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dating.
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Abstract

Uranium-thorium-lead and rubidium-strontium
studies of two metamorphic units from the Mineral
Mountains, Utah, document the existence of Early
Proterozoic rocks in south-central Utah. A paragneiss
and an orthogneiss are about 1,720 million years old;
both units are highly deformed and are in fault-bounded
slices. The gneisses are intruded by foliated hornblende
granodiorite previously thought to be also of Precambri-
an age. The granodiorite has been dated using zircon,
sphene, and thorite, as about 25 million years old, which
makes it an early phase of the intrusive complex of the
Mineral Mountains. Potassium-argon determinations for
hornblende and biotite from all three units show that
mid-Tertiary to Quaternary thermal activity affected the
rocks. Data for zircons from the hornblende granodiorite
suggest a complex, multistage history involving inherited
Proterozoic source material and magmatic zircon, both
of which may have two-stage histories.

INTRODUCTION

The Mineral Mountains in south-central Utah are
made up mostly of an intrusive complex, with minor as-
sociated sedimentary, extrusive, and metamorphic units
(fig. Al). The intrusive complex is of Tertiary age, and
is the largest body of plutonic rocks exposed in the state
of Utah.

Previous geologic mapping in the area not specifi-
cally related to this study includes the work of Liese
(1957), Earll (1957), Condie (1960), Petersen (1975),
Evans (1975), and Lipman and others (1978). More re-
cently, the central and northern parts of the Mineral
Mountains have been mapped at a scale of 1:24,000 by
Nielson and others (1978) and Sibbett and Nielson
(1980a). These results also have been summarized in Sib-
bett and Nielson (1980b) and the present study is an out-
growth of this work. Studies centered on the Roosevelt
Hot Springs geothermal system, which is on the central
western margin of the range, have created an abundant
and diverse geoscience data base for the Mineral Moun-
tains area, and some of the results have been summarized
in McKinney (1978) and Ward and others (1978).
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GEOLOGY

A generalized map of the central part of the Mineral
Mountains is shown in figure Al. The reader is referred
to the more complete studies of Nielson and others
(1978), and Sibbett and Nielson (1980a), for details of
the geology of the range.

The oldest rocks exposed in the Mineral Mountains
are gneisses that were assigned a Precambrian age on the
basis of lithologic character and regional relationships.
These rocks crop out along the west-central margin of
the range. The Precambrian units vary widely in lithology
and consist largely of granitic gneiss, banded gneiss,
schist, and migmatite, with small included lenses of
quartzite (Nielson and others, 1978; Sibbett and Nielson,
1980a). Outcrops have a number of penetrative deforma-
tional features. Schistosity is well developed, and small-
scale isoclinal folding has produced strong northeast-
plunging lineations on schistosity planes. A few widely
scattered outcrops show gentle cylindrical refolding of the
isoclinal folds along flat-lying east-west axes.

In hand specimen, the banded gneiss is typically
fine to medium grained and equigranular, and consists of
biotite, hornblende, potassium-feldspar, plagioclase, and
quartz in highly variable proportions. Preferentially
oriented biotite books and stressed and elongate quartz
grains mark the schistosity. Dark layers are predominantly
plagioclase, biotite, and hornblende with lesser amounts
of quartz and potassium-feldspar. Light-colored layers
consisting mostly of potassium-feldspar and quartz are
typically coarser grained and locally contain small
amounts of muscovite. In both light and dark layers, bio-
tite flakes commonly rim potassium-feldspar grains. Zir-
con is a common accessory mineral and is especially
abundant as inclusions within biotite. Apatite also is an
abundant accessory mineral, but sphene generally is un-
common. In addition to this typical mineralogy, a 2- to
3-m-thick layer of distinctive sillimanite-cordierite-corun-
dum-biotite schist is exposed in one small outcrop just
south of Wild Horse Canyon. This layer demonstrates
both a compositional variability within the banded gneiss
and a lack of diffusion within the metamorphic system,
suggesting that the banding within much of the gneiss
represents original sedimentary layering.

Granitic gneiss occurs as a pink, medium-grained,
equigranular, and well-foliated rock that consists of
quartz, potassium-feldspar, plagioclase, biotite, and mus-
covite, with accessory zircon, apatite, and sphene. In
marked contrast to the layered paragneiss, this unit has
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Figure A1. Generalized geologic map of the central part of the Mineral Mountains, Utah (simplified from Sibbett
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Table A1. Chemical analyses of Precambrian rocks from
the Mineral Mountains, Utah

[J. Mason and F. H. Brown, analysts. Sample UT/MM 79-115 is or-
thogneiss; all other samples are paragneiss. LOI, loss on ignition; NA,
not analyzed for]

UT/MM-  UT/MM-  UT/MM-  UT/MM-  UT/MM-  UT/MM-
Sample No.----79-10A 79-108 79-110 79-1111  79-112 79-1151
Oxide, in weight percent

510, 77.84 72.52 73.61 78.01 75:31 73.30
Ti0, 0.08 0.68 0.35 0.14 0.12 0.20
A1,04 12.34 11.52 14.73 14,43 14.21 14.10
2Fe0 0.94 5.11 2.84 1.10 1.09 1.86
MnO 0.01 0.04 0.04 0.03 0.03 0.03
MgO 0.29 1.30 1.11 0.75 0.68 0.42
ca0 0.93 1.46 4,60 3.52 0.91 1.28
K,0 3.29 2.13 2.79 3.76 3.40 3.13
Nay0 4.35 3.34 0.79 1:31 5.10 5.28
P,0, 0.01 0.05 0.11 0.07 0.06 0.06
LOI 0.57 0.70 0.50 0.46 0.42 0.40
Sum=--=-=--==100.76 99.42 101,47 103.28  101.33 100.06

Trace element, in parts per million

Nb 10 20 10 10 5 20
Zr 160 465 140 155 105 160
Y 335 125 15 10 15 30
Sr 85 70 295 235 125 100
Rb 85 105 30 35 100 230
Th 15 25 15 25 20 45
Pb 10 15 3 15 30 45
Ba 600 550 NA NA 690 680

IDated by U-Pb zircon method
2Total iron calculated as FeO.

a uniform composition, at least on outcrop scale, and
probably represents a metaigneous rock.

Chemical analyses of six samples are listed in table
Al. These samples of both paragneiss and orthogneiss
were collected from the more quartzofeldspathic layers in
the gneisses.

Foliated hornblende granodiorite to quartz monzo-
nite intrudes the Precambrian rocks just described. The
foliation in this rock is nearly parallel to that in the Pre-
cambrian gneiss, and therefore Nielson and others (1978)
proposed that it also was of Precambrian age. Essentially
identical rocks later were found to be intrusive into Cam-
brian marbles in the northern part of the range, at which
locality the foliation is nearly parallel to the contact with
the marbles and is considered to be a flow structure. Cor-
relation of the two bodies of foliated hornblende
granodiorite is supported not only by their similar appear-
ance in the field, but also by the similarities in chemical
composition (table A2) and identical morphologies of the
zircons separated from both of them.

ANALYTICAL PROCEDURES

The paragneiss (sample UT/MM 79-111), ortho-
gneiss (sample UT/MM 79-115), and a flow-foliated

4 Shorter Contributions to Isotope Research

Table A2. Chemical analyses of Tertiary foliated
hornblende granodiorite samples from the Mineral
Mountains, Utah

[J. Mason and F. H. Brown, analysts. LOI, loss on ignition; NA, not
applicable]

UT/MM- UT/MM- UT/MM- UT/MM- UT/MM- UT/MM-
Sample No.---- 78-170 79-1131  79-114 79-150 79-151 79-153
Oxide, in weight percent
810, 63.52 59.88 67.83 72.08 63.57 65.69
Ti0, 0.60 0.63 0.43 0.26 0.71 0.57
Al1,04 15.92 16.60 15.92 14.40 15.89 14.99
2Fe0 4,57 5433 2.89 1.88 5.04 4.29
MnO 0.09 0.11 0.06 0.04 0.09 0.08
Mg0 2.40 2.96 1.45 0.44 2.32 1.95
Ca0 4,32 5.00 2.71 1.63 4,50 3.76
K,0 3.33 4.30 3.42 3.74 3.82 3.52
Na,0 3.86 2.75 4.96 4.48 3.19 3.74
P,0g 0.19 0.27 0.14 0.07 0.26 0.20
LOI 0.75 0.36 0.55 0.85 0.86 0.77
Sum=—====—~—= 99.55 98.19 100.36 99.87 100.25 99.56
Trace element, in parts per million
Nb 15 10 15 10 10 10
Zr 130 105 170 120 140 150
Y 20 15 30 10 15 15
Sr 785 850 550 445 870 685
Rb 70 90 120 125 85 90
Th 5 15 30 25 25 10
Pb 15 15 30 25 15 15
3y 2 NA NA 3 <2 <2
Ba 925 980 1200 910 980 855

lHornblende granodiorite, dated by U-Th-Pb zircon method.
2Total Fe calculated as FeO.

