5 kbar at the northern con-
tact of the Wooley Creek batholith, -3.5 kbar near the
westem contact, and 3 kbar at the southern contact. These
estimates result in an estimated structural relief of -9
km in the Wooley Creek batholith and as much as 12 km
in the entire system.

Summary of cornpositional zoning of the WCB-Sp
The Slinkard pluton is a sill-like body that lies on the

southwestern flank of the Condrey Mountain dome and
dips southwest away from the dome (Barnes et al., 1986a).
The base of the Slinkard pluton is locally marked by a
ductilely deformed quartz diorite and elsewhere by a nar-
row zone oftwo-pyroxene gabbro and hornblende gabbro
(Fig. 2). The pluton grades upward to weakly foliated
biotite * hornblende quarlz diorite. The southwestern
part ofthe Slinkard pluton grades upward to a southwest-
dipping protoclastic biotite + hornblende tonalite,
whereas the northern part is underlain by an unfoliated
muscovite + biotite granodiorite and granite. Xenoliths
arc rare in the Slinkard pluton except near iontacts. Mafic
microgranitoid enclaves are sparse or absent. Rare por-
phyritic two-pyroxene gabbro dikes occur within the Slin-
kard pluton.

The structurally deepest (northeastern) part of the
Wooley Creek batholith consists of protoclastic biotite +
hornblende quartz diorite and tonalite that dip northeast
toward the protoclastic tonalite of the Slinkard pluton
(Fig. 2). The Wooley Creek batholith grades upward
(southwestward) to two-pyroxene gabbro, biotite f horn-
blende + pyroxene gabbro and quartz diorite, and biotite
hornblende granodiorite, tonalite, granodiorite, and gran-
ite (Barnes, 1983). The upper granodiorite and granite are
intruded by a stock composed of medium- to fine-grained,
locally aplitic hornblende + biotite granodiorite and
granite (Fig. 2). The central structural level of the Wooley
Creek batholith is a zone in which coarse- to fine-grained
maflc dikes and mafic microgranitoid enclaves are locally
abundant (Fig. 2). This zone markes a gradual transition
from structurally lower pyroxene-bearing rocks to struc-
turally higher pyroxene-free rocks and a relatively sharp
transition in whole-rock compositional trends (Barnes,
1983). Barnes (1983) and Barnes et al. (1986a) suggested
that this zone represents a compositional interface in the
WCB-SP magma that acted as a density trap for high-

temperature basaltic magma injected from below. They
suggested that at least some of the mafic microgranitoid
enclaves are disrupted hybrids of injected mafic magmas.

Xenoliths are conspicuous in a zone I to 2 km wide
adjacent to the northeastern and eastem contacts. Xeno-
lith lithologies reflect those of the host rocks and range
from rare quartzite and pelitic rocks to common mafic
hornfels. Near the northeastern contact, xenoliths ofperi-
dotite, amphibolite, and rare garnet * hornblende gabbro
crop out. The largest xenoliths have maximum dimen-
sions of several tens of meters, but maximum dimensions
of 3 to 5 m are typical. A few centimeter-scale xenoliths
were recognized in the field; most are siliceous or calcar-
eous.

Wooley Creek batholith roof zone

The wall rocks of the Wooley Creek batholith along the
southern and southwestem contact were invaded by nu-
merous porphyritic dikes during intrusion of the batho-
lith (roof-zone dikes). Barnes et al. (1986a) presented pet-
rographic, compositional, and geochronologic evidence
that demonstrated the cogenetic relationship between the
roof-zone dikes and the Wooley Creek batholith. They
showed that the general sequence of dike intrusion was
aphyric and clinopyroxene-phyric basalt, two-pyroxene
andesite, biotite + hornblende dacite, pegmatite and
aplite, two-pyroxene and clinopyroxene + hornblende
andesite, biotite * hornblende dacite, and pegmatite. Fi-
nal emplacement and crystallization of the roof-zone
granodiorite of the Wooley Creek batholith followed in-
trusion of the first biotite * hornblende dacitic dikes.
Barnes et al. (1986a) interpreted the sequence of intrusion
to indicate that magma of intermediate composition re-
mained in deep levels of the system after granodiorite of
the roof-zone had crystallized.

Barnes et al. (1986a) recognized that the roof-zone dikes
represent samples of the magma of the underlying WCB-
SP. As such the dikes are less likely to show the effects
of crystal accumulation that are typical of intermediate
and felsic plutons (e.g., McCarthy and Hasty, 1976). In
addition, the roof-zone dikes were rapidly cooled relative
to the plutonic rocks. Therefore, the phenocryst assem-
blages in the dikes are more likely to represent magmatic
conditions, whereas the mineral phases of the plutonic
rocks are likely to have equilibrated at lower tempera-
tures during slow cooling. As such, the roof-zone dikes
should provide the most useful estimates of temperature,
fo, andfuro during the magmatic history of the system.

S.lN{pr,rNc AND ANALvTICAL TEcHNTeuES

Whole-rock analytical techniques were reported by Barnes
(1983) for samples (Table l) from the Wooley Creek batholith,
Slinkard pluton, and roof-zone dikes. Additional mafic dike, en-
clave, and xenolith analyses were done by atomic absorption
spectrometry at Texas Tech University (Table 2). Fs'* was de-
termined by titration with ammonium metavanadate.

Mineral compositions were determined by electron micro-
probe using natural and synthetic mineral standards and a mod-
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Fig. 2. Map showing compositional zoning and sample locations in the WCB-SP. Long-dashed lines, gradational boundaries
between rock types; short-dashed line, gradational contact between lower pyroxene-bearing and upper pyroxene-free parts of the
system. Location of samples for which pressure has been estimated (Barnes et d., 1986b) shown by triangles; stippled bands show
estimated isobars assuming the WCB was tilted as a single unit (see text). Patterned area in central WCB is enclave-rich zone.
Cuddihy Lakes locality includes WCB sample 7778 and synplutonic mafic dikes 638,639,77 |,77 5, arrd 776. Note mylonitic zone
along eastern contact ofSP. After Barnes et al. (1986a).

ified Bence-Albee reduction scheme. Most analyses were carried
out at Southern Methodist University on a JEoL lxn-zr: Some
amphibole data were gathered at the U.S. Geological Survey by
J. Hammarstrom. In addition, microprobe data reported by
Barnes (1982, 1983) were incorporated into the data set. Repli-
cate analyses indicate that data from all three sources are com-
parable. Analytical conditions were typically 15-kV accelerating
voltage and 20-nA beam current on a 10-pm spot, defocused to

2O-40 pm for feldspars. Anall4ical uncertainties shown in Fig-
ures 6 to 7 are based on one standard deviation for multiple
analyses of a homogeneous standard mineral.

Prrnocnaprrv
The geologic setting and rock type for the analyzed

samples are presented in Table l. Petrographic descrip-

: -214,219
179
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tions of the WCB-SP rocks were presented by Barnes et
al. (1986a), Allen (1981), and Barnes (1982, 1983) and
are contained in Appendix I of this report.' In the re-
mainder of the paper, coarse-grained, slowly-cooled parts
of the system will be referred to as "plutonic," whereas
"roof-zone dike" will be used to refer to porphyritic to
equigranular intrusions in the roof and uppermost part
of the Wooley Creek batholith.

Mafic dikes are common in the middle structural level
of the Wooley Creek batholith and sparse in the upper
and lower structural levels ofthe system (Barnes, 1983;
Barnes et al., 1986a). The dikes range from fine grained
to very coarse grained and typically carry sparse pheno-
crysts of hornblende and plagioclase. Groundmass tex-
tures range from idiomorphic granular to hypidiomor-
phic granular, to (rarely) trachytoid. Groundmass minerals
are hornblende * plagioclase + clinopyroxene + ql;arrtz !
biotite. Magnetite and acicular apatite are common ac-
cessory minerals. Coarse-grained mafic dikes are sparse
and almost invariably consist of centimeter-scale equant
hornblende + clinopyroxene with interstitital to poikilit-
ic plagioclase + quarlz (e.g., sample 638, App. 1).

Mafic microgranitoid enclaves (Vernon, 1983; Didier,
1973) are commonly associated with the mafic dikes de-
scribed above and can locally be shown to be the products
of disruption of such dikes (Barnes et al., 1986a). The
enclaves are similar to the dikes in grain size and texture,
but medium-grained porphyritic hypidiomorphic granu-
lar texture is most common. Typical phenocryst phases
are hornblende and oscillatory-zoned plagioclase. The
color index of the mafic microgranitoid enclaves is highly
variable, even in a single outcrop. However, mineral as-
semblages in the enclaves are typically identical to those
in the host granitoid (Barnes, 1983; Pabst, 1928). In rare
cases, enclaves lacking groundmass qtJartz are enclosed
by a quartz-bearing host. In these cases, the enclaves
commonly contain quartz xenocrysts with coronas of fine-
grained amphibole (Barnes et al., 1986a). Acicular apatite
is a ubiquitous accessory phase in the enclaves, whereas
prismatic apatite is tlpical of the host granitoid. Vernon
(1983) interpreted the presence ofacicular apatite and of
oscillatory-zoned plagioclase in mafic microgranular en-
claves to be the result of disruption of undercooled mafic
liquids by the host magma. Such an interpretation for the
Wooley Creek batholith is also in accord with the field
relations cited above (see Barnes, 1983; Barnes et al.,
I 986a).

Mafic metavolcanic xenoliths range in grain size from
fine to medium grained and display hornfelsic, nemato-
blastic, and idiomorphic granular textures. Pelitic xeno-
Iiths have lepidoblastic to granoblastic textures. Typical
mineral assemblages are given in Table l. Rare garnet
metagabbro xenoliths (location 7, Fig. 2) are coarse-
grained hypidiomorphic granular to granoblastic with

'T"-btrtr a copy of Appendix l, order Document AM-87-
354 from the Business Ofrce, Mineralogical Society of America,
1625 I Street, N.W., Suite 414, Washington, D.C. 20006, U.S.A.
Please remit $5.00 in advance for the microfiche.

Tnele 1. Summary of sample descriptions

Sample no. Geologic setting- Rock type'-

rv (sLrv)
7B
30
86 (5186)
103
1 1 1
1 1 7 ( S 1 1 1 7 )
1  198
133
134 (S1134)
164
171
179
184
194
208
214
219A
2198
21  9D
2364
257
264
293
317
351
372
377
379
397
471
548
551
553
555
557
579
584
590
638
639
642
645A
681A ,681aH
681aE
681 B
6868
686E
687
693
697
699
704
766
771
775A
776
7778

XP, mylonitic
xenolith, WCB
WCB
SP
WCB
WCB
SP
xenolith, WCB
xenolith, WCB
SP dike
r-z dike
block in WCB
xenolith, WCB
block in WCB
WCB
WCB
xenolith, WCB
xenolith, WCB
xenolith, WCB
xenolith, WCB
WCB selvage
WCB selvage
SP
WCB
WCB
WCB
wcB
WCB, late stock
WCB
WCB
WCB
r-z dike
r-z dike
r-z dike
r-z dike
r-z dike
r-z dike
r-z dike
r-z dike
synplutonic dike
synplutonic dike
SP
SP
WCB
WCB, enclave
WCB, enclave
WCB, enclave
WCB, enclave
WCB
Gz dike
Gz dike
r-z dike
Gz dike
WCB, enclave
synplutonic dike
synplutonic dike
synplutonic dike
WCB

bio hnbl qd
gt cumm hnbl metagb
bio px qd
bio hnbl qtz gb
px bio hnbl qtz gb
bio px qtz gb
bio hnbl ton
cpx bio hnbl hnfls
hnbl px hnfls
hnbl px microgb
px andesite
hnbl pyroxenite
px hnfls
px go
bio hnbl qd
bio hnbl qtz md
hnbl cpx hnfls
bio cumm hnbl hnfls
bio hnbl px hnfls (+cumm)
crd bio schist
ol px microgb
px go
hnbl px gb
bio hnbl qd
bio hnbl qtz md
hnbl px dio
bio hnbl gr
hnbl bio gr
bio hnbl qd
bio hnbl qd
bio hnbl gd
(opx) bio hnbl microgd (dacite)
bio hnbl microgd (dacite)
px andesite
ol px basalt (microgb)
px andesite
bio hnbl gd (dacite)
px andesite
hnbl basalt (microgb)
cpx hnbl dio
cpx bio hnbl gb
ms bio gr
hnbl px gb
bio hnbl dio
bio hnbl dio
bio hnbl dio
bio hnbl qtz gb
bio hnbl qd
bio hnbl gd
cpx hnbl andesite
bio hnbl microgd (dacite)
px andesite
px andesite
bio hnbl gb
bio hnbl gb
cpx bio hnbl gb
hnbl gb
px bio hnbl qd

- SP, Slinkard pluton; WCB, Wooley Creek batholith; r-2, rool zone.
-- gt, garnet; cumm, cummingtonite; bio, biotite; px, pyroxene; hnbl,

hornblende; qtz, quartz; ol, olivine; ms, muscovite; crd, cordierite; gb,
gabbro; dio, diorite; qd, quartz diorite; md, monzodiorite; ton, tonalite; gd,
granodiorite; gr, granite; hnfls, hornfels.

poikiloblasts of garnet and ferro-tschermakitic horn-
blende (App. l; Bickner, 1977).

