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Introduction

The Pioneer Batholith is a Late Cretaceous to Paleocene composite
batholith located in the Pioneer Mounta%ns of southwesterﬁ Montana. in-
terest in this batholith stems from its proximity and gross similari-
ties to the larger Boulder and Idaho Batholiths and from the diversity
of rocks emplaced in a relatively short geologic time .span. The spatial
relationship of the Pioneer Batholith to other méjor intrusions in the
area is shown in Fig. 1.

Recent studies in the eastern Pioneer Mountains by Zen and others
(1975), Zen (1977, 1980) and Snee (1978) reveal more than 15 mappable
granitoid plutons ranging from Cretaceous hornblende gabbros, quartz
diorites, granodiorites and granite to Paleocene muscovite granites.
Concurrent investigations of whole rock initial strontium ratios and
radiometric ages led Zen, Arth and Marvin (1980) to suggest that two
magmas were active in the upper crust contemporaneously. Mixing of
magmas, differentiation within each magma, assimilation of country
rock, or a combination of processes may account for the diversity of
rock types and initial strontium values.

This study was undertaken to 1) characterize major plutons in the
northeastern part of the Pioneer Batholith in terms of modal mineralogy
and rock chemistry, 2) determine mineral compositions by microprobe
analysis, and 3) assess minerals as indicators of intensive parameters
during crystallization. Results of this study will contribute to a
larger study aimed at defining the tectonic framework of the Pioneer

Mountains.
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Previous work

Early geologic investigations in the Pioneer Mountaﬁns concentra-
ted on the geology of the mining centers in the area (Karistrom, 1948;
Myers, 1952; Theodosis, 1956; Pattee, 1960) and grouped most of the gran-
itoid rocks as quartz monzonite, presumably related to the Butte Quartz
Monzonite of the nearby Boulder Batholith. Myers (1952) distinguished
.granite from quartz monzonite (granodiorite by Sfreckeisen's 1973
classification of plutonic rocks) at Brown's Lake in the southeastern
corner of the Vipond Park quadrangle where scheelite-bearing skarns
occur at the contact of the intrusion with carbonate rocks of the Penn-
sylvanian Amsden Formation. Collins (1975, 1977) studied these garnet-
pyroxene skarns and concluded that mineralization resulted from fluids
diffusing outward from the intrusion at temperatures in the range 400
to 725°C at an oxygen fugacity (foz) around 10~20 and total pressure
on the order of 0.75 kilobars, based on observed mineral assemblages
and stratigraphic thickness. In 1970, E-an Zen began a study of the
tectonic framework of the Pioneer Mountains. This study involved map-
ping of the Vipond Park, Maurice Mountain and Stine Mountain quadran-
gles at a scale of 1:62,500 and concomitant studies of the age, chem-
istry and isotope systematics of the intrusive and volcanic rocks.
Table I summarizes these studies to date. Zen and others (1975) pub-
lished a preliminary report on the age, chemistry and petrography of
intrusive and contact-metamorphosed rocks. Zen reported on the volcanic
rocks in the Vipond Park quadrangle (Zen and others, 1979) and summariz-
ed the initial strontium data (Zen, Arth and Marvin, 1980). Snee (1978)

mapped parts of the Torrey Mountain, Twin Adams and Polaris quadrangles



TABLE I.

METHOD OF STUDY

1. mapping

2.

4.

5.

6.

7.

8.
9.

radiometric ages

initial strontium

lead isotopes

oxygen isotopes

major element

trace element

mineral chemistry

petrography
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SCOPE-
northeastern Pioneer Batholith
southeastern Pioneer Batholith

K/Ar on mineral separates

K/Ar on whole rock splits
fission track on sphene
Rb/Sr on whole rock splits
whole rock splits

potassium feldspar separates

galenas

s 018 on whole rock splits

rapid rock analyses

instrumental neutron
activation analyses

microprobe analyses
modal analyses

thin section study

Summary of current studies on the Pioneer Batholith

REFERENCE - -
Zen, 1975-1980
Snee, 1978

Marvin,in

Zen and others
(1975)

Snee, 1978

Marvin,
unpublished

Naesar,
unpublished

Arth,
unpublished

Arth, (in
Zen and others,
1980)

Doe, unpublished

0'Neil,
unpublished

this study,
analyses by
Analytical
Laboratories,
USGS

this study,
analyses by
Analytical
Laboratories,
USGS

this study

this study



which cover the southeastern portions of the batholith. Snee reported

on petrography and K/Ar ages for intrusive and volcanic rocks in his

map area. Snee and Sutter (1978) presented data on whole rock chemistry
for the southeastern part of the batholith. Snee is currently continuing
his mapping to the we§t and conducting an extensive study of the

cooling history of the batholith. Regional geochemical studies in the
Pioneer Mountains are being conducted as part of the U.S. Geological
Survey's CUSMAP* program. Berger and others (1979) reported preliminary
results of reconnaissance geochemical exploration in the southern
Pioneer Mountains where several important mining districts (Au,Ag,Cu,
Pb,Zn, W) are located. Berger and others describe two main phases of
mineralization: 1) an early contact metasomatism represented by high
temperature (400-600°C) skarns rich in tungsten and molybdenum and

poor in base metals and 2) a lower temperature system of fracture
controlled vein deposits which cut the skarns and host base metal
deposits. On the basis of similarities in trace element suites from

one deposit to another, Berger and others suggested that a common
genetic process may account for much of the mineralization in the

area.

Pearson and Berger (1980) reported on three bodies of hydrotherm-
ally altered rock which contain molybdenite. A1l three are located in
the central Pioneer Range and are associated with quartz porphyries
intruded into the main granodiorite pluton of the batholith. K/Ar

dates of 66 and 69 Ma on muscovite from altered rock led Pearson and

*CUSMAP: Conterminous United States Mineral Assessment Program
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Berger to suggest that the quartz porphyry may represent a late stage
in the crystallization of the Pioneer Batholith., Although the rocks
have a greisen-like appearance, no actual greisen minerals, such as
tourmaline, fluorite or topaz, were found.

Farther north, at.Cannivan Gulch in the Vipond Park quadrangle,
a molybdenum deposit associated with potassic alteration of a Late
Cretaceous biotite granodiorite stock is currently being developed.
Schmidt and Worthington (1977) described this deposit and reported
K/Ar ages in biotite from the granodiorite (67-68 Ma), coarse hydro-
thermal vein muscovite (59-62 Ma) and vein adularia (55 Ma) and
concluded that mineralization post-dated granodiorite emplacement by

at least 6 million years.



Geology of the Pioneer Batholith

The Pioneer Range trends north-south and is divided in half along
its length by the Wise River valley. The western Pioneer éange is largely
composed of Precambrian quartzites thrust eastward over Paleozoic sed-
imentary rocks and intrusive rocks. The eastern Pioneers consist of
Phanerozoic sedimentary rocks and granitoid rocks of the batholith,.
Snee (1978) described the regional geolgic and structural settﬁng of
the Pioneer Batholith.

A modified compilation of Zen's map of the Vipond Park, Maurice
Mountain and Stine Mountain quadrangles and Snee's 1978 map of parts
of the adjacent Torrey Mountain, Twin Adams and Polaris quadrangles
is shown in Fig. 2. Four groups of plutonic rocks (field names) are
indicated on the map: 1)Cretaceous quartz diorites and more mafic rocks
(Kpd), 2) Cretaceous tonalites (Kpt) and granodiorites (Kpgr), 3) Creta-
ceous granites (Kpg) and border phase porphyritic granodiorite (Kpp)
and 4) Tertiary muscovite granites (Tpg). Areally minor ultramafics of
uncertain association occur as xenoliths in quartz diorite at Cherry
Lake in the Vipond Park quadrangle. Snee mapped hornblende gabbro along
the southern margins of the batholith in the Polaris quadrangle. Other
mafic rocks (pyroxenites, gabbros) occur just north of the the northern
boundary of the Vipond Park quadrangle, near Dewey, Montana; these are
currently under study by Glen Zinter of SUNY, Buffalo. The largest
plutons in the eastern Pioneers are the granodiorite pluton (Kpgr)
that occupies most of the southeastern corner of the batholith and the
Cretaceous granite (Kpg). Porphyritic variants of both these plutons

occur, The map unit "Kpgr" includes Snee's (1978) major granodiorite
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pluton which is continuous into Zen's map area to the north, as well
as several fine-grained biotite tonalites and another granodiorite of
local occurrence which are intrusive into the main granodiorite.

Snee (1978) observed that internal variations in texture and mineralogy
in the major granodiorite are of local occurrence in areas bounded by
different types of country rock. He proposed the possibility that
these variations may represent assimilation of different types of
country rock into the magma by stoping during emplacement. Textural
variations may also result from tapping of different levels of the
magma chambers, i.e., fine-grained variants may have cooled quickly as
the result of a pressure quench. Alaskites, pegmatites and a variety
of dikes crosscut the plutons.

The area immediately east and north of the batholith is occupied
by Cambrian (Cg - Trg ) to Cretaceous (Kg)sedimentary rocks and Tertiary
volcanics (Tv). Zen and others (1979) reported on these volcanics
which consist of several fields of Eocene (47-51 Ma, K/Ar whole rock)
flows ranging from andesite to rhyodacite, one area of Miocene (21 Ma,
K/Ar whole rock) basalt, and a 50 Ma (K/Ar biotite) shallow rhyolite
vitrophyre intrusion. Initial strontium ratios for these rocks range
from .7064.7098, similar to ranges observed for the post-intrusive
Lowland Creek Volcanics associated with the Boulder Batholith. No
extensive pre-intrusive volcanic field comparable to the Elkhorn Mountain
Volcanics of Boulder Batholith terrane is observed in the Pioneers.
However, Snee (1980) mapped volcanics along the southern margins of
the batholith which include a 70 Ma dacite (whole rock 40Ar/39Ar age).

