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Geochemical evolution of the Maloin Ranch pluton,
Laramie Anorthosite Complex, Wyoming:

Petrology and mixing relations
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Ansrnlcr

The Maloin Ranch pluton is a half-bowl-shaped composite intrusion containing a
succession of rock types starting with ferrodiorite at the bdse, overlain progressively by
fine-grained and porphyritic monzonite, monzosyenite, and, at the top, porphyritic granite.
A progressive increase in Fe/(Fe + Mg) and corresponding alkali enrichment with height
in the intrusion are shown by major-element analyses and by compositions of plagioclase,
pyroxene, olivine, amphibole, and biotite. Maloin rock types and trends in mineral chem-
istry are similar to those in the Sybille Monzosyenite, to the northwest, which Fuhrman
et al. (1988) have interpreted as a continuous fractionation series from monzogabbro (:
ferrodiorite) 1o monzosyenite.

Emplacement temperatures were near 1000'C for fine-grained monzonites and 900-
950'C for monzosyenites, as estimated from pyroxenes and by saturation thermometers.
Pressures of 4.04.5 kbar are indicated for monzosyenites by the breakdown of Fe-rich
pigeonite to fayalite + hedenbergite + quartz and by the Al content of coexisting amphi-
bole. Magmatic/o, was controlled by the equilibrium quartz * ulvdspinel : ilmenite +
fayalite (QUIIF; Frost et a1., 1988a), with a primary fo, one to two log units below FMQ.

At least three contemporaneous magmas were present in the Maloin Ranch pluton. Fine-
grained monzonite and biotite gabbro magmas repeatedly injected and covered the floor
of a monzosyenite magma chamber, forming an -250-m-thick layered zone in which all
three rock types are conformably interlayered. Fine-grained monzonite and monzosyenite
mixed locally and produced porphyritic monzonite, intermediate in texture and Fe en-
richment. The porphyritic monzonites show that a portion of the ferrodiorite-monzosyen-
ite suite in the Maloin Ranch pluton did not form by fractionation in a continuous series.

INrnonucrroN

The Maloin Ranch pluton is a stratified composite in-
trusion emplaced into anorthositic rocks at the southeast
margin of the Laramie Anorthosite Complex (Fig. l). The
pluton includes ferrodiorite, ferromonzonite, monzo-
syenite, and granite, an assemblage that is present at the
margins of Proterozoic anorthosites throughout the world
(e.9., Morse, 1982; Duchesne, 1984; Emslie, 1985). The
origin of large granitic bodies surrounding anorthosite
massifs can be attributed to crustal anatexis, based on
trace-element, isotopic, and volumetric considerations
(Ashwal and Siefert, 1980; Emslie, 1980; Duchesne et al.,
I 9 8 5 a). The origin of the ferrodiorite-ferrosyenite portion
of the assemblage has evoked considerable debate, cen-
tered on the relative importance of (l) fractionation of
residual liquids from the anorthosite parent magma(s)
(e.g., Philpotts, 1966; Morse, 1982) versus (2) partial
melting of the lower crust (Ashwal and Siefert, 1980; Du-
chesne et al., 1985b) or upper crust (Buddington, 1972).
For the Laramie Complex, Fountain et al. (198 l) consid-
ered the syenitic rocks to be the product of crustal ana-
texis, on the basis of trace-element and isotopic data.

0003-{04xl89/0304-0307$02.00

Alternatively, Fuhrman et al. (1988) have shown a con-
tinuous gradation in mineral compositions between the
Laramie Anorthosite and the Sybille Monzosyenite and
have suggested a possible comagmatic relationship.

This paper constitutes the first portion of an integrated
field, petrologic, and geochemical study, with the primary
purpose of determining the origin of the ferrodiorite to
granite suite at the southeast margin of the Laramie An-
orthosite. The objective of this paper is to present pet-
rologic data with which geochemical models can be later
developed. A subsidiary goal of this paper is to compare
crystallization conditions in the Maloin Ranch pluton with
those in the Sybille Monzosyenite and in similar intru-
sions. The Maloin Ranch pluton provides a good oppor-
tunity to investigate magmatic processes at anorthosite
margins because the characteristic range in rock types is
present in the well-exposed stratigraphic succession. Pre-
vious work in the study area is limited to reconnaissance
mapping (Fowler, 1930; Newhouse and Hagner, 1957)
and several Sr-isotope analyses (Subbarayudu, 197 5).

The Laramie Anorthosite Complex is exposed over an
area of about 1000 km'z in southeastern Wyoming (Fig.
l). The complex was emplaced across the Cheyenne belt,
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Fir. ,. :;.r","". ,;;" -ap of the Laramie Anorthosite
Complex. Major monzonitic and syenitic intrusions include Sy-
bille Monzosyenite (to the northwest), Red Mountain pluton (to
the north), and the Maloin Ranch pluton (to the southeast).
Modified from Newhouse and Hagner (1957).

a major discontinuity separating Archean basement in
the Wyoming province to the north from early Protero-
zoic basement to the south (Karlstrom and Houston, 1984;
Deubendorfer and Houston, 1987; Geist et al., 1987;
Kolker et al., 1987). In the northern part of the complex,
anorthosite and associated rocks intrude Archean granitic
gneisses and associated supracrustal rocks (Fowler, 1930;
Newhouse and Hagner, 1957; Klugman, 19661, Hills and
Armstrong, 1974; Snyder, 1984). To the south and east,
the Laramie Complex is bounded by the Sherman Gran-
ite. a regionally extensive anorogenic intrusive.

The age of the anorthosite (- 1430 Ma) is inferred from
U-Pb dating ofconcordant zircons in adjacent rocks that
intrude it. These include monzosyenites (1430 + l5 Ma;
Subbarayudu etal., 1975), the Sherman Granite (1430 +
20 Ma; Subbarayudu et al., 197 5; Aleinikoff, 1983; R. E.
Zartman, pers. comm., 1987), and the Red Mountain
pluton (1440 + 6 Ma; Frost et al., 1988b), which intrudes
the Sybille Monzosyenite. The zircon data are consistent
with field relations strggesting that the major members of
the Laramie Anorthosite Complex and the Sherman
Granite were intruded in rapid succession.

Frnr,l RELATToNS

Structure and stratigraphy

The Maloin Ranch pluton is an open bowl-shaped body
exposed over an area of about 50 km, (Fig. 2). The pluton
is truncated to the east by Laramide faulting and grades
into porphyritic granites of Sherman Granite affinity to
the southeast. Southwest ofthe pluton, a septum ofearly
Proterozoic(?) granitoids, pelitic gneiss, and granulite
forms the southern margin of the main anorthosite mass.

Unlike the Sybille Monzosyenite, the Maloin Ranch

pluton has a well-defined stratigraphy (Fig. 3). Ferrodio-
rite (FDi) occupies the lowest part of the pluton, adjacent
to the anorthosite contact, and is overlain progressively
bv (l) fine-grained monzonite (FMZ) and porphyritic
monzonite (PMZ), (2) monzosyenite (MSY), and (3) por-
phyritic granite.

Within the lower (FDi to PMZ) portion of the pluton,
layering is defined by concentration and local alignment
of scattered feldspar megacysts and by the attitude of al-
ternating fine-grained and porphyritic zones. The strike
of the layers parallels the anorthosite contact and dips
inward, away from the anorthosite, at 20 to about 45".
There is no apparent flattening of dips away from the
anorthosite contact. Although few attitudes could be tak-
en on the massive monzosyenite portion of the pluton,
localized indistinct layering also dips away from the an-
orthosite, suggesting that the structure may be open to
the southeast or perhaps truncated by the Sherman Gran-
rte.

Rock types and petrography

Ferrodiorite-fine-grained monzonite series. Ferrodio-
rite (FDi) occurs primarily along the basal contact with
anorthositic rocks, extending only I 00-200 m away from
the contact (Fig. 2). Small bodies of FDi are also present
locally within anorthosite near the contact. The Maloin
FDi is similar in occurrence to oxide-rich monzogabbro
at the eastern maryin of the Sybille Monzosyenite (Fuhr-
man et al., 1988), and its bulk composition is similar to
that of Fe-Ti-PrOr<nriched diorites thought to be anor-
thosite residua (i.e., Wiebe, 1980a; Emslie, 1980; Ashwal,
1982). The Maloin FDi is typically fine- to medium-
grained and consists ofplagioclase, augite, low-Ca pyrox-
ene (inverted pigeonite?), composite ilmenite-titanomag-
netite, and apatite (Table l). Augite is less abundant than
low-Ca p).roxene. Away from the anorthosite contact, FDi
grades upward into fine-grained monzonite by a progres-
sive increase in alkali feldspar and modest corresponding
decreases in total pyroxene, Fe-Ti oxides, and apatite
(Table l).

Fine-grained monzonite (FMZ; "norite" of Newhouse
and Hagner, 1957) forms most of the lower portion of
the pluton (Figs. 2 and 3). FMZ is generally finer grained
than adjacent FDi, but grades locally into medium-grained
equivalents (e.g., GM 25). The FMZ contains two pyrox-
enes-ferroaugite and inverted pigeonite-and two feld-
spars-plagioclase and microperthite (Table l). Unlike in
the Sybille body, textural evidence of ternary feldspars
has not been found in Maloin FDI and FMZ. Zircon is
absent from the FDi and uncommon inFMZ, as neither
magma was saturated in this phase at high temperature
(see Geothermometry).

