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ABSTRACT

In order to provide a precise age for the Red Mountain pluton, the youngest of the
syenitic bodies of the Laramie Anorthosite Complex, Wyoming, zircons were extracted
and analyzed for U-Pb isotopes. Zircon grains were selected and individually analyzed in
order to minimize potential complications of inherited components. No grains with in-
herited cores were identified, either by microscopic examination or from the isotopic data.
On a concordia diagram, the U-Pb data form a slightly discordant array. A best-fit line
intersects concordia at 1439*7 Ma and 102 + 64 Ma (95% confidence level). The upper
intercept is interpreted as the crystallization age of the Red Mountain pluton and provides
a younger age limit for the rest of the Laramie Anorthosite Complex.

INTRODUCTION

Petrogenetic studies of Precambrian rocks rely increas-
ingly upon precise age determinations. When the crystal-
lization age of an intrusion is well known, calculated ini-
tial isotopic ratios of Sr, Nd, and/or Pb may provide
important constraints upon its origin and evolution. U-Pb
dating of zircons often yields very precise ages that pro-
vide a chronological framework and the basis for such
petrogenetic modeling. Although analyses of grain-size
and/or magnetically separated zircon fractions frequently
provide very precise concordia-intercept ages, in some
cases population studies may not always be the most suc-
cessful approach. For example, if several generations of
zircons are present, discordia constructed from mixed
populations may yield meaningless concordia-intercept
ages. An alternative approach is the analysis of single
zircon crystals. Although analytically more demanding,
the single-zircon approach has the advantage that grains
with distinct morphological properties or grains with in-
herited cores will be analyzed separately, and the age of
the different times of zircon growth may be established.

The goal of this study is to provide a precise age for
the Red Mountain pluton, the youngest of the syenitic
plutons associated with the Laramie Anorthosite Com-
plex. The Laramie Anorthosite Complex is the subject of
ongoing collaborative field, petrologic, and geochemical
studies (e.g., Fuhrman et al., 1988; Kolker and Lindsley,
1989; Anderson et al., 1987, 1988). Recently, Nd and Sr
isotopic studies have been initiated (see Geist et al., 1990),
which require precise age data for the calculation of initial
isotopic compositions. Prior to the present contribution,
no age determinations of the Laramie Anorthosite Com-
plex have been published other than as summarized in
thesis and abstract form (Subbarayudu, 1975; Subbara-
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yudu et al., 1975). Aleinikoff (1983), who dated the Sher-
man Granite, which is closely associated with the anor-
thosite complex, found that inherited radiogenic Pb
complicated the U-Pb systematics of zircons. Since the
zircon population of the Red Mountain pluton might ex-
hibit similarly complex systematics, we chose to analyze
single zircon crystals. With this approach we expected to
determine the crystallization age, and at the same time
to document the presence of any inherited components
in this youngest, most geochemically evolved pluton of
the Laramie Anorthosite Complex.

GEOLOGIC FRAMEWORK

The Laramie Anorthosite Complex is exposed over an
area of approximately 800 km? in the Laramie Mountains
of southeastern Wyoming. It was intruded along a major
geologic boundary, the Cheyenne belt, which separates
the Archean Wyoming province to the north from the
Proterozoic Colorado province to the south (Houston et
al., 1979; Duebendorfer and Houston, 1987). The coun-
try rocks intruded are Archean orthogneisses and meta-
morphosed sedimentary rocks and Proterozoic granitic
rocks. The anorthosite complex is bounded on the south
and east by the Sherman Granite, a regionally extensive
anorogenic granite.

The Laramie Anorthosite Complex is one of the few
essentially undeformed anorthosite complexes in the
world. It includes the classic anorthosite triad of anor-
thositic rocks, a syenitic suite, and associated K- and Fe-
rich granites. The anorthosites and anorthositic gabbros
occupy the largest part of the surface exposure and crop
out as two lobes separated by a septum of older Protero-
zoic gneisses and granites. The monzonitic and syenitic
rocks occur principally in three satellite plutons around
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Fig. 1. Generalized geologic map of the Laramie Anorthosite Complex, southeastern Wyoming, showing location of zircon

sample from the Red Mountain pluton.