3Uranium determined fluorimetrically.

hornblende granodiorite (samples UT/MM 79-113 and
UT/MM 80-4) were dated by the U-Th-Pb (uranium-
thorium-lead) method. Zircons were separated from about
50 kg (kilograms) of rock, using a crusher, pulverizer,
Wilfley? table, and heavy liquids. The heavy-mineral sep-
arates were at least 99 percent pure zircon. Size and mag-
netic fractions were separated and were upgraded by hand-
picking out impurities to ensure nearly absolute purity.

Uranium, thorium, and lead were extracted from
zircon, sphene, and thorite. Size and magnetic fractions
of zircon and sphene were leached in separate solutions
of warm 7N HNO; and warm 6.5N HCI. About 10-20
mg (milligrams) of zircon were dissolved in ultrapure 48-
percent HF (2 mL (milliliters)) and 16N HNO; (1 mL)
in a teflon bomb assembly at 210°C in an oven. Dissolu-
tion took three days or more. Samples for which thorium
concentrations were determined were evaporated to dry-
ness with *°U and 2*°Th spike and redissolved in IN
HNOj;. Overnight equilibration in the oven at 210°C was
followed by liquid-aliquoting portions for lead composi-
tion and concentration. Samples that were not analyzed
for thorium were not equilibrated in 1IN HNO; and were
spiked for uranium, liquid-aliquoted, and spiked for lead
after dissolution.

2Use of trade and company names is for descriptive purposes only
and does not imply endorsement by the U.S. Geological Survey.



Sphene was immersed in ultrapure 70-percent
HCIO, (0.50 mL) and 6.5N HCI (4 mL) in a teflon bomb
assembly in an oven (210°C) overnight. The next day,
48—percent HF (1 mL) and 16N HCI (2 mL) were added
and the sample was dissolved overnight. The sample was
spiked and aliquoted for uranium, thorium, and lead after
complete dissolution.

Thorite was immersed in 48-percent HF (0.50 mL)
and 6.5N HCI (1 mL) in a screwtop teflon beaker and
heated on a hotplate at 200°C overnight. After evaporation
to dryness, 70-percent HCIO,4 (0.50 mL) and 16N HNO;
(1 mL) were added. The sample dissolved after three days
of boiling. After 3 mL of 6.5N HCl were added, the
solution was ready for aliquoting.

Lead was concentrated on a bromide-form ion-ex-
change column (modified from Krogh, 1973) and was
analyzed using the single-Re-filament, H;POy/silica gel
technique. Uranium and thorium were extracted on nitrate-
form ion-exchange columns and were analyzed using a
triple-Re-filament assembly. All isotopes were analyzed
on a 30.5-cm-radius, 90°-sector, single-focusing mass
spectrometer with digital data collection.

Uranium, thorium, and lead concentrations were de-
termined by isotope dilution and are believed to be accu-
rate to at least 1 percent. Lead isotopic compositions are
believed accurate to at least 0.1 percent, except where
the 2%Pb/?**Pb is greater than 5000, as it is in samples
UT/MM 79-111 and UT/MM 79-115. The errors for
atomic ratios may be as high as 5-10 percent in these
analyses but the atomic percent of 2**Pb is so small that
these large errors have no significant effect on the age
calculations. Laboratory blanks, usually less than 1 ng
(nanogram), determined during the course of the study,
were of the composition

204pB.206pB.297ph:208PB =1:18.7:15.6:38.2
and were subtracted from the analyses. Common lead was
assumed to have the composition

1:15.7:15.3:35.3
(estimated from Stacey and Kramers,
metamorphic rocks and
1:18.24:15.57:38.37,

as determined by analysis of a potassium-feldspar, for the

hornblende granodiorite.
Age calculations used decay and isotopic constants

of Steiger and Jager (1977). Regression analysis followed
the algorithm of Ludwig (1980). Analytical procedures for
K-Ar (potassium-argon) determinations are similar to
those reported in Evernden and Curtis (1965) and Dalrym-
ple and Lanphere (1969).

1975) for the

GEOCHRONOLOGY

Previous radiometric dating of units of the intrusive
complex of the Mineral Mountains have been published
by Park (1968), Liese (1957), Armstrong (1970), Bowers

(1978), and Lipman and others (1978), but no ages are
available for the Precambrian rocks or for the foliated
hornblende granodiorite. Stacey and others (1968) meas-
ured common lead isotope ratios in galenas and feldspars
from mining districts throughout Utah, including the Mil-
ford district just to the west of the Mineral Mountains,
and concluded that the lead was derived from an Early
Proterozoic source rock.

Metamorphic Rocks

Two size fractions of zircon from each metamorphic
rock were analyzed. Zircons in the paragneiss (UT/MM
79-111) are euhedral and some are slightly rounded (fig.
A2A). They are blocky in morphology, with length-to-
width ratios of about 2 or 3 to 1 and contain abundant
opaque and clear inclusions. They do not appear to be
detrital (that is, they are not rounded or frosted) and on
the basis of their morphology and the compositions of
the paragneiss, we conclude that the rock sampled is vol-
canic in origin. Zircons in the orthogneiss (UT/MM 79-
115) are also euhedral (fig. A2B). They are more prisma-
tic than the zircons from the paragneiss, having length-to-
width ratios of about 4 or 5 to 1, and contain few inclu-
sions. Their general morphology is typical of plutonic zir-
cons and the rock in which they occur is interpreted to
be a metaquartz monzonite.

Isotopic data for the gneisses are presented in table
A3 and are plotted in figure A3. The 2°’Pb/’°°Pb ages
range from 1,723 to 1,708 Ma (million years) and the
U-Pb ages range from 1,482 to 662 Ma. As shown in
figure A3, a best-fit line through the four data points has
concordia intercept-ages of 1,716 =31 and 7+93 Ma (95—
percent confidence limits). Three of the four points are
about 33 percent discordant, whereas the fourth sample
plots about 67 percent down the discordia. A reasonable
explanation for this array is suggested by the uranium con-
centration data. The three least discordant zircons have
concentrations that range from 1,371 to 2,193 ppm (parts
per million) uranium, whereas the most discordant size
fraction contains 3,736 ppm uranium. Thus, a Cenozoic
event that caused lead loss from the zircons would have
had a significantly greater effect on the most uranium-rich
(and thereby most radiation-damaged) sample.

We interpret the data to indicate an age of about
1,720 Ma for both metamorphic units. Specifically, the
orthogneiss was intruded at this time, during regional
metamorphism of the paragneiss inasmuch as there is no
evidence in the U-Th-Pb systematics for a younger
metamorphic event. Plutonic rocks of similar age in Col-
orado (such as the Boulder Creek Granite) also are inter-
preted as being syntectonic in origin (Tweto, 1977). Igne-
ous rocks in the next youngest age group in Colorado,
about 1,400 Ma (Tweto, 1977) generally are not foliated
and are considered to be post-tectonic.

Geochronology of Precambrian and Tertiary Rocks, Mineral Mountains, Utah 5
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Figure A2,

Photomicrographs of zircons from metamorphic rocks of the Mineral Mountains, Utah. A, Zircons from

paragneiss sample UT/MM 79-111 (size fraction, +150 mesh); B, Zircons from orthogneiss sample UT/MM 79-115
(size fraction, +150 mesh). Grains in both A and B are about 170 pm long.
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Figure A3. Uranium-lead concordia plot of zircons from
metamorphic rocks from the Mineral Mountains, Utah.
Sample UT/MM 79-11 (open circles) is a paragneiss; sam-
ple UT/MM 79-115 (solid circles) is an orthogneiss.
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Zircons in the paragneiss may be volcanic in origin
or they may have formed during regional metamorphism
and intrusion of the orthogneiss protolith. There is no evi-
dence in the zircon data for the age of a parent rock of
the paragneiss. This lack of evidence may be explained
by: (1) the absence of detrital zircons from the precursor
sedimentary pile, or (2) the precursor volcanic(?) rocks
were formed only shortly before burial and metamorphism
and thus the slight age difference of the protolith and
metamorphic rock cannot be resolved. The lower intercept
of the discordia corresponds to a Cenozoic age and could
have been caused by Quaternary dilatancy (Goldich and
Mudrey, 1972) or, more likely, by intermittent igneous
activity in this area since early Miocene time. Evans and
Steven (1982) reported an age of about 9 Ma for emplace-
ment of rhyolite domes and flows a few kilometers east
of the Mineral Mountains.