This is the only evidence for volcanism associated with plutonism in the
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Pioneer Batholith encountered so far,
On the west, the batholith intrudes Precambrian rocks. Zen
(written communication) has mapped two groups of Precambrian rocks,
which are indicated as PCY and PCX on the map. PCY rocks are predomin-
ently quartzites, similar to the rccks of the Belt Series. PCX rocks
consist of feldspathic gneisses and amphibolites (1634 m.y. Rb/Sr iso-
chron, Arth, written communication). Arth investigated the Rb/Sr syste-
matics of these rocks and Zen and others (1980) suggested that such ter-
ranes are candidate source rocks for the granitoids on isotopic grounds.
Field Relations

The batholith intrudes a sequence of Paleozoic sedimentary rocks
with Tittle accompanying deformation. Contacts with country rock are
generally sharp and in places a narrow, high temperature-low pressure
contact aureole represented by the assemblage cordierite-andalusite-
biotite is developed (Zen and others, 1975). In the Vipond Park
quadrangle Zen worked out an intrusive sequence based on field rela-
tions and presented supporting radiometric ages on biotite and horn-
blende. Inclusions of quartz diorite were observed in the porphyritic
granodiorite border phase of the main Cretaceous granite pluton. The
relationship between the two major plutons, the Cretaceous granite and
granodiorite, is less clear. In places, the granite cuts the gran-
diorite and truncates the primary foliation in it; elsewhere, the con-
act appears to be gradational. Mafic schlieren and discoid mafic inclu-
ions, many of which are probably cognate, are common to both rocks. Mia-
olitic cavities, though restricted in occurrence -are observed in the

granodiorite.
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Age

K/Ar ages on biotite and hornblende mineral separates from pluto-
nic rocks range from 65 to 78 million years (calculated using current
decay constants). Data are taken from Zen, Marvin and Mehnert (1975),
Snee (1978), and Zen, Arth and Marvin (1980). Snee (1978) reported a
disturbed age of 116 Ma for hornblende from a hornblende gabbro in
the southernmost part of the batholith., This is the oldest age reported
for such rocks from the area, but Ar release studies by Snee indicate
that it is not a geologically significant age. Ages for the main
granodiorite and granite plutons overlap. Agreement between biotite
and hornblende ages from a typical granodiorite (sample IVP) and for
a porphyritic border phase of the main Cretaceous granite pluton (sample
BH9850) is within experimental error.

Snee (1978) analysed four biotite-hornblende pairs in the extensive
granodiorite pluton in the southeastern part of the batholith (same
pluton as sample IVP) by conventional K/Ar methods and found hornblende
ages slightly older (~2 Ma) than ages for coexisting biotite. Snee
(1978) discussed two possibilities for this discrepancy: 1) post-crystal-
lization reheating may disturb biotite ages more readily than hornblende
ages because hornblende has a higher "closing" temperature with respect
to K/Ar or 2) differences in age may represent actual time involved
in cooling from hornblende (400-500°C) to biotite (180-260°C) closing
temperatufes.

Zen and others (1975) suggested that the large age discrepancy
between hornblende (78.3 * 2,1 Ma) and biotite (72.6 + 2.7 Ma) in the
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quartz diorite probably results from metamorphism of the quartz diorite
by later intrusion of the granite. Zen mapped a contact-metamorphosed
dioritic border facies of the granite.

Ages of the two muscovite granite plutons are around 65 Ma (K/Ar
on biotite).

Strontium isotopes

Initial strontium (S;) ratios on dated whole rock samples were de-
termined by Arth (Zen and others, 1980). The values for the intrusive
rocks cluster in two distinct groups. The main Cretaceous granite
pluton and a small, porphyritic granbdiorite border pluton have Si =
0.7132-0.7138 whereas the quartz diorite and granodiorite and Paleocene
muscovite granite have S; = .7113-.7118. Zen and Arth suggest that
the tight clustering of S; values as two contemporaneous magmas,
which may have mixed to produce a gradational zone between granite and
granodiorite in places. Suspected “mixed" rock has characteristics of
both adjacent rocks and an intermediate Sj. All initial strontium
values are significantly higher than those observed for the Boulder
Batholith, which range from 0.705 for Rader Creek granodiorite to
0.710 for the leucocratic rocks of the Donald and Hell Canyon plutons
(Doe and others,1968).

Initial strontium ratios for the extensive Butte Quartz Monzonite

range from 0.7065-0.7077.
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Modal Analyses

Representative samples of the major plutons were chosen for modal
analysis of stained slabs (Fig. 3). Table II contains the results of
counting a minimum of 1000 points on slabs selectively stained for po-
tassium feldspar and plagioclase. The area counted for each rock exceed-
ed 150 cm?. Biotite, hornblende and accessory minerals are grouped as
“mafic" minerals as they cannot be adequately distinguished on stained
slabs. Normalized quartz-potassium feldspar-plagioclase ratios are plot-
ted in Fig. 4 on the ternary diagram used by Streckeisen (1973) to
classify plutonic igneous rocks. Most of the rocks fall within the
granodiorite field; rocks referred to in the field as granite (Kpg)
actually fall within the granodiorite field on the diagram near
Streckeisen's granite boundary. There is no distinct clustering of
points by map unit. The samples from the southern part of the Kpgr
pluton plot closest to the quartz diorite field on the diagram; samples
from the northern part of the pluton, closest to the granite contact
are relatively richer in “"granite" components (alkali feldspar, quartz).
The rocks south of the inferred granite-granodiorite contact are
typically medium-grained to locally porphyritic granodiorites and
tonalites composed of plagioclase, anhedral white potassium feldspar
megacrysts which host inclusions of all other minerals in the rock,
quartz, hornblende, biotite, sphene, magnetite and accessory minerals
(apatite, epidote, allanite, zircon). Rocks north of the contact
contain relatively clean pink potassium feldspar phenocrysts, less
hornblende and more epidote than Kpgr. The Tertiary muscovite granites

occur in discrete plutons north of the main Cretaceous granite pluton.
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Modal analyses show that these are granites; they consist of plagioclase,
white potassium feldspar phenocrysts, quartz, biotite, muscovite and
accessory minerals.

Although the more mafic rocks form small plutons at the outer
margins of the batholith, no simple zoning pattern of rock type from
rim to core of the whéle batholith is observed. Concentrically zoned
plutons, where temperature decreases from rim to core as magma soli-
difies inward from quartz diorite margins through granodiorite and
granite to a porphyritic granite core have been described for similar
calc-alkalic complexes (e.g., Tuolumne Series in the Sierra Nevada
Batholith, Bateman and Chappell, 1979). In the Pioneers, neither gran-
ites nor porphyritic phases are confined to interior regions. The crude
south to north trend of increasing volumes of exposed granite may re-
flect structural control on emplacement or post-emplacement modifica-

tion.
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Pioneer rocks based on modal analysis of stained slabs.
Rock names and field boundaries from Streckeisen (1973).



Petrography

Zen, Marvin and Mehnert (1975) briefly described representative
samples of 5 major intrusive rock types in the Pioneer Batholith and
presented age, chemical, and modal data on them. Snee (1978) described
rocks in the southern part of the batholith. The following descriptions
of the major rock units reflect study of samples collected by Zen and
Snee, as well as their earlier observations. Modal analyses were per-
formed on representative samples of each pluton (see Fig. 3 for loca-
tions) to estimate biotite, hornblende and accessory mineral abundances.
A minimum of 1000 points was counted per thin section. Table III sum-
marizes the modal data.

The following petrographic descriptions are based on thin section
study of about 100 samples. Only those samples for which other types
of data are available are indicated on the sample map in Fig. 3.

Cretaceous quartz diorite

Three small areas of outcrop of medium to fine grained dark grey
quartz diorite occur near the northeastern edge of the batholith in
the Vipond Park quadrangle. All three are separated from the main
body of the batholith and from each other by Paleozoic sedimentary
rocks. A larger area of quartz diorite, sandwiched between tonalite on
the northeast and metamorphosed quartz diorite on the southwest, lies
a few kilometers away. The altered quartz diorite was presumably
hydrated by intrusion of the adjacent Cretaceous granite.

The quartz diorites are heterogeneous, ranging from fine to medium
grained to porphyritic. Zen, Marvin, and Mehnert (1975) presented modal

data on sample 313, from one of the small plugs farthest away from the

18
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granite., Other samples of quartz diorite exhibit varying degrees of alt-
eration. Typical textures are shown in the photos in Fig. 5. Pleochroic
subhedral to anhedral hornblende is the most abundant mafic mineral in
the quartz diorite. In some samples, hornblende is characterized by
brownish cores with green rims; in other samples, all hornblende is
green but displays pafchy coloration., A high-relief, non-pleochroic
colorless to light green mineral forms the the core of some hornblendes
and may represent relict augitic-diopsidic pyroxene. Small grains of an
iron oxide are concentrated in light green altered areas (felted mat
texture) in some hornblende cores. Hornblendes are commonly twinned and
often host patches of brown biotite. Apatite and small opaque inclusions
are common, A distinct blue-green rim is observed on parts of some horn-
biende grains and may be another (sodic?) amphibole, Biotite is brown,
pleochroic, generally ragged in appearance.Some biotite is bent and shows
sweeping extinction., Much of the biotite is disrupted at plagioclase
contacts where small (<0.1 mm), anhedral grains of sphene are concentra-
ted. Chlorite and granular sphene occur along biotite cleavages and ep-
idote is observed with chlorite. Larger (up to 0.5 mm across) anhedral
grains of sphene occur with magnetite adjacent to biotite and hornblende.
Euhedral zoned and twinned plagioclase laths (length to width 2:1
or greater) appear to be an early phase. Degree of alteration varies
from sample to sample. Inclusions of magnetite and apatite are common.
Potassium feldspar is rare to absent. Where present, it is anhedral,
non-perthitic, untwinned, occasionally zoned, occupies areas up to lmm
across and is interstitial to all other minerals in the rock. Though
generally clean, potassium feldspar sometimes contains inclusions of

plagioclase,
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Potassium feldspar forms large subhedral phenocrysts, freguently
displays Carlsbad twins, rarely microcline twins. Perthite is more com-
mon than in the Cretaceous rocks. Myrmekite and inclusions other than
plagioclase are relatively rare in potassium feldspar in the eastern
plutons, more common in the Stine Creek pluton. The sphene and epidote
which characterize the Cretaceous granite are rare in the Paleocene
granite; sphene occurs as small, anhedral grains rather than as euhedral
rhomb-shaped crystals. Opaque minerals consist of blocky magnetites,
similar to opaques in Cretaceous rocks, and small grains (0.lmm maximum
length) of ilmenite and titanohematite within and adjacent to biotite-
muscovite intergrowths. Apatite occurs in both biotite and muscovite;
zircon is observed in biotite, and more rarely in muscovite.