the margins of the anorthosite: the Maloin Ranch pluton
to the southeast, the Sybille pluton in the northwest, and
the Red Mountain pluton in the northeast (Fig. 1). All of
the syenitic rocks have intruded anorthosite, and the Red
Mountain pluton has intruded the Sybille pluton. The
Red Mountain pluton (30 km?) is distinguished by ex-
treme Fe enrichment and high REE contents. The pluton
is composed of three main units, interpreted as oldest to
youngest: a peripheral fayalite monzonite facies, which
forms a discontinuous border around the margin of the
pluton; a clinopyroxene-quartz monzonite, which is found
as a rim inside of the fayalite monzonite; and a biotite-
homnblende-quartz syenite, which makes up the central
90% of the body. On the basis of textural relations, An-
derson (1990) has interpreted the fayalite monzonite and
clinopyroxene-quartz monzonite as cumulates. Monzo-
nite dikes crosscut the pluton. Granite dikes peripheral

to the pluton are mineralogically, chemically, and isoto-
pically similar to the Sherman Granite (Anderson, 1990;
Geist et al., 1989) and appear to represent Red Mountain
pluton magmas contaminated by partial melts from the
country-rock pelitic gneisses (Anderson, 1990). Zircon is
abundant (up to 0.5 modal percent) in the fayalite mon-
zonite and the clinopyroxene-quartz monzonite, decreas-
ing in abundance in the syenite and granite. Allanite ap-
pears in the clinopyroxene-quartz monzonite, in which it
makes up to 4% of the rock, and is the main REE-bearing
mineral in both the clinopyroxene-quartz monzonite and
the biotite-hornblende-quartz syenite. Differentiation in-
dex Si/3 — Mg — Ca + K and Fe/Mg ratio increase
throughout this sequence. REE contents rise from [La] =
300 x [La]ponasites in the fayalite monzonite to [La] = 3000
X [La)uondsies in the clinopyroxene-quartz monzonite, then
fall to [La] = 400 X [La]ionares in the Red Mountain

TasLe 1. U-Pb isotopic data
238 208 27| 208 204
Size Mass U Pb,ag Pbeom g = o o PP
Sample (um) {1Q) (ppm) (ppm) (ppm) (102 mol corrected for analytical blank)
2 140 x 70 13.3 61.71 14.50 0.3 3.423 0.0982 0.0754 0.7837 0.00033
8 500 x 100 19.4 79.32 16.53 0.3 6.418 0.1530 0.1234 1.307 0.00042
9 700 x 80 19.2 54.69 13.73 04 4.380 0.1489 0.1043 1.063 0.00057
10 380 x 130 221 139.24 32.68 0.1 12.835 0.4986 0.2506 2.759 0.00013
11 850 x 140 22.9 49.25 11.68 0.2 4.704 0.1528 0.1016 1.068 0.00038
12 370 x 100 18.3 73.03 17.75 20 5.575 0.2259 0.1590 1.362 0.00255

* Measured ratio corrrected for mass fractionation and tracer contributions.
+ Analytical uncertainties (95% confidence level) refer to last significant digits of corresponding ratio.

} Correlation coefficient 27Pb/25U vs. 25Pb/*#,
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granite (Anderson et al., 1988). Zircons analyzed in this
study are from the fayalite monzonite facies of the Red
Mountain pluton.

Previous age determinations

Age determinations of rocks from the Laramie Anor-
thosite Complex itself are restricted to U-Pb zircon re-
sults reported by Subbarayudu (1975) and Subbarayudu
et al. (1975) on zircons separated by F. A. Hills and ana-
lyzed by R. E. Zartman. Zircon fractions from two sam-
ples of Sybille monzosyenite were nearly concordant and
yielded 27Pb/2%Pb ages of 1432 + 15 Ma. Zircons from
a sample of the Red Mountain pluton gave a 27Pb/2¢Pb
age of 1424 £ 15 Ma. The Laramie Anorthosite Complex
is older than the Sherman Granite, which intrudes it. The
Sherman Granite has been dated at 1430 + 20 by the
Rb-Sr whole-rock method (Zielinski et al., 1981). Alei-
nikoff (1983) obtained a U-Pb upper-intercept age of 1412
+ 13 Ma on zircons separated from different host min-
erals of the Sherman Granite. Because of possible Pb loss,
he interpreted this as a minimum age.