Biotite gabbro. Biotite gabbro occurs locally as minor
conformable and/or crosscutting bodies resembling FDi
and FMZ in outcrop. Biotite gabbro consists largely of
intermediate plagioclase, two pyroxenes, evenly distrib-
uted red-brown biotite, and composite ilmenite-magne-
tite. Olivine and brown hornblende are present in some



samples. In the finest-grained (chilled) samples, lathlike
plagioclase is present in subophitic intergrowths.

Monzosyenite. Monzosyenite (MSY) occupies a large
portion of the Maloin pluton, stratigraphically upward
from the FMZ. Monzosyenite is used here for coarse-
grained two-feldspar cumulates that have been called
monzonite (Fountain et al., l98l) or syenite (Klugman,
19661, and others). The name monzosyenite was used by
Lindsley er al. (1985) and Fuhrman er al. (1988) for
equivalent rocks in the Sybille body that contain ternary
feldspar. Although ternary feldspar is lacking in the Ma-
loin Ranch pluton, monzosyenite is retained for consis-
tency and because of the likelihood that ternary feldspar
was present prior to subsolidus re-equilibration.

Maloin MSY is characterized by subequant, interlock-
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ing megacrysts of l- to 3-cm perthite (and less commonly,
plagioclase), in a matrix dominated by ferromagnesian
minerals, plagioclase, and varying amounts of quartz.
Myrmekite is very common in albitic plagioclase concen-
trated at the margins of alkali feldspar megacrysts. Some
perthite megacrysts are partially replaced by microcline,
possibly indicating late influx of water (Parsons and
Brown, 1984). Ferromagnesian minerals in the MSY in-
clude ferroaugite, inverted pigeonite, and fayalite. These
minerals are largely concentrated in clots, which are lo-
cally enclosed by green ferrohornblende, and less com-
monly, by grunerite. Ilmenite, abundant zircon, and scat-
tered euhedral apatite are common minor constituents
(Table l). MSY grades upward into quartz syenite (QSY)
and porphyritic granite, with little change in grain size or
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Fig. 3. Northwest to southeast cross section through the Maloin Ranch pluton along line A-A' (see Fig. 2). Pattems are the
same as in Fig. 2. Unpatterned areas are granitoid dikes (Gr) and supracrustal inclusions (Sc). Vertical exaggeration is 2.5 times
actual topography.
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Fig. 2. Generalized geologic map of the Maloin Ranch pluton showing location of representative samples, layered zone, and
line ofcross section A-A'(see Fig. 3). See Kolker (1989) for additional sample locations and petrographic descriptions. Sawteeth
show distribution ofexposed fault gouge along the east-bounding Laramide thrust fault. Quaternary-Tertiary terrace deposits cover
upturned Paleozoic-Mesozoic rocks (not shown) at the eastern margin of the map area.
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texture. Mafic clots resembling those in Maloin MSY have
been observed in a Quebea quartz mangerite, interpreted
by Philpotts (1981) as segregations of immiscible Fe-rich
melt. Although this process cannot be excluded for mafic
clots in MSY, trace-element data suggest that the asso-
ciated FDi and FMZ are not related to MSY by immis-
cibility (Kolker, 1989).

Porphyritic monzonite. Contacts between fine-grained
monzonite and coarse monzosyenite are generally sharp.
Porphyritic monzonite (PMZ), present locally, appears to
be the result of mixing between FMZ and MSY. The
PMZ texture is characterized by scattered megacrysts of
alkali feldspar and clots ofclinopyroxene or inverted pi-
geonite, in a fine-grained monzonitic matrix (Fig. a).
Within these mixed rocks, zircon is concentrated near, or
intergrown with the pyroxene clots, strongly suggesting
that it was contributed by the zircon-saturated MSY (Fig.
5). Their intergrowth with abundantzircon indicates that
the pyroxene clots are not remobilized fragments of
coarser FMZ. The high Zr content of FMZ sample GM
9 (603 ppm) compared to that of GM l5 A (near average
at 363 ppm) can be attributed to inclusion of zircon xeno-
crysts, as shown in Figure 5. Most of the area mapped as
PMZ includes a zone of interlayeredFMz, biotite gabbro,
PMZ, and MSY (see the section on the layered zone).

Granites. Several distinct varieties ofgranite were rec-
ognized in the Maloin Ranch pluton. Some coarse-grained
porphyritic granite is found only near bodies of MSY and
QSY, in a transitional series (e.g., south and east of RTM
48; Fig. 2). In this vicinity, orange-weathering MSY and
QSY are exposed in drainages, whereas pink-weathering
porphyritic granite is exposed on surrounding ridges. The

TABLE 1. Modal minerals in the Maloin Ranch pluton

upward transition is marked by (l) decreasing content of
ferromagnesian minerals, (2) replacement of pyroxene and
olivine with ferrohornblende and biotite, (3) replacement
of perthitic orthoclase by microcline-perthite, and (4) in-
creasing quartz (Table 1). Similar trends have been ob-
served in the zoned Kleivan granite of southwest Norway
(Petersen, 1980) and in some Nain adamellites (Wheeler,
1969), but these granitic bodies also contain temary me-
soperthite. Myrmekite, a characteristic of the syenitic
rocks, is present throughout the MSY to granite transi-
tlon.

Away from bodies of MSY and QSY, the coarse-grained
porphyritic granite grades into a medium-grained por-
phyritic granite having subequant feldspar megacrysts
(e.g., RTM 62). The medium-grained granite occupies the
uppermost portion of the Maloin pluton and locally con-
tains abundant inclusions of supracrustal country rocks.
We interpret the medium-grained granite as a melt en-
velope at the outer (upper) margin of the Maloin Ranch
pluton. Minerals of the medium-grained granite are sim-
ilar to those ofthe coarse-grained porphyritic granite, but
the former entirely lacks orthoclase and pyroxene and
contains more than 35 modal percent qluarlz.

Farther south and east (e.9., RTM 65), the medium-
grained granite grades into coarse-grained porphyritic
granite, which resembles portions of the Sherman Gran-
ite in its grain size (up to -4 cm) and presence of tabular,
zoned microcline. Much of the southeast corner of the
map area is composed of this Sherman-like granite, con-
sistent with indications from reconnaissance mapping that
the "southeastern syenite" grades into the Sherman body
(Newhouse and Hagner, 1957).

Ferrodiorite Fine monzonite Monzosyenite Ouartz syenite
Porphyritic

granite

RTM RTM
56 39

RTM RTM GM
Sample: 14 26 9

GM GM
15A 25

RTM RTM
36 48

GM RTM
27 35

Alkali feldspar-
Plagioclase
Quartz..
Orthopyroxene

(inverted pigeonite?)
Clinopyroxene
Olivinet
Hornblende
Biotite
llmenite
Magnetitetl
Apatite

Total

Zircon
Sphene
Grunerite
Epidote
Sulfide
Other

46.4

27.4
9.9

49.2

27.6
7.3

0.2
6.6
5.0
4.'l

100.0

tr+

0.2
5.9
5.4
4.8

100.0

+i+

18.0
1 1  . 1

2.4
4.3
2.3
2.4

99.8

tr

54.7
25.1
8.5

3.9
2.0
1 . 2
1 . 9
tr
2.O
0.1
0.3

99.7

0.3

tr

0.1
0.7
1 . 9
0 .1
0.3
tr
0.1

100.0

IT

1 5.0 13.5 12.1 63.4

:: 2', lu 'Z:l
17.7 22.4 4.8
7 1 6.7 0.6
2.5 1.7
0.2 0.8
1.3 3.0 0.1
4.8 5.1 0.6
3 .1  1 .6  0 .1
3.6 3.8 0.3

100.0 100.0 100.0

Accessory minerals

44.6 43.8
18.4 16.8
33.6 34.7

0.8 0.5
2.5 3.9
tr 0.3
tr tr
0.1 tr

100.0 100.0

52.2
29.6
15.0

52.4
19.3
16.9

2.O
1 . 7
3.7
1 . 5
1 . 0
tr
0.4

99.2

tr tr

0.2

tr

tr tr

tr

tr

0.1

o.7

tr

Note; Dash (-) means not observed; tr means present, but not observed in point counts.
. Perthite in FMZ-MSY; microcline in granites; both in OSY.

." Includes some quartz in myrmekite.
t Includes some alteration Droducts.
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Fig. 4. Textures of porphyritic monzonites resulting from mixture of fine monzonite and monzosyenite in the layered zone.
Photos are entire thin sections (width of field of view : 40 mm). Each section shows mega.crysts of alkali feldspar and pyroxene
clots contributed by the MSY, with patches of the FMZ matrix. (A) Sample GM 29C. (B) Sample GM 2M. (C) GM 24. (D) GM
10B.
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TAaLE 1.-Continued

Porphyritic
granite Granitic dikes Biotite gabbro

Dikes and small intrusive bodies of fine-grained gran-
itoids crosscut all units in the Maloin pluton and the sur-
rounding anorthositic rocks. Maflc mineral content in the
fine-grained granites varies from near zero in some aplitic
dikes (e.g., RTM 32), to about l0 percent (e.g., GM 23;
Table l).