In the porphyritic pluton, a purple isotropic mineral identified
as fluorite is observed in a chloritized biotite. Sagenitic rutile
needles are also observed in chlorite in this rock. Quartz and potas-
sium feldspar relations are not clear cut with regard to which commenced
crystallizing first. Potassium feldspar grains do not host quartz
inclusions in these rocks and occur as more discrete phenocrysts than
in the Cretaceous granodiorite; potassium feldspar probably began
crystallizing before quartz.

Sequences of crystallization

Generalized sequences of crystallization for the minerals in rocks

forming the major plutons of the Pioneer Batholith are shown in Fig.
10. Barker and others (1975) presented such diagrams for the Pikes
Peak Batholith and emphasized that such diagrams are only approximations

and that onset, cessation and overlap of crystallization of phases
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cannot be precisely determined. Diagrams for the Pioneer rocks are
based on observations of 1) inclusion relations, 2) development of
crystal faces of one mineral against another, 3) intergrowths of phases,
and 4) interstitial textures of one phase relative to other phases in
the rock.

Only those phase believed to have crystallized from a melt are
indicated on the diagram in Fig. 10; anhedral sphene, muscovite in

feldspar, epidote and chlorite are therefore not represented.



Major element whole rock chemistry

Twenty-five representative whole rock samples from various plutons
were analysed by the rapid rock method (Shapiro, 1975) in the Analytical
Laboratories of the U.S. Geological Survey in Reston, Va. Separate splits
of four samples were also analysed by x-ray fluorescence by Bruce Chappell
of the Australian National University. Sample locations are indicated
on the map in Fig. 3. CIPW norms and the Thornton-Tuttle differentiation
index (D.1.) were calculated using Bowen's (1971) graphic normative
analysis computer program. Results are summarized in Table IV. Harker
plots and pertinent ternary diagrams are shown in Figs. 11 - 16.

Silica content ranges from 49 to 74 weight per cent. Total al-
kalis (Nay0+K,0) increase from 4% in quartz diorite to 6% in grano-
diorite to up to 8-9% in muscovite granite. Fe0O/Fe03 ratios are
variable (0.4 to 1.5). «

In terms of Peacocks's (1931) alkali-lime index based on the
silica content at which Ca0 = Nay0 + K0, the Pioneer rocks are
calc-alkalic, i.e., the intersection of Ca0 and total alkalis occurs
between 56 and 61 weight per cent Si0p.

A1l of the rocks are quartz-normative and about half are slight-
ly corundum-normative (2.6% maximum). Thus the Pioneer rocks are
slightly peraluminous in terms of chemistry. No aluminum silicates or
garnet have been observed in plutonic rocks. Only the Tertiary granites
host primary looking muscovite, thus there is no correlation between
presence of muscovite and amount of normative corundum. Some clearly

secondary muscovite is present in the Cretaceous granites.
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Table IV. Major element rock analyses and normative minerals for
rocks of the Pioneer Batholith

Map Unit Kpd Kpd Kptl Eptl Kot3

Sample BH9800 M313~-1 M084-2 ¥984-27F M547-1
?lot symbol A B c c D
5109 49,50 52.40 56.70 52.23 61.10
Al)03 18.30 18.20 17.00 ‘ 17.92 15.70
Feq03 4,90 5.10 3.30 3.17 2.30
Fel 6.40 S5.40 4,30 4,45 3.60
Mg0 5.00 3.90 2.90 3.07 2.40
Ca0 9.20 8.70 6.00 6.22 5.60
Nas0 2.40 3.00 ‘ 3.50 3.55 3.30
K70 1.40 1.30 2.10 2.05 3.00
H20 1.10 1.00 1.20 1.50 0.66
TiOy 1.20 1.20 0.97 0.98 0.72
P505 0.26 0.35 0.28 ) 0.26 0.20
MnO 0.16 0.11 0.17 0.13 C.14
2r0y ne.d.* n.d. n.d. 0.03 n.d.
COy 0.03 0.02 0.08 0.12 0.06
Ba0 n.d. n.d. n.d. 0.08 n.d.
F n.d. n.d. 0.05 n.d. 0.05
Total 99.85 100.68 98.53 99.76 98.31

normative minerals

Q 2.98 6.54 11.21 9.29 15.59

c

Z 0.05

Or 8.29 7.63 12.60 12.14 17.94
Ab 20.34 25.21 30.06 30.11 28.256
An 35.08 32.14 34,84 26,97 19.40
Wo 3.65 3.48 1.18 0.69 2.83
En 12.47 9.65 7.33 7.66 6.05
Fs 6.03 3.90 3.94 4,19 3.83
Mt 7.12 7.35 4,86 4,61 3.38
dn

I1 2.28 2.26 1.87 1.89 1.38
Ap 0.62 0.82 0.67 0.62 0.48
r 2.05 0.07
Ce 0.07 0.04 0.19 0.27 J.14
Total 98.93 99.02 98, 30 98.49 99.35
D.I. 32 39 34 52 52
Analyst 3. Smizh L. Artis Z. Hamlin B, Chappell 2. Hanmlin

. b = .
* n.d. = not determined © x=ray fluorescene analvsis
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Table IV. Continued

Map Unit Kot Kpp Kpgr Rogr Kogr
Sample u547-1% - BH9850 - M121-1 FG Ive

Plot symbol D E F G H

§10, 61.27 64.70 65.50 65.50 65.70
All04 16.55 16.40 15.40 15.90 16.20
Feq01q 2.40 2.10 2.40 . 1.90 2.80
FeO 3.65 2.90 1.90 2.30 2.10
Mg0 2.53 1.80 1.50 © 1.60 1.50
Cal 5.45 4,20 3.70 4,20 4,50
Nag0 3.38 3.30 3.70 3.30 3.00
K50 2.26 2.80 - 3.50 2.40 2.60
H90 0.93 0.75 Q.70 0.42 0.80
Ti0; 0.73 0.59 0.42 0.45 0.42
P705 0.17 0.14 0.16 0.20 0.21
MnO 0.1l1 0.10 0.10 0.08 0.08
ZrOz O-Ol n-d. n.d. n-do nede.
ole]} 0.14 <0.05 0.02 0.08 . 0,02
BaO 0.09 n.d. n.d. n.d. n.d.
F n.d. n.d. Ned. nede . n.d.
Total 99,67 99,78 99.00 98.33 99.93

normative ninerals

Q 17.07 22.28 21.14 26,02 26.63
c 0.64 0.92 0.82
Z 0.02

Or 13.40 16.58 20. 89 14,23 15.38
Adb 28.70 27.98 31.62 28.40 25.40
An 23.39 19.96 15.23 19.35 20. 384
Wo 0.79 0.89

En 6.32 4,49 3.77 4,05 3.74
Fs 3.73 2.31 1.01 2.09 1.00
Mt 3.49 3.05 3.52 2.80 4.06
do

I1 1.39 1.12 0.81 0.87 0.80 .
Ap 0.40 0.33 0.38 0.48 0.50
Fr :

Ce 0.32 0.05 0.18 0.05
Total 99.02 99.24 99,31 99,39 99.22
D.I. 39 67 . 74 89 67
Analyst 3. Chappell L. Shapiro Y. Skinner F. 3rown L. Arcis

and others Z. danlin

= ~ .
* n.d. = not detesrmined " x=ray fluorescene analvsis
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Table IV. Continued

Map Unit Kpgr Kpgr KRpogr Kpgr Kpg
Sample vet M831-1 XS M1298-2 M1293-1
Plot symbol H I J jid L
Si0p 65.04 66.40 66,90 67.90 68.40
Al.04 15.98 15.30 15.10 15.00 15.10
Fes04q 2.23 1.80 2.30 2.00 1.60
FeO 2.16 1.60 2.2 1.70 1.90
Mg0 1.80 1.30 1.60 : 1.50 1.40
Ca0 4,53 3.70 3.90 3.80 3.50
Na»0 3.34 3.60 3.10 3.30 3.50
K-0 3.03 3.40 3.80 3.30 3.20
H,50 0.78 0.79 0.28 0.84 0.77
Ti0, 0.47 0.36 0.56 0.44 0.40
P505 0.15 0.12 0.12. 0.13 0.11
MnO 0.09 0.09 0.08 0.07 0.08
2109 0.02 Tede n.d. n.d. n.d.
COq 0.12 0.04 0.06 0.03 0.06
Bao 0.12 n.de. n.d. n.d. n.d.
F nede. n.d. n.d. C.04 0.04
Total 99,87 98.50 100.00 100.03 100.04

normative minerals

Q ' 21.90 23,30 23,92 26.10 26.01
C
Z 0.03
Or 17.93 20,40 22,46 19.49 18.92
Ab 28,30 30.93 26.23 27.91 29.60
An 19.69 15.78 16.06 16.36 16.03
Wo 0.51 0.75 0.88 0.52 0
En 4,49 3.29 3.98 3.74 3.48
Fs 1.52 1.04 .36 0.87 1.696
Mt 3.24 2.65 3.34 2.90 2.32
Hm
I1 0.89 0.69 1.06 0.84 0.76
Ap 0.29 0.28 0.31 0.26
Fr 0.06 0.06
Ce 0.09 0.14 0.07 0.14
Total 98.50 99.21 99.71 99.17 99,24
D.I. 68 73 73 74 / 75
Analvst B. Chappell VY. Skinner H. Smith C. Jones C. Jones
Z. Hanmnlin R. Somers R. Scmers
+