ANALYTICAL PROCEDURES

All analytical work was done at the Laboratory for Iso-
tope Geochemistry at the ETH, Zurich. Fresh specimens
of Red Mountain fayalite monzonite were collected from
a blasted outcrop near the northern margin of the pluton
(Fig. 1), and zircons were extracted using conventional
heavy liquid and magnetic separation techniques. The
zircon separate was mounted in glycerine for microscopic
morphological characterization and selection for U-Pb
analysis.

The six single crystals chosen for isotopic analysis were
cleaned ultrasonically in acetone, then rinsed in distilled
water. Each zircon crystal was immersed in cold 1A/ HNO,
for 5 min, then leached for 30 min in 4.5M HCL To
determine if any radiogenic Pb or U was lost from the
crystals during the leaching process, the leachates from
samples 2, 8, 10, and 11 were analyzed. Amounts of U
leached were 0.04% and 0.07% of the U content of sam-
ples 2 and 11, respectively, and 0.4% for samples 8 and
10. Contents of radiogenic 2°¢Pb in the leachates of sam-
ples 2 and 11 were relatively small (approximately 0.1%
of the sample Pb contents), whereas 0.7% and 0.8% were
removed from samples 8 and 10, respectively. U and Pb
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Fig. 2. Typological representation of morphology of the zir-
cons from the fayalite monzonite of the Red Mountain pluton,
using the classification diagram of Pupin (1980). The frequency
distribution of the zircons is shown by stippled squares. All zir-
cons have only one prism {100}, but the dominance of the two
pyramid types varies within the population.

in these leach solutions may have been derived in part
from other mineral phases intergrown with the zircon, as
suggested by the relatively high apparent Th/U ratios of
2.1 to 4.1 calculated from radiogenic 22Pb/2%Pb of these
leachates. In the case of samples 8 and 10, considerable
amounts of common Pb (1.8 and 1.3 ppm, respectively)
were removed.

Analytical procedures followed closely those given by
Bossart et al. (1986), using Krogh’s (1973) techniques.
Zircons were spiked with approximately 70 uL of a tracer
enriched in 25Pb (1 ng 2°Pb/g) and 2**U and 2**U (100
ng each, allowing control of mass-fractionation bias for
U). The total Pb blank is 17 = 5 pg; blank ratios are
208Pp/206Ph = 2.066 + 0.023, 27Pb/2$Pb = 0.853 + 0.016,
and 2*Pb/26Pb = 0.0551 * 0.0011, and correlation coef-
ficients of 27Pb/2*Pb and 2°8Pb/2%¢Pb vs. 24Pb/2%Pb are
0.64 and 0.56, respectively (uncertainties correspond to
the 95% confidence level). Isotopic measurements were
performed on a Varian MAT Tandem mass spectrometer.

200Pp/204Phy* 203Pb/208Phy 207Pp/2%Ph 27Pb/2351) 208Pp/2s8Y)
(observed) (isotopic ratios corrected for blank and common Pb)} Rhot
539 0.1111(12) 0.09036(47) 2.833(17) 0.22737(60) 0.54
838 0.10613(75) 0.08994(31) 2.512(16) 0.2026(10) 0.84
624 0.1219(14) 0.09064(56) 3.007(21) 0.24060(50) 0.53
2148 0.17920(37) 0.09018(16) 2.6712(72) 0.21482(39) 0.74
704 0.13102(84) 0.09016(33) 2.807(14) 0.22578(64) 0.66
372 0.1016(12) 0.09053(51) 2.958(23) 0.2370(11) 0.69
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Fig. 3. Photomicrographs of three of the six zircon crystals analyzed isotopically. The bar in all photographs is 100 um long.
(a) Grain 9. This elongate zircon is typical of most of the population. Grains 8, 11, and 12 are similar in shape and size, (b) Grain
2. (¢) Grain 10. This crystal was the only one of the population examined that had prominent zoning and a darker yellow color. It

has a much higher U content than the other crystals analyzed.

U and Pb were loaded separately with silica gel-H,PO,.
Overall analytical uncertainties given on Table 1 corre-
spond to the 95% confidence level.