MrNnnlr, coMposrrroNs

Olivine

Olivine is rare in the WCB-SP. It occurs in hornblende
olivine (For,) pyroxenite blocks that Barnes (1983) inter-
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TneLe 2. Representative major-element analyses

Sample sio, Tio, Alro3 Fe"O. Mgo Na.O KrO PrOu

638
639
766
681 B
6868
686E
J J /

579
693
699
681Ah
687
6424
645A

55.43 0.52
50.18 1 .84
51.39 0.83
48.78 0.90
56.00 1.20
55.51 0.74
59.12 0.61
71.92 0.24
60.70 0.81
62.07 0.96
60.80 1 07
59.24 0.76
74.88 0.24
55.27 0.62

7.18  1  .51
17.58 1.26
14.11 10.31
16.22 12.36
16.97 5.05
16.73 0.00
16.00 1.33
14.33 0.05
15.67 0.37
16.74 1.60
16.36 1 .90
1523 2.00
14.23 0.23
17.38 0.20

7.31 0.17
7.80 0.16
n.d. 0.20
n.d 0.21
2.81 0.16

10.06  0 .13
5.56 0.15
1.66 0.04
6.37  0 .11
4.64 0.09
5.04 0.15
5.60 0.14
1 .19  0 .03
8.29 0.16

12.06 1 1 .84
6.83 9.86
7.81 10.53
7 .11  9 .52
4.94 7.27
4.77 6.97
4.52 6.79
0.88 2.05
4 .16  5 .17
1.95 4.87
3.95 6.42
4.38 6.24
o.20 1.60
5.93 9.28

1.08 0.59
2.58 0.88
2.51 0.74
2.65 1.04
3.16  1 .29
3.04 1.32
2.92 1.99
2.65 4.72
3.43 2.28
3.06 3.06
2.73  1  .11
3.01 2.31
3.97 2.74
2.29 0.19

0.07 1.44 99.20
o.29 0.90 100.16
0.17 1.03 99.63
0.21 1.38 100.38
o.22 1.22 100.29
0.22 1.20 100.69
o 20 0.92 100.11
0.04 0.39 98.97
0.16 1 .62 100.85
o.27 0.70 100.01
o.20 1 .49 101.22
0.19 0.83 99.93
0.01 0.44 99.76
0.05 0.13 99.79

preted as disrupted cumulates. In addition, olivine (Foor)
is present in a porphyritic, fine-grained biotite + oli-
vine + clinopyroxene gabbro (sample 2361t) at the east-
ern contact ofthe roof-zone (Fig. 2). Ca contents in these
olivines suggest that they were in equilibrium with a mag-
ma and were not xenocrysts from peridotites in the wall
rocks (Barnes, 1983; Watson, 1979).

Pyroxene

In the Slinkard pluton, pyroxene occurs in two-pyrox-
ene gabbro (+ homblende) near the eastern contact of
the pluton (samples 264 and 645A) and as sparse clino-
pyroxene cores in hornblende in structurally higher quartz
diorite and tonalite (SL86). The Wooley Creek batholith
can be divided into pyroxene-bearing and pyroxene-free
zones along a gradational boundary shown in Figure 2

Tneue 3. Representative average pyroxene analyses

(Barnes, 1983). Clino- and orthopyroxenes are also pres-
ent in mafic selvages adjacent to the roof zone (e.9., sam-
ples 236A, 257A;Fig. 2) and as cores in hornblende in
shallow parts ofthe pluton. Typical pyroxene-bearing rock
types are listed in Table l. Most roof-zone dikes are py-
roxene-bearing. Compositions range from clinopyroxene-
phyric basalt, through two-pyroxene andesite, to clino-
pyroxene * hornblende andesite. Rare orthopyroxene
cores in hornblende are present in some biotite * horn-
blende dacite dikes (Table 1). Pyroxenes are sparse in
synplutonic mafic dikes and mafic microgranitoid en-
claves within the Wooley Creek batholith. Where present,
they are subhedral and show reaction to hornblende.

Clinoplroxene and orthopyroxene in the coarse-grained
plutonic rocks typically show reaction to hornblende;
however, some samples from the east-central Wooley

Orthopyroxene Clinopyroxene

704 397

Corhpositions in wt%

sio,
Tio,
Alr03
MnO
FeO
Mgo
CaO
Naro
CrrO3

Total

53.64
0.22
0.88
0.54

20.12
23.52
1.44
0.02
0 0 4

100.35

1.974
0.006
0.026
0 012
0.017
0.614
0.003
1.289
0.057
0.001
0.001
4.001

53.97
0.23
0.94
0 4 8

18.87
24.94
1.49
0.04
0.10

101 05

1.958
0.006
0.038
0.002
0.015
0 550
0.023
1.348
0.058
0.003
0.003
4.004

51.36
0.09
0.64
1.32

29.92
16 38
0 8 1
0.01
0.15

100.64

1.980
0.003
0.020
0.009
0.043
0.957
0.008
0.939
0.038
0.001
0.004
3.998

51.49
0.07
1 . 2 1
0.58

26.40
18.84
1.44
0.03
0.02

100.1 1

52.04
0.47
1.70
0.31
9.97

14.94
20.23
0.34
0.08

100.07

1.935
0.013
0.065
0.009
0.010
0.260
0.050
o.827
0.805
0.023
0.003
4.001

52.30
0.48
1.95
0.30
9.61

15.08
18.94
0.31
0 1 6

99.12

1.958
0.014
o.042
o.044
0.010
0.301
0.000
0.841
0.759
0.023
0.004
3.995

Si
Ti
rvAl
vrAl
Mn
Fe"
Fe3*
Mg

Na
Cr

Total

50.97 54.54
0.25 0. ' t7
1 . 1 5  2 . 1 2
0.58 0.22

25.01 13.75
20.43 27.29
1.50 1 .70
0.06 0.09
0.05 0.09

99.98 99.96

1.931 1.955
0.007 0.005
0 052 0.046
0.000 0.045
0.019 0.007
0.753 0.412
0.040 0.000
1.153 1 .457
0.061 0.065
0.004 0.006
0.002 0.003
4 019 3.998

Cations per six oxygens'

51.78 52.53
0.53 0.10
2.71 0.83
0.30 0.59
9.95 9.90

15.30 12.78
19.37 22.50
0.29 0.38
0.09 0.06

100.33 99.63

1.916 1  .978
0.015 0.003
0.084 0.022
0.034 0.015
0.009 0.019
0.270 0.284
0.038 0.028
0.843 0.717
0.769 0.908
0.021 0.027
0.003 0.002
4.M2 4.001

1.957
0.001
0.o42
0.012
0.018
0.812
0.o27
1.066
0.058
0.002
0.000
4.000

'Calculated according to Lindsley and Andersen (1983).



BARNES: MINERALOGY OF RELATED INTRUSIONS. KLAMATH MOUNTAINS 885

Creek batholith show reaction to biotite. Most pyroxene
crystals from the coarse-grained rocks show fine- to me-
dium-scale exsolution lamellae. In general, only samples
with very thin lamellae were analyzed, and the data from
several spot analyses were averaged to yield the data giv-
en in Table 3. Pyroxenes from the roof-zone dikes con-
tain very thin lamellae or lack visible exsolution lamellae.
Pyroxene in roof-zone dikes is euhedral and without re-
action rims, or shows reaction to hornblende. Orthopy-
roxene is commonly rimmed by clinopyroxene in both
the biotite + pyroxene gabbro and quartz diorite and in
roof-zone dikes (App. l). However, individual samples
contain orthopyroxene crystals with and without clino-
pyroxene rims. Clinopyroxene (Fe-rich augite to ferro-
salite) is the predominant pyroxene in hornfelsic xeno-
liths. It typically lacks exsolution lamellae or is weakly
exsolved and shows reaction to calcic amphibole and/or
cummingtonite.

Average pyroxene compositions are listed in Table 3
and plotted in Figure 3. Mineral formulas were calculated
according to Lindsley and Andersen (1983; Table 3). In
individual roof-zone dikes, spot analyses of clinopyrox-
ene and orthopyroxene show a narrow compositional
range with regard to quadrilateral components(-l-4o/o\.
Intracrystalline compositional ranges of quadrilateral
components are as much as 100/o among pyroxene from
coarse-grained plutonic rocks. This larger variation ap-
pears to be an effect of the larger exsolution lamellae typ-
ical of the coarse-grained samples. However, the overall
compositional trends discussed below suggest that the av-
erages are representative ofbulk pyroxene compositions.

Taate 3-Continued

Clinopyroxene

100

*roof zone dites

A synplulonic diles

.tyct

. sP
r c[mulat€ blocls

orenoliths

Fig. 3. Average pyroxene compositions plotted in part ofthe
Ca-Mg-Fe ternary; fs, ferrosalite. Coexisting pyroxenes from roof-
zone dikes connected by solid heavy tie lines; those from coarse-
grained WCB-SP connected by dashed lines.

Nonquadrilateral components in clinopyroxene range
from 2.3 to 1l.l molo/o and typically total less than 9
mol0/0. Of the nonquadrilateral cations, Al is the most
abundant, followed by Fe3*, Na, Ti, Mn, and Cr (Table
3). A broad negative correlation exists between Ca and
Al in clinopyroxene from the WCB-SP. In general, roof-
zone dike clinopyroxene contains less Ca and a similar
or greater amount of Al than clinopyroxene from the
WCB, SP, synplutonic mafic dikes, and xenoliths. Cli-
nopyroxene from orthopyroxene-free roof-zone dikes
tends to be richer in Al than is clinopyroxene from two-
pyroxene-bearing dikes.

The range of nonquadrilateral components in ortho-
pyroxene is 3.3 to 6.1 molo/0. Al is most abundant, fol-
lowed by Mn, Fe3*, Ti, Na, and Cr. Low abundances of
these constituents in both clinopyroxene and orthopyrox-
ene are typical of arc-related magmatism (e.g., Gill, l98l).

The lower Ca content ofclinopyroxene from roof-zone
dikes relative to that ofclinopyroxene from the subjacent
pluton is also easily seen in Figure 3. Orthopyroxene from
roof-zone dikes is slightly richer in Ca than is orthopy-
roxene from the coarse-grained plutonic samples. Fur-
thermore, tie lines between coexisting pyroxenes from the
roof-zone dikes are not parallel to tie lines for the plu-
tonic pyroxenes. The difference in Ca contents between
roof-zone and plutonic pyroxenes is readily explained as
a result of slower cooling and lower-temperature equili-
bration of the coarse-grained rocks (e.9., Lindsley and
Andersen, 1983; Lindsley, 1983).