* n.d. = not deternined x-ray fluorescene analvsis



46

Table IV. Continued

Map Unit Kpg Kpgr Xpgr Kpg Tpg
Sanple M1228-1 M1272-2 BC M1293-2 M1162-1
Plot symbol M N 0 P Q-
5107 68. 50 68.90 69.50 69.80 70.70
Aly04 14,90 15.10 16.20 14.60 14.80
Feq03: 2.10 1.90 1.60 1.50 1.80
Fed © 1,50 1.60 1.30 1.70 1.20
MgO 1.30 1.20 0.62 1.30 0.90
Ca0 3.50 3.50 3.70 3.30 2.80
Naj0 3.40 3.40 . 3.80 3.30 3.30
Ro0 3.20 3.20 2.70 3.10 3.60
Ho0 0.72 0.67 0.79 0.86 1.00
Ti0p 0.41 0.38 - 0.26 0.40 0.35
P»0g 0.12 0.12 .0.16 . 0.12 C.12
MnO 0.06 0.07 0.08 0.09 0.08
ZrOZ ' nede. ne.d. n.d. n.d. n.de.
CO,y 0.30 0.01 0.04 0.01 0.01
Bao Q.d. n.d. n.d. n.d. n.d.
F 0.04 0.04 n.d. 0.04 0.05
Total 100.C3 100.07 100.75 100.10 100,69

normative minerals

Q 28.07 27.63 2

8.20 29,53 30. 54
c . 0.54 0.07 0.77 0.20 0.79
or 18.90 18. 90 15. 84 18.30 21.13
Ab 28.76 28,75 31.92 27.90 27.73
An 14.46 16.29 16.93 15.29 12.67
Wo
En 3.24 2.99 1.53 3.23 2.23
Fs 0.45 0.87 0.78 1.39 0.28
Mt 3.04 2.75 2.30 2.17 2.59
Hn
I1 0.78 0.72 0.49 0.76 0.466
Ap 0.28 .28 0.38 0.28 0.28
fr 0.06 0.06 0.06 n.08
Ce 0.68 0.02 0.09 0.02 0.02
Total 99,26 99,33 99,23 99.13 99,00
D.I. 76 75 76 76 79

Analyst C. Jones C. Jones L. Artis C. Jones C. Jones
. R. Somers R. Somers R. Somers R. Scners



Table IV. Continued

Yap Unit ¥Kpg
Sample M516-1
Plot symbol R
$i0p 70.90
Al,03 15.70
Feq03 0.74
Fe0 0.58
Mg0 0.37
Ca0 2.10
Na50 5.00
K40 3.10
Hy0 0.56
Ti0, 0.23
P50s 0.07
Mn0 0.03
2r0y n.d.
olo]) 0.02
Ba0 n.d.
F 0.06
Total - 99.43
normative minerals
Q 25.41
c 0.66
z

Or 18.43
Ab 42.55
An 9.49
Wo

En 0.93
Fs 0.13
Mt 1.08
Hm

I1 0.44
Ap 0.17
Fr 0.11
Ce 0.05
Total 99,44
D.I. 36
dnalyst C. Jones
* n.d. = not determined
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Kpg Tda
M744=2 M347-3
S T
71.90 72.00
14.10 13.00
1.70 1.30
1.10 1.20
0.98 0.52
2.70 1.60
3.10 3.10
3.60 5.00
0.22 0.63
0.29 0.27
0.08 0.10
0.06 0.05
nodo n.d.
0.07 0.23
n‘d. n.dO
n.d. 0.08
99.90 " 99,05
33.18 31.71
0.55 0.55
21.30 29.83
26.26 26.48
12.44 5.36
2.44 1.31
0.25 0.78
2,47 1.90
0.55 0.52
0.19 0.24
0.15
0.186 0.53
99.79 99.36
81 38
H. Snith Z. Hamlin
R+ Soners

-+

Tpg Tng
M500 M500%
u U
73.00 72.34
14.30 14.46
0.59 0.58
0.92 0.88
0.41 0.51
2.50 1.57
3.80 3.87
3.90 3.97
0.37 0.70
0.21 0.20
0.13 0.08
0.06 0.05
n.d. 0.01
0.07 0.17
ned. 0.13
0.05 n.d.
100.29 99,52
30.24 30.83

1,45
0.02
22.98 23.57
32.06 32.90
10.41 h.46
0.16
1.02 1.23
0.96 0.90
0.83 9.84
0.40 .38
N.31 0.19
0.08
0.16 0.39
99.63 99.21

85 87

Z. Hamlin 8. Chappell
N. Skinner

x=ray fluorescene analvsis
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Table IV. Continued

Map Unit Rpg Tda Tpg Tpg
Sample BHS " M315-1 M32-1 M1044<1
Plot symbol v I X Y
Si0q 72.80 74,30 74,70 75.60
Al;013 15.10 12.80 13.40 12.60
Feq01q 0.86 0.78 0.41 0.71
Fe0 0.76 0.94 0.16 0.48
Mg0 0.43 0.54 0.26 A 0.29
Cal 2.20 1.10 0.76 1.20
Nas0 3.10 2.70 ) 4.50 3.10
K50 3.50 4,60 4,60 4,30
Ho0 0.96 0.90 0.49 ' 0,45
Ti09 0.20 0.24 0.07 0.14
P505 0.18 0.10 0.05 . 0.05
Mn0 0.08 0.01 0.03 0,08
Zr04 n.d. n.4d. n.d. n.d.
COy 0.02 0.08 0.02 N.03
Bal n.d. n.d. nede. fted.
F n.d. 0.06 n.d. 0.02
Total 00.19 99.12 99.45 99.04

normactive wminerals

Q 36.28 38.51 29.38 38.66
c 2.68 1.96 0.90
YA

Or 20.64 27.42 27.33 25.66
Ab 26.18 23.05 38.29 26,48
An 9.59 3.96 2.79 5.38
Wo 0.23

En 1.07 1.36 0.65 0.73
Fs 0.50 0.71 0,22
Mt 1.24 1.14 0.41 1.04
Hn

I1 0.38 0.46 0.13 0.27
Ap 0.43 .23 0.12 N.12
fr 0.11 0.03
Ce 0.05 0.18 0.05 0.07
Total 99.04 99,09 99.83 89,36
D.I. 83 89 95 91
Analyst L. Artis C. Jones Y. Skinner Z. Hanmlin

R. Somers Z. Hanlin
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these plots is the smooth trend observed for all elements. Al,03, FeO,
Ti0, Ca0, Mg0, and P05 all decrease with increasing silica content
while Nay0 and Kp0 increase. Corundum-normative samples are not distinct
from the main trends for Al,03 or Kp0, as might be expected if rock
chemistry reflected extensive alteration.

Tilling (1973) used binary and ternary plots to study chemical
variation in the rocks of the Boulder Batholith. He found that a
plot of Ky0/K20+Nap0 vs. Si0 best illustrated two different groups of
rocks believed to represent two contemporaneous magmas. Data from the
Pioneer Batholith is shown in Fig. 12. The boundaries defined by Tilling
for the Main Series and Sodic Series rocks of the Boulder Batholith are
outlined. The Pioneer rocks are more like the Sodic Series rocks in
composition. The southernmost plutons of the Boulder Batholith which
belong to the Sodic Series are the closest Boulder plutons to the Pio-
neer Batholith., Other features (higher initial strontium, age span)
distinguish the Pioneer from the Boulder.

A molar AFM plot for the Pioneer Batholith, Fig. 13, shows a smooth
trend towards the alkali corner, Little overlap occurs between map units
and the muscovite-bearing rocks are the most alkali-rich. Within the
granodiorite, the samples closest to the Cretaceous granite contact plot
closest to the granite in composition.

The sum of the oxides represented in the AFM diagram accounts for
less than 50% of the total oxides in the rocks. Wright (1974) and
others have criticized the use of AFM diagrams as a basis for draw-
ing petrogenetic conclusions. As Wright pointed out, related rocks will

show a trend on an AFM plot, but unrelated rocks may also show smooth
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Figure 11, Harkep dtagraﬁs for major elements. in

Pioneer rocks.

Data given in Table IV.
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»

A

Figure 13.

Molar Ko0 + Nap0, FeO, Mg0 (AFM) plot for rocks of the Pioneer
Batholith. Inset shows fractionation trends for the Sierra
Nevada and southern California and Idaho batholiths (Mueller
and Saxena, 1977).
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trends, due to the number of factors (other constitutents) ignored.
Perhaps the most useful aspect of such chemical plots is as a basis for
comparisons between suites of rocks which are thought to represent sim-
ilar processes. The Pioneer trend is similar to trends observed for
other calc-alkalic batholith complexes, such as the Sierra Nevada and
the Boulder, as shown in Fig. 13.
Minor element chemistry

Multi-element instrumental neutron activation analyses were per-
formed on most of the samples to determine rare earth and trace element
abundances.

Chondrite-normalized rare-earth patterns based on data in Table
V are plotted in Fig. 14. Rare earth trends for all the rocks show
relative enrichment in the light REE. Such patterns are consistent
with melts derived from a pyroxene or hornblende rich parent rock
(Zen, written communication). Both pyroxene and hornblende as residual
phases affect melt REE patterns by depleting the middle and heavy REE
(Haskin, 1978).

Selected trace elements and ratios are plotted against silica in
Fig. 15. Rubidium, which exhibits similar chemical behavior to potassium
and is masked by potassium, should show a positive correlation with K.
Due to a larger cation radius (1.49 for Rb* vs 1.33 for K*), Rb should
preferentially concentrate in residual melt phases during fractional
crystallization. In suites of rocks related by differentiation, the typi-
cal trend is for K/Rb to decrease from mafic to acid compositions.
Fig. 16 illustrates such a trend for the Pioneer rocks. The K/Rb ratio

for the Pioneer rocks is nearly constant at 200, rear the high end of
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Table V. Trace element abundances (ppm)*

Map unit Kpd Kpgr .

Sample M313-1 Ive FG BC M121-1 M881-1
Cr <8.4 5.8 7.0 6.6 6.3 7.C
Co 26.3 7.1 7.5 3.6 7.2 7.0
Zn 96 62 49 52 S4 47

Ba 382 916 799 1390 391 1070
Zr 559 249 280 190 189 101

La 26 42 42 40 32 41

Ce 50 70 71 64 54 35

Nd 28 29 25 25 23 23
So 7 6 5 ‘5 4,9 3.9
Eu 1.62 1.24 1.09 0.98 2.93 0.89
Tb 0.95 0.70 0.56 0.47 0.51 ' 0.46
Tnm 0.49 0.41 0.34 0.31 0.31
Yb 3.0 2.2 2.3 1.6 2.1 1.8
Lu 0.45 0.38 0.39 0.23 0.34 0.28
Rb 34 89 n.d. 73 , 112 100
Sr 498 475 n.d. 629 403 409
Map unit Xpp Kog Tpg

Sample BH9850* BHS M744-2 M500 M32-1

Ct 1303 4.0 n.d. 506 501

Co 10.8 2.2 4.7 2.0 . 0.3

Zn 72 29 34 36 17

Ba 993 1393 709 1283 518

Zr 289 156 95 130 S5

La : 51 39 28 35 11

Ce 86 64 48 58 19

Nd 37 23 19 23 8

Sln 6.9 402 406 405 200

Eu ) 1.52 0.97 N.89 0.79 0.32

Be] 0.82 0.52 0.60 0.47 1.2

™ 0.35 0.29 Nede. <0.20 <0.23

Yb : 2.5 105 1.2 101 200

Lu 0039 002& nodc 0.16 0029

Rb 38 98 102 106 123

Sr 428 262 272 250 213

*elements Cr through Lu deteranined bv multielement lastrumental neutren

accivation analysis in U.S.G.S. Laboratcries (P. 3aedecker, L. Schwarz, analysts)
Reported values represent averages of !-3 detarminations per sanmple.