Rubidium-strontium (Rb-Sr) data for the orthogneiss
and paragneiss are listed in table A4. Three paragneiss
samples show scatter well beyond the limits of analytical
error (see fig. A4). This scatter presumably is due to



Table A3. Uranium-thorium-lead data for zircon, thorite, and sphene from the Mineral Mountains, Utah
[Leaders (---) indicate no Th concentration determined and thus no 2%Pb/*2Th age calculated; NM, nonmagnetic; VM, very magnetic]

Age (million years)

Concentration (ppm) Atomic percent 206pp,  207pp,  207py, 208py
Mineral: (size fraction) U Th Pb 204py, 206py, 207py, 208py, 238y 235y 206py 2327y
Sample UT/MM 79-111 (paragneiss)
Zircon: (+150) 1370.5 ---  308.25 0.0025 86.93 9.204 3.864 1320 1482 1723 _—
(-400) 1957.3 ——— 429,48 0.0012 86.17 9.056 4,774 1281 1452 1712 _—
Sample UT/MM 79-115 (orthogneiss)
Zircon: (+150) 3736.3 ——=  415.9 0.0010 84.53 8.879 6.593 669 963 1712 —
(-325) 2192.6 - 458,2 0.0007 86.83 9.092 4,082 1234 1419 1708 _—
Sample UT/MM 79-113 (hornblende granodiorite)
Zircon: (+100)VM 338.2 _— 2.05 0.4299 64.69 9.401  25.48 25.8  26.4 82.8 -——-
(+100) 363.0 162.5 1.72 0.1866 75.16 6.297 18.36 25.4  25.8 62.8 26.9
(-100+150) 375.5 189.5 1.91 0.2046 73.41 6.536 19.85 26.5 27.4° 103.7 27.5
(-325+400) 531.0 — 2.69 0.1130 70.19 5.086  24.61 25.8 27.0 139.1 -—-—-
(-400) 1122.9 _— 7.21 0.1670 47.06 4,842  47.94 21.1  23.1 238.6 -—-
Sample UT/MM 4-80 (hornblende granodiorite)
Zircon: (+150)NM 512.0 _— 4,74 0.0537 81.65 7.008  11.29 55.7 88.9 1108 ——
Sphene—-=-———===——————- 308.5 384.2 3.07 0.8148 42.82  13.974  42.39 20.7  20.7 20.7 20.1
Concentration
U Th Pb
(weight percent) (ppm)
Thorite=————=mm——————— 12.1 58.7 666.30  0.0069 38.48 1.892  59.62 15.6  15.7 24,7 15.2
Table A4. Rubidium-strontium data for rocks from the
Mineral Mountains, Utah
Rb S 0.90
Sample No (parts per million) 87pp/865r 875y /865y I | I | | l I
" : E e | EARLY PROTEROZOIC GNEISSES |
Paragneiss UT/MM 79-115 O
0.86 — ]
UT/MM 79-110 28.8 269 0.3092 0.7177
UT/MM 79-111 49.9 225 0.6429 0.7282 L _
UT/MM 79-112 89.4 108 2.404 0.7621
.. 0.82 |— |
Orthogneiss D
o
UT/MM 79-115 216 94.1 6.743 0.8717 & B T
s
Granodiorite © 078 — ]
UT/MM 79-113 96.6 857 0.3262 0.70560 B " UIMm 13112 .
0.74 — Model age= 1750 million years —|
UT/MM 78-111 R,;=0.7020 |
e 87086 . UT/MM 79-110
heterogeneous initial ®’Sr/*°Sr. One orthogneiss sample i | | | | | |
also was analyzed. The relatively high 8’Rb/%°Sr of 6.743 0 1 2 3 4 5 6 7 8
allows calculation of an apparent age of 1,750 Ma if an 87Rb/B6Sr

initial 3’Sr/%¢Sr of 0.702 is assumed. This isochron also
passes through one of the paragneiss data points. This
Rb-Sr age is in satisfactory agreement with the zircon age
data, considering that the assumption of initial 87Sr/36Sr
may not be quite accurate.

Potassium-argon data of biotites from three samples
of the banded gneiss are listed in table AS. Sample GC-16

Figure A4. Rubidium-strontium isochron plot of
metamorphic rocks from the Mineral Mountains, Utah. Er-
rors (20) are 0.035 percent and 1.7 percent for 8Sr/%Sr
and %Rb/%Sr, respectively. Open circle is orthogeniss;
solid circles are paragneiss. The line is a model isochron
calculated through the orthogneiss data point assuming
an initial ¥Sr/%Sr (R;) of 0.702.
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Table A5. Potassium-argon data for rocks from the Mineral Mountains, Utah
Weight K Moles/gram Percent Ar'? Age
Sample No. Mineral (grams) (percent) Ar*0(x10711) (atmospheric) (million years) Reference
Gneiss
GC-16 Biotite—————- 0.45942 7.505 14,009 63.7 10.7+0.2 Bowers (1978).
GC-15 e 2.56070 6.323 13.797 27.8 12,540.1 Do.
UT/MM 79-10 ——do =——————- 0.77447 7.60 13.016 47 9.85+0.37
Hornblende granodiorite

MR 79-10 Biotite—————m 0.56814 7.49 13.448 72 10.3+0.6

Hornblende-—- 2.50659 0.75 5.284 39 40,3%x1.4
UT/MM 78-170 Biotitew—=mm= 0.79213 7.40 12.666 50 9.86+0.37
UT/MM 79-150 =ity 0.52549 7.89 18.362 27 13.44+0.5
UT/MM 79-151 Biotite—————- 0.60145 7.77 26.392 34 19.5+0.7

Hornblende-—- 2.53078 0.67 4,503 59 38.4%1.6
UT/MM 79-153 Biotite—-———-- 0.50100 7.40 17.473 57 13.6+0.6

Hornblende--- 2,50158 0.79 3.744 33 27.2+0.9

(Bowers, 1978) was collected from an outcrop in Negro
Mag Wash. The outcrop is along a major fault zone and
within 50 m of an active fumarole. Sample GC-15 was
collected from an outcrop of gneiss that presently is inter-
preted as a xenolith (about 400 m? in area) within some
of the more felsic phases of the intrusive complex of the
Mineral Mountains. A cataclasite found in the same out-
crop indicates that the sample is near a fault zone. Sample
UT/MM 79-10 was collected from an outcrop which is
on the eastern margin of the Roosevelt Hot Springs geo-
thermal field. This sample also was collected within about
100 m of a principal range-front fault. The average of
the three K-Ar dates is about 11 Ma. This age is near
that of 9 Ma reported by Evans and Steven (1982) for
rhyolite lavas just east of the Mineral Mountains and indi-
cates, in light of the Rb-Sr and U-Pb data, extensive reset-
ting of the K-Ar system.

Hornblende Granodiorite

Three accessory minerals (zircon, sphene, and tho-
rite) from the hornblende granodiorite were analyzed for
U-Th-Pb isotopes. The zircons are distinctly bright pink
and have virtually no evidence, such as dark core mate-
rial, for an inherited component. The crystals are euhedral
and nearly equant with length-to-width ratios ranging from
about 1 to 4 (fig. ASA). The sphene is anhedral, coarse
grained, and bright yellow. Thorite is subhedral to euhed-
ral, forming prisms similar in shape to zircons (fig. A5B),
from which it can be distinguished by its olive- to
emerald-green. Several grams of each accessory mineral
were extracted from about 50 kg of rock. The thorite was
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identified by Eugene E. Foord, U.S. Geological Survey,
using X-ray diffraction of preheated crystals and X-ray
fluorescence (EDS).

Isotopic data for two samples of hornblende
granodiorite are listed in table A2 and plotted on figure
A6. The zircon data from sample UT/MM 79-113 do not
form a linear pattern and so a complicated multistage his-
tory must be invoked to explain the data array. The 2°’Pb/
20ph ages range with decreasing grain size from 63 Ma
(+ 100 mesh) to 239 Ma (400 mesh). All U-Pb and Th-
Pb ages cluster around 25 Ma = about 4 Ma In an at-
tempt to determine more definitely the intrusive age of
the granodiorite, another sample (UT/MM 4-80) from a
more northerly locality in the Mineral Mountains was col-
lected. Based on the data from UT/MM 79-113, we
thought that the coarsest and least magnetic size fraction
would yield the youngest 2°’Pb/?°°Pb ages. As can be
seen in table A2 and figure A6, the °’Pb/?°°Pb age of
UT/MM 4-80 (+ 150)NM is far older (1,108 Ma) than
any of the other size fractions. We attribute the older Pb/
Pb ages to inheritance of old radiogenic lead, derived
from magmatic source regions, in young (~25-Ma-old)
granodiorite zircons.

Given an age of 25 m.y., sample UT/MM 79-113
has a calculated initial ’Sr/®6Sr of 0.70548. Such ratios
are typical of andesitic volcanic rocks erupted at about
this same time about 24 km to the east in the Marysvale
volcanic field (C. E. Hedge, unpub. data).