Layered zone. The most distinct igneous layering in the
Maloin Ranch pluton is exposed between GM 28 and
GM l0 (Fig. 2), where layers of MSY ranging in thickness
from a few centimeters to several meters are conformably
interlayered with FMZ and/or biotite gabbro (Fig. 6). This
layered zone dips away from the anorthosite at 25o to 30'
and has a thickness of about 250 m. The sequence of
layering is shown in two measured sections (Fig. 7). Thick
(> 5 m) layers consisting largely ofbiotite gabbro are pres-
ent near the base of each section. At their margins, both
FMZ and biotite gabbro are distinctly chilled against un-
derlying and, less commonly, overlying MSY layers. The
grain size of the thicker layers of FMZ and biotite gabbro
coarsens progressively toward their centers. The fine-
grained margins of these layers are locally disrupted by
penetration of overlying MSY alkali feldspar megacrysts,
suggesting that the magmas that formed these layers were
not entirely solidified when the overlying cumulates were
emplaced.

RTM GM
46 24

GM RTM
23 32

RTM RTM
62 65

42.3
1 8 4
3 6 8

tr

45.8
17.O
29.1

4.8
1 . 2
0.4
1 . 1
tr

99.4

tr
IT
IT

0.6$

25.9 47.9
39.8 19.3
22.1 32.1

0.6
1  1 .0  0 .5

tr O.2
0.3

99.7 100.0

Accessory minerals
0.1
0.2

t r -

58.5

1 1  . 6
3.3
8.6
7.1
9.0
1 . 6

0.3
100.0

61.3

12.7
8.7
7.3
2.9
6.7
0.2
0.2
tr

100.0

tr

1 . 2
o.7
0 .1
0.5
tr

100.0

tr

tr

ft Includes hematite after magnetite.
+ Goethite.
$ Alteration after pyroxene (?).
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Fig. 5. Pyroxene aggregates poikilitically enclosing zircon. (A)
Monzosyenite, sample GM 27. (B) Porphyritic monzonite, sam-
ple GM 29C. (C) Fine-grained monzonite, sample GM 9. Width
of field for all photomicrographs is 0.95 mm. In (B) and (C),
zircon is only present within or adjacent to pyroxene clots, not
in FMZ matrix.

The features described above are remarkably similar
to relations between fine-grained gabbro and cumulate
diorite at Ingonish, Cape Breton Island, described by
Wiebe (1974a, 1974b). Borrowing from his model, we
suggest that the layers of FMZ and biotite gabbro were
chilled at their margins upon injection into an MSY mag-

ma chamber that was cooler by perhaps 100 "C. As they
were injected, these magmas spread and covered the floor
of the host chamber. As the "flows" cooled, cumulus al-
kali feldspar would nucleate on the chilled surface, form-
ing an intervening MSY layer (compare Wiebe, 1974a,
Fig. I 7). Scouring, or injection of subsequent fine-grained
layers would truncate some chilled maryins.

Another characteristic ofthe layered zone is the pres-

ence ofblack plagioclase, identical to that in nearby an-
orthositic rocks, as xenocrysts inFMZ, MSY, and biotite
gabbro. The dark xenocrysts have -Anro cores with ori-
ented inclusions of ilmenite(?), rimmed by inclusion-free
plagioclase (-An.o), showing disequilibrium. The xeno-
crysts typically occur as < l-cm crystal fragments, but at
GM 2 and GM 10, l- to 2-m-thick layers of euhedral, 2-
to 5-cm black plagioclase are present in biotite gabbro.
The biotite gabbro magma appears to have passed through
anorthositic crystal mush prior to emplacement in the
Maloin pluton, with suspended plagioclase xenocrysts be-
coming concentrated by flow differentiation. The pres-
ence of black plagioclase in the FMZ suggests that it used
the same pathway(s) as the biotite gabbro to inject the
MSY cumulates. Locally, mixing has produced complex
hybrids between four end-members-biotite gabbro, pla-
gioclase xenocrysts, alkali feldspar cumulates, and fine-
grained monzonite (GM-2 series; Fig. 4). The limited ex-
tent of the layered zone (-3 km'?) may reflect proximity
to feeder pipes for the FMZ and biotite gabbro magmas,
although such pipes were not observed.

M.l.ron ELEMENTS

Major-element compositions of a suite of whole-rock
samples from the Maloin Ranch pluton were determined
by X-ray fluorescence on fused-glass discs (Norrish and
Hutton, 1969), at the University of Massachusetts, Am-
herst. Prior to fusion, rock powders were dried in air at
1000 "C for 2 h, driving off volatiles and oxidizing all Fe
to Fe3+. Analyses given in TabIe 2 are anhydrous com-
positions normalized to the original (Fe3*) totals, after
recalculation ofFe to Fe2+.

The most pronounced major-element characteristics of
the FDi to MSY series are proglessive increases in SiOr,
AlrO., and alkalis with relative Fe enrichment, and cor-
responding decreases in CaO, FeO,, MgO, TiOr, and PrOt
(Table 2). Major-element data for the FDi to MSY series
in Maloin and Sybille are plotted versus cation fraction
Fe,(Fe, + Mg), in Figure 8. For most oxides, values for
FMZ and PMZ arc intermediate to those for FDi and
MSY. MSY is silica oversaturated with 5-6010 CIPW-nor-
mative quartz (calculated with all Fe as FeO) at an av-
erage SiO, content of 62 wto/o (Table 2; Fig. 8)' In FDi,
FMZ, and MSY, predominance of Opx over Cpx is also
reflected in the norms, in contrast to Sybille, in which
normative Opx (Fountain et al., l98l) is expressed mod-
ally as fayalite + quartz (Fuhrman et al., 1988). The ox-
ide plots show that for a given rock type, Maloin is less
Fe-enriched than Sybille, suggesting that the two intru-
sions evolved along analogous but not identical paths.



KOLKER AND LINDSLEY: LATE PLUTON IN LARAMIE ANORTHOSITE COMPLEX 313

Fine Monzoni le-
ffl Biotite Gobbro

( Und iv id ed )
l r * 1  Ch i l l ed  Zone  (FMZ o rB iGb )

m Porphyrific Monzonite

I  Monzosyeni te

D Cover

a AIkoli Feldspor Megocryst
I  Plogioclose Xenocrysf

Fig. 6. l-ayered zone, showing conformable alternation offine-
grained layers consisting of FMZ and/or biorite gabbro (darker
bands), with alkali feldspar cumulates (lighter bands). width of
view is about 3 m.

Fe,/(Fe, + Mg) ratios for biotite gabbro range from 0.4
to 0.5, considerably lower than those for Maloin FDi. A
porphyritic granite and several granitic dikes have very
high SiO, contents and are mildly peraluminous.

Major-element data plotted versus Fer/(Fe, + Mg) for
a Maloin porphyritic monzonite (GM 12F) are inconsis-
tent with either mixing of FMZ and MSY or fractional
crystallization of Fitdz liquid (Fig. 8). The low Fe,/(Fe, +
Mg), TiOr, FeO,, and PrO, contents of this sample com-
pared to other (Sybille) PMZ, suggest that Fe-Ti oxides
and apatite have been removed.

MrNnnnr. cHEMISTRY

Mineral compositions were determined with the Ca-
meca Camebax electron microprobe at SUNY-Stony
Brook, using an accelerating potential of I 5 kV and beam
currents ranging from 20 to 35 nA. Except for composi-
tions of lamellae, all analyses were done in the raster
mode, with a spot size of -65 pm'for routine work and
a larger spot (-250 pm'z) for feldspars and integration of
exsolved grains. The raw data were processed using a
ZAF correction procedure. Pyroxenes were integrated us-
ing a minimum of 35 analyses per grain, giving at least
500/o of complete coverage along 3-4 traverse lines per
grain, with traverses spaced at intervals of about 25 pm.
Feldspar and pyroxene analyses for about l5 samples were
obtained at Stony Brook using the ARL-EMX microprobe,
with an acceleration potential of l5 kV, a sample current
of 15 nA on brass, and the data-reduction procedure of
Bence and Albee (1968).

Pyroxenes and olivines

The progressive Fe-enrichment of the Maloin Ranch
pluton is well illustrated by the composition of pyroxenes
in rocks ranging from biotite gabbro to granite (Fig. 9).

Fig. 7 . Stratigraphic sections of a portion of the layered zone
showing lithologic variation, location of prominent FMZ and
biotite gabbro chill zones, and distribution of anorthositic pla-
gioclase xenocrysts. Sections were measured about 0.7 km apart,
between GM 2 (:section 2) and GM 25 (near section l). Sym-
bols are modified from Fig. 2.

The large range in Wo content for a given sample in Fig-
ure 9 is attributed to fine-scale lamellar and granule exso-
lution, as shown by Livi (1987) for a Sybille FMZ. Rep-
resentative pyroxene compositions are given in Table 3.
Maloin pyroxenes show no enrichment in Na with pro-
gressive Fe enrichment.