The Mg-Fe partition coefrcient (K") for the plutonic
rocks is approximately 0.54, a value shown by Kretz
(1961,1982) to be typical ofgranulite-facies rocks. The
K" for pyroxenes from roof-zone dikes is approximately
0.80, similar to values Krctz (1961) considered to be typ-
ical of volcanic rocks. Mg/(Mg + Fe) for roof-zone cli-
nopyroxene is similar to that for plutonic clinopyroxene,

llS

51 .83
u.cd

1 9 8
0 3 0'10.97

14.25
20 05
0.36
0.09

100.43

1.929
0.017
0.070
0.017
0.009
0.300
o.042
0.790
0.799
0.026
0.003
4 001

51.09
0.25
2.26
0.30

12.02
12.81
20.84
0.38
0.07

100.1 1

1 .918
0.007
0.082
0.018
0.010
0.302
0.076
0.721
0.837
0.028
0.002
4.000

Compositions in wt%
52.41 50.99
0.29 0.72
2.42 2.84
0.15  0 .31
6.71 12.14

15.66 13.8s
20.75 18.57
0 32 0.37
0.2s 0.07

98.96 99.75

Cations per six oxygens*
1 .947 1 .914
0.008 0.020
0.053 0.086
0.053 0.040
0.005 0.010
0.203 0.351
0.006 0.030
0.867 0.774
0.826 0746
0.023 0.027
0.007 0.002
3.997 4.000
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Fig. 4. Comparison of temperature estimated from ortho-
pyroxene and clinopyroxene compositions using the geother-
mometer of Lindsley and Andersen (1983). Symbols as in Fig-
ure 3.

but roof-zone orthopyroxene is relatively more Fe-rich
than plutonic orthopyroxene. This suggests that slow
cooling of the plutonic rocks lowered Mg/(Mg + Fe) in
the orthopyroxene more strongly than the clinopyroxene,
resulting in rotation of tie lines (Fig. 3) and a lowered Ko
(Fie. 5).

Effect of pressure. One of the goals of this study was
to evaluate the effect of pressure on mineral composition.
The most straightforward way to estimate P,",., of crys-
tallization at various points in the plutonic system is to
assume that the system was tilted as a coherent block.
Although this assumption is quite simplistic, consider-
able eforts to find other useful contact metamorphic as-
semblages or major structural dislocations in the pluton
were not successful. [Apparent retrograde assemblages in
pelitic xenolith sample 2l9D (App. l) support the pres-
sure estimates made on the basis of contact metamorphic
assemblages.l Figure 2 shows the estimated position of
southwest-dipping isobaric surfaces in the Wooley Creek
batholith that were drawn using the contact metamorphic
data (also see Barnes, 1982). Owing to a lack of diagnostic
contact metamorphic assemblages adjacent to the Slin-
kard pluton, P,.,., was estimated at 7 kbar. This estimate
is consistent with regional geologic constraints and with
estimated pressures of regional metamorphism to the
north (Grover, 1984; Lieberman, 1983), but is considered
much less certain than pressure estimates for the Wooley
Creek batholith.

The Al content of clinopyroxene for the plutonic sam-
ples is broadly correlated with pressure. Clinopyroxene
from the Slinkard pluton and lower Wooley Creek batho-
lith contains an average of about 0.9 Al cations per six
oxygens whereas Wooley Creek batholith roof-zone cli-
nopyroxene contains less than 0.4 Al cations per six oxy-
gens. The Al content of clinopyroxene from roof-zone
dikes overlaps the range of Al contents in the deepest
parts of the system. If one assumes that Al content and
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- l * - "' -
0 5

#.t'**l
Fig. 5. Variation in pyroxene vs. whole-rock Mg/(Mg + Fe,.,)

(atomic). Note nonregular variation of Me/(Mg + Fe.J in roof-
zone dikes and some clinopyroxene from coarse-grained sam-
ples. Symbols as in Figure 3.

pressure are correlated and that the Al content ofplutonic
clinopyroxene was not reset by slow cooling, then the
data suggest that the clinopyroxene-bearing roof-zone
dikes are similar in bulk composition and/or depth of
origin to the deepest parts of the WCB-SP.

Temperature estirnates. Temperatures of pyroxene
crystallization were estimated using the the two-pyroxene
solvus presented by Lindsley and Andersen (1983) and
Lindsley (1983). Samples in which only one pyroxene is
present yield a minimum temperature estimate. Inas-
much as the equilibrium pressure of the dikes is un-
known, pressure was assumed to be 5 kbar for all samples.
Lindsley (1983) stated that the effect ofnonquadrilateral
components is to increase the uncertainty of the geo-
thermometer and that samples with greater than 100/o
nonquadrilateral components should not be used. Cli-
nopyroxenes from two samples slightly exceed this limit
(samples 236A and 555, Table 3) but yield consistent
temperature estimates.

With the exception of samples that show clear petro-
graphic evidence of low-temperature equilibration, the
roof-zone dike pyroxenes have average equilibrium tem-
peratures of >910"C. Among two-pyroxene dikes, cli-
nopyroxene temperatures range from 960t to ll20{
and orthopyroxene temperatures range from 910"C to
1075"C (Fig. a). One olivine- and clinopyroxene-phyric
basaltic dike yielded a minimum estimated temperature
of 1085'C and a clinopyroxene * hornblende andesite
dike gave a minimum estimated temperature of 960'C.
Relict orthopyroxene from an orthopyroxene + biotite *
hornblende dacite yielded a minimum temperature esti-
mate of 610"C.

Clinopyroxene and orthopyroxene from plutonic sam-
ples give a range of average temperature estimates from
600qC to 1030'C (Fig. a). The lowest temperature esti-
mates come from xenoliths and from gabbroic rocks that
show chemical and petrographic evidence of crystal ac-
cumulation (Barnes, 1983). Clinopyroxene from these
samples typically yields higher estimated temperatures
than does orthopyroxene, providing additional evidence
that plutonic orthopyroxene underwent a greater degree

r '*
*L

* '#. '



of low-temperature resetting than plutonic clinopyrox-
ene.

Relationship to whole-rock composition. Tie lines be-
tween coexisting plutonic pyroxenes in Figure 3 do not
progress uniformly to higher whole-rock SiO, from left
to right as would be expected in a calc-alkaline suite. This
lack of coherence with whole-rock SiO, is probably a re-
flection of varying amounts of crystal accumulation
(Barnes, 1983). Figure 5 shows that Mg/(Mg + Fe) in the
plutonic pyroxenes is fairly well correlated with Mg/(Mg +
Fe) in the rock. However, Mg/(Mg + Fe) in clinopyrox-
ene in roof-zone dikes is not well correlated with Mg/
(Mg + Fe) in the host (Fie. 5). Such variation among roof-
zone clinopyroxene could be the result of increased/o'
increased /rro, magma mixing, or some combination of
these factors and is discussed below.

Anphibole

Amphibole is present in nearly every rock type in the
WCB-SP system. Exceptions include some of the basal
biotite + two-pyroxene gabbros of the Slinkard pluton,
the two-mica granite and granodiorite of the Slinkard
pluton, and rare biotite + two-pyroxene quartz diorite in
the Wooley Creek batholith. In the lowest part of the
Slinkard pluton, amphibole occurs as rims on pyroxene
and as subhedral to anhedral grains in hornblende gab-
bro. With decreasing depth in the Slinkard pluton, sub-
hedral hornblende is predominant. Similar upward
changes in morphology are present in the Wooley Creek
batholith. In the tonalitic and more felsic Wooley Creek
batholith rocks, euhedral hornblende is typical (Barnes,
1983). Amphibole in roof-zone dikes occurs as horn-
blende rims around pyroxene or actinolitic replacement
of pyroxene and as euhedral hornblende phenocrysts in
samples of dacite and late-stage pyroxene * hornblende
andesite dikes (Barnes et al., 1986a).

Amphibole is ubiquitous in synplutonic dikes and maf-
ic microgranitoid enclaves and is common in mafic (meta-
volcaniclastic ?) xenoliths (App. 1). Some xenoliths con-
tain both calcic amphibole and cummingtonite (App. l).

Representative amphibole analyses are given in Table
4. In view of the interest in relating mineral composition
to pressure, the site occupancy was calculated using the
method outlined by Hammarstrom ( 1 9 84) (all Fe as Fe,+ )
so that the WCB-SP data could be compared to the re-
sults of Hammarstrom andZnn (1986). The data in Fig-
ures 6 and 7 were plotted using Hammarstrom's (1984)
method to make such comparison possible. Site occupan-
cy was also calculated according to the method of Rob-
inson et al. (1982) using the program REcAMp (Spear and
Kimball, 1984). For the discussion below, both methods
of calculation yield similar results. The compositional
variation within single amphibole grains, which is quite
large in some WCB-SP samples, made it inappropriate to
present average analyses. As a result, data for individual
samples are shown graphically in Figures 6 andT as com-
positional ranges or, where appropriate, linear trends (fit-
ted by eye).

887

Compositional variation. Numerous binary plots were
generated to test interrelations among various amphibole
compositional parameters. Two of these are shown in
Figures 6 andT however, the discussion that follows will
also refer to others IhaI arc not shown. As noted above,
intracrystalline zoning is locally proncunced. In many
cases, zoning appears to be patchy or oscillatory. (Note
that no linear traverses were done; these conclusions are
based on stepwise spot analyses of as many as l0 spots
per grain.) Euhedral hornblende in the central to upper-
most parts of the Wooley Creek batholith and in the da-
citic to andesitic roof-zone dikes typically shows an over-
all core-to-rim decrease in rvAl and Ti, with very slight
or no decrease in Mg/(Mg + Fe). Internal reversals (i.e.,
outward increase in Ti and IVAI) are common but are not
consistent from grain to grain within a sample.

Most WCB-SP amphiboles are magnesio-hornblende
(Hawthorne, l98l) and the compositional range of all
nonxenolith amphibole is from tschermakitic hornblende
to actinolite (Fig. 6). Calcic amphibole in xenoliths ranges
from ferro-tschermakitic hornblende in sample 7B and
ferroan pargasitic hornblende in 2198, to ferro-horn-
blende in sample 219,4,, and magnesio-hornblende and
actinolitic hornblende in sample ll9 (Fig. 6C). Cum-
mingtonite is present in two of the most Fe-rich xenoliths
and has a slightly higher Mg/(Mg + Fe) than coexisting
ferro-hornblende.

WCB-SP hornblende spans a wide range of Mg/(Mg +
Fe) that is generally correlative with the range of whole-
rock Mg/(Mg + Fe). In Figure 6,{, hornblende from the
Wooley Creek batholith is divided into three groups on
the basis of Mg/(Mg + Fe). These g.roups correspond to
compositional divisions recognized by Barnes et al.
(1986a) and Barnes (1983): a pyroxene-bearing group
(group l), an intermediate (biotite * hornblende + py-
roxene)-bearing group (group 2), and a (biotite * horn-
blendelbearing group in which only the most mafic sam-
ples have chemical and petrographic evidence for primary
pyroxene (group 3). Figure 6,4' shows that hornblende from
the Slinkard pluton and groups I and 2 has higher Mg/
(Mg + Fe) than hornblende from group 3 or from the
roof-zone dikes. The single exception to this upward de-
crease in M/(Mg + Fe) is sample 377 from the late-stage
stock in the southern Wooley Creek batholith (Fie. 2).
Hornblende from this sample is considerably more
magnesian than hornblende from other samples with
similar whole-rock SiO, content.