Potassium-argon ages for samples of foliated
hornblende quartz monzonite and hornblende granodiorite
are listed in table A5. There is considerably more scatter
in the dates on these intrusive units than in the dates for
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Figure A5. Photomicrographs of uraniferous minerals
from Tertiary granodiorite, Mineral Mountains, Utah. A,
Zircons from granodiorite sample UT/MM 79-113 (size
fraction, +100 mesh). Grains are about 200 pm long. B,
Scanning electron microscope photograph of thorite
from granodiorite sample UT/MM 79-113. Grain is about
200 pm long.

the Early Proterozoic gneisses. The biotite ages vary by
a factor of two and the hornblende ages are markedly
different from the biotite ages from the same samples.
In comparing the biotite ages with the U-Pb ages, clearly
the biotites all have been reset. The hornblende ages are
more problematical. One date of 27 Ma is concordant with
the U-Pb ages. The other hornblende ages are somewhat
older and excess argon is the likely cause of the anoma-
lously old ages. Note that the ages of biotites from the
granodiorite in the northern part of the range are older
than those from the central part of the range. This geo-
graphic distribution of ages may represent a greater dis-
tance from the perturbing younger thermal center for these
samples.

Sphene and thorite samples from the granodiorite
were analyzed also. As shown in table A3, the sphene
yields a concordant age of about 21 Ma, younger than
any of the zircons. Thorite has a 2°’Pb/?°Pb age of about
25 Ma and U-Pb and Th-Pb ages are about 15 Ma. Else-
where, U-Th-Pb ages on sphene have been shown (Han-
son and other, 1971) to have been reset by contact
metamorphism. Such ages are thought to be more resistant
to resetting than K-Ar hornblende ages, but less resistant
than U-Pb zircon ages (Hanson and others, 1971). Thus,
the igneous acitvity in this area appears to have prevented
final closing of the U-Th-Pb system in the sphene until
21 m.y. ago. The thorite 2°’Pb/?%Pb date of 25 Ma is
interpreted as the age of intrusion. Subsequently, lead was
lost, changing U-Pb and Th-Pb ratios to reflect a younger
age. Because of the short time span and the uncertainty
in the crystallization age, we cannot determine precisely
when in the last 25 m.y. this lead was lost, although
Quaternary lead loss due to dilatancy (Goldich and Mud-
rey, 1972) or loss during any of the several Miocene to
Quaternary episodes of igneous activity known to have
occurred in this area seems likely.

DISCUSSION

In the simple two-stage example where the lead
isotopic composition of a zircon is a function only of the
age of crystallization and the age of the inherited material,
a linear array is formed. The location of a data point
along this “inheritance line” (in our study between 25 and
1,720 Ma) is determined by the amount of each lead
isotope contributed by the two end-member sources. For
the intercepts to yield geologically reasonable dates, no
lead may have been lost from either end member prior
to or subsequent to the mixing. In the Mineral Mountains,
the hornblende grandiorite shows isotopic evidence for
disturbance to the U-Pb system after crystallization of the
zircons 25 Ma ago. The fine-grained size fractions,
(-325+400 mesh) and (—400 mesh), have moved down
towards the present (O Ma). The concentrations of ura-
nium in the fine-grained zircons are considerably higher

Geochronology of Precambrian and Tertiary Rocks, Mineral Mountains, Utah 9
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Figure A6. Uranium-lead concordia plot of zircons, sphene, and thorite from hornblende granodiorite
from the Mineral Mountains, Utah. Solid circles, zircon fractions from UT/MM 79-113. Solid circle in inset
shows location of UT/MM 4-80 (size fraction, +150 mesh NM); shaded area contains hornblende granodior-

ite data points from UT/MM 79-113.

(between 531 and 1,123 ppm, respectively) than in the
coarser grains (between 338 and 376 ppm). Therefore,
the fine-grained zircons probably accumulated more radia-
tion damage and were more susceptible to lead loss caused
by either local thermal activity or dilatancy. This area
of Utah is known for its repeated episodes of intrusion
and volcanism during the past 25 Ma and is, in fact, an
active geothermal area today. Therefore, the U-Th-Pb data
from the coarser zircon grains indicate an intrusive age
of about 25 Ma ago and suggest derivation from much
older (Proterozoic) rock.

A likely parent for the hornblende granodiorite, as
indicated by the U-Pb isotopic data, is a unit of Early
Proterozoic age. However, based on whole-rock chemistry
and strontium isotope data, the paragneiss and orthogneiss
analyzed in this study cannot have been the parent mate-
rial. A more likely source rock would be lower crustal
material, which should have been more mafic in composi-
tion and should have had lower ’St/®Sr. If only modern
lead loss has occurred since intrusion of the granodiorite,
then the data points for the granodiorite should fall on
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or below an “inheritance chord” between 25 Ma and 1,720
Ma. As previously discussed, the two fine-grained frac-
tions of sample UT/MM 79-113 plot below this line, due,
at least in part, to recent lead loss. However, sample UT/
MM 4-80 (+150) which has a *°’Pb/*®Pb age of 1,108
Ma, plots slightly above the “inheritance chord”. We ex-
plain this plot position by invoking a small amount of
lead loss from the Proterozoic zircons probably about
1,400 million years ago, caused by the thermal event re-
sponsible for the intrusion of Middle Proterozoic
anorogenic plutonic rocks. Another possible cause for the
observed scatter is that the lower crustal source material
is slightly younger than the Proterozoic material dated in
this study.

The possible multistage history of the hornblende
granodiorite is shown graphically in figure A7. A point
(X) would move some unknown distance (assumed to be
a maximum of about 30 percent) from point A towards
point B. About 1,400 million years later, during anatexis,
partially resorbed zircons were incorporated into Tertiary
magmas, to serve as nuclei for new zircons crystallizing
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Figure A7. Model U-Pb concordia plot showing possible multistage history for zircons in granodiorite
sample UT/MM 79-113, Mineral Mountains, Utah. Zircons in Precambrian rocks shift from point A towards
point B to a position near point X on chord A-B. These discordant zircons were nuclei around which
25-m.y.—old zircon grew when the hornblende granodiorite magma crystallized. Inset shows the present
location of sample UT/MM 4-80 (+150)0NM with respect to a dash-dot reference line between 25 and
1750 m.y. Note that a line constructed from 25 m.y. through X would yield an erroneously young parent
age. Another possibility is that the chord from 25 m.y. through X might accurately date the source rock

at a slightly younger age than the Precambrian rocks dated in this study.

in the hornblende granodiorite magma. Thus, a chord con-
structed from the probable age of intrusion (25 Ma)
through the value for sample UT/MM 4-80 (+150)NM
would give an erroneously young upper intercept. Note
that modern lead loss in UT/MM 4-80 (+150)NM might
have fortuitously moved the data point down towards the
present so that it plotted on the “inheritance chord” be-
tween 25 Ma and 1,720 Ma. Thus, what in reality might
be a complicated four-stage history would appear to be
a simple two-stage history.

In conclusion, the orthogneisses and paragneisses of
the Mineral Mountains are about 1,720 Ma. Evidence for
rocks of this age was found by Stacey and others (1968),
based on common-lead data from galenas from the Mil-
ford district. Our study confirms their conclusions and
identifies a possible source rock for the lead in the galenas
from south-central Utah.

The foliated hornblende granodiorite previously
mapped as Precambrian is shown to be about 25 Ma,
based on data from zircons. Ages of sphene and thorite,
which occur in minor and trace amounts, respectively,
confirm the zircon-age data. Zircons also show that the
granodiorite probably was derived from Early Proterozoic
material, although a likely parent material has not been
found in the area.
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Abstract

Zircons from the metamorphic complex of the
Granite Mountains, Wyoming, yield uranium-lead con-
cordia ages of 2,880 Ma (10° years) for the massive augen
gneisses and 3,230 Ma for the layered gneisses. This
older 3,200-Ma event, predicted by Z. E. Peterman and
R. A. Hildreth from the high initial 3Sr/%Sr value, is sup-
ported further by common lead measurements and by
the "7Hf/"®Hf chondrite model ages of 3,200 Ma. How-
ever, such measurements do not preclude a period of
crustal residence for the precursors of the layered gneis-
ses prior to 3,200 Ma.

INTRODUCTION

The Granite Mountains of Wyoming are part of an
extensive Archean terrane, the Wyoming age province,
which includes Montana, Wyoming, and adjacent parts
of Idaho and Utah. The Precambrian basement of the
Granite Mountains was uplifted during the Laramide
orogeny, exposing Archean metamorphic and igneous
rocks. This paper presents U-Pb (uranium-lead) zircon age
determinations and U-Th-Pb (uranium-thorium-lead) data
for feldspars from these metamorphic rocks. Zircon and
feldspar were concentrated from samples collected for an
earlier study by Peterman and Hildreth (1978) who,
primarily on the basis of Rb-Sr (rubidium-strontium)
analyses, concluded that the Archean gneisses were in-
volved in a high-grade metamorphism 2,860*+60 Ma ago.
Uranium-lead analyses of zircon from granite of Lankin
Dome and Long Creek Mountain confirmed a younger
event that has concordia ages of approximately 2,600 Ma
(Ludwig and Stuckless, 1978).