Pyroxenes in the layered zone show the alternation of
mafic magmas that have injected the cumulate host (Fig.
l0). In samples showing textural evidence of mixing, the
composition of coarse pyroxene inclusions is remarkably
similar to that of FMZ host pyroxenes, suggesting that
re-equilibration has been extensive. Mixing has produced

a few samples with unusually large ranges in Fe/(Fe +
Mg) (e.e., Opx in GM 29). There is no apparent trend to
the stratigraphic variation in composition (Fig. l0).

Olivines show the largest range in Fe/(Fe + Mg) ratios
in the pluton (Fig. 9). The trend is less continuous than
that of pyroxene because olivine is not present in all rock
types. The most Fe-enriched compositions are in the MSY
and QSY (Fa,r-Far,; Table 4). MnO is the most signifi-
cant minor constituent in olivine, increasing progressive-
ly from about l.0olo inFNlZ to l.5olo in the QSY.

secilon I Seclion 2
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TABLE 2. Major-element analyses from rocks of the Maloin Ranch pluton

Anorthosite FMZ MSY Biotite gabbro

RTM
1 1 4

RTM
58

BM
4A

FDi
RTM
26

GM GM
I  15A

PMZ
GM
12F

GM RTM
24 348

GM GM
12G 27

RTM
35

sio,
Tio,
Alro3
FeO(t)..
MnO
Mgo
CaO
Naro
KrO
P,Ou

Total

53.93 53.81 50.80 44.78
0.26 0.39 0.69 4.43

27.60 27.29 20.43 14.06
1.62 1.66 9.48 16.69
o.02 0.o2 0.13 0.26
0.36 0.44 6.05 s.33

10.93 1 1.09 8.37 9.89
4.50 4.45 3.45 2.57
0.63 0.77 0.68 0.40
0.09 0.1 1 0.15 2.O1

99.94 100.03 1 00.23 100.42

0.54 0.20 0.00
0.00 0.00 0.00
3.72 4.55 4.02

38.08 37.66 29.19
53.2s 52.22 38.25
0.00 0.00 0.00
0.33 1.77 1 .90
3.31 2.64 9.91
0.00 0.00 1s.30
0.49 0.74 1.31
0.21 0.2s 0.35

50.41 49.83 55.97 61.80
3.18 2.95 1.57 0.72

14.27 14.10 15.39 17.95
14.25 15.31 12,01 5.53
o.22 0.25 0.22 0.10
3.27 2.92 2.87 0.42
7.61 7.33 5.69 3.56
3.47 3.33 3.86 4.76
2.17 2.33 2.7 4.43
1.25  1 .48  0 .16  0 .18

100.10 99.83 1 00.44 99.45

62.06 62.75
0.65 0.73

17.35 16.81
4.89 5.70
0.09 0.10
0.51 0.50
2.64 2.88
4.19 4.29
6.28 5.61
0.20 0.16

98.86 99.53

49.83 47.69
0.96 1.40

17 .97 17.67
10.19  10 .85
0.15 0.23
8.84 7.71
8.24 10.65
2.74 1.82
0.83 2.14
0.16  0 .17

99.9s 100.33

0.00 0.00
0.00 0.00
4.91 12.65

23.19 12.48
34.28 33.73
0.00 1.58
4.72 14.86

13.05 0.00
17.61 21.98
1.82 2.66
0.37 0.39

o

or
ab
an
ne
di
hy
ol
il
ap

CIPW norms based on all Fe as FeO
0.00 0.00 0.00 0.38 5.66 4.51 6.25
0.00 0.00 0.00 0.00 0.00 0.00 0.00
2.36 12.82 13.77 15.96 26.18 37.11 33.15

21.75 29.36 28.18 32.66 40.28 35.45 36.30
25.65 16.95 16.65 16.69 14.53 9.99 1 0.04
0.00 0.00 0.00 0.00 0.00 0.00 0.00
8.68 10.79 8.64 8.97 1.71 1.57 2.80

't7.74 12.97 14.40 22.43 9.30 8.52 9.23
11.18 8.26 9.17 0.00 0.00 0.00 0.00
8.41 6.04 s.60 2.98 1.37 1.23 1.39
4.66 2.90 3.43 0.37 0.42 0.46 0.37

' From shear zone
'. Total Fe as FeO.
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Granitic dikes

3 1 5

laete 2,-Continued

Biotite gabbro

RTM
46

RTM
47

RTM
32

RTM
43.

Granite
RTM
56

GM
23

GM
158

48.09 47.27
1 85 2.08

18.37 18.08
11.42 12.35
0.19  0 .19
6.81 7.06
9.05 9.30
3.00 3.00
0.96 0.41
0.30 0.32

100.04 100.06

77.01 68.40
0.16 0.50

12.16 15.70
1.14  3 .21
0.02 0.05
0.09 0.87
0.72 2.45
2.77 3.38
5.40 4.75
0.02 0.15
99.49 99.46

75.93 75.46 86.07
0.01 0.80 0.25

13.34 13.30 5.77
0.43 0.86 1.37
0.00 0.03 0.03
0.03 0.12 0.20
0.29 0.79 0.52
3.63 3.26 0.04
5.90 5.42 4.36
0.00 0.o2 0.05

99.56 99.34 98.66

66.9
0 .16

25.77
0.34
2.25
0.00
0.00
2.66
0.00
0.47
0.12

ClPw norms based on all Fe as FeO
0.00 0.00 37.76 22.08 31.21 33.25
0.00 0.00 0.50 0.90 0.46 0.68
5.67 2.42 31.91 28.07 34.87 32.03

25.39 25.39 23.44 28.60 30.72 27.59
33.83 34.66 3.44 11.17 1 .44 3.79
0.00 0.00 0.00 0.00 0.00 0.00
7.56 7.80 0.00 0.00 0.00 0.00
0.64 1.96 2.09 7.33 0.85 1.80

22.75 23.14 0.00 0.00 0.00 0.00
3.51 3.95 0.30 0.95 0.02 0.15
0.70 0.74 0.05 0.35 0.00 0.05

Fig. 9. Compositional variation ofpyroxenes (blebs) and ol-
ivines (rectangles) in the Maloin Ranch pluton, excluding the
layered zone. Tie-lines connect selected coexisting assemblages.
Overlap of individual samples is shown only for contrasted rock
types. Symbols as in Fig. 2.

compositions. Plagioclases in FNIZ, PMZ, MSY, QSY,
and granite all have average compositions between Anro
and An35. Coexisting orthoclase perthites show little sys-
tematic variation in Ab and Or (Fig. I l), but An com-
ponent appears to decrease regularly from about 3olo in
the FMZ to near lolo in the QSY. Microcline in QSY and
granite is lowest in An component, and approaches the
Or end-member, except in microcline perthites. Repre-
sentative compositions of Maloin feldspars are compiled
in Table 5.

Unlike the Sybille Monzosyenite, direct evidence for
ternary feldspars is lacking in the Maloin Ranch pluton.

Feldspars

Plagioclase in the Maloin Ranch pluton becomes more
sodic (with considerable overlap) in a sequence that cor-
responds to the progressive Fe enrichment (Fig. I l).
Compositional ranges for anorthositic rocks, biotite gab-
bro, and ferrodiorite all span Anro; nomenclature for bio-
tite gabbro and FDi reflects their average plagioclase

TABLE 3. Representative pyroxene analyses

Wo trArur

MSYFMZ
GM 154

cpx opx cpx Pig

FDi
RTM 26

ANT
RTM
1 1 4
cpx

Bi Gb
RTM 46

cpx

osY
RTM 48

cpx
RTM 35

cpx

PMZ
GM 29C

Pig
GM27

Pig

sio,
Al,o3
Tio,
FeO(t)'
MnO
Mgo
CaO
Naro

Total

Si
AI
Ti
Fe
Mn
Mg
Ca
NA

Total

51 .66 51 .15 50.63
1 .93 1.74 0.82
0.45 0.37 0.13

12.10 14.57 31.53
0.34 0.37 0.70

11.67 10-38 14.94
22.47 21.90 0.87
0.30 0.29 0.01

100.92 100.77 99.63

1.9421 1.9465 1 .9842
0.08s7 0.0781 0.0380
0.0126 0,0107 0.0039
0.3805 0.4637 1-0335
0.0109 0.0119 0.o2u
0.6540 0.5887 0.8727
0.9051 0.8931 0.0367
o.o220 0.0211 0.0007
4.0129 4.0138 3.9931

49.46 48.40 48-01
o.47 0.42 0.32
0.11  0 j2  0 .11

38.10 38.70 42.25
0.80 0.86 0.91

10.13 7.71 5.00
0.98 3.94 3.97
0.02 0.06 0.0s

100.07 100.21 1 00.62

48.65 48.7s 51.96
0.69 0.73 1.87
0.12 0.21 0.38

28.20 27.57 10.48
0.56 0.72 0.29
4.35 4.42 12.36

17.22 't7.81 22.72
o.28 0.32 0.31

1 00.07 1 00.53 100.37

1 .9727 1 .9664 1.9497
0.0329 0.0348 0.0829
0.0037 0.0062 0.0107
0.9564 0.9298 0.3290
0.0193 0.0246 0.0094
0.2627 0.2658 0.6912
0,7483 0.7697 0.9135
0.0219 0.0247 0.0226
4.0178 4.0220 4.0090

50.39
1.25
0.29

20.51
0.41
8.01

19.60
0.31

100.77

Wo
En
FS

46.4
33.s
20.1

45.6 1.9
30.1 44.4
24.3 53.8

Cations normalized to 6 oxygens
1 .961 2 1 .9965 1 .9812 1 .991 6
o.o572 0.0223 0.0201 0.0159
0.0084 0.0034 0.0035 0.0035
0.6677 1.2863 1.3249 1.4658
0.0136 0.0275 0.0297 0.0321
0.4645 0.6095 0.4703 0.3089
0.8172 0.0424 0.1726 0.1766
o.o232 0.0013 0.0046 0.0039
4.0130 3.9892 4.0069 3.9983

41.6 2.2 8.6 8.9
23.7 31 .0 23.5 15.6
34.7 66.8 67.8 75.5

37.7 38.7
13.2 13.4
49.1 48.0

47.O
35.6
17.4

'Total Fe as FeO
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Fig. 10. Compositional variation ofpyroxenes in the layered zone. Numbers correspond to relative stratigraphic position, as
indicated in accompanying generalized column.