Considerable interest has been shown in the apparent
genetic relationship between mafic synplutonic dikes and
mafic microgranitoid enclaves (Didier, 1973; Vernon,
I 983; Reid et al., 1983; Barnes, 1983; Furman and Spera,
1984; Bussell, 1985; Barnes et al., 1986a). Reid and
Hamilton (1985) suggested that comparing amphibole
compositions from mafic microgranitoid enclaves and
from their host pluton can provide insight into the origin
of the enclaves. In order to determine the range of com-
positions among mafic synplutonic dikes, hornblende was
analyzed in several dike samples and one sample of host

BARNES: MINERALOGY OF RELATED INTRUSIONS, KIAMATH MOUNTAINS
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TABLE 4. Representative amphibole analyses

548-2 397-2
CoreG m - Core

317-'l

Core

sio,
Alr03
FeO
Mgo
Tio,
MnO
CaO
Naro
KrO

Total

45.68
8.01

17.07
1 1 . 4 5

1 .65
0.39

10.49
1 .58
o.73

07 nE

6.871
1.129
1.420
0.291
0 187
0.000
2.567
2.147
0.050

13.241
1.691
0.068
0.461
0.393
0.1 40

15.533

7.220
0.780
0.878
0.098
0.068
0.468
2.634
1.789
0.072

13.129
1.744
0.127
0.253
0.127
0.078

15.204

49.28 46.40
5.09 7.73

17.35 17.36
12.22 11.76
1 .04 1.02
0.41 0.43

10.82 10.37
0.84 1.45
0.46 0.50

97.51 97.02

7.269 6.964
0.731 1.036
0.885 1.368
0.155 0.332
0 . 1 1 5  0 . 1 1 5
0.302 0.000
2.686 2.630
1.838 2.'179
0.051 0.055

13. t  48 13.31 1
1 .710 1 .668
0.142 0.022
o.24 0.422
0.098 0.4
0 087 0.096

15.185 15.497

Compositions in wt%

48.65 49 52 47.03
5.02 4.87 7.48

1 8 . 1 8  1 8  1 2  1 6  7 8
1 1 . 9 1  1 1  8 9  1 1 . 8 8
0.61 0.51 1.34
0.57 0.s0 0.45

1 0.97 10.98 1 1 .18
0.88 0.80 1.22
0.41 0.38 0.51

97.22 97.56 97.87

Cations per 23 oxygens..

49.54 46.17
5.09 7.77

17.41 15.27
12.39 12.41
0.71 1.57
0.49 0.30

1 1 . 1 5  1 1 . 6 8
0.92 1.20
0.35 0.73

98.04 97.11

7.258 6.888
0742 1 .112
0.879 1.367
0.137 0.254
0.078 0.176
0.390 0.019
2.705 2.759
1.744 1.886
0.061 0.038

13.115 13 .133
1 .750 1.867
0.134 0.000
0.261 0.347
0.127 0.347
0.065 0.139

15.191 15  486

45.31 45.42
8.84 8.58

17  . 11  16 .90
1 1 . 5 4  1 1 . 1 9
1.50 1 .01
0.38 0.42

10 .91  11  . 44
1 .58  1 .21
0.73 0.80

97.90 96.97

6.766 6.832
1.234 1.168
1 .556 1.522
0.322 0.3s4
0.1 68 0.1 14
0.000 0.079
2.568 2.509
2.137 2.047
0.048 0.054

13.244 13.156
1 .746  1 .U4
0.011 0.000
0.457 0.353
0.447 0.353
0.139 0.154

15.586 1 5.507

Si
,vAl
Alt.t
VIAI

Ti
Fe3*
Mg
Fe,*
Mn

Sum (M1-M3)

Na (M4)
N il,o,
Na (A)
K

Total

7.318 6.983
0.682 1.017
0.848 1.309
0.166 0.292
0.057 0.150
0.339 0.000
2.618 2.629
1.900 2.084
0.063 0.057

13.143 13.211
1.739 1.779
0.119 0 .011
0.229 0.351
0.11 1 0.340
0.072 0.097

15.183 15.438
'Groundmass.

-- Site occupancy estimated according to Spear and Kimball (1984) using average F€F+.

rock collected in a small well-exposed cirque basin (Cud-
dihy Lakes, Fig. 2). In addition, hornblende was analyzed
in host-enclave pairs from two other localities. Figures
68 and 6C show a wide range of Mg/(Mg + Fe) among
the mafic synplutonic dikes but a narrow range among
the enclave-host pairs. Note that the compositional fields
for enclaves 6868 and 686E are not precisely correlative
with the field for the host (687); however, there is com-
plete overlap among enclave 68 1B and its host 68lAh.

Among individual samples, total Na cations common-
ly show a broad positive correlation with ryAl. Samples
from the structurally lowest part ofthe system (Slinkard
pluton and group l) contain the least Na at a given IvAl

content, roof-zone dike and group 3 samples contain the
most Na, and group 2 samples are intermediate with broad
overlap.

Robinson et al. (197 l) showed that substitution of Al
for Si in tetrahedral sites can be accommodated by sub-
stitutions of Na* and K* in the A site and Al3*, Fe3*, and
Ti4* in octahedral sites. This leads to the relationship
rvAl: A_site cations + vrAl3+ + vrFe3+ + 2Tia*. Solid
solution among the WCB-SP amphiboles is well repre-
sented by this set of substitutions, as are amphiboles in
mafic synplutonic dikes and mafic microgranitoid en-
claves.

Edenite-type substitution of Na* and K* in the A site
and IvAl for Si in the tetrahedral sites (with Na in M4
subtracted to account for richterite-type substitution) can

account for some, but certainly not all, 1"Al in WCB-SP
hornblende.

Hammarstrom (1984) and Hammarstrom and Zen
(1986) sugeested that total Al content ofhornblende in
equilibrium with quartz is a function of pressure. The
WCB-SP system seemed to be an ideal setting in which
to test such an idea. However, two difficulties are appar-
ent: individual samples show a wide range of total Al in
primary hornblende, and in many samples (especially in
groups l, 2, some mafic microgranitoid enclaves, mafic
synplutonic dikes, and roof-zone pyroxene * hornblende
andesite), quartz is absent or there is no textural evidence
for equilibrium among hornblende and quartz.

Figure 7A shows the range in total Al for coarse-grained
rocks of the WCB-SP and for the roof-zone dikes. For a
given IvAl content, total Al content shows an overall in-
crease with increase in pressure, but the range in total Al
at constant'vAl is much less than that predicted by Ham-
marstrom andZen (1986) for a 3.5-kbar pressure differ-
ence. Plots of maximum total Al content and average Al
content versus pressure for all samples showed no signif-
icant correlation.

Hornblende from mafic synplutonic dikes in the Cud-
dihy basin (Fig. 78) show a range of total Al (at constant
I"Al) almost as large as for the entire Wooley Creek
batholith. Hornblende in the Cuddihy dikes is clearly not
in equilibrium with hornblende in the host. Figures 7B
andTC show the range for enclave 681 and its host and
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Teals 4-Continued

471-1 777B.1 638-1 377-2

Core
6868-1
Core

687-3
Core Core

686E-3
Rim

45 39
8 . 1 8

15 .91
12.39
2.06
0.31

10  90
1 6 8
0.76

97 58

6.772
1.228
1.439
0 .210
0.231
0.000
2.755
1 985
0.039

13.220
1.742
0.037
0.486
0.449
0 .145

15.593

44.94 47.30
8.40 6.33

16.62 1 6.39
11.70 12.70
1.53 0.69
0.40 0.45

11.29 1't.27
1.45 0.89
o.71 0.62

97.04 96.64

6.757 7.069
1.243 0.931
1 .489 1 .1  15
0.246 0.184
0.173 0.078
0.093 0.216
2.622 2.829
1.997 1 832
0.051 0.057

13.181 13  195
1 .819 1 .805
0.000 0.000
0.423 0.258
0.423 0.258
0.136 0 .118

1s.559 15 376

45.72
8.96

15.77
12.O2
1 .75
0.23

1  1 . 1 8
1 . 1 3
0.73

97.49

45.49
8.36

17.27
1 1 . 1 8
1 . 7
0.44

1 1 . 6 5
1 .48
0.29

97.86

Comoositions in wty"
46.37 45 66 50.95
168  10 .81  5 .88

16.39 10.05 9.45
12 .36  14 .98  17  . 14
0.7 1.19 0.24
0.39 0.18 0.25

10.96 11 .7 1 1 .86
1 .11  1 .54  0 .89
0 45 0.s2 0.3

97.41 96.63 96.96

43.91 45.05 46.88 47.57
9.82 8.33 713 6.27

17 .43 17.08 14.7 14.79
10.95  11 .53  12 .95  13 .19
1.77 1 .51 0.99 0.78
0.34 0.45 0.96 1.01

12.26 11.22 11 .79 '11.7
1 .38 1 .59 1 .61 1.41
0.86 0.59 0.56 0.46

98.72 97.35 97 .57 97.18

6.512 6.766 6.958 7.067
1.488 1.234 1.042 0.933
1.717 1.475 1.248 1.098
0.229 0.241 0.205 0.165
0.197 0.171 0.1 10 0.087
0.304 0.076 0.047 0.100
2.420 2.581 2.864 2.920
1 .858 2.069 1 .777 1.738
0.043 0.057 0.121 0.127

13.052 13 .194 13 .125 13 .138
1 .948 1 .806 1.875 1.862
0.000 0.000 0.000 0.000
0.3s7 0.463 0.463 0.406
0.397 0.463 0.463 0.406
0.163 0.1 13 0.106 0.087

15.560 15.576 15.569 15.493

Cations per 23 oxygens'.
6.795 6.864 6.668 7 318 6.802
1 .205 1 .136 1 .332 0.682 1 .198
1 .570 1 .515 1 .861 0.996 1 .433
0.365 0.379 0.529 0.314 0.235
0.196 0.078 0.131 0.026 0.191
0.000 0.150 0.009 0.013 0.096
2.662 2.727 3.260 3.669 2.491
1.960 1 .879 1.218 1.122 2.064
0.029 0.049 0.022 0.030 0.056

13.212 13.262 13.169 13.175 13.133
1.780 1 .738 1 .831 1.825 1 .867
0.008 0.000 0.000 0.000 0.000
0.326 0.319 0.436 0.248 0.429
0.318 0.319 0.436 0.248 0.429
0.138 0.132 0.097 0.055 0.055

15.456 15.451 1 5.533 1 5.303 15.484

for enclaves 6868 and 686E and their host, respectively.
Enclaves 6868 and 6868 have a larger compositional
range and elevated IVAI and total Al relative to the host,
whereas enclave 681 is indistinguishable from its host.

Biotite

Petrographic evidence suggests that biotite was the last
ferromagnesian phase to crystallize in the WCB-SP. In
most cases, biotite followed hornblende in the mafic
paragenetic sequence; however, some biotite + two-py-
roxene rocks are present in the lower parts of both the
Wooley Creek batholith and the Slinkard pluton (App.
l). Biotite in roof-zone dikes occurs as fine-grained late-
stage groundmass grains in andesitic dikes and as euhed-
ral to subhedral phenocrysts in dacitic dikes. Euhedral
hornblende is a common inclusion in biotite from roof-
zone dacite dikes.

Microprobe analyses show negligible intracrystalline
variation and little variation among crystals in most sam-
ples. Exceptions are samples in which biotite is an inter-
stitial phase (e.g., samples 2364, 184).

Fe2* was measured for biotite in samples 47 | and 377
(Table 5). A plot representing the Fe3"-, Fe2*-, and Mg-
bearing biotite end members (Fig. 8) shows that WCB-
SP biotite is similar to biotite from the Sierra Nevada
batholith (Dodge et al., 1969). These data suggest that
biotite in the WCB-SP crystallized under /o, conditions
between the NNO and HM buffers. Minor constituents

show no correlation with Fel(Fe + Mg). However, MnO
is weakly correlated with whole-rock SiO, content and
shows a range from 0.02 to 0.80 w0/0. The highest MnO
content was measured in sample 377, which has high
whole-rock SiO, content (69.28o/o) but relatively low Fe/

TeaLe 5. Representative biotite analyses

377 471 642A-3 579-1

sio,
Tio,
Alros
FerO.
FeO
MnO
Mgo
CaO
Na.O
KrO

Total

Comoositions in wt%

36.61 35.67 33.83 3s.22 35.55
2.75 3.63 1.93 4.02 3.56

13.73 13.96 18.97 13.81 14 21
5.79 5.31 n.d.  n.d.  n.d.