On the basis of Rb-Sr data and geologic evidence,
Peterman and Hildreth (1978) observed two separate
groups of Archean gneisses. The relatively high ®7Sr/%¢Sr
initial ratio of 0.7048 +0.0012 that they obtained on one
group of gneisses suggested that the precursors had a crus-
tal history several hundred million years prior to
metamorphism. This present U-Pb study of the ancient
gneisses was undertaken on Peterman’s samples not only
to confirm the regional metamorphic event, but also to
investigate the pre-metamorphic history of these rocks.
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GEOLOGY

The Precambrian geology of the Granite Mountains
is complex, and, as Peterman and Hildreth (1978) noted,
there is a lack of detailed mapping and laboratory studies.
The generalized geologic map showing sample localities
(fig. B1) and the abbreviated summary that follows are
based on the work of Peterman and Hildreth (1978) to
which the reader is referred. Peterman and Hildreth (1978)
noted three principal rock groups: gneiss, granite, and
diabase dikes. The granitic gneisses that contain the oldest
Precambrian rocks show considerable variety in texture,
structure, and composition. The two types with which we
are concerned were designated layered gneiss and augen
gneiss by Peterman and Hildreth (1978). The composition-
ally layered quartz-feldspathic gneiss generally is
granodioritic in composition. The foliated, but not
layered, biotite-quartz-plagioclase augen gneiss is tonalitic
and is called “massive” gneiss to distinguish it from the
layered rock. Most of the gneisses in the two categories
likely were derived from igneous precursors. Peterman
and Hildreth (1978), however, concluded that some of
the biotite-rich gneisses and schists, as well as some of
the amphibolitic rocks, probably were derived from sedi-
mentary precursors. They proposed that an original sedi-
mentary-volcanic sequence, similar to the sedimentary-
volcanic sequence in the southwestern Wind River Range
northwest of the Granite Mountains, was metamorphosed
at 2,860 Ma and later was intruded by granite.

EXPLANATION

TERTIARY
Sedimentary rocks undivided

i MESOZOIC AND PALEOZOIC
Sedimentary rocks undivided

LATE ARCHEAN
Mafic dikes of basaltic composition

Medium- to coarse-grained granite with numerous dikes
of aplite and pegmatite
MIDDLE ARCHEAN—Order may not reflect age; relative
ages unknown
Inequigranular biotite-quartz-plagioclase augen gneiss

Dark-gray, fine-graned, thinly banded biotite gneiss inter-
preted to be metagraywacke

Fine- to medium-grained amphibolite. Contains many
dikes and sills of granite and pegmatite

Fine-grained, banded epidote-rich gneiss

Dominantly medium-grained, well-banded, biotite-quartz-
feldspar gneiss of tonalitic to granitic composition.
Interlayered with subordinate amounts of mice schist,
amphibolite, epidote gneiss, serpentinite, and augen
gneiss

CONTACT— Dashed where approximately located

FEAULT—Dashed where approximately located
A STRIKE AND DIP OF FOLIATION AND BANDING
—— STRIKE AND DIP OF HORIZONTAL FOLIATION

GM-77x  SAMPLE LOCALITY AND NUMBER
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Table B1. Description of samples from the Granite Mountains included in this study
[Modified from Peterman and Hildreth (1978)]

Sample Latitude,
No. longitude Description
Layered gneisses
GM-35-68 42°34721" N., Light-gray, fine- to medium-grained, xenoblastic
108°55737" W. inequigranular granodioritic gneiss. Leucocratic
bands alternate with more biotite-rich bands.
Plagioclase moderately sericitized.
GM-38-68 42°35°04" N., Medium-gray, fine- to medium-grained, xenoblastic
107°54755" W, inequigranular tonalitic gneiss. Alternating
light-dark bands. Plagioclase only slightly
sericitized.
GM-77-68 42°33758" N., Dark-gray, fine- to medium-grained, xenoblastic,
107°52718" W, inequigranular granodioritic gneiss with thin
discontinuous leucocratic layers alternating
with thicker mafic layers.
GM-129-77  42°35704" N., New sample collected by Z. E. Peterman from
107°54755" W. outcrop of GM-38-68.
W2-CR5 42°40713" N., Medium-grained biotite gneiss and schist. Drill
107°32°46" W. core, 153-ft depth.
Massive gneisses
GM-98-68 42°32738" N., Medium-gray, medium—-grained, xenoblastic, inequi-
108°12740" W. granular tonalitic gneiss. Well-developed
foliation, but is not banded.
GM-99-68 42°38759" N., Medium- to coarse-grained biotite augen gneiss.

107°54718" W,

Augens have been highly sheared locally into
leucocratic streaks.

The granitic rocks form a major part of the uplifted
Precambrian block of the Granite Mountains. These gran-
ites that were intruded into the gneisses are massive to
foliated, light-gray to reddish-gray biotite granite. The
fine- to medium-grained diabase dikes, according to Peter-
man and Hildreth (1978), generally are fresh or are rela-
tively unaltered. Potassium-argon data indicated that the
dikes were intruded into the gneisses and granite about
2,600 Ma, shortly after granitic plutonism.

SAMPLES

Four samples of layered gneiss and two of the more
massive gneiss are described briefly in table B1. Sample
W2-CRS is core from a drill hole; the others are surface
samples collected by Peterman. The zircon concentrates
were split into two or more fractions by sieving, and for
easy reference the analyzed fractions are numbered from
1 to 15. The morphology of the zircon is varied; some
of the grains are rounded, but most are well-formed crys-
tals ranging from stubby to long, slender prismatic forms
that have dipyramidal terminations. Color ranges from
clear or pale yellow to dark reddish brown. In general,
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the dark-brown crystals have a relatively higher uranium
content than the lighter colored grains, but this relation-
ship is not constant.

ANALYTICAL PROCEDURES

Preparation of feldspar samples for isotope analysis
consisted of washing the concentrates with 7N HNO; and
6N HCI followed by leaching with warm S5-percent HF
(Ludwig and Silver, 1977). Feldspars were then dissolved
in a solution of 48-percent HF, 15N HNO; and 50-percent
HCIO, by heating in a teflon digestion container at 160°C.
Zircon samples were split into size and magnetic fractions
and washed with warm 7N HNO; and 6N HCIl. Samples
‘were then dissolved in a solution of 48-percent HF and
ISN HNO; in a teflon bomb assembly at 208°C (Krogh,
1973). Lead was extracted using a bromide-form, anion-
exchange resin column, and was analyzed on a mass spec-
trometer using the single rhenium filament silica-gel tech-
nique (Cameron and others, 1969). Uranium was ex-
tracted on a nitrate-form, ion-exchange resin column and
was analyzed as a metal on a triple rhenium filament
assembly.



Isotopic ratios were measured using a 30-cm-radius
90°-sector mass spectrometer, and corrections for Pb frac-
tionation were determined from analysis of National Bu-
reau of Standards sample SRM-981. Analytical precision
of isotopic ratios within 95-percent confidence limits are
+0.12 percent for lead ratios, and =+ 1 percent for zircon
U/Pb. Uranium and lead concentrations determined by
isotopic dilution are +1 percent for zircon samples and
+ 3 percent for feldspar samples.

RESULTS
Uranium-Lead Zircon Data

The analytical data and the apparent ages for the
15 zircon fractions are reported in table B2. Most of the
fractions have highly discordant apparent ages, indicating
considerable lead loss from the zircon at some time in
its past history, although uranium gain may have been
a contributing factor. The layered gneiss samples give
quite different apparent ages (table B2). The fractions

0 4 8 12 16 20 24 28
207 Pb, /235U

Figure B2. Uranium-lead concordia diagram. The inter-
cepts are 32x290 and 3,187+162 Ma (point A); —96+660
and 2,819+30 Ma (point B); and 21 and 2,654 Ma (point
C). Data are from table B2 for the 15 zircon fractions.

from sample GM-77 give nearly concordant ages of about
2,600 Ma, but the fractions from samples GM-129 and

Table B2. Lead-uranium data for zircons from the Archean gneisses, Granite Mountains, Wyo.
[Numbers in parentheses are mesh sizes of zircon separates. Suffix letters refer to magnetic (M), nonmagnetic (NM), abraded (A). Atomic ratios

are corrected for laboratory blank]

Atomic ratio Age, Ma
Concentration 206 206 207p 207pp 206py,  207pp  207py,
Fraction Sample No. (parts per million) Pb Pb b e
No. (fraction) ] Pb 204py 238y 235y 206py, 238y 235y  206py
Layered gneisses
GM~-129-77:

1. (50-100) 1047 584 1633 0.4631 16,011 0.2511 3453 2877 3191

2. (50-100)A 1130 630 1470 0.4608 16.248 0.2557 2443 2891 3220

3. (100-150) 1008 554 1658 0.4561 15.846 0.2523 2422 2868 3200

4, (200-325)M 937 487 702 0.4058 13.580 0.2427 2196 2721 3138

5. (-325)NM 950 528 1406 0.4629 15,572  0.2443 2452 2851 3148

W2-CR5:

6. (+150) 570 233 293 0.3006 10.566  0.2550 1694 2486 3216

7. (150-200) 952 392 395 0.2917 9.958 0.1476 1650 2431 3169

8. (=200) 660 252 368 0.2822 9.618 0.2472 1602 2399 3167

GM-77-68:

9. (+100) 494 348 417 0.4850 11,803 0.1765 2549 2589 2620
10. (100-325) 484 350 328 0.5123 12,878 0.1823 2666 2671 2674
11. (=325) 550 322 341 0.4179 10.458 0.1815 2251 2476 2667

Massive gneisses
GM-98-68:
12. (+150) 1804 695 614 0.2732 7.491 0.1989 1557 2172 2817
13. (-150) 1967 765 1722 0.2793 7.961  0.2067 1588 2227 2880
GM-99-68:
14, (+100) 1835 456 695 0.1836 5.262  0.2079 1086 1863 2890
15, (100-150) 1718 518 630 0.2180 6.175 0.2054 1271 2001 2870
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W2-CRS give minimum ages greater than 3,100 Ma. The
fractions from the massive gneiss (samples GM-98 and
GM-99) give sharply discordant ages, but the 2°’Pb/>*Pb
values are in a narrow range from 2,817 to 2,890 Ma.

The U-Pb data plotted in a concordia diagram (fig.
B2) show three groups of apparent ages. Linear regres-
sions of the data give intercepts on the concordia curve
of 3,190 Ma, 2,820 Ma, and 2,650 Ma (fig. B2, lines
A, B, and C). The points for zircon fractions 9, 10, and
11 of the layered gneiss sample GM-77 plot near the con-
cordia curve, but fractions (12-15) from the massive
gneiss (samples GM-98 and GM-99) with marked age
discordance plot along line B well below concordia. Simi-
larly, fractions 6, 7, and 8 of layered gneiss W2-CRS5
plot along line A well below the concordia curve. Their
positions can be explained by lead losses on the order
of 50 percent, providing their true or original age was
3,190 Ma. The scatter of the data points about lines A
and C (fig. B2), however, is significantly greater than
the analytical error, and a complicated geologic history
is indicated.

Figure B3 is a concordia diagram in which the U-Pb
data are interpreted with the following assumptions:

1. The *°’Pb/?°Pb ages (table B2) give only a
minimum age for the layered gneisses (fig. B3, line A).

2. The zircon data for the massive augen gneiss
mark a distinct event that may be related to the major
regional metamorphism dated by the Rb-Sr isochron age
of 2,860 + 80 Ma by Peterman and Hildreth (1978).

3. The nearly concordant ages of zircon fractions
9-11 from layered gneiss sample GM—-77 are metamorphic
ages; that is, the U-Pb isotopic systems were reset at the
time of emplacement of granite magma at about 2,600
Ma.

4. The age discordance, in large part, resulted
from lead loss during the Laramide orogeny about 60 Ma.

With these assumptions, line A (fig. B3) gives a
minimum age of 3,230 Ma for the layered gneiss, line
B gives an apparent age of 2,880 =90 Ma for the massive
gneiss, and line C is the time of emplacement of granitic
magma at 2,600 Ma. The lower intercepts for lines A,
B, and C have been constrained at 60 Ma, the approxi-
mate time of the Laramide orogeny. Some of the support-
ing data for the assumptions and some implications of
the interpretive diagram for the past geologic history are
considered in the discussion that follows.

Ludwig and Stuckless (1978) analyzed zircon from
the granite of Long Creek Mountain, about 6 km west
of sample GM-99 (fig. B1), and zircon from granite simi-
lar to that of Lankin Dome. Ages derived by the concor-
dia-diagram technique were 2,640 +20 Ma and 2,595 +40
Ma for granite types from the Long Creek Mountain and

Stuckless (1978) concluded that the zircon crystallized
about 2,600 Ma and lost lead during the Laramide uplift.
The two ages differ by more than analytical error and
suggest that granitic magmatic activity was not a single
episode sharply limited in time. For the purpose of this
discussion, the U-Pb zircon ages of Ludwig and Stuckless
(1978) and the Rb-Sr isochron age of 2,550+ 60 Ma for
the granite (Peterman and Hildreth, 1978) are the basis
for line C in figure B3. We conclude that the apparent
ages for zircon fractions 9, 10, and 11 from layered gneiss
sample GM-77-68 are indeed metamorphic ages for the
gneiss, which at this locality is in close proximity with
the larger granitic masses of the Granite Mountains.

The conclusion that the data points (9, 10, 11, fig.
B3) for zircon from layered gneiss sample GM-77-68
represent metamorphic alteration of the U-Pb systems also
is supported by the scatter of the points. The broader im-
plication, however, is that points 9, 10, 11 moved along
a chord that, for the present, is anchored by point A (fig.
B3). Whether or not this age discordance was produced
solely by the 2,600-Ma event, or in part by intervening
geologic events is uncertain. Clearly, however, some age
discordance was produced since the 2,600-Ma event, and
this secondary discordance is attributed to relatively recent
lead loss for which the Laramide orogeny, about 60 Ma,
is a logical assignment. A major age discordance, how-
ever, is apparent in comparing sample GM-77 with sam-
ples GM-129 and W2-CRS5 (figs. B2 and B3), and the
chord A-C (fig. B3) is a requirement, although its upper
intercept may be questioned as is considered.

The zircon fractions 1-5 of sample GM-129 and
fractions 6-8 of sample W2-CRS define line A in figure
B2, but the deviation of the data points from line A is
well outside analytical error. A possibility may be that

A Layered gneisses

O Massive gneisses

I I T N

o] 4 8 12 16 20 24 28
207Pb/235U

Figure B3. Interpretive uranium-lead concordia diagram.
All lines are regressed thru a lower intercept of 60 Ma
(point D). Upper intercepts are 3,230 Ma (point A); 2,880
Ma (point B); and 2,600 Ma (point C).

Lankin Dome, respectively. The lower intercepts on con-
cordia were 50+40 Ma and 100+75 Ma, respectively.
The lower intercepts are imprecise, but Ludwig and
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the original time of formation falls within the analytical
error, suggesting a maximum age of 3,250 Ma; however,
our interpretation (fig. B3, line A) gives a minimum age
of 3,230 Ma for the precursor of the layered gneiss. Zir-
con samples along line A have complicated patterns of
age discordance. Fractions 6-8 from sample W2-CRS
have uranium contents ranging from 570 to 660 ppm, not
much greater than the uranium concentration in fractions
9-11 that are nearly concordant. A possible explanation
is that the latter zircons were recrystallized or the surfaces
were annealed during the 2,600-Ma event so that lead
losses during the Laramide event were relatively small.
Compared with the zircon fractions 1-5 of sample
GM-129, the marked age discordance of fractions 6-8
of sample W2-CRS cannot be explained on the basis of
uranium content. Fractions 1-5 range from 937 to 1047
ppm uranium. The largest size fraction, 1 (—50+ 100
mesh), has the highest content of 1,047 ppm uranium,
and gives an apparent 2°’Pb/2%Pb age of 3,191 Ma. The
crystal corners and edges of a part of fraction 1 were
abraded in an air-driven, diamond-studded cell, leaving
more or less spherical-shaped grains. The abraded fraction
(2) has a somewhat larger content of 1,130 ppm uranium,
compared with 1,047 ppm of uranium in the original
euhedral crystal. The 2°’Pb/?°Pb age of the abraded zir-
con is 3,220 Ma compared with 3,191 Ma for the original
zircon. Although the difference is relatively small (1 per-
cent), it is considered to be real. Abrasion experiments
could not be continued because of a lack of sample, but
the data (table B2, figs. B2 and B3) indicate that 3,200
Ma cannot be accepted as the unquestioned age of the
precursor of the layered gneiss.

The U-Pb data for zircon fractions 12 and 13 from
sample GM-99 and for fractions 14 and 15 from sample
GM-98 contrast sharply with the data from the layered
gneiss and constitute a third group with an apparent age
of 2,820-2,880 Ma (figs. B2 and B3). These zircon ages
bracket the Rb-Sr isochron age of 2,860 Ma that Peterman
and Hildreth (1978) attributed to a major metamorphism.
The possibility exists that the massive augen gneiss is of
different origin from that of the layered gneiss. Support
for this concept is found in the Rb-Sr data for sample

Table B3.
Granite Mountains

GM-98, which plot below the 2,860 Ma isochron. From
the data of Peterman and Hildreth (1978, table 3, p. 11)
the Rb-Sr age for sample GM-98, using the isochron in-
itial 87Sr/%6Sr of 0.7048, is 2,640 Ma, and for biotite from
the rock the age is 2,440 Ma. These data suggest the
possibility that the precursor of the massive augen gneiss
was a granitic intrusion emplaced in the layered gneiss
2,880 Ma and metamorphosed during the 2,600-Ma event.