The present two-feldspar assemblages may have origi-
nated as ternary compositions, prior to extensive subso-
lidus re-equilibration. In the Sybille body, exsolved ter-
nary feldspars are present locally in monzogabbro, fine
monzonite, and (rarely) monzosyenite (Fuhrman et al.,
1988). Most Sybille samples contain only the two-feld-
spar assemblage observed in the Maloin pluton, with
similar compositional trends (Fuhrman et al., Fig. 4). Be-
cause inferred temperatures for the Maloin pluton are
similar to those for Sybille and to temperatures at which

TABLE 4. Representative olivine analysis

experiments on Sybille samples produced ternary feld-
spars (Fuhrman, 1986), we suggest that early feldspars in
the Maloin Ranch pluton were also ternary. The absence
of ternary intergrowths in the Maloin pluton may be at-
tributed to slow cooling, re-equilibration upon intrusion
of the Sherman Granite. or for the MSY. influx of vola-
tiles (see Discussion).

Fe-Ti oxides

Subequal amounts of ilmenite and titanomagnetite are
present in FDi, FMZ, and biotite gabbro, whereas ilmen-
ite is dominant in MSY and QSY. As in Sybille, two
generations of ilmenite are common, distinguished by
textural relations (e.g., host vs. granules) and by parti-
tioning of Mn (>0.80 wt0/0) into the secondary ilmenite.
Representative analyses ofFe-Ti oxides are given in Ta-
ble 6.

Hornblende and biotite

Fe-rich hornblendes are present in rocks ranging from
monzosyenite to porphyritic granite. In MSY and QSY,
hornblende occurs as overgrowths on olivine and pyrox-
ene. Starting with quartz syenite, Fe-rich biotite is also
present, in intergrowths with hornblende. In porphyritic
granites, hornblende and biotite are the primary ferro-
magnesian minerals, having compositions similar to late
phases in MSY/QSY. Both hornblende and biotite be-
come progressively more Fe enriched with gradation of
MSY into porphyritic granite (Fig. 12; Table 7). The Fe-
rich hornblendes are similar in composition to horn-
blende in Proterozoic anorogenic granites (Anderson,
1980, 1983) and in pyroxene ferrosyenite ofsome alka-

FMZ PMZ MSY QSY
GM 15A GM 29C RTM 35 RTM 48

Bi Gb
GM 24

sio, 30.67 31.10 30.10 29.70
At,o3 0.00 0.00 0.00
Tio, 0.02 o.02 0.01 0.00
Feo(t)t 63.34 63.85 66.59 67.78
MnO 1 .05  1 .15  1 .21  1 .42
MgO 5.11 4.52 2.29 1.15
CaO 0.03 0.03 0.04 O.O2

Total 100.22 100.67 100.24 100.07
Cations normalized to 4 oxygens

si 0.9984 1.0082 1.0000 0.9980
Ar 0.0000 0.0000 0.0000
Ti 0.0004 0.0004 0.0003 0.0000
Fe 1.7242 1,7312 1.8501 1.9049
Mn 0.0291 0.031s 0.0342 0.0405

Total 3.0009 2.9912 2.9992 3.0019
xft 0.861 0.873 0.926 0.951
X,n 0.015 0.016 0.017 0.020
Xus 0.124 0.110 0.057 0.029
x"^ 0.001 0.001 0.001 0.000

35.34

o.o2
38.05
0.44

25.71
0.03

99.59

1.0007

0.0006
0.9011
0.0105
2.9986

0.451
0.005
0.543
0.000

. Total Fe as FeO.
Note.'Dash (-) means not determined.



KOLKER AND LINDSLEY: LATE PLUTON IN LARAMIE ANORTHOSITE COMPLEX

ffiflMnrur
FEJIBiGb

f f i - n :

F.ffiFMZ
ffiPMZ
=MSY/QSY
- - ^
t i . :  l \ r r

Feldspors
Molo in  Ronch P lu lon

n = 4 2
30 40 50 60 70

Fig. I l. Compositions of Maloin feldspars (in molo/o)

3t'1

line igneous complexes (Parsons, 1979, l98l Mitchell
and Platt, 1978).

In both hornblendes and biotites, an increase in t41Al
appears to accompany the increasing Fe,/(Fe, + Mg) ratio
(Fig. l2). Calculated A-site occupancy ranges from about
0.4 to 0.65 for average hornblende compositions (for-
mula based on sum of 13 cations, exclusive of Na, K,
and Ca; all Fe as FeO). Nomenclature for these amphi-
boles includes ferrohornblende [(Na + K)o < 0.50], has-
tingsitic hornblende, and ferro-edenitic hornblende [(Na
* K)o > 0.50; Leake, 19781. Fe favors hornblende over
most coexisting biotites (Fig. l2). The most Fe-enriched
biotites have the highest rrAl (up to about 0.6 cations/
formula). In both hornblende and biotite, Mn content
increases progressively from MSY to granite, a typical
late-magmatic trend (Table 7).

In biotite gabbro, biotite has intermediate Fe./(Fe, *
Mg) ratios, little- or no t6rAl, and relatively high Ti (0.5
to 0.7 cations/formula; Table 7). The Ti may help sta-
bilize biotite, which is commonly present with little or
no amphibole, in a relatively dry environment.

GnorrrBruroMETRy AND GEoBARoMETRy

Monzonites and monzosyenites in the Laramie Anor-
thosite Complex contain several assemblages that allow
determination of crystallization and subsolidus condi-
tions. For the Sybille Monzosyenite, Fuhrman et al. (1988)
found that integrated pyroxene and ternary-feldspar com-
positions gave the best estimates of primary tempera-
tures. Temperatures above 1000 "C and near 950 oC were
inferred for FMZ and MSY, respectively, using the graph-
ical pyroxene thermometer of Lindsley (1983) and the

feldspar thermometer of Fuhrman and Lindsley (1988).
In the Maloin pluton, integrated augites and pigeonites
give minimum temperatures of 90G-940 "C for MSY, and
a minimum temperature of 970 'C is indicated by a pi-
geonite from FMZ (Table 8). Pyroxene temperatures ob-
tained using the graphical thermometer (Lindsley, 1983)
are similar to those predicted by the pyroxene solution

Molo in Pluton Hbl-Biot i te  MSY-Groni te
1 .000

0.950

+
o 0.900

tL

o
L
c  0 . 8 5 0

o
0.800

0.750
5 6 7

Si cotions/structurol formulo

Fig. 12. Fe-enrichment trend in biotite (solid symbols) and
hornblende (open symbols) plotted vs. Si cations per formula
unit, based on 22 and 23 oxygens, respectively. Fe/(Fe + Mg) is
given as the cation fraction. Hornblende formula calculated to
sum of 13 cations, exclusive of Na, Ca, and K; all Fe as FeO.
Square : monzosyenite; triangle : quartz syenite; circle : por-
phyritic granite. TieJines connect phases in the same sample.
Data are averages of multiple analyses.
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TABLE 5. Representative feldspar analyses

FMZ MSY

ANT
RTM 11A

Plag

FDi
RTM 26

Plag

GM 15A GM 25 RTM 35 GM 27

Plag Ksp Plag Ksp Plag Ksp Plag Ksp

sio, 54.69 55.67
Af2o3 28.50 27.87
Tio, 0.02 0.04
Feo(tf 0.34 0.16
CaO 10.87 9.89
Na,O 5.13 5.56
K.O 0.43 0.63
BaO

Total 99.97 99.82

si 2.4707 2.5125
Al 1.5178 1.4826
Ti 0.0006 0.0014
Fe 0.0116 0.0054
Ca 0.5261 0.4780
Na 0.4489 0.4869
K 0.0246 0.0361
Ba