Rb and Sr determired by J. Arth, U.S.C.S. n.d.®not detarmined
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Pioneer rocks. Data are given in Table V. Plots
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and initiai strontium ratios.
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the range (160-300) usually observed for granitic rocks. The lowest
K/Rb ratio,220, is for a contaminated quartz diorite and the highest,
378, is for a tonalite which may actually be part of another group of
intrusive rocks (probably Cretaceous, but exact age uncertain). High
K/Rb ratios are consistent with crystallization of biotite from the
melt, i.e., removal of a low K/Rb mineral from the melt. The effect
of potassium feldspar removal, a high K}Rb mineral, should be to de-
crease the K/Rb ratio in progressively more felsic rocks, as observed
in the Sierra Nevada by Bateman and Chappell (1980). All of the Pioneer
rocks contain biotite, and all but the quartz diorite contain potassium
feldspar, which appears to be a phase that begins crystallizing late
in the stages of magma solidification on textural grounds relative to
plagioclase, quartz and mafic minerals.

Rb and Rb/Sr tend to increase with increasing silica content; Ba

is erratic and Zr tends to decrease.

~in S



Mineral chemistry
Analytical technique

Major element compositions of amphiboles, micas, feldspars and
accessory minerals in polished thin sections were determined by
microprobe analyses. Collection sites and distribution of samples
among the various plutons of the batholith are indicated on the sample
location map in Fig., 3. ARL microprobes at the U.S. Geological Survey
in Reston, Virginia (3 channel) and at V.P.I. & S.U. (9 channel) were
used in this study. Both probes were operated at 15 KV with beam current
0.05 - 0.10 microamps. Natural mineral standards were used for most
elements and data reduction was accomplished by using automated Bence-
Albee correction schemes (1968) incorporating Albee & Ray's (1970)
alpha factors. Standard deviations on replicate analyses indicate
that values obtained are reliable to * 3% of the amount present for
major elements in a mineral (>20 weight %) and to %= 10% of the amount
present for minor elements (<20 weight %). Complete tables of analyses
for hornblende, biotite and muscovite from representative samples are
given in Appendices I-III. Mineral separations of hornblende, biotite,
muscovite and potassium feldspar were obtained for some samples in
conjunction with age and isotope studies and separates were available
for selected chemical and x-ray studies.

In order to estimate ferrous/ferric iron ratios in biotites, fer-
rous iron was analysed by decomposing biotite separates by HF digestion
in a dry nitrogen atmosphere followed by titration with a standard di-
chromate solution using diphenylamine sulfonate as an indicator. This

is a modification of the procedure outlined by Shapiro (1975). Average

59



60

total iron as FeQ for a given sample was taken from microprobe data

and the difference between FeQ by microprobe and Fe0 by titration was
computed as Fep03. The ferrous iron value determined by this method

is a minimum. Apart from analytical error, two major sources of error
exist: 1) oxidation during handling of the sample and 2) erroneous
total iron determination by microprobe. Samples were ground by hand

in an agate mortar in air, handling times were kept as short as
possible, and acid decompositions and titrations were done in an
atmosphere of flowing dry nitrogen to reduce the risk of oxidation.
Standards were analysed along with the samples to check accuracy and
replicate analyses were done, sample permitting. Points for microprobe
analysis were chosen to include variations in grain size and rim to core
relations in grains. Total iron was checked by atomic absorption analy-
sis for two samples; results are within the standard deviations deter-
mined by microprobe. Results of Fe analysés are shown in Table VI.

Three biotite separates and two muscovite separates were analysed
for 1ithium by flame emission spectrophotometry.Samples were put into
solution by digestion with HF, HNO3 and HC1 (Maxwell, 1968). Standards
were made up from crystalline LipC03 and corrected for silica. A stan-
dard rock (U.S.G.S. GSP-1) was prepared as an unknown and run with the
micas. All five micas are low in lithium. Results are given in Table VIb.

Structural states of potassium feldspars were determined by the 3-
peak method of Wright (1968). Separates were obtained from ground whole
rock splits by using heavy liquids and magnetic separation or megacrysts
were drilled out of hand specimens. Peaks were determined by averaging

triplicate scans (1/2°/minute) of smear mounts with CaF as an internal
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Table VIa. Results of iron analyses on biotites.

Fe0 (weight percent)

Method of analysis microprobe *1] atomic absorption *2 titration *3

Map unit|Sample

Kpd M313-1 19.34

£ 0.48 16.78

Kpgr FG 17.21 = 0.23 14.17
M121-1 17.54 £ 0.19 17.92 14,28

Kpg BHS 17.48 £ 0.27 17.96 15.22
Kpp BH9850 19.53 £ 0.58 16.25
Tpg M500 21.43 = 0.47 17.43

*] average values for total iron as Fe0 = 1 standard deviation
*2 total iron as Fe0

*3 average values for ferrous iron determined by titration with standard
dichromate solution using diphenylamine sulfonate indicator

Table VIb. Results of lithium analyses on micas.

Sample % Li
USGS Standard GSP-1 0.003*
M500 Muscovite 0.004
BHS Biotite 0.036
FG Biotite 0.023
M121-1 Biotite 0.036

*Reported values for Li range from 0.0026% to 0.0053%



standard. A diffractometer equipped with a curved graphite monochrometer

was used for all x-ray work.

Hornblende

Representative analyses of hornblendes are cited in Table VII.
Formulae were calculated on the anhydrous basis of 23 oxygens {Borg,
1967). F and C1 for some points were determined by microprobe;
Fet3/Fet3+FetZ was defined as 27% for all analyses based on ferric and
ferrous iron values in three chemical analyses on separates from dif-
ferent plutons. Average probe analyses are in good agreement with
th? chemical analyses (Table VIII). A theoretical water content was
calculated as a check on oxide sums. Site occupancy assignment for
cations follows the scheme described by Czamanske and Wones {1973).

A1l of the amphiboles analysed are "magnesio-hornblendes" as de-
fined by Leake (1978);i.e., Si=6.50-7.25, Mg/Mg+Fet2>0.50, (Ca+Na)>1.34,
Na<0.67, (Na+K)<0.50 and Ti<0.50. In the Pioneer hornblendes, most Al
enters the tetrahedral site, virtually all Na enters the A site and Ca
is constant at 1.8-1.9 cations per 23 0. Where core-rim differences
are noted, the cores are higher in total Al and Ti and lower in Si
relative to the rims, reflecting dropping temperatures and increasing
silica activity as crystallization proceeds. Fig. 17 illustrates the
relative differences in hornblende composition and variation in compo-
sition within a single grain for a) a quartz diorite, sample M107-1,
where a brownish core and distinct greenish rim are observed and b) a
granodiorite, sample WC, which exhibits patchy coloration but no distinct

core and rim.
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Table VII.

Map Unit
Sampl

$i0,
A1203
Fep03*
Fe0D
Mgl
ca0
Na»0
K20
T102
MnO

F

Cl

Sum
F=0
C1=0
H20 calc

Sum

Cations on the basis of 23 oxygens

Si
ATV
T .
A]V1

Fet3
Fet2

Mg

Fe/Fe+Mg
#Points

Comment

*311 Fe203 calculated for 27% Fe

Hornblende analyses.

Kptl
M984-2 M984-2
42.02 45,96
10.64 7.02
4.59 5.20
11.16 12.66
11.60 11.81
17.02 10.52
2.09 1.33
0.94 0.49
3.40 1.25
0.42 0.45
n.d. n.d.
n.d. n.d.
97.88 96.70
2.01 2.00
99,89 98.70
6.25 6.89
1.75 1.11
8.00 8.00
0.12 0.13
0.51 0.59
1.38 1.50
2.57 2.64
0.38 0.14
0.04
5.00 5.00
0.02 0.06
0.08
1.76 1.69
0.22 0.17
2.00 2.00
0.39 0.22
0.18 0.09
0.57 0.31
n.42 0.44
3 3
brown green
core rim
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0.08
0.26

0.30
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46.91
8.13
4.52

11.00

12.91

12.30
1.25
0.68
1.22
0.73
0.27
0.09

100.01

0.11
0.02
1092

101.80

6.78
1.22
8.00
0.17
0.49
1.33
2.78
0.13
0.09
4.99

1.91
0.09
2.00
0.26
0.12

0.38

0.40

M704-1

44,64
8.88
4,87

12.61

11.36

11.75
1.39
1.01
1.19
1.00
n.d.
n.d.