11.65 15.59 24.28 19.98 20.77
0.69 0.28 0.57 0.'t7 0.21

13 .49  11 .01  4 .61  11 .13  10 .62
0.07 0.02 0.05 0.02 0.o2
0.06 0.16 0.05 0.08 0.09
I 58 9.31 9.75 9.01 9.30

94 42 94.94 94.05 93.45 54.34

Cations per 22 oxygens
D I

Ti
AI
Fet3
Fe*2
M n
Mg

NA
K

Total

5.560 5.477 5.390
0.314 0.419 0.231
2.459 2.527 3.563
0.662 0.614 n.d.
1.480 2.002 3.253
0.089 0.036 0.077
3.054 2.520 1.095
0.011 0.003 0.009
0.018 0.048 0.015
1 .856 1.824 1 .982

15.503 15 470 15.597

5.527 5.547
0.474 0.418
2.555 2.615
n.d. n.d.
2.622 2.710
0.023 0.028
2.603 2.470
0.003 0.003
0.024 0.027
1.804 1.851

15.635 15.668
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Fig. 6. M/(Mg + Febl) in amphibole vs. Si cations. Classi-
fication after Hawthorne (1981). (A) Vertical ruling, range of SP
and lower WCB (groups I and 2); inclined ruling, roof-zone dikes;
patterned area, upper WCB (group 3). Line shows range of am-
phibole composition in late-stage granitic intrusive in upper WCB
(377). Squares are spot analyses of hornblende from cumulate
blocks. (B) Horizontal ruling, range of hornblende composition
in synplutonic mafic dikes; patterned area, composition ofhorn-
blende in plutonic host to dikes. (C) Lines, range in hornblende
composition in mafic microgranitoid enclaves 6868 and 686E;
patterned area, range of granodioritic host 687. Enclosed area
labeled 68 I gives range of hornblende in enclave and host sam-
ples. Filled diamonds, xenolith 2198; unfilled diamonds, xeno-
lith 1 I 9. Fields connected by dashed lines indicate xenoliths 7
and 2l9A with coexisting calcic amphibole and cummingtonite
(c ) .

(Fe + Mg) (-0.41). 'IAl content is low (<0.3 cations per
22 oxygens) in all samples of magmatic biotite except for
sample 642A,the two-mica granite of the Slinkard pluton
(Table 5, Fig. 2), which contains 0.84 vIAl cations. Me-
tasedimentary xenolith samples 2l9A and 2l9D contain
biotite with 0.034 and 0.058 vIAl cations, respectively. F
was measured in two samples (471 and 548) and is low
in both (0.1 to 0.2 wto/o).

1.0  2 .O
Alt

Fig.7. Total Al vs. IvAl (cations) in amphibole. Symbols as
in Figure 6. Dashed line in (B) represents relation between IvAl
and A1,.,., determined by Hammarstrom and Zen (1986).

Hornblende and biotite variation vs. whole-rock
composition

Hornblende and biotite show good correlation with
whole-rock Fel(Fe + Mg) except for the late-stage stock
in the southern Wooley Creek batholith (sample 377), in
which hornblende and biotite are considerably more
magnesian than expected. Figure 9 shows the lack of cor-
relation among mineral Fe/(Fe + Mg) and whole-rock
SiO, contents. In general, Fe/(Fe + Mg) in biotite is great-
er than Fe/(Fe + Mg) in hornblende in a given sample.
Among group 3 samples, Fe/(Fe + Mg) in hornblende is
nearly constant at a value of -0.45. With the exception
of sample 377 (late-stage stock in the southern Wooley
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Fig. 8. Ternary diagram of biotite composition in terms of
Mg-, Fe2*-, and Fe3*-bearing end members. Dot, WCB grano-
diorite 471; diamond, late-stage WCB granite 377. Long-dashed
curves represent HM and NNO buffers; short-dashed curve rep-
resents Sierra Nevada biotite (Dodge et al., 1969).

Creek batholith), all group 3 samples contain biotite in
which Fe/(Fe + Mg) is between 0.5 and 0.55 (Fig. 9).
Biotite from groups I and2, from mafic synplutonic dikes,
and from xenoliths shows a wide range of Fe/(Fe + Mg)
that probably reflects whole-rock composition. The high-
est value of Fe/(Fe + Mg) is for the Slinkard pluton two-
mica granite sample 6424. Figure 9 also shows the trends
for magnetite-series and ilmenite-series biotite from a suite
of Japanese granitoids (Czamanske et al., l98l). If mafic
compositions and Slinkard pluton sample 642A are ex-
cluded, granitoids of the WCB-SP are approximately in-
termediate between the two Japanese suites. The overall
lack of Fe enrichment with increasing SiO, shown in Fig-
ure 9 suggests that the WCB-SP magma was relatively
oxidizing, in accord with 6, estimates based on biotite
Fe3* content.

Oxide minerals

Oxide minerals are ubiquitous but generally sparse in
WCB-SP samples. Magnetite and ilmenite and their al-
teration products are the principal oxides, but chromite
occurs as inclusions in pyroxene from cumulate gabbroic
blocks (Barnes, 1983). In plutonic samples, the Fe-Ti ox-
ides typically occur as inclusions in hornblende and rarely
in biotite and plagioclase. Fe-Ti oxides are commonly
present where pyroxene is rimmed by hornblende or re-
placed by actinolitic amphibole. Microprobe analyses
show that in the plutonic samples, ilmenite is nearly pure
and primary titanomagnetite has undergone the effects of
slow cooling and oxyexsolution. Most commonly, origi-
nal titanornagnetite is now a lamellar intergrowth of il-
menite + hematite + goethite. The presence of goethite
was surprising because many of the samples that contain
ilmenite-goethite inter$owths show no other evidence of
weathering. Only one of the analyzed plutonic samples
lacks ilmenite as a primary phase. This is sample 377,
from the late-stage stock in the southern Wooley Creek
batholith. The sample is also distinctive in that relict ti-
tanomagnetite occurs as inclusions in poikilitic alkali
feldspar with euhedral (primary) titanite and zircon. This
is the only sample in the WCB-SP system in which tita-
nite is a primary phase.

Relict magnetite is present (with pyrite and pyrrhotite)

891

. a biotite
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Fig. 9. Cationic Fe/(Fe + Mg) in biotite and amphibole vs.
whole-rock SiO, content. Diamonds are for late-stage granite
sample 377. Trends for ilmenite and magnetite series are for the
Takanawa and Daito-Yokota suites, respectively, ofthe central
Chugoku granitoids (Czamanske et al., 1981).

in several of the analyzed metasedimentary xenoliths. Il-
menite is the only oxide phase in metasedimentary xeno-
liths 133 and metavolcanic xenoliths 119 and 179 (App.
l ) .

Magnetite and ilmenite in the roof-zone dikes occur as
small (-50-pm diameter) inclusions in pyroxene and pla-
gioclase, as microphenocryst and groundmass crystals, and
as grains associated with reaction of pyroxene to actin-
olitic amphibole. As with the pyroxenes, the Fe-Ti oxides
in the roof-zone dikes seemed the most likely to retain
magmatic compositions. All titanomagnetite shows oxy-
exsolution features that range from sandwich through
composite to trellis intergrowths (see Haggerty, 1976a).
In general, lamellae are less than 2 6rm wide. Ilmenite
typically occurs as composite grains of ilmenite and
"exsolved" titanomagnetite. Because of the thin lamellae
in magnetite, it was not possible to determine a primary
composition by integration of host and lamellae compo-
sitions. Therefore, analyses in Table 6 represent an av-
erage of several spot analyses. Mineral formulas were cal-
culated using the method of Stormer (1983).

Titanomagnetite from the roof-zone dikes ranges in
composition from X".o (mole fraction ulvdspinel) 0.31 to
0.56. The lowest values are from inclusions in clinopy-
roxene (in general from 0.31 to 0.39) whereas the highest
are from inclusions in plagioclase phenocrysts (0.42 to
0.53) and groundmass crystals (0.38 to 0.51). The highest
X,,o value (0.56) is from an inclusion that lies on a prom-
inent crack in the host clinopyroxene crystal. Ilmenite
compositions (X'-) range from 0.89 to 0.99 (Table 6).

Fe-Ti oxide geothermometry and oxygen barometry. The
difficulties in extracting magmatic temperature and fo,
from compositions of slowly cooled Fe-Ti oxides are well
known. In view of the common late-stage alteration to
hematite in the plutonic samples, such estimates were not
attempted. It was thought that temperature-fordata could
be retrieved from compositions of oxides in the roof-zone
dikes; however, the wide range in X".o among groundmass
titanomagnetite and titanomagnetite inclusions in clino-
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Trere 6. Representative magnetite analyses

553-1 555-3 699-1 699-2 704-1

sio,
Tio,
Alro3
Cr.O.
FeO
MnO
Mgo

Total

5l

Ti
AI

Fe3*
Fe.-
Mn
Mg

Total
x"."

0.13
12.84
0.00
0.00

77.74
0.43
2.02

93.16

0.005
0.370
0.000
0.000
1.251
1.240
0.014
0.1  15
3.000
U.J5

. Calculated according to Stormer (1983).

pyroxene (in a single sample) indicates that significant
low-temperature equilibration occurred in the dike rocks
as well. Uncritical application of the temperature-/o, grid
(Spencer and Lindsley, l98l) resulted in a temperature
range from <700"C to ll00'C and fo2 conditions from
above NNO to one log unit below FMQ. The low /o,
estimates are primarily due to the high X'- in composite
ilmenite grains and suggest that all of the ilmenite ana-
lyzed has undergone oxidation and re-equilibration.

In an attempt to salvage some information from the
oxide data, the integrated compositions of titanomagne-
Iite inclusions in clinopyroxenewere assumed to represent
primary compositions. Equilibrium temperature was as-
sumed to be that estimated from two-pyroxene geother-

10

- 1 2

' u

r  ( ' c )

Fig. 10. Estimated I-/o, conditions for the WCB-SP. Butrer
curves for fayalite + magnetite + qtraftz (FMQ; Hewitt, 1978),
Ni-NiO (NNO; Huebner and Sato, 1970), hematite + magnetite
(HM; Chou, 1978), titanite + magnetite + ilmenite + quartz +
hedenbergite (TMQH; Wones, l98l), and titanite + magnetite +
ilmenite + qnartz + amphibole (TMQA; Noyes et al., 1983). All
buffer curves plotted assuming pure phases. Stars are for roof-
zone dikes. See text for further explanation.

mometry (see above). If the clinopyroxene host, titano-
agnetite, and a rhombohedral oxide phase were in equi-
librium, as suggested by petrographic data, then fo, can
be estimated using the two-pyroxene temperature, X,"e,
and the data ofSpencer and Lindsley (1981). The results
of these estimates are plotted in Figure l0 and show oxy-
gen fugacity to have been slightly above the NNO buffer.
These results are in accord with oxygen fugacities esti-
mated from biotite compositions (see above) and are typ-
ical of calc-alkaline magmas (e.9., Haggerty, 1976b). The
uncertainty in/o, based solely on temperature uncertain-
ties (-80"C) is on the order of 1.5 log units.