Corrections for common Pb content are based on mod-
el III of Cumming and Richards (1975); adopting an age
of 1.44 Ga, the model yields isotopic ratios of 26Pb/2**Pb
= 35.93, 27Pb/2%Pb = 15.44, and **°Pb/?**Pb = 16.23.

REsULTS
Zircon morphology

All zircon crystals are euhedral and colorless. Most are
elongate, and no cores were seen in any of the grains.
Apatite mineral inclusions and fluid inclusions were pres-
ent in nearly all of the crystals. The inclusions commonly
had negative zircon morphology. Electron-microprobe
analysis of polished grains revealed apatite and trace
components of pyrrhotite, but no other mineral phases
were identified.

The zircon crystals were of similar morphology, all
having one {100} prism and two pyramids ({101} and
{211}) of approximately equal dominance. According to
Pupin’s (1980) scheme (Fig. 2), zircons of this morphol-
ogy are characteristic of crystallization at temperatures of
approximately =900 °C and of magmas of monzonite,

syenite, and alkali granite composition. This estimate of
crystallization temperature agrees strikingly with the re-
sults of feldspar geothermometry reported by Anderson
et al. (1987) of 900 + 30 °C.

The lack of zircon crystals with inherited cores in the
Red Mountain fayalite monzonite contrasts with the
abundance of inherited cores documented in Sherman
Granite zircons by Aleinikoff (1983). This lack may be
explained either as the result of dissolution of any zircon
incorporated into Red Mountain magmas from the coun-
try rock or by the absence of crustal contamination of the
magma. Hot, mafic magmas may dissolve considerable
amounts of zircon (Watson and Harrison, 1983), and the
liquid that generated the fayalite monzonite cumulate
probably was undersaturated with respect to Zr. Nd and
Sr isotopic data for the Red Mountain pluton place limits
on the amount of country rock assimilated. Geist et al.
(1990) have demonstrated that the Red Mountain, Sy-
bille, and Maloin plutons have distinct initial Sr and Nd
isotopic characteristics, and they concluded that each plu-
ton evolved independently of the other syenitic bodies.
The Red Mountain fayalite monzonite has the most ra-
diogenic Nd-isotope ratio and one of the least radiogenic
Sr-isotope ratios of any sample from these syenitic plu-
tons. These results suggest that the Red Mountain pluton
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Fig. 4. Concordia representation of the Red Mountain zircon
crystals analyzed. The discordia intersects the concordia at
143947 Ma and 102 + 64 Ma. The error ellipses and uncertain-
ties of the ages obtained by the intercepts of the error envelopes
with the concordia curve are at the 95% confidence level.

was emplaced at its present level without having assim-
ilated as much continental crust as the other syenitic plu-
tons; hence it should display minimal zircon inheritance.

Age determination

Six crystals were chosen for single-grain U-Pb analysis.
They varied in weight from 13 to 23 ug and included §
clear, unzoned zircons and 1 yellow, zoned crystal (Fig.
3). The U-Pb results obtained are listed on Table 1. In
the conventional concordia representation (Fig. 4), the
U-Pb results form a slightly discordant array. As is com-
monly observed, those zircons with the highest U con-
tents are the most discordant. A best-fit line (York, 1969)
intersects the concordia curve at 1439+ Ma and 102 +
64 Ma (external errors at 95% confidence level; MSWD
= 0.34). Combining data from leached zircon samples
and their leach solutions, or using Stacey and Kramers
(1975) Pb-evolution model for initial-Pb correction, does
not significantly alter the intercept ages. The upper-inter-
cept age is interpreted as the crystallization age of the Red
Mountain pluton. The less precise lower intercept reflects
loss of radiogenic Pb during one or several episodes after
crystallization. The lower-intercept age is compatible with
Pb loss during Laramide uplift at approximately 60 Ma
(Blackstone, 1975), but could also have been influenced
by the uplift of the ancestral Rocky Mountains at ca. 310
Ma (Mallory, 1972).