Total 5.0003 5.0030

Or 2.47 3.60
Ab 44.91 48.64
An 52.62 47.75

60.74
24.74

0.21
6.65
7.77
0.16

100.27

2.6967
1.2953

0.0078
0.3165
0.6693
0.0092

64.54
18 92

0.07
0.48
1.97

13.35

99.33

59.95
24.69
0.00
0.13
o.cc

7.69
0.48

99.49

63.88
1 9 . 1 1
0.02
0.06
0.74
1 .99

13.45

99.24

78.69
17.70
3.62

bz.oo
23.64
0.04
0.04
4.75
8.78
0.49

100.40

65.32
18.82
0.04
0.06
0.08
2.32

13.44

100.08

2.9867
1.0143
0.0014
0.0021
0.0038
0.2058
0.7840

4.9981

78.90
20.71
0.39

62.10
23.86
0.03
0.08
5.25
8.62
0.35

r 00.29

65.32
18.99
0.03
0.00
0.32
3.20

1 1 .90

99.76

4.9948 4.9910

0.92 79.73
67.27 17.86
31.81 2.41

2.7488 2.9804
1.2449 1.0217
0.0009 0.0011
0.0027 0.0000
0.2489 0.0155
0.7398 0.28ri|3
0.0196 0.6931

5.0056 4.9951

1.94 69.88
7337 28.56
24.69 1.56

Cations normalized to I oxygens
2.9753 2.6872 2.9550 2.7673
1.0284 1.3041 1.0419 1.2306

0.0000 0.0006 0.0012
0.0025 0.0044 0.0020 0.0013
0.0237 0.3145 0.0365 0.2250
0.1759 0.6681 0.1784 0.7514
0.7852 0.0276 0.7935 0.0276

5.0059 5.0079

2.73
66.1 4
3 1 . 1 3

5.0044

2.74
74.85
22.41

ivote; Dash (-) means not determined.
. Total Fe as FeO.

model of Davidson and Lindsley (1989) for integrated
compositions projected in the pure Fe-Mg-Ca system.

Because ternary feldspar is lacking in the Maloin Ranch
pluton, feldspar thermometry only reflects subsolidus
conditions in the 600-700 "C range (Table 8). In rocks
containing two oxides, ilmenite and titanomagnetite typ-

TABLE 6. Representative Fe-Ti oxide analyses

ically occur in coarse, composite intergrowths with varied
proportions, making it difficult to reconstruct unexsolved
compositions with certainty. Apatite saturation temper-
atures (Harrison and Watson, 1984) of about 1000'C are
predicted for Maloin FDi and FMZ, fine-grained rocks
that probably approximate liquid compositions (Table 8).

lQmMt

MSY
RTM 35

lQmMtMt

FDi
RTM 26

FMZ
GM 15A

QSY
RTM 48

Bi Gb
GM24

llm lQm l lm-1 lQm-2

sio,
Al,03
Tio,
FeO
Fe"O".
MnO
Mgo
CaO

Total

Mt
usp
lQm
Hem

0.07
2.01
5.94

36.90
56.06
0.06
0.20

101.24

0.0205
0.7085
1.3341
9.2200

12.6021
0.0157
0.0879

23.9888

0.826
0.174

0.00
0.00

52.14
44 97

1 6 8
0.58
0.74

100.1 1

0.10
1  . 1 3
0.82

32.04
67.62
0.02
0.04
0.00

100.56

0.03
0.04

50.73
44.71
4.05
0.61
o.17
0.00

100.34

0.03
0.02

50.16
44.33
5.00
0.60
0.09
0.00

100.23

0.03
0.02

50.72
44.80
3.71
0.67
0.07
0.06

100.08

0.03
0.04

51.62
45.20
2.06
1 . 1 7
0.01
0.01

1 00.14

0.07 0.01
0.87 0.05
0.38 52.10

31.30 45.35
66.99 2.29
0.03 0.62
0.06 0.49
0.00 0.01

99.70 100.92

5l

AI
Ti
Fe2*
Fe3*
Mn
Mg
Ca

Total

0.0000
0.0000
1.9681
1.8875
0.0635
0.0248
0.0s57

3.9996

0.983
o.017

0.0293
0.4042
0.1 865
8.1475

15.1929
0.0053
0.0188
0.0000

23.9845

0.976
o.o24

0.0013
0.0021
1 .9211
1.8828
0.1 536
0.0259
0.0124
0.0000
3.9992

0.961
0.039

0.0016
0.0015
1.9031
1.8707
0.1899
0.02s8
0.0066
0.0000
3.9992

0.952
0.048

0.0014
o.0024
1.9585
1.9073
o.o782
0.0501
0.0011
0.0005
3.9995

0.980
0.020

0.0217
0.3168
0.0867
8.0430

1 5.4875
0.0067
0.0258
0.0000

23.9882

0.989
0.011

0.0007
o.0027
1.9550
1.892s
0.0860
0.0264
0.0361
0.0003
a oooT

0.978
o.o22

Cation normalization based on 32 orygens tor Mt and 6 oxygens for lQm
0.0014
0.0015
1.9267
1.8924
0.1 409
0.0288
0.0055
0.0032
4.0004

0.964
0.036

- For Mt, Fe3* : +!(Fe _ AV2 _ 2Ti + Mn + Mg); For tQm, Fe3* : (Fe _ Ti + Mn + Mg).



Plag Ksp Mcl Mcl Plag

65.86 65.38 62.73 65.21 54.15
18.92 18.72 24.04 18.82 28.46

0 0 4
0.04 0.02 0.09 0 02 0.10
0.22 0 01 5.01 0 08 10.98
4 0 7  1 5 4  8 8 7  0 9 7  5 . 2 2

1 1 31 14 98 0 31 15.73 0.1 1
0 .34  0 .17  0 .07  0 .15

100.76 100.82 101.12 100.98 99.06

Cations normalized to I oxygens
2.7655 2 9807 2 9884 2.7534 2.9837 2.4658
1.2318 1 .0094 1 0088 1.2436 1 .0150 1.5272

0.0013
0.0023 0 0013 0.0006 0 0029 0.0006 0.0034
0.2188 0.0107 0.0005 0.23s6 0.0037 0.5359
0.7809 03574 0.8736 0.0173 0.9181 0.0065
0.0163 0 6531 0.1369 0.7552 0.0865 0.4606
0.0000 0.0060 0.0030 0.0012 0.0027
5.0156 5.0186 s.0118 5.0092 5 0103 5.0007

1 .60 63.96 86.41 1.71 91 .06 0.65
76 86 34.99 13.54 74.92 8.58 45.92
21 54 1.05 0.05 23.37 0.37 53 43

TABLE 7. Representative amphibole and biotite analyses

3 1 9

Zircon saturation temperatures (Watson and Harrison,
1983) for the same samples are near 750 "C. For Maloin
MSY, saturation thermometers give apparent tempera-
tures of 875 to 900 "C, in agreement, within error, with
pyroxene thermometry. Because the presence of cumulus
feldspar in MSY lowers the calculated temperatures at
which apatite and zircon appear, these temperatures must
be minima. The magnitude of this effect is not large, as
saturation temperatures for MSY show little variation de-
spite large differences in the extent of feldspar accumu-
lation for various samples (Table 8; Kolker, 1989).

Late-magmatic temperatures of 770-850 "C are indi-
cated for MSY, QSY, and porphyritic granite, according
to a preliminary temperature calibration of I4lAl content
in amphibole (Nabelek and Lindsley, 1985; pers. comm.,
1987), at the pressure inferred below (4.3 kbar). Late(?)
hornblende in one biotite gabbro (RTM 46) gives a tem-
perature of 900 "C.

Pressure conditions in the Maloin pluton are con-
strained by the breakdown ofFe-rich pigeonite to fayal-
itic olivine + quartz + hedenbergite, an equilibrium that
is pressure-sensitive (Lindsley and Grover, 1980; Linds-
ley, 1983). The entire four-phase assemblage-Pig + Fa
+ Hd + Qtz-is present in some MSY samples (e.g.,
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TABLE s.-Continued