Comoositions in wt%
0.08 0 .16  011 0 .07

13. f1  11 .39  18 .98  ' t2 .82
0.06 3.90 0.13 017
1.70 0.52 0.13 0.08

79.29 78.00 76.51 81.38
1.O2 0.69 0 98 0.86
0.04 0.45 0.07 0.04

9s.29 95.1 1 96.90 95 42

Cations per lour oxygens*
0.002 0.005 0.003 0.002
0.377 0.320 0.538 0.367
0.002 0 171 0.006 0.006
0.050 0.014 0.003 0.002
1.190 1 164 0.907 1.253
1 .344 1.279 1.508 1.341
0.032 0.021 0.031 0.027
0.001 0.025 0.003 0.001
3.000 3.000 3.000 3.000
0.39 0.38 0.54 0.37

6

E

l6

18

TABLE 7. Representative plagioclase analyses

704-3 557-2 555-1 697-2

Core

sio, 53.22
Alro3 N 46
FeO 0.58
CaO 12.02
Na,O 4.43
K,O 0.30
Tio, 0.07
SrO 0.02

Total 100 09

si 2.413
Al 1.573
Fe 0.021
Ca 0.583
Na 0.388
K 0 .017
Ti 0.001
Sr 0.000

Total 4.996

55.38 54.77
28.36 28.48
0.45 0.s9

1 0 . 7 6  1 1 . 1 5
5.18 4.95
0.38 0.34
0.04 0.05
0.31 0.10

100 86 100.43

2.482 2.468
1.498 1 .51 1
0.016 0.021
0.517 0.538
0.450 0.432
0.021 0.018
0.001 0.001
0.008 0.001
4.992 4.990

52.93
29.53
0.s3

12.60
4.09
0.33
0.09
0.00

100.10

Compositions in wt%
54.82 53.22 45.88 49.96
28.31 29.29 34.70 32.50
0.58 0.s9 0.25 0.23

11 .14 1 2.38 17 .43 14.95
4.71 4.35 1.33 2.94
0.41 0.32 0.04 0.07
0.04 0.14 0.10 0.03
0.05 0.08 0 16 0.00

100.08 100.38 99.89 100.68

58.25 55.57 60.05
26.48 27 .73 25.16
0.10 0.09 0.06
8.04 9.72 6.28
6.77 5.77 7.88
o.29 0.21 0.33
0.00 0.00 0.00
0.27 0.30 0.25

1 00.21 99.38 100.01

2.603 2.517 2.677
1.394 1.479 1.32' l
0.002 0.002 0.001
0.384 0.472 0.299
0.586 0.506 0.680
0.01 6 0.012 0.018
0.000 0.000 0.000
0.006 0.008 0.006
4.991 4.996 5.003

55.28 58.60
28.57 26.61
0 18 0.07

10.64 8.16
s.20 6.64
0.21 0.22
0.00 0.00
o.32 0.30

100.46 100.62

2.484 2.607
1.512 1.394
0.006 0.002
0.511 0.389
0.452 0.572
0.012 0.012
0.000 0.000
0.008 0.006
4.985 4.982

Cations per eight oxygens
2.401 2.476 2.410 2.113 2.264
1 .579 1.507 1.563 1 .883 1.736
0.020 0.021 0.021 0.009 0.008
0.612 0.538 0.600 0.860 0.725
0.359 0.412 0.381 0.119 0.2s8
0.019 0.022 0.017 0.001 0.004
0.002 0.001 0.004 0.002 0.000
0.000 0.001 0.001 0.004 0.000
4.992 4.978 4.997 4.992 4.994
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Muscovite

Muscovite with primary textural features (Miller et al.,
198 I ) occurs only in the two-mica granite of the Slinkard
pluton (sample 6424). Relative to muscovite interpreted
as primary by Miller et al. (1981), muscovite from the
Slinkard pluton has lower Fe and Ti, slightly lower Mg,
and higher Na and Al. These compositional features ap-
pear to be compatible with a primary origin. Sample 642A
also contains aluminous biotite (Table 5) and almandine-
spessartine garnet (App. l), as is typical of peraluminous
granitoids in which muscovite is a primary phase.

Plagioclase

Figure I lA shows the range in plagioclase composi-
tions ofthe roof-zone dikes. The roof-zone dikes are di-
vided into those that intruded prior to emplacement of
the uppermost granodiorite of the Wooley Creek batho-
lith and those that followed grandiorite emplacement (see
Barnes et al., 1986a). Plagioclase phenocrysts in the most
mafic roof-zone dikes range from An* to Anr, (Table 7)
and show normal zoning. Plagioclase phenocrysts in pre-
granodiorite two-pyroxene andesite range from Anu, to
Anr,. Both oscillatory-normal and oscillatory-reverse
zoning was observed in individual samples (Fig. I lA).
Postgranodiorite two-pyroxene andesites have similar
zoning pattems but show a wider range of compositions,
from An, to Anro. Pregranodiorite dacitic dikes have pre-
dominantly oscillatory-normal zoning, from An' to Anrn.
Late-stage evolved dikes include pyroxene + hornblende
andesite (693) and biotite * hornblende dacite (579 and
697). As with the postgranodiorite two-pyroxene ande-
sites, compositional reversals are common, and both os-
cillatory-normal and oscillatory-reverse zoned pheno-
crysts are present in individual samples. Plagioclase from
these late-stage dikes has the widest compositional range

ofany ofthe roof-zone dike groups (An* to An") but has
core compositions similar to plagioclase phenocrysts in
the pregranodiorite dacitic dikes (Fig. l lA).

Cumulate gabbroic blocks from the Wooley Creek
batholith have interstitial plagioclase that shows a wide
range of compositions, from Anro to Ano. @ig. 11B). Two
samples of mafic selvages in the roof-zone (236,4. and
2574) show distinctive plagioclase compositions. Por-
phyritic sample 236,4. has a range of plagioclase compo-
sitions similar to the gabbroic blocks. However, plagro-
clase from a coarse-grained selvage of hornblende +
two-pyroxene gabbro shows reverse zoning from Ann, to
Anr,, the most calcic plagioclase in the system.

Group I plagioclase (Fig. I lB) ranges from An6s to An36.
Zoning is weak in many samples and is normal to oscil-
latory-normal. The weakest zoning occurs in strongly fo-
liated samples in which bent plagioclase crystals are com-
mon. Among group I samples, there is no correlation
between plagioclase composition and whole-rock MgO or
SiO, or between plagioclase composition and estimated
pressure. Group 2 samples have plagioclase compositions
similar to the most Ca-rich plagioclase of group l. Indi-
vidual group 2 samples show both oscillatory-normal and
oscillatory-reverse crystals. Group 3 plagioclase ranges
from weakly zoned (Anou to Ano) to strongly normally
zoned (e.g., An' to An,r; Fig. llB). There is a general
correlation between plagioclase composition and whole-
rock SiO, content in group 3 samples.

Plagioclase compositions from mafic synplutonic dikes
and from their host quartz diorite are shown in Figure
llC. Most dike plagioclase is weakly zoned and is vir-
tually identical in composition to plagioclase in the host.
,dn-rich plagioclase is present in three samples, but only
one of these (776) is not predominantly andesine bearing.
The sodic plagioclase in sample 638 is interstitial among

Tearc7-Continued

377-1 642A-1 6868 775A687-3

Mid gmA gmB
638
Avg.

60.05 65.36
24.56 21.29
0.11  0 .21
6.09 2.25
7.60 10.07
0.33 0.37
0 00 0.00
0.41 0.25

99.16 99.79

2.699 2.886
1 .301 1 .108
0.004 0.007
0.292 0.106
0.662 0.861
0.018 0.021
0.000 0.000
0.010 0.005
4.987 4.994

60.60 64.12
24.29 22.55
0.00 0.04
5.75 3.65
8.00 9.43
0.27 0.17
0.00 0.00
0.30 0.21

99.20 100.16

2.716 2.825
1.282 1.170
0.000 0.001
0.276 0j72
0.694 0.805
0.014 0.009
0.000 0.000
0.006 0.005
4.989 4.987

58.88 48.36 56.33
25.88 32.94 27.71
0.05 0.14 0.05
7.86 15.82 9.46
6.90 2.35 6.07
0.33 0.08 0.10
0.00 0.00 0.04
0.11 0.22 0.00

100.01 99.90 99.77

2.6ii!1 2.216 2.532
1 .363 1.779 1 .458
0.001 0.004 0.001
0.376 0.776 0.455
0.598 0.208 0.527
0.018 0.004 0.005
0.000 0.000 0.001
0.002 0.005 0.000
4.989 4.993 4.989

48.57 54.20
32.93 28.89
0.11 0.04

15.43 1 0.67
2.49 5.10
0.02 0.06
0.00 0.00
0.00 0.04

99.55 99.01

2.226 2.463't.779 1.547
0.004 0.001
0.757 0.519
0.220 0.449
0.000 0.002
0.000 0.000
0.000 0.000
4.986 4.981

Compositions in wt%
55.73 55.66 59.03 50.27 56.08
27 .69 27.82 25.25 31.56 28.02
o.17  0 .19  0 .14  0 .12  0 .10
9.66 10.04 7.09 14.42 9.95
5.68 5.60 7.43 3.04 5.56
0.21 0.20 0.28 0.07 0.07
0.00 0.00 0.00 0.00 0.00
0.31 0.27 0.29 0.28 0.29

99.45 99,77 99.50 99.75 100.06

Cations per eight oxygens
2.522 2.512 2.653 2.296 2.518
1.477 1.479 1.337 1 .698 1.482
0.005 0.006 0.005 0.004 0.002
0.467 0.484 0.341 0.705 0.478
0.498 0.488 0.646 0.268 0.483
0.01 2 0.010 0.016 0.004 0.004
0.000 0.000 0.000 0.000 0.000
0.008 0.006 0.006 0.006 0.006
4.988 4.987 5.004 4.981 4.975
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Fig. 11. Plagioclase compositional ranges: circles, cores; tri-
angles, rims; and squares, groundmass compositions. Sample
numbers listed on left side; whole-rock SiO, content on right in
(A) and (B). (A) Plagroclase from roof-zone dikes and porphyritic
SP sample SLl34. (B) Plagioclase from coarse-grained intrusive
rocks of WCB and SP. Estimated pressure of crystallization list-
ed after sample number. Labels to left of diagram indicate com-
positional groups defined by Barnes et al. (1986a), cumulate
blocks, and roof-zone selvages. (C) Plagioclase from mafic syn-
plutonic dikes. (D) Plagioclase from mafic microgranitoid en-
claves. (E) Plagioclase from xenoliths. Plagioclase from sample
7 divided into plagioclase inclusions in garnet (gt) and plagioclase
from "groundmass" ("gm"). Compositions of plagioclase from
host rocks ofdikes and enclaves are shown in (C) and (D); host
samDle numbers are enclosed in brackets.

pyroxene and very coarse-grained amphibole (App. l).
Late-stage growth of calcic amphibole in this sample may
have resulted in relatively Na-rich plagioclase.

Figure I lD shows plagioclase compositions for host-
mafic micro$anitoid enclave pairs. As was true with
hornblende compositions, enclave 681 has plagioclase
compositions very similar to the host, but enclaves 6868
and 686E have plagioclase that is more calcic than host-
rock plagioclase. Note the compositional reversals in all
of the enclave plagioclase.

Plagioclase compositions from xenoliths are shown in
Figure I lE. Most show weak zoning in the range An' to

E-. 842--t 14e I. t
I  r  I  I  I  t  I  |  |  l - L

Anor, but plagioclase in xenolith 2l9A has calcic cores
and that in xenolith 2l4B is unzoned bytownite. Sample
7B is a garnet + hornblende metagabbro (App. l). Pla-
gioclase inclusions in garnet are An rich, whereas both
An-rich and intermediate plagioclase occur in the matrix
(Fig. I lE). Both types of matrix plagioclase appear to be
zoned toward -An* rims, a composition similar to the
most calcic plagioclase in nearby host rocks of the Wool-
ey Creek batholith. The calcic cores of the matrix plagro-
clase crystals are highy resorbed and appear to represent
primary igneous compositions that were locally preserved
by inclusion in garnet poikiloblasts.
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equilibration with the host was at least locally incom-
plete. Thus, if slow cooling did not completely modify
plagioclase in these mafic rocks, it seems likely that the
core compositions of plagioclase in the host pluton reflect
primary magmatic conditions.