The inferred crystallization age of 1439 Ma is within
error of the U-Pb ages for the Sybille and Red Mountain
plutons reported by Subbarayudu (1975) and is only
slightly older than the 1412 + 13 Ma minimum age sug-
gested for the Sherman Granite (Aleinikoff, 1983), con-
firming a close temporal association of the syenitic rocks
and the Sherman Granite (Fig. 5).

The U content of the zircons is low, ranging between
49 and 139 ppm. Similarly low U contents were docu-
mented for zircons from monzonoritic rocks associated
with anorthosite bodies of the South Rogaland area of

Sherman Rb-Sr

i Sherman U-Pb

Sybiile Pb/Pb m——

i Red Mt. Pb/Pb

Red Mt. U-Pb H———o——1

1 i 1 L 1 -
1400 1410 1420 1430 1440 1450
Age, Ma

Fig. 5. Comparison of age determinations for the Sherman
Granite and the Sybille and Red Mountain plutons of the Lar-
amie Anorthosite Complex. Sources of data are Sherman Rb-Sr
whole-rock age, Zieliniski et al. (1981); Sherman U-Pb zircon
minimum age, Aleinikoff (1983); Sybille and Red Mountain Pb-
Pb ages, Subbarayudu (1975) and Subbarayudu et al. (1975); and
Red Mountain U-Pb zircon age, this study.

Norway (Duchesne et al., 1987). It is possible that low-U
zircons are characteristic of syenitic rocks associated with
anorthosites. They may arise cither by melting of a
U-poor source or by crystallization of a U-bearing phase
during earlier stages in the evolution of these magmas. If
the latter case applies to the Red Mountain pluton, its
high REE contents suggest that whatever phase or phases
depleted the magma in U, they did not produce a similar
depletion in REE content.

CONCLUSIONS

The U-Pb single-zircon upper-concordia intercept age
of 1439+7 Ma for the Red Mountain pluton not only es-
tablishes the crystallization age of that pluton, but also
provides a younger age limit for the rest of the syenitic
and anorthositic rocks of the Laramie Anorthosite Com-
plex. The lack of inherited cores and the low U contents
of the Red Mountain zircons distinguishes them from
zircons from the Sherman Granite, which is spatially and
temporally associated with the anorthosite complex. Al-
though geochemically the most evolved pluton of the
Laramie Anorthosite Complex, the petrogenesis of the
Red Mountain fayalite monzonite appears to have been
different from that of the Sherman Granite.

ACKNOWLEDGMENTS

We are very grateful to Professor R. H. Steiger, who kindly arranged a
visiting position for C.D.F. at the ETH during autumn 1987 and made
this research possible. Kathleen Simmons and Ken Ludwig are thanked
for their helpful reviews of this manuscript. Partial funding of this project
was provided by a University of Wyoming Arts and Sciences Basic Re-
search Grant and by NSF EAR-8617812 and EAR-8816604.

REFERENCES CITED

Aleinikoff, J.N. (1983) U-Th-Pb systematics of zircon inclusions in rock-
forming minerals: A study of armoring against isotopic loss using the
Sherman Granite of Colorado-Wyoming, USA. Contributions to Min-
eralogy and Petrology, 83, 259-269.

Anderson, L.C. (1990) Geology and geochemistry of the Red Mountain
pluton, Laramie Anorthosite Complex, southeastern Wyoming. Ph.D.
thesis, University of Wyoming, Laramie, Wyoming.

Anderson, I.C., Frost, B.R., and Lindsley, D.H. (1987) Crystallization



26 FROST ET AL.: ZIRCON-BASED AGE, LARAMIE ANORTHOSITE COMPLEX

conditions of the Red Mountain syenite, Laramie Anorthosite Com-
plex, Wyoming. EOS, 68, 442-443.

Anderson, I.C., Geist, D.J., Frost, B.R., and Lindsley, D.H. (1988) Rare
earth depletion during late stage fractionation, Red Mountain pluton,
Laramie Anorthosite Complex, Wyoming. EOS, 69, 524.

Blackstone, D.L. (1975) Late Cretaceous and Cenozoic history of the
southern Rocky Mountains. In B.F. Curtis, Ed., Cenozoic history of
the Southern Rocky Mountains, p. 249-279. Geological Society of
America Memoir 144.