QSY
RTM 48

Granite
RMT 39

Bi Gb
GM 24

Plag

62 93
23.78

0.07
4.65
9 . 1 6
0.29
0.00

100.88

Biotite Hornblende

Bi Gb
GM 24

Bi Gb QSY
RTM 46 RTM 48

Gr
RTM 62

Bi Gb
RTM 46

MSY
RTM 35

OSY Gr Gr
RTM 48 RTM 56 RTM 62

sio,
Alro3
Tio,
Cr,O3
Mgo
FeO(t).
MnO
CaO
Na"O
K"o
F
cl
O=F,Cl

Total

37.17
14.73
5.38
0.00

15.52
13.60
0.02
0.00
0.35
9.07
0.32
0.08

-0 .15
96 09

5.4838
2.5615
0.5964
0.0000
3.4138
1.6776
0.0023
0.0000
0.0995
1.7075

15.5424

0.1484
0.0198

5.34
0.03

13.65
15.46
0.03

34.22
16.20
2.38

1.46
32.26
o.22
0.00
0.09
8.93
0.17
0.56

-0.20
96.28

5.5446
3.0930
0.2900

0.3s28
4.3717
0.0299
0.0000
0.0275
1.8460

1 5.5555

0.0851
0 1530

42.O0
12.03
3.08
0.02

11.4'l
13.79
0.15

1 1 . 1 4
2.14
1.50
0.36
0.52

-0.27
97.87

6.2914
2.1239
0.346s
0.0026
2.5467
1.7277
0.0188
1.7880
0.6201
0.2866

15.7523

0.1706
0.1320

41.20
9.75
1.78
0.00
3.59

28.17
0.21

10.52
1.66
1.34
0.19
0.27

-o.14
98.54

40.85
8.74
0.91
0.00
2.50

31.05
0.49

10.24
1.87
1.30
0.30
0.40

-0.22
98.43

38.90
10.50

1 .51

1.43
30.91
0.59

10.50
1 .57
1 .76
0 .18
o.74

-o.25
98.34

6.3444
201 91
0.1 852

0.3483
4.2167
0.0813
1.8346
0.4966
0.3662

1 5.8924

0.0949
0.2035

0.00 0.04
0.24 0.02
9.46 8.59
0.62 0.30
0.39 0.03

-0.35 -0.14
95.87 96.66

Cations per 22 oxygens
5 5589 5.6166
2 4822 2.5402

36.99 34.83
14.01 13.37

2.17
0.03
4.59

32.73
0.10

0.6038
0.0031
3.0575
1.9432
0.0039
0.0000
0.0695
1.8142

42.03
8.58
1.29
0.02
3.61

28.99
0.30

10.55
1.39
1 . 1 9
0.16
0.16

-0 .11
98.16

Cations per 23 oxygens
5 l

AI
Ti
Cr
Mg
Fe
Mn
Ca
Na
K

Total

F

o.2632
0.0043
1 .1031
4-4142
0.0139
0.0063
0.0063
1.7660

6.5293
1.8204
o.2't21
0.0000
0.8488
3.73r'.4

6.6903
1.6094
0.1548
0.0024
0.8573
3.8589

6.6059
1.6650
0.1 1 03
0.0000
0.6030
4.1985
0.0674
1.7744
0.5849
0.2684

15.8778

0.1 534
0.1 093

0.0276 0.0409
1 .7858 1.7999
0.5087 0.4289
0.2711 0.2414

15.7382 15.6842

0.0967 0.0811
0.0733 0.0442

15.5363 15.7341

0.2947 0.1545
0.0983 0.0068

Nofe: Dash (-) means not determined.
'(t) Total Fe as FeO.
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Trele 8. Summary of thermometry and barometry for samples from Maloin Ranch pluton

Fine-grained
monzonite

Gran-
ite

RTM
56

GM GM Avg.
15A 9 Syb. .

Monzosyenite Quartz syenite

GM27 RTM 35 GM 128 RTM 21A Avg. Syb.' RTM 48 RTM 36

Pigeonite--
Clinopyroxene-'
Twojddsparf
Ternary-

feldsparf
Apatitetf
Zircon+
Hornblende++

Pigeonite$
Olivine$
Hornblende$$

>970
>900

625

>1000 >910
>1020

625 600-700

>1050
1030 1000 1000 890
730 770 700-750 890

795

>2,5 >3.9
Barometers (kbar)

>4.0 >4.2
<4.3-5.6 <4.24.0 <4.3-5.6

4.7 4.7

Thermometer3 (qC)
>905 >940

>910
650

900; >970
850-900

900
795

828
841
800

4.8

770 795

875
905
800 820

<5.3-6.4 <5.9-7.1
4.1 4.1

t Sybille data from Fuhrman et al. (1988).
.. Pyroxene thermometry-Lindsley (1 983).
t Feldspar thermometry-Fuhrman and Lindsley (1988).

tt Apatite saturation-Harrison and Watson (1984).
f zircon saturation-Watson and Harrison (1983).

ft Amphibole thermometer-Nabelek and Lindsley (1985; pers. comm., 1987).
g Fe-rich pig- : ol + qtz + hd barometer-Davidson and Lindsley solution model (1989). See text for discussion of the effect of Mn on uncertainty.

$$ Amphibole barometer-Hammarstrom and Zen (1986).

RTM 35; GMl2 B) and defines a unique pressure for
equilibrium compositions. Pressure is also bracketed by
MSY samples containing only pigeonite (giving mini-
mum pressuret e.g., GM 27) and by QSY samples that
lack pigeonite but contain Fa + Hd + Qtz (giving max-
imum pressure; e.9., RTM 48). Using the solution model
ofDavidson and Lindsley (1989), an average pressure of
4.3 kbar was obtained for rocks with the full assemblage
(Table 8), with uncertainties of about I kbar (upper) and
0.5 kbar (lower; see below). The model of Davidson and
Lindsley offers an improved treatment of forbidden-zone
topology compared to that of Lindsley (1983), and the
inferred pressure is about I kbar lower than that indicat-
ed (for the same analyses) by the earlier method. Pres-
sures of - 3 kbar indicated for the Sybille Monzosyenite
by Fuhrman (1986) and Fuhrman et al. (1988) using the
graphical method may need to be revised corresponding-
ly downward.

A major source of uncertainty in the pressure deter-
minations is the treatment of Mn in expressing pure
quadrilateral compositions (Xr, and X.,) for pyroxenes
and olivines, in the Davidson and Lindsley (1989) solu-
tion model. For olivines, most microprobe online min-
eral formulations calculate Fa as (Fe + Mn)/(Fe + Mg +
Mn), [:(l - X"r)]. Expressed in this manner, composi-
tions of olivines from Maloin MSY are nearly 2 molo/o
more "Fe-rich" than those resulting from adding Mn to
Mg, yielding Fo as (l - X). This diference gives a range
of about I kbar for pressure maxima, with compositions
expressed as (l - Xo.) giving the minimum upper bracket
(Table 8). For pigeonites, an analogous range in mini-
mum pressures of about 0.5 kbar results from uncertainty
in expressing X.". The pres€nce of Mn may also extend
the stability ofFe-rich pyroxenes to lower pressures. Boh-

len et al. (1980) found that each mole percent MnSiO,
added to ferrosilite extended its stability by about 0.12
kbar, relative to pure FeSiOr, in the equilibrium ferrosil-
ite: fayalite + quartz.

Pressures indicated by Al content of amphibole (Ham-
merstrom and Znn, 1986) range from 4.1 to 4.8 kbar, in
good agreement with pressrues given by the assemblage
Pig + Fa + Hd + Qtz, for samples that allow both es-
timates 0able 8).

OxYcrN FUGACITY

Because of extensive subsolidus re-equilibration, con-
ventional Fe-Ti oxide thermobarometry cannot be used
with certainty to obtain estimates of primary tempera-
tures and,fo, in the Maloin Ranch pluton. In the MSY
and QSY, Fe-Ti oxides (primarily ilmenite) coexist with
fayalitic olivine and quartz, an assemblage controlled by
the equilibrium quartz * ulvdspinel : ilmenite * fayal-
ite (QUIIF; Frost et a1., 1988a). In the full QUIIF assem-
blage, temperature andf, are overdetermined, allowing
primary Z-f, conditions to be estimated even if the Fe-
Ti oxides have re-equilibrated, provided that pressure is
known within l-2 kbar (Frost et a1., 1988a). To do so,
we use the intersections of the QUilF surface (displaced
for X*" in fayalite) with ilmenite isopleths of the Fe-Ti
oxide geothermometer (Andersen and Lindsley, 1988), as
shown in Figure 13. These intersections give maximum
I and minimum fo, of equilibration (see Frost et al.,
1988a, method 2); for ilmenite-dominated oxide assem-
blages such as the MSY and QSY, these values are very
close to the actual T and for. This method indicates a
primary temperature range of -950-1000 .tC for the MSY
and QSY, withfo, ranging from I to 2log units below
the FMQ buffer (Fig. l3). Oxygen fugacity can also be
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Fig. 13. Temperature vs. Alog/", (FMQ) [(ogf,)*-',. - (log
-fo,)rrql plot showing intersections of Ilmn, and Ilm' isopleths
with QUIIF surface displaced for Xr. < 1.0. High-temperature
intersection suggests primary oxides equilibrated at -950-1025
'C. A primary f", of l-2 log units below FMQ is inferred from
intersections. Error bars show range in f, resulting from lolo
error in ilmenite analyses. Square : monzosyenite; triangle :
quartz syenite; circle : fine monzonite.

estimated for the FMZ (which lacks quartz), by varying
silica activity until displaced QUIIF intersects the appro-
priate primary temperature as estimated from other
geothermometers. For two FMZ samples, this gives an
,fo, of about 1.75 log units below FMQ, using silica activ-
ities of 0.75 (RTM 20) and 0.9 (GM l5A). The reducing
primary conditions estimated for the Maloin Ranch plu-
ton agree with fo, determinations for the Sybille Mon-
zosyenite (Fuhrman et al., 1988).