98.70

2.03
100.73

6.60
1.40
8.00
n.14
0.58
1.56
2.50
0.14
0.08
5.00
0.05

1.86
0.09
2.00
0.31
0.18

0.49

N.46

core
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Table VII., Continued

Map Unit Kpgr Kpp Kpg

Sample M704-1 M121-1 BH9850 M1293-1 M1119-1
$i07 46.20 44.42 43.79 46.78 44.70
A1,03 7.80 9.39 8.41 7.72 8.43
Fes03* 4.90 4.84 5.09 4.59 4.87
Fe0 11.93 11.77 12.38 11.10 11.86
Mg0 12.72 11.94 11.40 11.92 11.36
Ca0 12.04 12.40 12.09 11.94 12.56
Nao0 1.19 1.35 1.24 © 1.18 1.20
K20 0.77 1.00 0.84 0.92 0.81
Ti02 0.95 1.22 1.24 1.08 1.13
MnO 0.99 0.78 0.68 0.77 0.87
F n.d. 0.30 0.21 n.21 n.d.
C1 n.d. n.d. 0.09 n.d. n.d.
Sum 99.49 99.41 97.46 98,27 97.80
F=0 0.13 0.09 0.09

C1=0 0.02

H20 calc 2.05 1.89 1.87 1.94 2.01
Sum 101.54 101.18 99.22 100.12 99.81
Cations on the basis of 23 oxygens

Si. 6.75 6.54 6.60 6.88 6.67
A1V 1.25 1.46 1.40 1.12 1.33
T . 8.00 8.00 8.00 8.00 8.00
AIV1 0.09 0.17 0.09 0.22 0.15
Fe+3 0.54 0.54 0.58 0.51 0.55
Fet2 1.46 1.45 1.56 1.38 1.48
Mg 2.77 2.62 2.56 2.61 2.53
Ti 0.10 0.14 0.14 0.12 0.13
Mn 0.04 0.08 0.07 n.10 0.11
M1-M3 5.00 5.00 5.00 4.94 4,95
Mn 0.08 0.02 0.01 0

Fet2

Mg

Ca 1.88 1.96 1.95 1.88 2.00
Na 0.04 0.02 0.04 0.12 0
Mg 2.00 2.00 2.00 2.00 2.00
Na 0.29 0.37 0.32 0.22 0.35
K 0.14 0.19 0.16 0.17 0.15
Ca 0.01
A 0.43 0.56 0.48 0.39 0.51
F 0.14 0.10 0.10

C1 0.02

Fe/Fe+Mg 0.42 0.43 0.45 0.42 0.45
#Points 2 3 2 4 3
Comment rim core

*all Fe,0, calculated for 279 Fe+3
203
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Compositional variations within amphibole grains and between rock
types may be studied in terms of simple and coupled substitutions.
Amphiboles deviate from the simplest amphibole formula, tremolite,
© Cajp Mgg Sig 0p, (OH), where o stands for a vacancy in the A-site,

Ca fills the My site, Mg fills the M;-M3 sites and Si is the only tetra-
hedral cation present; by a variety of coupled substitutions which may
be broken down into 4 main types (Doolan and others, 1978) depending

on which sites are involved. Czamanske and Wones (1973) also described
in detail the coupled substitutions which maintain charge balance and
give rise to end-member amphibole compositions. Table IX gives examples
of possible substitutions.

Fig. 18 shows the range of composition within each map unit in
terms of tetrahedral Al and total A-site occupancy variation with Ti.

Robinson and others (1971) noted that the relationship
Aliv= 1 A-site + (A1Vi+ Fe*t3+ 2Ti*4) is obeyed for the edenite and
tschermakite substitutions. Fig. 19 shows that although some analyses
fall along the 1A17V:1(A+A1Vi+Fe+342Ti*4) 1ine, most 1ie below the line,
suggesting that substitutions involving the My site are operative.
Plots of Nay, vs A-site and Nay, vs (A1Vitre*3), which test for the
richterite and riebeckite-glaucophane substitutions, respectively,
were largely uninformative. Doolan and others (1978) presented a plot
of (A]Vi+Fe+3+2Ti+4)-Nam4 VS A11V+NaM4 for 840 amphibole analyses from
the literature. Such a plot best separates the effects of various
substitutions. As this study pointed out, the quantity (A1VisFe+3+2Ti+4),
which they define as y*, sums glaucophane and tschermakite substitutions

and y*-Namg removes the effect of the glaucophane substitution., They
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TABLE IX. Some types of possible coupled substitutions in amphiboles

SITE AMPHIBOLE
A Ma My -M3 T
Cay Mgs Sig ideal tremolite
Na,K Al edenite
Na Na richterite
Na Al glaucophane
Na Fet3 riebeckite
2 Na Ti
Al Al tschermakite
Fet+3 Al
Ti 2 A




Ally

Ally

.84 Kpd

.2 .t‘
Ti

69

.8 Kpgr
.81
R

o 24

Kpp

i
t.. -
.2 l4
Ti
Kpg
0 .2 4
Ti

Figure 18. Variation of AIV1 and total A-site occupancy as a function
of Ti per formula unit for hornblende, from major plutons
of the Pioneer Batholith.
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found that all analyses fell below a line defined by the equation
y*-Nay,=0.82 (AliV+NaM4) and that most fell along a line with a slope
of 0.65. Fig. 20 shows the trend observed for Pioneer amphiboles on
such a plot. Changes in Ti content within grains and between rocks sug-
gest that Ti is involved in coupled substitutions. Ti in Mj-M3 may be
coupled with an My occhpant in a glaucophane (2Na+Ti)-type substitution
or with tetrahedral occupants in a tschermakite (Ti+2AliV)-type sub-
stitution. Figure 18 illustrates a positive correlation between AYiv
and Ti. Several aspects of these plots are noteworthy. First, there
is a poor linear fit through the data, closer to a 1:3 slope than the
1:2 slope expected for a Ti:2Al substitution. Zen (1980, written
communication) noted the abundance of Fet3 cations (Fe*3:Ti ~ 3:1) and
suggested that a 1:3 slope may arise from a combination of a Ti-
tschermakite (Ti+2A1) and a tschermakite (Fe+3+A1) substitution.
Second, the most A1iV and Ti rich compositions correspond to cores in
hornblendes from quartz diorite and tonalite. Rim compositions fall

in the middle of the range of compositions, where most granite and
granodiorite analyses lie. The least Al- and Ti- rich compositions
correspond to granodiorite samples from the southernmost parts of the

batholith,
Discussion

Substitutions in hornblendes have been investigated by field and
experimental studies and attempts have been made to correlate trends
observed with changes in T, fgo and bulk composition. Dodge, Papike
and Mays (1968) reported on hornblendes in the Sierra Nevada Batholith
and cited studies which propose that Al substitution for Si increases

with increasing temperature of crystallization. Relative stabilities
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of amphiboles investigated experimentally - pargasite is thermally

more stable than tremolite (Ernst, 1968) - and the observation of
increasingly more pargasitic hornblende (relative to tremolitic) with
increasing metamorphic grade agree with this proposal. Helz (1973)
reported on hornblende compositions encountered in experimental runs

on basalts and found the the total A-site occupancy and tetrahedral Al
increased with increasing temperature for a given bulk composition and
oxygen fugacity. She proposed that linear trends observed for plots of
Al1iVys, A-site (slopes +2, +3 depending on bulk composition) result
from crystal-chemical constraints required to maintain charge balance
when Ti (+4) and A1(+3) substitute for +2 cations in the M;-M3 sites;
i.e., a change in edenite-type substitution is counterbalanced by a
change in tschermakite-type substitution. Furthermore, Helz confirmed

a temperature dependence for the Ti-tschermakite substitution suggested
by the observation of increasing Ti0, in amphiboles at higher metamorphic
grades and the occurrence of kaersutitic hornblendes in high temperature
rocks. Helz demonstrated that the extent of the Ti-tschermakite sub-
stitution depends on oxygen fugacity as well as temperature. Decreasing
fo2 at constant temperature and bulk composition resulted in 1) an
increase in Ti0p content in Helz's hornblendes (hematite-magnetite

to quartz-fayalite-magnetite buffer ranges for fyy), and 2) higher
Fe/Mg ratios. Helz also found that at constant fgp, Fe/Fe+Mg generally
decreased and Ti0, increased with increasing temperature. Fig. 21
shows the trends in Fe/Fe+Mg and Ti0Op in hornblende observed in three
of Helz's experiments--the 192] Kilauea olvine tholeiite on the quartz-

fayalite-maqgnetite (QFM) and hematite-magnetite {HM) buffers and the
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1801 Hualalai alkali basalt on the quartz-fayalite-magnetite buffer.
Despite the fact that these bulk compositions are not directly applicable
to the Pioneer study, Helz's experiments (PH,0 = 5 kbar, T = 680-1000°C)
do show the relative effects of varying intensive parameters on hornblende
compositions which span the range of hornblende compositions encountered
in the Pioneer and othér calc-alkalic batholiths. 1In all three
experiments Helz reported reaction of hornblende + sphene in the
temperature range 850° to 1000°C to produce a more Ti- and Mg-rich
hornblende (QFM conditions) or Mg-rich hornblende and titanohematite
(HM conditions).

Hornblende data for the Sierra Nevada Batholith (Dodge and others
1968), the Southern California Batholith (Larsen and Draisin, 1950),
the Finnmarka Complex (Czamanske and Wones, 1973) and the Pioneer
Batholith are also shown. A normal, or "reducing" trend of crystal-
lization, where fgo decreases as temperature drops resulting in crystal-
lization of more iron-rich mafic silicates as differentiation proceeds
was proposed by Dodge et al., for the Sierra Nevada rocks. At Finnmarka,
a trend of oxidation with differentiation has been established by field
study and examination of mineral chemistry (Czamanske and Mihalik, 1973;
Czamanske and Wones, 1973). The range of compositions of Pioneer
amphiboles is similar to the Sierra Nevada and markedly different from
the Finnmarka trend. High Ti contents for hornblende cores in quartz
diorite and tonalite indicate that they formed at higher temperatures
than rims and granodiorite and granite horndolendes. Bulk composition
as well as the drastic effects of relatively high oxygen fugacities on
Timiting Ti may account for the limited Ti0, in Pioneer and Sierra

amphiboles (i.e., fgp was higher than QFM buffer conditions throughout).
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Biotite

Brown biotite occurs in all of the rocks of the batholith., In terms
of end-member biotite compositions, the Pioneer biotites are intermediate,
falling along a trend between phlogopite and siderophyllite, as shown
in Fig. 22. Table X gives representative microprobe analyses. Ferric/
ferrous ratios were determined for at least one sample per map unit,
and resulting ratios were applied to all samples from a given unit. As
previously discussed, Fe0 values are a minimum, but it was believed
that minimum Fe0 values were preferable to calculation of all iron as
Fe0.

Silicon and aluminum fill the tetrahedral site and in most'cases,
aluminum also enters the octahedral site. M-site occupancies (Al1Vi+Fe+3:
Fe+2+Mg+Mn+Ti) range from 2.79 to 2.90 éut of an ideal 3.00 based on 11
oxygens per formula unit. A-site occupancies (K+Ca+Na) range from 0.91
to 1.01. Fluorine and chlorine were analysed by microprobe for some
samples; fluorine atoms per formula unit always occupy less than 10% of
the available 2 anions per OH-site. No significant amounts of chlorine
were detected. Lithium, which may substitute for Al, commonly increases
with differentiation (Deer, Howie & Zussman, 1963). Li analyses for
three biotite separates (Table VIb) ranged from 0.023% and 0.036% Li for
Cretaceous granodiorite to 0.036 for typical Cretaceous granite.