Bossart, P.J., Meier, M., Oberli, F., and Steiger, R.H. (1986) Morphology
versus U-Pb systematics in zircon: A high resolution isotopic study of
a zircon population from a Variscan dike in the Central Alps. Earth
and Planetary Science Letters, 78, 339-354.

Cumming, G.L., and Richards, J.R. (1975) Ore lead isotope ratios in a
continuously changing earth. Earth and Planetary Science Letters, 28,
155-171.

Duchesne, J.C., Caruba, R., and Tacconi, P. (1987) Zircon in charnockitic
rocks from Rogaland (southwest Norway): Petrogenetic implications.
Lithos, 20, 357-368.

Duebendorfer, E.M., and Houston, R.S. (1987) Proterozoic accretionary
tectonics at the southern margin of the Archean Wyoming craton. Geo-
logical Society of America Bulletin, 98, 554-568.

Fuhrman, M.L., Frost, B.R., and Lindsley, D.H. (1988) Crystallization
conditions of the Sybille monzosyenite, Laramie Anorthosite Complex,
Wyoming. Journal of Petrology, 29, 699-729.

Geist, D.J., Frost, C.D., Kolker, A., and Frost, B.R. (1989) A geochemical
study of magmatism across a major terrane boundary: Sr and Nd iso-
topes in Proterozoic granitoids of the southern Laramie Range, Wyo-
ming. Journal of Geology, 97, 331-342.

Geist, D.J., Frost, C.D., and Kolker, A. (1990) Sr and Nd isotopic con-
straints on the origin of the Laramie Anorthosite Complex, Wyoming.
American Mineralogist, 75, 13-20.

Houston, R.S., Karlstrom, K.E., Hills, F.A., and Smithson, S$.B. (1979)
The Cheyenne belt: A major Precambrian crustal boundary in the west-
ern United States. Geological Society of America Abstracts with Pro-
grams, 11, 446.

Kolker, A., and Lindsley, D.H. (1989) Geochemical evolution of the Ma-
loin Ranch pluton, Laramie Anorthosite Complex, Wyoming: Petrol-
ogy and mixing relations. American Mineralogist, 74, 307-324.

Krogh, T.E. (1973) A low-contamination method for hydrothermal de-
composition of zircon and extraction of U and Pb for isotopic age
determinations. Geochimica et Cosmochimica Acta, 37, 485-494.

Mallory, W.W. (1972) Pennsylvanian arkose and the Ancestral Rocky
Mountains. In Geologic atlas of the Rocky Mountain region, United
States of America, p. 131-132. Rocky Mountains Association of Ge-
ologists, Denver, Colorado.

Pupin, J.P. (1980) Zircon and granite petrology. Contributions to Min-
eralogy and Petrology, 73, 207-220.

Stacey, J.S., and Kramers, J.D. (1975) Approximation of terrestrial lead
isotope evolution by a two-stage model. Earth and Planetary Science
Letters, 26, 207-221.

Subbarayudu, G.V. (1975) The Rb-Sr isotopic composition and the origin
of the Laramie Anorthosite-Mangerite Complex, Laramie Range, Wy-
oming, 109 p. Ph.D. thesis, State University of New York, Buffalo,
New York.

Subbarayudu, G.V., Hills, A.F., and Zartman, R.E. (1975) Age and Sr
isotopic evidence for the origin of the Laramie Anorthosite-Syenite
Complex, Laramie Range, Wyoming. Geological Society of America
Abstracts with Programs, 7, 1287.

Watson, E.B., and Harrison, T.M. (1983) Zircon saturation revisited:
Temperature and composition effects in a variety of crustal magma
types. Earth and Planetary Science Letters, 64, 295-304.

York, D. (1969) Least squares fitting of a straight line with correlated
errors. Earth and Planetary Science Letters, 5, 320-324.

Zielinski, R.A., Peterman, Z.E., Stuckless, J.S., Rosholt, J.N., and Nko-
mo, LT. (1981) The chemical and isotopic record of rock-water inter-
action in the Sherman Granite, Wyoming and Colorado. Contributions
to Mineralogy and Petrology, 78, 209-219.

MANUSCRIPT RECEIVED FEBRUARY 1, 1989
MANUSCRIPT ACCEPTED SEPTEMBER 29, 1989