Although most samples of MSY and QSY are ilmenite-
dominated, the presence of isolated magnetite-ilmenite
sandwich grains having Usp-rich integrated compositions
confirms that two oxides (and therefore the full QUilF
assemblage) were present at high temperature. These iso-
lated magnetite-ilmenite grains are rarely in contact with
fayalite, and the dominant assemblage Fa + Ilm + Qtz
suggests a cooling path at or below displaced QUIIF (Fig.
l4). Present Fe-Ti oxide compositions record final equil-
ibration near or below 500 oC, at average/o, conditions
- I log unit above FMQ. The/", is slightly more reducing
than that found by Fuhrman et al. (1988) for low-tem-
perature oxide pairs in the Sybille Monzosyenite. Fuhr-
man et al. have shown that Sybille cooled in the presence
of COr-rich fluid, with.6, upon cooling controlled by
equilibria involving graphite, not by QUIIF. For the Ma-
loin pluton, the array of low-temperature oxide pairs sug-
gests a cooling f. path that was probably controlled by
displaced QUIIF early, followed by late graphite satura-
tion (Fig. l4). The presence of graphite in the Maloin

700 800 900
T " c

tooo iloo

Fig. 14. Temperature vs. Alogf. plot showing field of in-
ferred primary conditions (from Fig. 13; shown by horizontally
striped field) and subsolidus conditions indicated by oxide pairs
in the same samples. The oxide pairs suggest an early cooling
path along displaced QUIIF, followed by late graphite saturation,
as in the Sybille Monzosyenite, shown by diagonally striped field.
Low-temperature T-forrelations extrapolated from the Andersen
and Lindsley (1988) Fe-Ti oxide geothermometer.

MSY (as inclusions in feldspar) has recently been deter-
mined (J. Touret, pers. comm., 1988).

Warnn FUGACTTY

Additional information on fluid fugacities can be ob-
tained by using the equilibrium annite + gtrattz :

K-feldspar + fayalite (+ H,O) for Maloin quartz syenites
(samples RTM 48, RTM 36). Water fugacity appears to
have been moderate in QSY. This estimate is limited
primarily by uncertainties in expressing annite activity in
biotite and in temperature. We selected temperatures be-
tween 700 and 800 'C for the calculation because am-
phibole coexisting with biotite in both samples gives tem-
peratures near 800 "C (Table 8). Activity models for annite
include multisite (XKX?6IF"X3tXL') and simple (Xf.6") ionic
models. Minimum values of e^^ ir and fHzo are given by
the multisite model. Using this model, /*116 for 750 "C is
estimated to be about 1700 bars (P,"*' : 4.5 kbar). At the
same temperalr$e, fH2o estimated using the simple ionic
model for annite activity is 2100-2300 bars. At 800 "C,
estimated/rro bracketed by the two annite activity models
is increased to 2300-3100 bars. The K-feldspar activity
used in the equilibrium calculations was determined with
the ternary-solution model of Fuhrman and Lindsley
(1988). Activity of fayalite in olivine was calculated as
X"..

DrscussroN

In its lithologic succession and bulk chemistry, the Ma-
loin Ranch pluton is like many intermediate to felsic in-

t e

P = 4  5  k b o r
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trusions surrounding massif anorthosites and like parts
of some alkalic igneous bodies. These intrusions were
typically emplaced under hot, dry conditions, as indicat-
ed by the presence of ternary mesoperthites (e.9., Parsons,
l98l; Wiebe and Wild, 1983). In the Sybille Monzosyen-
ite, ternary feldspar is widely scattered in monzogabbro,
fine monzonite, and rarely, in monzosyenite (Fuhrman et
al., 1988). The similarity of the Maloin pluton to intru-
sions containing ternary feldspar is such that we strongly
suspect it to have been a primary phase. Pyroxene and
saturation thermometers indicate that appropriate tem-
peratures existed (-1000 'C), but feldspar pairs reflect
re-equilibration at 600-700 .C.

The breakdown of Maloin ternary feldspars and other
subsolidus events appear to be a consequence ofseveral
factors. For monzosyenites, Maloin may have contained
more HrO than Sybille, as late homblende is much more
abundant. Perhaps more significant is the location of the
Maloin pluton between two much larger intrusive bodies.
Heat from the Laramie Anorthosite and Sherman Gran-
ite probably slowed cooling in the Maloin pluton, and
considerable re-equilibration may have accompanied
emplacement of the granite. Thus, textural evidence for
ternary feldspars is now lacking, even in chilled FMZ
from the layered zone. In comparison, the Sybille Mon-
zosyenite is bounded to the north by Archean country
rocks and so may have cooled more rapidly. The greater
depth of emplacement of the Maloin Ranch pluton would
also contribute to slower cooling.

On the basis of geologic mapping, mineral chemistry,
and crystallization experiments, Fuhrman et al. (1988)
have suggested that all rock types in the Sybille Monzo-
syenite (monzogabbro to monzosyenite) are probably part
ofa single differentiation sequence, although they recog-
nized that some mixing may have also occurred. Petro-
logic data for the Maloin pluton present some further
restrictions. As recognized by Fuhrman et al., the relative
volumes of exposed rock types are inconsistent with in
situ fractionation of a single magma, and a magma cham-
ber at depth would be required to produce the entire se-
ries. The observed range in Fe enrichment and the en-
richment in incompatible elements (Kolker and Lindsley,
I 986a; Kolker, I 989) would require very large extents of
fractionation, if all rock types are members of a single
closed series. For example, >900/o fractionation of the
FDi would be required to produce the Rb concentration
in the average FMZ. Intrusive relations in the Maloin
pluton show that different parts ofthe series coexisted as
magmas, requiring fractionation of multiple batches of
magma if all members are related by similar liquid lines
of descent.

Forming the FMZ to MSY series by mixing could allow
the range in rock types and mineral compositions to be
produced in place. Mixing of FMZ and MSY in the Ma-
loin pluton has produced some PMZ, but it is not certain
that Sybille PMZ formed by this process. Hybridization
of FMZ and MSY would be facilitated by their similar
bulk compositions and emplacement temperatures (e.g.,
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Frost and Mahood, 1987). Distinguishing well-homoge-
nized hybrids can be difficult where petrogtaphic evi-
dence for mixing is lacking (e.g., Dungan,1987). Textural
evidence for mixing of FMZ and MSY in the Maloin
pluton is sufficiently strong to consider mixing as an al-
ternative to a continuous fractionation series in that body,
possibly requiring separate origins for FMZ and MSY, as
also suggested by isotopic data (Kolker, 1989).

For the Maloin FMZ, dry mineral assemblages, lack of
pelitic inclusions, and isotopic compositions of Sr (Sub-
barayudu, 1975; Kolker et al., 1988) and Nd (Kolker et
a1., 1987) suggest no interraction with country rock or
high-level granitic melt. However, it is likely that open-
system processes accompanied late-magmatic differentia-
tion in the Maloin Ranch pluton. Inclusions of various
supracrustal rocks are widespread in Maloin porphyritic
granites, and evidence for anatexis of map-scale inclu-
sions was observed at several locations. Open-system be-
havior is also indicated locally for portions of the Sybille
Monzosyenite on the basis of field relations (Fuhrman et
al., 1988), Sr-isotope data, and trace-element variation
(Subbarayudu,19751' Fountain et al., l98l). The MSY to
granite trends in mineral chemistry probably resulted from
some combination of fractionation of MSY and mixing
of granitic melt, some of which may have been generated
at or near the level of emplacement.

The relation of the FDi to MSY portion of the Maloin
Ranch pluton to the Laramie Anorthosite is uncertain.
The ferrodiorite appears most likely to be comagmatic
with the anorthosite, based on its proximity to the con-
tact and oxide-apatite-rich composition. Although tex-
tures of FDi and FMZ suggest that these rock types ap-
proximate liquid compositions, REE data do not show
substantial negative Eu anomalies complementary to pla-
gioclase cumulates (Kolker and Lindsley, 1986b; Kolker,
1989). Suppression ofa strongly negative Eu anomaly in
late liquids of the anorthositic series may be due to co-
tectic crystallization of plagioclase and augite or, in latest
stages, by removal of apatite, as shown by Morse and
Nolan (1985) for the Kiglapait intrusion. The presence of
an initial positive Eu anomaly would have a similar ef-
fect, as projected for Kiglapait and observed in fine-
grained anorthositic dikes of the Nain Complex (Wiebe,
1980b).

SuurvHnv AND coNcLUSroNS

The Maloin Ranch pluton was emplaced into anor-
thositic rocks at high temperature (up to -1000 "C for
the FDi and FMZ), moderate pressure (4.04.5 kbar), and
low /o, 0-2 log units below FMQ at primary tempera-
tures). Nearly continuous trends in the composition of
pyroxenes and feldspars are present from FDi to MSY.
At the top of the Maloin pluton, the Fe-enrichment trend
continues from MSY to porphyritic granite, as shown by
the compositions of hornblende and biotite. For Maloin
PMZ, the range in mineral chemistry is not the result of
a continuous fractionation series, but rather, formed by
mixing of FMZ and MSY.



The Maloin Ranch pluton differs from Sybille in the
following respects: (l) presence ofa well-defined stratig-
raphy, (2) presence ofa layered zone, (3) evidence for the
origin of PMZ by mixing of FMZ and MSY, (4) upward
gradation of Maloin MSY into surrounding porphyritic
granites (occurs only locally at Sybille), (5) lower Fe/(Fe
+ MC) in Maloin for similar rock types, (6) absence of
ternary feldspars, and (7) higher total pressure (4-4.5 kbar
vs. <3 kbar). Despite these differences, similarities in rock
types, bulk composition, phase chemistry, and location
(at the anorthosite margin), strongly suggest a broadly
common history for Maloin and Sybille. Both intrusions
probably evolved by similar processes, although detailed
histories differed for each intrusion.
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