Lutetium-Hafnium Data

In a hafnium (Hf) study of continental evolution,
John Patchett (Patchett and others, 1981) analyzed the
least discordant fraction of sample GM-129 zircon. In ad-
dition, for our study he analyzed zircon from the massive
augen gneiss GM—99. Both sets of data are in table B3.
Using the present-day '7’Lw/!7Hf, the '"’Hf/'7°Hf correct
back to chondrite model ages of about 3,200 Ma. These
model Lu-Hf ages on zircon from the augen gneiss and
layered gneiss are similar and support the concept that
both gneiss types were formed at least 3,200 Ma, and
that a more complicated geologic history is indicated for
the massive augen gneiss than was suggested by the ap-
parent U-Pb zircon age.

Common Lead Feldspar Data

Results of feldspar analyses for U and Pb concentra-
tions and Pb isotope ratios are given in table B4. Initial
lead isotope ratios are in some instances less radiogenic
than were reported previously for the same samples by
Nkomo and Rosholt (1972). This difference probably is
due to our leaching the feldspar crystals with dilute HF
before digestion, a procedure later initiated by Ludwig
and Silver (1977) to remove surficial lead.

In both plots of figure B4, all points are well above
the model average growth curve. On the 2°’Pb/***Pb-
206pp/294ph plot (fig. B4), the measured data are scat-
tered, but because the uranium and thorium contents are
significant, each must contain a fraction of radiogenic lead

Lutetium-hafnium data for zircons from two gneiss samples from the

[Analyzed by John Patchett. Ty, is the chondrite model age]

Concentration

(parts per million) 17614 176ys 176g¢
Sample No. La HE 177y¢ 177y¢ V7HE 4 Tops in Ma
lgM-129-77 17.1 12,090  0.000200 0.280714 0,280702 3,200
GM-99-68  113.8 12,527 0,001288 0.28077  0.280690 3,200

lpata for GM-129-77 is from Patchett and others (1981).
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Figure B4, Common lead isochron plots. A, Lead isotopic data for the feldspars of the samples analyzed
for this study. Measured ratios are plotted together with those corrected for 2,600 Ma. B, Corrected
data for the layered gneisses form a secondary isochron that has a slope of 0.557+0.013 indicating
a common age of formation of 3,300 Ma. Average growth curves are from Stacey and Kramers (1975).
Samples are identified by laboratory number.

formed since the rocks were last metamorphosed, proba- buted lead into the feldspars at that time. Therefore, in
bly by emplacement of the granites 2,600 Ma. This event figure B4 the feldspar lead data all are plotted with correc-
was sufficiently intense to almost completely reset the zir- tions for radiogenic growth in the last 2,600 Ma. A linear
cons of sample GM-77, and therefore may have redistri- array is formed by the corrected layered gneiss data, the
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Table B4. Lead-uranium-thorium data for some HF-
leached feldspars from the Archean gneisses of the
Granite Mountains, Wyo

Measured ratios Concentration

206py, 207py, 208py,

Sample No. (parts_per million)

Lab. Field

204py, 204py 204py Pb U Th

Layered gneisses

34.340 37.4 0.04

13.951 0
34.825 10.9 0.21 0.
0
0

14,572
14,676
14,688

15.096
15.232
15,493
15.416

F-1  GM~35-68
F-2  GM-38-68
F-3 GM-77-68
F-4  W2-CR-5

34.896 14,2 0.02
35.083 42.2 0.36

Massive gneisses

35.374

17.702 . .
38.152 55.3 0.12 0.36

18.167

16.302
17.259

GM-98-68
GM-99-68

trend of which almost incorporates the data point for the
massive augen gneiss (sample GM-99). The data point
for the other massive gneiss (sample GM-98) is quite dif-
ferent and is not included.

If the linear array is not fortuitous, then it could
be regarded as a secondary isochron that would imply
a single initial lead isotopic composition at a common
time of formation for all the samples. The slope of the
isochron is a function of two times, #; and ;. If ¢, is
2,600 Ma, the time of lead redistribution into the feld-
spars, then the source age of #; can be computed from
the equation:

(e)\'tl_e)\'lz)
137.88(eM1-€M2)

where N is the decay constant for 235U and A is the decay
constant for 238 U,

Using the layered gneiss data only, the slope R is
0.557+0.013, and ¢, is 3,360 +50 Ma. Great precision
cannot be expected from feldspar data because of their
susceptibility to disturbance during such vast periods of
time. This calculation is presented to show that the data
are consistent with the proposed minimum age of ~3,200
Ma for all the layered gneiss samples analyzed. We also
note that the whole-rock U-Pb systems must have been
effectively closed between that time and 2,600 Ma; other-
wise linearity of the data, as seen in figure B4, would
have been disturbed.

As previously noted, the isochron determined by the
layered gneiss samples nearly incorporates one of the mas-
sive gneisses (GM-99). If the GM-99 point is included
in the array, then R=0.515+0.0046 and ¢;=3,190 Ma.
The data suggest the possibility that sample GM-99 also
may be derived from a 3,200-Ma precursor, as was indi-
cated by the Lu-Hf data, and that GM-99 later was
metamorphosed severely at 2,860 Ma. Feldspar data from
the other massive gneiss (sample GM-98) are quite differ-
ent and may have been affected by one of the later
Proterozoic events in the region (Peterman and Hildreth,

1978). The locality of GM-98, which should be noted,
is more than 25 km west of the vicinity of all other sam-
ples (fig. B1). These facts may indicate that this gneiss
is of a different origin and that 2,880 Ma is the minimum
age of formation of GM-98.

In figure BS5, the feldspar line is extended back to
intersect at point M, an isochron drawn through troilite
lead O that has a slope corresponding to lead evolution
between 4,570 and 3,200 Ma. Point M then corresponds
to a growth in the mantle with a quite reasonable value
of 8.3 for . Point M is also the initial lead isotopic
composition of the gneisses when they were formed
~3,200 Ma, shortly after separation from the mantle.
Subsequently, lead evolved in these crustal rocks with
higher p values, ranging from 10.3 to 15.6 for the layered
gneisses, and to 41.3 for the highly radiogenic augen
gneiss (sample GM-99). Metamorphism associated with
the granitic plutonism in the region equilibrated the lead
within the rocks and preserved in their feldspars the lead
isotopic compositions of the rocks at that time. Measure-
ments made by Nkomo and Rosholt (1972) showed that
the layered gneisses subsequently have lost much of their
uranium.

The high 2°Pb/?***Pb and 2°7Pb/?**Pb, all of which
are above the average growth curves in figure B4, are
evidence that thorium and uranium were both differen-
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Figure B5. Common lead evolution diagram. Proposed
model for formation of feldspar lead in the layered gneiss-
es: Lead formed in the mantle from troilite composition
4,570 to ~3,200 Ma with a p~8.3. Gneisses were formed
from mantle-derived material at 3,200 Ma and their feld-
spar lead had the composition M. Final metamorphism at
2,600 Ma introduced different amounts of radiogenic lead
to each feldspar sample to form the data line shown.
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tiated into the crust preferentially with respect to lead.
The ability to account for these high ratios in such ancient
rocks is an attractive feature of the comparatively simple
model outlined herein.

Worth noting is that data with similarly high 2°’Pb/
204Pb and 2%8Pb/>*Pb are characteristic of Archean envi-
ronments around the world. For instance, they are found
in feldspar lead from the Sacred Heart granite in the Min-
nesota River Valley (Doe and Delevaux, 1980), in ore
leads from Que Que, Zimbabwe (Robertson, 1973) and
in ores from Pilbara in Western Australia (Richards and
others, 1981).

SUMMARY OF EVENTS IN THE ARCHEAN

2600-Ma granitic plutonism.—Previous studies by
Ludwig and Stuckless (1978) and Stuckless and Nkomo
(1978) have determined the age of granitic plutonism at
2,600 Ma. This event is represented in our data by the
layered gneiss (sample GM—77) in which the zircons were
reset along a chord anchored at 2,600 Ma. Feldspar com-
mon lead data for most of the gneiss samples also show
the effects of the plutonism because lead in these minerals
was redistributed during this time.

2860- to 2880-Ma regional metamorphism.—The
two massive gneiss samples, GM-98 and GM-99, both
yield rather discordant U-Pb zircon data giving an age
of about 2,880 Ma. Although possibly these data could
indicate modern lead loss from a 2,6000- to 3,200-Ma
chord on the concordia diagram, our preferred interpreta-
tion is that at 2,880-2,860 Ma there was a significant
metamorphic event as proposed by Peterman and Hildreth
(1978) in their Rb-Sr study.

3200-Ma gneiss formation.—Uranium-lead zircon
data give an upper intercept concordia age of 3,170 +50
Ma if lead loss is assumed to have been due to uplift
in the Laramide. The scattering of data points suggests
that a better estimate for the minimum age of formation
can be obtained from the two fractions with the highest
207pb/2%6Pb. This upper intercept age is 3,230 Ma for a
lower intercept of 60 Ma. The Lu-Hf data from the
layered gneiss sample GM—129 and the massive gneiss
sample GM—99 yield chondrite model ages of 3,200 Ma.