A1l three values are lower than reported values for biotites from
calc-alkalic igneous rocks (Nockolds, 1947; Deer and others,1963),

which are around 0.1-0.3% Li20.
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Nockolds (1947) compiled data on variations in igneous biotite
compositions with rock type For calc-alkalic intrusive rocks, Nockolds
found that in the progression of mineral assemblages from biotite +
hornblende to biotite along to biotite + muscovite, SiiV in biotite
decreases while A1TV, AIV1 and FeO/Mg0 usually increase. Such trends
are observed for Pioneer biotites. Biotites coexisting with muscovite
are the most Al-, Fe-, and Mn-rich. This suggests that biotite is of
appropriate composition for coexistence with magmatic muscovite. As
Nockolds pointed out, the association of muscovite with Al-poor biotite
would support a secondary origin for muscovite, provided biotite did
not reequilibriate during muscovite formation.

Simple and coupled substitutions similar to those observed in
amphiboles may also apply to biotites, although assignment of cations
to particular sites is less constrained. Mg decreases as Fe (total
iron) increases. Consistent with observed trends in amphiboles,
biotite from quartz diorite and tonalite fall in the middle of the
range of compositions.

As in the amphiboles, AV decreases with increasing Ti (Fig. 23),
suggesting a 3Ti » 4A1V1 substitution. Anderson (1980) cited numerous
recent‘studies of metamorphic assemblages which indicate that the
limits for Ti saturation in biotites and hornblendes decrease with
decreasing temperature. Robert (1976) and Abrecht and Hewitt (1980)

. investigated Ti solubility in phlogopite and biotite experimentally and
substantiated Ti dependence on temperature. Average weight% Ti0p in
biotite varies from a high of 4.7% in the northernmost tonalite pluton

to a low of 2.6% in Paleocene muscovite granite.
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Nap0 is low (<0.20 weight per cent) for all biotites. Wones
(1980) interpreted low Nap0 contents of Lucerne biotites as a result of
subsolidus reequilibration on the basis of Rutherford's (1969) experimental
work on iron biotite-alkali feldspar equilibria which indicated higher
Nag0 contents for iron biotites coexisting with intermediate alkali
feldspar. ‘

Several lines of evidence indicate-that biotite in the small quartz
diorite pluton has been affected by intrusion of the nearby Cretaceous
granite pluton, as suggested by Zen, Marvin and Mehnert (1975). First,
biotite from the quartz diorite gives a disturbed Ar spectrum (Snee,
informal communication) and is in disagreement with the hornblende
age. Second, Fe/FetMg ratios, Fe*2/Fe*3 ratios and Ti0, contents are
similar to those observed for nearby granite. Third, some of the

biotite exhibits sweeping extinction suggesting a metamorphic texture.
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Table X. Biotite analyses.
(averages * 1 standard deviation)

Map unit  Kpd Kpty Kpgr

Sample M313-1 M984-1 FG

$i0; 35.57 .77 36.59 .70 36.98 1.02
Al1,03 15.02 .40 14.55 .44 14.82 .20
FeOt 19.34 .48 21.09 .58 17.21 .23
Mg0 11.25 ..20 10.84 .23 13.87 .42
Ca0 0.09 .04 0.06 .02 0.06 .02
Na»>0 0.08 .01 0.15 .04 0.14 .03
KZS 9.38 .24 9.49 .16 9.92 .17
T10, 3.25 .60 4,74 .37 4.44 .32
Mn0 0.30 .05 0.45 .04 0.58 .02
F 0.05 ND

C1 0.28 ND

Sum 94.53 97.96 98.02

FeO* 16.78 14.17

Fe03 2.85 3.38
Hp0(calc) 3.77 3.99 4.06

Sum 98.30 101.95 102.08
Cations on the basis of 11 oxygens

Si. 2.76 2.75 2.73
A1V 1.24 1.25 1.27
AVl 0.13 0.04 0.02
Fet2 1.25 1.32 1.06
Mg 1.30 1.21 1.53
Ti 0.19 0.27 0.25
Mn 0.02 0.03 0.04
Ca 0.01 0.0 -

Na 0.01 0.02 0.02

K 0.93 0.91 0.94

F 0.01 - -

C] 0.04 - -

M 2.76 2.83 2.85
A 0.95 0.93 :

Fe/Fe+Mg 0.49 0.52 0.41
#points 4 8 5

*based on Fe0O titration

Kpgr
BC

36.26
14.37
17.52
12.23
0.08
0.12
9.65
3.90
0.98

95.11

3.92
99.03

.78
.32
‘56
.51

.11
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Table X.
Map Unit
Sample

Si0p
A1203
FeOT
Mg0
Ca0
Na»0
Kzg
T10o
MnO
F

C1

Sum

Fe0
F8203

Ho0(calc)
Sum

continued

Kpgr
WC

36.09
14.05
18.55
11.96
0.03
0004
9.95
4.42
1.03

95.22

3.90
99.12

.41
27
'56
.44
‘05
.07
.15
.28
.17
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Kpgr
MC

36.27

14.05

18.83

12.01

ND

ND
9.57
4.04
0.52

95.29

3.92
99.21

Cations on the basis of 11 Oxygens

Si,
A]1V
A1Yi
Fet2
Mg
Ti
Mn
Ca
Na

K

F

C1
OH(calc)

M
A

Fe/Fe+Mg

#points

2.78
1.22
0.05
1.19
1.27
0.26
.07
9

oo O

1
8

2.00

2.84
0‘99

0.48
16

2.78
1.22
0.05
1.21
1.37
0.23
0.03

0.94

2.00

2089
0.94

0.47

4

.30
.22
.27
.14

.10
.17
.18

Kpgr
Ip

36.61
14.63
17.79
12.42
0.08
0.14
9.13
3.50
0.57
0.27
0.02

95.04

3.80
98.84

L ]
301)OOON-F~HHN\J

ON - PO WO

COOOOCOOHHOFN
L ]

1.93

2.89
0.93

0.45

.68
.36
.54
.59

.05

007
.19
.27
.10
009
.02

Kpgr
M708-1

36.08

14.08

17.64

12.55

ND

ND
9.56
4.28
0.71

94.90

.52
.28
.34
.30

.39
.43
.09



Table X.
Map Unit
Sample

Si02
Al703
Fe0
Mg0
Ca0
Na»0
Kzs
T102
MnO
F

C1

Sum

Fel
Feo03

Ho0(calc)

Sum

Continued.

Kpgr
M881-1

36.59
14.78
17.86
12.48
0.03
0.10
9.66
3.23
0. 70

95.43

13.76
4.56

3.94
99.37

Cations on the basis

Si,
A1V
A1V
Fet2
Mg
Ti
Mn
Ca
Na

K

F

C1
OH(calc)

M
A

Fe/Fe+Mg

#points

2.78
1.22
0.11
1.14
1.42
0.18
0.04

0.02
0.94

2.00

2.89
0.96

0.45
2

.03
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Kpgr
M342-1

37.78
14.70
18.02
12.85
0.04
0.11
10.05
3.29
0.69
0.28

97.69

3.90
101.59

of 11 Oxygens

e o e o @ e o

O WO [ Wl Wl R 0 o]
~NOTN SO O W

OCOOo QOO MO MN

—
(Yo
w

2.86
0.97

0.44

.85
.48
.70
.65
003
.03
.58
.46
.16
A1

Kpgr
M121-1

36.76
14.78
17.54
12.66
0.05
0.14
9.93
3.27
0.68
0.40
ND

96.04

14.28
3.62

3.77
99.81

. L]
(e R N N A Y ]
SO wWw o

OO O OO OFN
.

)
-0 O
oM

.63
.45
.19
.23
.07
.05
.17
.16
005

Kpgr
M697-1

33.73
14,40
19.14
11.58

0.02

10.17
4,22
0.60
0.29

ND

94.03

3.67
97.69

e o o o
SOMNNWNO WD
N

COHrFOMFMN
SO

1.02
0.09

1.93

2.91
1.02

0.48

.58
.23
.36
.06
.02

.16
.30
.18
§06
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Table X. Continued.

Map Unit Kpgr _ Kpp Kpg . Kpg
Sample M704-1 BH9850 M744-2 M1293-1
Si0 36.63 1.05 39.94 0.76 34.81 0.25 37.28
A1253 15.10 0.36 15.17 0.86 13.58 0.49 14.33
Fe0 18.31 0.36 19.53 0.58 17.76 0.33 17.97
Mg0 12.65 0.10 10.98 0.40 12.86 0.16 11.87
Ca0 0.07 0.01 0.08 0.06 0.16 0.13 0.03
Na»0 0.11 0.01 0.09 0.03 ND 0.12
K25 9.66 0.30 9.68 0.35 9.95 0.43 9.8]
T102 3.05 0.20 2.60 0.47 3.52 0.24 3.42
MnO 0.76 0.05 0.48 0.07 0.69 0.09 0.62
F 0.28 0.18 0.61 0.06 0.30
C1 0.01 0.01

Sum 96.34 95.72 93.68 95.63
Fel 16.25

F8203 3.65

HoO(calc) 3.97 3.79 3.53 3.80
Sum 100.31 99.58 99.51 99.44
Cations on the basis of 11 Oxygens

Si . 2.76 2.82 2.73 2.83
A1V 1.24 1.18 1.26 1.17
AIV1 0.11 0.19 0 0.12
Fet2 1.16 1.25 1.17 1.14
Mg 1.42 1.25 1.50 1.34
Ti 0.17 0.15 0.21 0.20
Mn 0.05 0.03 0.05 0.04
Ca 0.01 0.01 0.01 0

Na 0.02 0.01 0.02
K 0.93 0.94 1.00 0.95
F 0.07 0.15 0.07
1 0

OH(calc) 2.00 1.93 1.85 - 1.93
M 2.91 2.86 2.93 2.84
A 0.95 0.96 ' 1.01 0.97
Fe/Fe+Mg 0.45 0.50 0.44 0.46

#points 7 12 5 5

« o o o o o o o
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Table X. Continued

OCOO0OOOOCOOOO

Map Unit Kpg 7 Kpg Tpg - Tpg
Sample M1119-1 BHS M500-1 BLM9800'
Si02 36.02 0.47 36.01 0.93 35.34 0.47 34,32
Al,03 14.95 0.21 15.87 0.42 17.23 0.42 16.70
Fe 18.63 0.22 17.48 0.27 21.43 0.47 24.04
Mg0 11.28 0.22 10.69 0.57 8.88 0.47 6.94
Ca0 0.02 0.04 0.03 0.04 0.04 0.02 0.07
Nao0 0.16 0.11 0.10 0.04 0.09 0.05 0.08
KZO 9.05 0.14 9.55 0.44 10.02 0.43 9.92
MnO 0.43 0.03 0.81 0.08 0.93 0.09 1.17
F 0.54 0.16 0.92 0.10 0.82
C1 0.01 0.03 0.03 0.01

Sum 93.51 93.60 97.17 96.69
Fe0 15.22 17.43

Feo03 2.51 4,45

Ho0(calc) 3.86 3.60 3.47 3.44
Sum 97.37 92.20 100.64 100.14
Cations on a basis of 11 Oxygens

Si. 2.80 2.80 2.71 2.69
A1V 1.20 1.20 1.29 1.31
ATV? 0.17 0.25 0.26 0.23
Fet2 1.21 1.14 1.37 1.57
Mg 1.30 1.24 1.01 0.81
Ti 0.17 0.16 0.15 0.18
Mn 0.03 0.05 0.06 0.08
Ca 0 0 0 0.01
Na 0.02 0.02 0.01 0.01
K 0.90 0.95 0.98 0.99
F 0.13 0.22 0.20
C1 0 0 0
OH(calc) 2.00 1.87 1.80 '

M 2.88 2.83 2.85 2.86
A 0.92 0.97 0.99 1.01
Fe/Fe+Mg 0.48 0.48 0.58 0.66

#points 3 17 8 16

— L NW O N WOTO
PAPLONWORWOW



85

Table X continued.