If the assumption above is correct, then the following
correlations can be made. Mafic selvages of the Wooley
Creek batholith roof zone, cumulate gabbroic blocks in
the Wooley Creek batholith, metagabbro xenolith 78, and
some of the mafic synplutonic dikes have plagioclase core
compositions similar to plagioclase in the basaltic roof-
zone dikes. Barnes et al. (1986a) interpreted the various
rocks listed above to have accumulated from early ba-
saltic liquid in the WCB-SP system. In view of the pla-
gioclase composition from some of the mafic synplutonic
dikes, it is also possible that some "cumulate" blocks
formed from slowly cooled mafic magma that was in-
jected into the system and later disrupted by convection.
Group I plutonic rocks have plagioclase core composi-
tions that overlap those of the roof-zone andesitic and
dacitic dikes, with the majority most similar to plagio-
clase in the andesites. Group 1 rocks with predominantly
andesine cores (IV, 293, 351) are strongly foliated (pro-
toclastic to cataclastic) and typically show complete re-
action ofpyroxene to hornblende. This reaction probably
resulted in an increase in the Ab content ofthe coexisting
plagioclase. Therefore, it seems likely that all of the group
I rocks originally contained labradoritic plagioclase sim-
ilar to the roof-zone andesite. Group 2 and3 rocks have
plagioclase core compositions similar to plagioclase in
roof-zone dacitic dikes. It is interesting to note that the
group 2 and 3 samples have estimated crystallization
pressures ofless than 5 kbar, whereas, with the exception
of mafic roof-zone selvages, group I sampies have esti-
mated pressures greater than or equal to 5 kbar. Also note
that among the plutonic plagioclase, only roof-zone sel-
vage 257 A and group 2 samples have significant reverse
zoning (Figure llB). These zoning patterns may reflect
the location of the samples within the system: the roof-
zone for gabbro selvage 257 A, and the zone rich in mafic
microgranitoid enclaves for group 2.

Possible origins for reverse zoning in plagioclase in-
clude slow diffusion of constituent cations (at least for
thin oscillations, Bottinga et al., 1966), isothermal de-
crease in total pressure, increase in the partial pressure of
HrO (Loomis, 1982), and influx and mingling of new
magma with higher Ca content than the original magma
(e.g., Sakuyama, 1981;Hibbard, 1981). Of these process-
es, the most effective ones appear to be increase in partial
pressure of HrO (Loomis, 1982) and magma mixing.
Barnes (1983) suggested that both processes occurred in
the Wooley Creek batholith, and Barnes et al. (1986a)
extended those conclusions to the entire system. Major-
and trace-element data show that group 3 rocks are dis-
tinct from group I rocks because ofan early upward en-
richment of HrO in the magmatic system (Barnes, 1983).
Under such conditions, early roof-zone cumulates such
as 257 A would be expected to show reversely zoned pla-
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Origin of zoning. Barnes et al. (1986a) used the com-
position of plagioclase phenocrysts in roof-zone dikes to
try to relate the dikes to a corresponding structural level
of the subjacent pluton in which similar plagioclase oc-
curred. The assumption necessary for such a correlation
is that slow cooling of the plutonic rocks did not result
in appreciable adjustment of plagioclase (especially core)
compositions. Data for the mafic synplutonic dikes and
metasedimentary mafic enclaves (Figs. 11C, llD) indi-
cate a tendency for plagioclase compositions to approach
those of the host, in spite of the difference in bulk com-
positions. Nevertheless, core compositions indicate that
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TneLe 8. Representative alkali feldspar analyses

317-1 317-2 377-1 377-2 579-1 579-3 6424-1

sio,
Al2o3
FeO
CaO
Na"O
KrO
BaO
ZnO

Total

D I

AI
Fe
Ca
Na
K
Ba
Zn

Total

63.01 64,83
18.82 18.48
0.36 0.09
0.00 0.00
1.21 0.80

14.11 15.64
1 .72 0.13
0.00 0.06

99.23 100.03

2.957 2.993
1.041 1.005
0.014 0.002
0.000 0.000
0.1 10 0.070
0,845 0.921
0.032 0.001
0.000 0.001
5.000 4.993

comoositions in wt%
65.10 6,t.18 64.24
18.30 18.77 18.74
0.09 0.09 0.01
0.03 0.07 0.08
1.52 2.57 2.13

14.50 12.21 12.58
0.16 1.89 2.23
0.04 0.03 0.00

99.75 99.82 100.01

Cations per eight oxygens
3.001 2.972 2.977
0.994 1.024 1.022
0.002 0.002 0.000
0.001 0.002 0.002
0.135 0.231 0.190
0.852 0.720 0.742
0.002 0.034 0.039
0.000 0.000 0.000
4.987 4.986 4.973

65.07 63.71
18.41 18.77
0.03 0.01
0.01 0.03
1.38  1  .13

14.37 14.20
0.09 1.71
0.04 0.02

99.40 99.59

3.003 2.971
1.001 1.032
0.000 0.000
0.000 0.001
0.123 0.101
0.845 0.844
0.001 0.030
0.000 0.000
4.973 4.979

gioclase, as is the case. Rev€rse zoning in group 2 plagso-
clase is probably the result of magma mixing, either of
newly injected basaltic magma with the host (Barnes,
1983), or of group I with group 3 magmas in an interface
zone separating the two (Barnes et al., 1986a). At this
writing, the second hypothesis is preferred, for reasons
given by Barnes et al. (1986a).

Reversed zoning ofplagioclase in roof-zone andesite is
best explained by a magma-mixing process in which in-
jected basaltic magma mixed with mostly liquid magma
in the lower part of the chamber. Such a process would
explain the wider excursions in reversed zoning among
the roof-zone andesite dikes and the paucity of crystal
clots or enclaves in these dikes. Speculation as to the
reasons for the two types of zoning will be presented in
a later section.

Alkali feldspar

Alkali feldspar in the WCB-SP occurs as poikilitic to
interstitial crystals (typically microcline), with oikocrysts
as much as 2 cm in diameter. In the roof-zone dacitic
dikes, interstitial microcline and granophyric inter-
growths are the common forms of alkali feldspar. Micro-
probe analyses show that the alkali feldspar contains neg-
ligible Ca, Fe, and Sr. The analyses also show a bimodal
distribution of alkali feldspar compositions (Table 8). One
group of analyses are of nearly pure microcline with less
than 0.2 wto/o BaO; the second group ranges from Orn, to
Or^ and contains 0.8 to 2.3 wto/o BaO. The two compo-
sitions occur not only in the same sample but, in some
cases, in the same grain. Compositionally distinct parts
of alkali feldspar crystals appear to be randomly distrib-
uted and are not separated by an optical discontinuity.
Similar intracrystalline variation was observed in alkali
feldspar from a group of Sierran granitoids by Piwinskii
( l e68).

In spite of the large variations in alkali feldspar com-

position, an attempt was made to apply the two-feldspar
geothermometer of Stormer (1975) to these samples.
Temperature estimates used an average composition of
Ba-rich alkali feldspar and the rim composition of coex-
isting plagioclase. The results for all of the two-feldspar
pairs yielded temperature estimates of less than 600"C.

Esrrvrlrrs oF TNTENSIvE vARTABLES

One of the goals of this study was to attempt estimates
of temperatutg, .for, and frro in the WCB-SP system by
using mineral assemblages and compositions in the roof-
zone dikes" In some cases, moderate success was achieved,
but in others, only crude estimates can be made. Inas-
much as the estimates discussed below depend on para-
genetic relations among the roof-zone dikes, a brief re-
view of the order of phenocryst stability follows (after
Barnes, 1983; Barnes et al., 1986a). In basaltic and ba-
saltic andesite dikes, clinopyroxene * magnetite (+ oliv-
ine) were the first phases to crystallize, followed by il-
menite, plagioclase, and rare orthopyroxene. In the early
andesitic dikes, clinopyroxene * magnetite were followed
by plagioclase * orthopyroxene * ilmenite, then by
hornblende as thin rims on plroxene. Early and late da-
citic dikes show relict orthopyroxene, then hornblende +
plagioclase + ilmenite, followed by quartz and biotite
(both as phenocrysts). Alkali feldspar occurs only as a
groundmass phase. Late andesitic dikes show both the
two-pyroxene paragenesis listed above and a clinopyrox-
ene * plagioclase + hornblende paragenesis displayed by
sample 693 (App. l).

Temperature

Application of pyroxene geothermometry on clinopy-
roxene (see above) yields temperature estimates for py-
roxene-bearing roof-zone dike samples in the range of
960 to 1120'C. The stability of hornblende in roof-zone
andesite allows comparison with numerous experimental
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studies on similar compositions (e.g., Eggler, 1972 Eggler
and Burnham, 1973; Ritchey and Eggler, 1978). These
studies show that at moderate HrO concentrations, horn-
blende is stable at temperatures in the range 940 to 975t.
An estimated pyroxene temperature from hornblende +
pyroxene andesite sample 693 yields 963"C, in accord
with the experimental studies. The variation in minor-
element concentrations in individual hornblende crystals
also suggests that hornblende crystallized over a relative-
ly large temperature range.

Oxygen fugacity

The fugacity of oxygen can be estimated for the two-
pyroxene andesite and basaltic andesite compositions (see
above) to lie slightly above NNO (Fig. l0). Wones (1981)
and Noyes et al. (1983) used the equilibrium

3CaTiSiO, + 2FerOo + 3SiO,
titanite magnetite q\aftz

: 3CaFeSi,Ou + 3FeTiO, + O,
hedenbergite ilmenite

as a limiting assemblage for /o, conditions in rocks that
contain titanite, clinopyroxene, magnetite, ilmenite, and
quartz (TMQH). Noyes et al. (1983) also suggested that
a similar equilibrium could be written with amphibole
replacing clinopyroxene ("TMQA buffer"). These two
equilibrium boundaries are plotted in Figure l0 and both
lie at fo, conditions higher than those estimated for the
roof-zone dikes. The positions of these equilibria are in
accord with the absence of primary titanite in all WCB-
SP rocks except those from the late stock in the southern
Wooley Creek batholith (sample 377, Fig. 2). If one as-
sumes that the late stock is a diferentiation product of
the WCB-SP system, then two temperature-f, paths can
be used to constrain fugacity conditions in the system.
The first path is shown as a stippled band on Figure 10.
It is subparallel to, and at slightly higher/o, than, NNO
until low temperature conditions are reached. With fur-
ther cooling,6, remains approximately constant, inter-
sects the TMQA equilibrium (sample 377), t}l'en contin-
ues in subsolidus conditions to the HM buffer, where
magnetite is oxidized to hematite in slowly cooled sam-
ples (see above). The second path (not shown) crosses the
TMQH equilibrium and approaches TMQA conditions
at higher temperatures than the first. Either path is in
accord with Fe*3/Fe"'z in biotites from samples 471 and
377 (Table 5) that indicates/"" between NNO and HM
(Fie. 8).

Water content

Determination of/o, ot X^ro in magmas has typically
proved to be difrcult for granitoid rocks. This project is
no exception. In general, Xnro can be estimated by com-
parison of observed paragenetic sequences with experi-
mental studies of similar bulk compositions under simi-
larfr-pressure-temperature conditions. Few such studies

are available for compositions like those of the WCB-SP
system. For example, most experiments on basaltic com-
positions have been carried out either under anhydrous
conditions or al PH2o : Pror^r, whereas experiments on
andesitic compositions have been carried out on samples
considerably more aluminous than those dealt with here.
Because ofthese factors, the following conclusions are, at
best, rough estimates.