Map Unit Tpg . Tpg Tda
Sample M32-1 M1162-1 M315-1
Si0, 36.30 0.95 34.65 0.65 35.67
Al1,03 16.61 0.27 15.15 0.22 16.44
FeO 18.54 0.89 22.48 0.45 21.61
Mg0 10.41 0.62 8.75 0.44 8.49
Ca0 0.06 0.03 0.15 0.12 0.04
Nao0 0.20 0.07 ND 0.07
KZS 9.67 0.49 9.97 0.24 10.1
Ti0, 3.68 0.45 4,04 0.46 2.72
MnO 0.82 0.13 0.48 0.09 0.50
F 0.51 0.07 0.56
C1

Sum 96.29 96.07 95.97
Fe0

Fes04

Ho0(calc) 3.97 3.60 3.61
Sum 100.26 99.67 99,58
Cations on a basis of 11 Oxygens

Si, 2.74 2.70 2.76
A1V 1.26 1.30 1.24
AVv1 0.22 1.47 0.26
Fet2 1.17 1.10 1.40
Mg 0.21 1.47 0.98
Ti 0.05 0.02 0.16
Mn 0 0.04 0.03
Ca 0 0.01 0

Na 0.03 0.01
K 0.93 0.99 1.00
F 0.14
Cl

OH(calc) 2.00 2.00 1.86
M 2.82 2.86 2.83
A 0.96 1.00 1.01
Fe/Fe+Mg 0.50 0.59 0.59

#points 9 6 6

QOO OOOOOOO
= N O O W W N W
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Muscovite

A limited number of muscovite analyses were obtained from repre-
sentative samples of three Tertiary muscovite granite plutons (Tpg) as
well as from a muscovite-bearing dike (Tda) and from Cretaceous granite
(Kpg). While all of the muscovite in Kpg is interpreted as alteration
mica on the basis of téxture, muscovites in the other rocks appear
both "primary" and "secondary" in origin, in the sense used by Miller
and others (1980). They studied compositions of plutonic muscovites
from 16 plutons and found that plutonic muscovites deviate from "ideal"
muscovite, KA1oA1Si3010(0H)2, by substitutions of Na for K; Fe, Mg and
Ti for octahedral Al; and presence of excess Si and deficient Al compared
to stoichiometric muscovite. Although both textural varieties were
found to be similar in the way they deviate from ideal compositions,
primary muscovites were generally more Ti,Na and Al-rich than secondary
muscovites, which were richer in Mg and Si.

A1l Pioneer muscovites deviate from ideal muscovite in a manner
similar to the plutonic muscovites described by Miller et al. Repre-
sentative analyses are cited in Table XI. Compositions are plotted in
terms of Si, ) octahedral Fet2 4+ Mg + Ti + Mn and Al in Fig. 24, and
in terms of the major octahedral substituents, Ti, Mg and Na in Fig.
25. Iron is shown as Fe0 and treated as tne Fe*2 cation due to lack
of data on ferrous/ferric ratios. Miller's study included Mossbauer
work on 9 muscovites which yielded high Fe*3/Fe ratios (most were over
70%, but ranged from 27-89%). Octahedral cation sums for Pioneer musco-
vites calculated on the basic of 11 oxygens with all iron in the ferrous

state are always in excess of the sum of 2.00 cations, generally by
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Table XI. Muscovite compositions.

Map Unit Kpg Tpg T?da

Sample BHS BLM 9gnn! M32-1 NS00 M315.-1

Si0 45,84 45,76 46.11 47.80 45,42 46.6R 46,71 47.30 46.53
A1253 28.69 32.88 32.79 30.66 33.84 32.99 31.37 30.33 32.56
Fel 4.92 4.03 4.03 4.66 3.61 3.25 4.03 4.74 3.84
MgO 1.85 0.84 0.78 1.63 .99 1.59 0.84 1.23 0.58
Ca0 0.02 0.10 0.05 0.0 .20 0.33 0.03 0 0.01
Na,0 0.15 0.49 0.36 0.36 0.51 0.43 0.30 0.16 0.22
ng 9.99 9.93 10,40 10.58 9,78 9.68 10.41 10.63 10.69
T10p 0.26 .87 0.36 0.70 0,62 0.22 1.00 0.91 0.59
MnO 0.08 013 - n 0.12 0 0.06 0.04 0.07 0.04
F 0.18 0.25 n.36 n.d.* n.23 0.40 0.29 0.30 0.09
Sum 91.98 95,28 95.24 96.56 95.20 95.61 95.02 95.67 95.15
F=0 0.08 0.11 0.15 - 0.10 0.17 n.12 0.12 n.04
Sum 91.90 95,17 95.09 96.56 95.10 95,44 94.90 95,54 95.11
Hy0 (calc) 4.17 4.31 4.25 4.48 4.34 4.29 4,28 4.28 4.39
Sum 96.07 99.48 99.34 101.04 99.44 99,73 99.18 99.82 99.50

Cations on the basis of 11 oxygens

Si 3.23 3.10 3.13 3.20 3.06 3.13 3.17 3.20 3.15
A1iv 0.77 0.90 0.87 0.80 0.94 0.87 n.83 0.80 n.8%
T 4.00 4.00 4.00 4.00 4,00 4.00 4,00 4.00 4.00
Alvi 1.61° 1.72 1.75 1.62 1.76 1.73 1.68 1.63 1.74
Fe*2 0.29 0.23 0,23 n.26 0,20 n.18 0.23 0.27 0.22
Mg 0.19 0.08 0.08 0.16 0.10 n.16 0.09 0.12 0.06
Ti 0.01 0.04 0.02 0.04 0.03 0.m 0.05 0.05 0.03
Mn n n.Mm n 0.Mm n 0 n n 0
M 2.1n 2.08 2.08 2.09 2.09 2.08 2.05 2.07 2.05
Ca n o.M 0 0 0.01 0.02 n n 0
Na 0.02 0.06 0.04 0.05 0.07 0.06 0.04 0.02 n.03
K 0.9n 0.86 0.90 0.30 0.84 0.83 0.90 0.92 0.92
A 0.92 0.93 0,94 n.95 0.93 0.91 n.94 0.94 n.95
F 0.04 0.05 n.08 - 0.05 n.08 n.06 0.06 0.02
OH (calc) 1.96 1.95 1.92 2. 1.95 1.92 1.94 1.94 1.98
Na/K 0.02 0.07 n.n4 0.06 n.n8 0.07 0.08 0.02 n.03
#points 2 2 2 2 3 4 5 2 3
Texture secondary primary secondary primary primary secondary primary secondary secondary
. with in in rim an in

chlorite plagioclase plagioclase opaque plagioclase
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+0.05. Assumption of ferric iron reduces the octahedral sum to a value
closer to the ideal 2.00. expected for octahedral occupancy involving
trivalent cations.

Ti ranges from <0.01 to 0.06 cations per 11 oxygens. Miller and
others (1980) proposed the following 2 substitution mechanisms for Ti
in octahedral sites:

1) Mg¥l + Ti = 2a1Vi 2) Tivie a1iv = apvi 4 siiv

Na/K ratios for Pioneer muscovites are variable (0.02-0.09).
Thompson (1974) demonstrated that Na increases in metamorphic muscovites
from low to moderate grade and then decreases at near magmatic tempera-
tures. Although the spread in Na/K for "primary" muscovites spans the
observed range, "secondary" muscovite compositions are confined to lower
Na/K values (<0.05) (Fig. 26). Bradfish (1979) carefully documented
muscovite compositions as a function of texture for the Tea Cup Gran-
odiorite in Arizona. Bradfish found all compositions to be phengitic
and concluded that all muscovites were subsolidus in origin. When plot-
ted in terms of Na/K and Ti, Bradfish's data are similar to the data
for Pioneer muscovites; i.e., his textures that we would classify as
"primary" (discrete flakes and muscovite intergrown with biotite) have
higher Ti contents than textures such as muscovite rimming magnetite,
in feldspars and filling fractures and veins. As in the Pioneers, the
Tea Cup muscovites are variable in Na/K, but lowest Na/K ratios are
observed for "secondary"-type textures.

These compositional trends do not imply a rigorous chemical basis
for distinguishing primary versus secondary muscovite, but indicate
the presence of two compositional populations of muscovite in the same

rock.
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Differences may reflect a) magmatic versus subsolidus origin or
b) subsolidus origin involving different mineral reactions and/or
conditions during formation.

Fluorine contents are generally low.



Fe+ Mg:Ti+Mn
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Si

O Ploneer muscovites

O celadonite

O phengite

%% muacovite

Figure 24,

Pioneer muscovite compositions in terms of Si, octahedral
FetZ + Mg + Ti + Mn and total Al.

Al
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v BHS
OMB00,M32-1

o' BLMas8o0"
CM3186~1

:Na

Figure 25. Ternary plot (Ti, Mg, Na) of cations substituting for
octahedral Al and for K in Pioneer muscovites.
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PIONEER MUSCOVITES
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