In basaltic compositions, early stability of augite (with
olivine absent or rare) suggests relatively HrO-rich con-
ditions at moderate P,.*,. At low P,or, or P"ro, either oliv-
ine or plagioclase is the liquidus phase, depending on
bulk composition (e.g., Yoder and Tilley, 1962; Grove et
al., 1982; Grove and Bryan, 1983). In l-atm experiments
on high-alumina basalts and basaltic andesite, Grove et
al. (1982) found pigeonite to be the high-temperature low-
Ca pyroxene. Allen and Boettcher (1978) found clinopy-
roxene to be the liquidus phase in olivine tholeiite at l0-
kbar pressure and for arange of Xrro (on the HM buffer).
Several ofthe basaltic roof-zone dikes contain interstitial
magmatic hornblende rimming or replacing clinopyrox-
ene, and hornblende phenocrysts are common among
mafic synplutonic dikes. Although experimental studies
of HrO-undersaturated basaltic magmas at moderate P,o,",
(3 to 7 kbar) are rare or lacking, comparison with horn-
blende stability fields in andesites suggests that HrO in
the range 2 to 4 wto/o is necessary in order to stabilize
hornblende above the solidus.

Similarly, the liquidus phase of andesitic magmas at
Iow P,o,", is plagioclase (Eggler, 1972; Eggler and Burn-
ham, 19731, Grove et al.,1982). However, at higher pres-
sure and under HrO-undersaturated conditions, pyroxene
replaces plagioclase as the liquidus phase. At a pressure
appropriate for the WCB-SP (5 kbar), the experiments
indicate that hornblende is not a stable phase unless the
HrO concentration in the melt is greater than about 4
wto/o (Eggler and Burnham, 1973).

Dacitic dikes contain relict orthopyroxene, with plagio-
clase, hornblende, biotite, and qtartz phenocrysts. The
experiments of Piwinskii (1973) on granodioritic com-
positions at Pnro : P,o,u, indicate that qtartz is a near-
solidus phase. Studies ofsynthetic granodiorite and gran-
ite (Naney, 1983; Whitney , 197 5) show that the stability
field ofquartz expands relative to alkali feldspar ifPrro <
P,oo,. Naney's (1983) results for synthetic granodiorite with
HrO contents between about 3.8 and 4.8 wto/o reproduce
the order of crystallization of the roof-zone dactite: pla-
gioclase, orthopyroxene, hornblende, biotite, and finally
quartz. These values correspond to somewhat higher con-
centrations of HrO in the melt, depending on the crys-
tallinity of the magma.

It is interesting to note that some of the quartz dioritic
and gabbroic samples of the Wooley Creek batholith lack
hornblende and contain the mafic assemblage clinopy-
roxene + orthoplroxene + biotite + oxides. Naney's
(1983) work on more felsic compositions suggests that
the pyroxene + biotite assemblage is indicative of rela-
tively low Prro. The distribution of such samples is scat-
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Fig. 12. HrO-saturated phase relations for the Mt. Givens
granodiorite (Piwinskii, 1973) plotted as a function ofthe fugac-
ity of H,O. Curves labeled TMQA and WCB are for the equilib-
rium among K-feldspar, magnetite, biotite, and quartz in which
/", is defined by the TMQA buffer and the estimate of/o, for the
WCB (Fig. 10), respectively. Dashed curves are isobars. See text
for discussion.

tered but restricted to parts of the system in which P,.,.,
is estimated to be >4.5 kbar. If these amphibole-free rocks
crystallized under HrO-poor conditions, it appears that
at least the deep parts of the WCB-SP system were het-
erogeneous with regard to HrO content.

Fugacity of HrO in roof-zone granodiorite sample 471
was estimated using the equilibrium

KFel+AlSirO,o(OH), * VzO'
annite

: KAlSi3O8 * FerO, + HrO.
alkali magnetite

feldspar

Wones (1972) expressed the equilibrium constant as
log,oK."",* :7409/T + 4.25, where Zis in kelvins and
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arrd at : activity of component i and I : fugacity of
componenty, Or : KAISi:O', Ann : KFerAlSirO'o(OH)r'
Mt : magnetite, Bio : biotite, and Ksp : alkali feldspar.
For this estimate, activity-composition relationships are
assumed to be afdoo : l, db:p : xb:o : 0.75, 4Ri" :

(XF:')3, andlo, defined by the tempenture-fozpath shown
in Figure l0 and TMQA [see Noyes et al. (1983) for a
similar procedurel. The assumption of ideality in biotite
cannot be correct for a sample so rich in Fe3+, but appro-
priate activity-composition relations are unknown. Fig-
ure 12 shows the estimated equilibrium boundaries in
temperature-/"zo spElce. The HrO-saturated phase bound-
aries for Mt. Givens granodiorite (Piwinskii, 1973) ate
also shown in Figure 12, as are l-,2-,3-,4-, and 6-kbar
isobars. The intersection of the biotite stability estimates
with the solidus should provide an estimate of maximum

.fnro&rrd, by interpolation, P"ro at near-solidus conditions'
The curve based on the fo, path from Figure l0 gives
P"ro ( I kbar, whereas the curve based on TMQA gives
PH,o slightly gr.eater than 2 kbar. The latter estimate is in
rough agreement with estimates of P,o,",and the HrO-rich,
but undersaturated, nature of the felsic Wooley Creek
batholith magma. The reader should take into account
the numerous uncertainties and approximations before
giving much credence to this approach.

DrscussroN

Dikes in the roof-zone of the WCB-SP show strong
mineralogical and bulk compositional similarities to the
subjacent plutonic rocks. Therefore, dike cornpositions
and phenocryst assemblages can be used to correlate the
dikes with their coarse-grained cumulate counterparts.
Correlations can be made on the basis of the following
evidence: ( l) two-pyroxene assemblages with labradoritic
plagioclase are predominant in the lower parts of each
pluton, especially "below" the 4.5- to 5.0-kbar level (Fig.
2) and in roof-zone andesite, (2) hornblende is a near-
liquidus phase only in plutonic samples "above" the 4.5-
kbar level (Barnes, 1983) and in roof-zone dacite, (3) an-
orthitic plagioclase similar to that in roof-zone basaltic
dikes is present in the plutonic rocks, but only in selvages,
cumulate blocks, mafic microgranitoid enclaves (rarely),
and mafic synplutonic dikes.

Thus, one can conclude that the roof-zone dikes cor-
relate with the plutonic constituents as follows: Roof-zone
basalt dikes are cogenetic with the synplutonic dikes and
the mafic microgranitoid enclaves and represent the ini-
tial magma pulses in the chamber. Roof-zone andesite
dikes were derived from magma that crystallized to form
gabbro to mafic tonalite in the lower part of the system,
and roof-zone dacite dikes were derived from magma that
crystallized to form tonalite to granite in the upper part

of the system. Average plagioclase compositions (Figs.
I lA and I lB) support this correlation, but discrepancies
in zoning patterns between plutonic and roof-zone pla-
gioclase suggest a more complicated story, as discussed
below.

Barnes (1983) interpreted the gradational-upward zon-

zKsDdMt {uor- uFeroz J HrO^ :_^annr re  
^B io  f ,h
u Anil 02
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ing in the system to be the result of crystal accumulation
from a basaltic parent with accompanying upward
boundaryJayer flow of fractionated liquid to form a light-
er, H,O-rich, felsic cap (McBirney, 1980; Nilson et al.,
1985). The correlations made above suggest a simpler
stratigraphy in which mafic andesite was overlain by da-
cite. The gradational-upward zonation reported by Barnes
(1983) is probably due to more efficient crystal accumu-
Iation in deeper levels of the system.

One of the interesting results of this study is the rec-
ognition of relativley minor zoning in both pyroxene and
plagioclase of the roof-zone andesite and "correlative"
two-pyroxene plutonic rocks. Furthermore, plagioclase
with reverse zoningis common in the roof-zone andesite,
but rare in the corresponding plutonic rocks (Figs. 1 1A
and I I B). These differences can be explained if the lower
part of the chamber was filled with a hot, actively con-
vecting andesitic melt that received periodic basaltic re-
plenishment from below. As the lower part of the pluton
cooled, pyroxene and plagioclase nucleated and grew on
the chamber walls. Fractionated liquid resulting from this
crystal growth was richer in SiO, and HrO and less dense
than the adjacent magma (e.g., McBirney, 1980; Spera et
al., 1982; Nilson et al., 1985) and rose by boundary-layer
flow. Some fractionated liquid was mixed back into the
convecting interior, some underwent further fractiona-
tion due to side-wall crystallization, and the rest rose to
the roof-zone where it accumulated to form the dacitic
cap. Influxes of basaltic magma presumably rose through
the base of the system along a preheated conduit (e.g.,
Hildreth, l98l;Marsh, 1982) and had little contact with
the crystal mush at the walls. Because of the volume of
the chamber (minimum of 750 km3; Barnes, 1982), each
basaltic influx probably could not afect the entire cham-
ber or cause chamber-wide convective overturn (e.g.,
Huppert and Sparks, 1980) but instead initially mingled
with a smaller magma volume. Such mingling would be
expected to produce local reversed zoning in plagioclase,
clinopyroxene rims on orthopyroxene (e.g., Sakuyama,
1981, 1984; Gerlach and Grove, 1982), and elevated
abundances ofRb and Zr, all of which are seen in roof-
zone andesite (Barnes et al., 1986a).

If the influx of basaltic magma was initially sufficient
to offset the effects of crystal fractionation along the
chamber's margins, then the time-averaged composition
of the lower part of the chamber would have remained
relatively constant. Thus, the rocks that crystallized along
the chamber walls would have formed from a relatively
uniform composition and would have been weakly zoned.
The lower part of the pluton can be regarded as having
been buffered by the magma-mixing process.

The dacitic cap grew downward and stoped upward
(Barnes, 1983) until fractionated magma from below was
no longer available. Evidence for substantial magma mix-
ing in the magma that formed the early (i.e., prior to
crystallization of Wooley Creek batholith granodiorite)
dacitic dikes is weak or absent. Plagioclase is predomi-
nantly normally zoned, and hornblende shows no sharp

changes in Mg/(Mg + Fe). The same holds true for the
correlative tonalitic to granitic rocks ofthe pluton.

In contrast, late-stage dacites and hornblende + pyrox-
ene andesites in the roof zone contain reversely zoned
plagioclase, and the andesites commonly contain xeno-
crysts of quartz with amphibole coronas (Barnes et al.,
1986a). These features were interpreted by Barnes et al.
(1986a) to result from magma mixing in the interior of a
largely crystalline magmatic system. The remaining mag-
ma, because of its relatively small volume, would no
longer have been able to buffer influxes of basaltic mag-
ma. As a result, the correlative plutonic rocks should show
evidence of reversely zoned plagioclase. The best candi-
dates for such rocks are samples 379 and 397 (Fig. I lB),
which were collected within the upper part of the enclave-
rich zone of the wCB (Fie. 2).

Late-stage magmas apparently crystallized under rela-
tively more oxidizing conditions. This is shown by the
presence of primary titanite and Mg-rich biotite and
hornblende in late-stage granite (sample 377) and may
explain the Mg-rich clinopyroxene in late-stage roof-zone
andesite (sample 693, Table 3).

CoNcr-usroxs

The WCB and SP represent a vertically extensive mag-
matic system that was periodically tapped to form roof-
zone dikes. Mineral compositions and zoning, paragenet-
ic relations, and temporal relations among the roof-zone
dikes indicate that (l) the WCB-SP evolved from a pre-
dominantly andesitic system to one with andesite over-
lain by a dacitic cap1' (2) through most of its history, /o,
values in the system were slightly higher than NNO; (3)

,6, probably was not buffered at low 7, resulting in Mg-
rich mafic minerals and primary titanite in late granitic
liquids and hematite in subsolidus conditions; (4) the
magma was HrO-rich but probably undersaturated until
near-solidus conditions were reached; (5) P efects on
mineral compositions were minor and apparently re-
stricted to greater Al content in clinopyroxene and horn-
blende at higher pressure. The relative lack of upward
compositional zoning among WCB-SP minerals can be
explained as the result of the simple magmatic stratigra-
phy and of buffering of magma compositions by magma
mixing in the lower part of the system.
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