When corrected for in-place decay of uranium, the
least radiogenic lead from feldspars in the layered gneisses
has a Stacey and Kramers (1975) model age of 3,000
Ma. Because of the complex history of the region, this
age must be regarded as a minimum age estimate. The
isotopic composition of the feldspar leads yields a secon-
dary 2°’Pb/?%Pb isochron (fig. B5), the slope of which
is consistent with 3,200-Ma time of origin.

Crustal history prior to 3,200 Ma.—The data pre-
sented in this study suggest 3,200 Ma as a minimum age
of formation of the layered gneisses and possibly of one
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of the massive augen gneisses. The scatter of data on
the U-Pb concordia diagram and the slightly older 2°’Pb/
206pp age from the abraded zircon suggest an event prior
to 3,200 Ma. The Lu-Hf data shows that Hf fractionation
from the mantle was limited to 100-200 Ma prior to 3,200
Ma, even if the early mantle was more heterogeneous than
is indicated by the work of Patchett and others (1981).
However, the considerable U-Pb age discordance suggests
possible disturbance of the Lu-Hf system. Analyses of our
fairly discordant zircons then may yield younger ages.
The lead evolution model, previously discussed and pre-
sented in figure B5, indicates that our feldspar data are
consistent with separation from the mantle and formation
of the layered gneisses about 3,200-3,300 Ma. However,
the feldspar data, in addition to the zircon U-Pb and Lu-
Hf data, do not preclude a previous crustal history for
these Archean gneisses.
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Abstract

Zircon fission-track ages of two air-fall tuffs in the
middle part of the Miocene Skull Ridge Member of
Galusha and Blick (1971) of the Tesuque Formation of
the Santa Fe Group range in age from 14.6 to 12.7 million
years. These ages place estimated limits of about 16-13
million years for the age range of the 220-meter-thick
member. The dated tuffs are stratigraphically near fossil-
mammal quarries of the American Museum of Natural
History and provide age control for the correlation of
these fossils with those of the Lower Snake Creek quar-
ries in the Sheep Creek Formation in Nebraska and with
fossil mammals in the upper one-third of the Trouble-
some Formation in Middle Park, Colo.

Zircon fission-track ages of two air-fall tuffs of the
overlying Pojoaque Member of Galusha and Blick (1971)
of the Tesuque Formation are 11.4 and 9.4 million years
and date the middle part of the 500-meter-thick
Pojoaque Member. These dated tuffs are stratigraphically
near fossil-mammal assemblages in the member that cor-
relate with fossil-mammal assemblages in the Miocene
Valentine Formation of the Ogallala Group of Galusha
and Blick, 1971, in central Nebraska. A tuff stratigraphi-
cally near the Burge fossil-mammal quarry has a fission-
track age of about 10 million years.

INTRODUCTION

An unusually large number of prominent, thick air-
fall tuffs are interlayered in the continental Miocene sedi-
mentary rocks of the Santa Fe Group in the Espafiola
basin of north-central New Mexico. The names for the
Miocene rocks of the Santa Fe Group used in this report
are those advocated by Galusha and Blick (1971), al-
though many of these names have not been, and are not
herein, formally adopted by the U.S. Geological Survey.
Miocene time as used in this report ranges from about
24 to 5 m. y. (million years).

At least 37 superposed air-fall tuff beds, as thick
as 2 m (meters), occur in a nearly continuous stratigraphic
succession in the Skull Ridge Member of the Tesuque
Formation of the Santa Fe Group (Galusha and Blick,
1971, figs. 17 and 23), and these tuffs have the potential
for establishing the isotopic age range of the upper Ceno-
zoic rocks of the area. Large numbers of fossil land mam-
mals have been collected in the last 100 years in the Es-
paiiola basin, and many of the collections are related stra-
tigraphically to the tuff bed succession (Galusha and
Blick, 1971). Reliable isotopic ages of the tuffs would
aid in establishing the age of fossil-mammal collections
from elsewhere in the western United States. Moreover,
isotopic ages of the tuff marker beds could set limits on
the rates of evolution of the different land-mammal
groups.
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The paleomagnetic stratigraphy of the upper part of
the Santa Fe Group rocks was studied by McFadden
(1977), and a lower part of the Santa Fe currently is being
studied by S. F. Barghoorn of Columbia University. Reli-
able isotopic ages are needed to calibrate the paleomagnet-
ic-reversal sequence in the Espafiola basin. Isotopic ages
also are required to date the times of deformation of the
Miocene rocks of the basin. For the above-mentioned
reasons, several of the thickest, purest-looking tuffs were
collected for fission-track dating.

FISSION-TRACK DATING

The fission-track method of dating volcanic ashes
and tuffs has proved to be a generally much more accurate
method than the potassium-argon method because of the
problem of contamination of the ashes and tuffs with
much older detrital minerals of the enclosing sediments
incorporated into the tuffs during deposition. These older,
spurious minerals (potassium-bearing minerals in particu-
lar) are difficult to remove from the mineralogically simi-
lar primary-bearing minerals of the tuffs necessary for po-
tassium-argon dating. These older potassium-bearing min-
erals supply a disproportionate amount of “°Ar to the total
“OAr extracted from the minerals in the laboratory. Ac-
cordingly, anomalously old ages result. In the early
1970’s, Henry Faul and his coworkers at the University
of Pennsylvania attempted to date, by the K-Ar (potassi-
um-argon) method, certain of the upper Cenozoic tuffs
in the Espafiola basin and hoped to circumvent the con-
tamination problem by using careful collection techniques
and by rejecting those tuffs that appeared to be contami-
nated with detrital sediments. However, the results of
their work were disappointing in that unrealistically old
ages were determined in most instances (H. Faul, oral
commun., 1979). On the other hand, the fission-track
method allows a geochronologist the opportunity to date
only glass-mantled microphenocrysts separated from ashes
or tuffs, or to date only those microphenocrysts that
clearly belong to a pyrogenic population of primary
microphenocrysts. For example, zircon crystals of Pre-
cambrian age incorporated in a tuff during deposition can
be recognized by their extremely high fossil fission-track
densities (coupled with normal uranium concentrations)
and their metamict character, and therefore they would
not be included in the fission-track count.

The samples used for the fission-track dating of the
Santa Fe Group tuffs were collected by G. A. Izett in
1974 in company with Ted Galusha (now deceased), at
that time with the American Museum of Natural History.
Nearly all the individual tuffs of the Miocene and Pliocene
sequence were collected with the hope that many of the



beds could be dated. Galusha invited Izett to collect and
date the tuffs inasmuch as Galusha recognized the poten-
tial they have as stratigraphic markers and the potential
they have as targets for isotopic age analyses. Unfortu-
nately, many of the tuffs proved not to be suitable for
dating because not enough pyrogenic zircons could be ob-
tained from many of the pervasively contaminated tuffs.

We dated two prominent marker tuffs of the Skull
Ridge Member in its type area: the No. 2 and No. 4
white ash beds. These two thick tuffs were dated because
they can be traced throughout much of the area and be-
cause they are related stratigraphically to fossil-mammal
quarries of the American Museum of Natural History. The
No. 2 white ash bed, which is about 1.5 m thick, is about
40 m above the base of the Skull Ridge Member, and
the No. 4 white ash bed, which is about 1.5 m thick,
is about 145 m above the base of the member. The Skull
Ridge Member, which overlies the Nambe Member (fig.
C1), is about 220 m thick according to Galusha and Blick
(1971).

The other two tuff beds in the overlying Pojoaque
Member of the Tesuque Formation of Galusha and Blick
(1971) were dated also: an unnamed ash bed not shown
on the diagrams of Galusha and Blick (1971, fig. 23)
and an overlying tuff called the blue-gray ash. These two
tuffs are separated by about 60 m of orange-gray silty
sandstone. The Pojoaque Member is about 500 m thick
according to the diagrams presented by Galusha and Blick
(1971). The two tuffs were collected in the Pojoaque
Bluffs area, which is the area from which most of the
fossil-vertebrate collections were made and studied by
Cope (1877), and from which many collections of fossil
vertebrates were made by Galusha.

METHODS AND RESULTS

Zircon microphenocrysts were separated from about
5-kilogram samples of the tuffs by conventional mineral-
separation techniques, and the zircons were dated using
fission-track dating methods described by Naeser (1969).
The dosimeter used to measure the neutron flux at the
time the samples were irradiated in the reactor was a Na-
tional Bureau of Standards (NBS) standard glass No. 962
originally irradiated by B. S. Carpenter of the National
Bureau of Standards in the NBS reactor along with copper
and gold foils. The decay constant used to calculate the
fission-track ages is A=7.03xX10"'7yr~!. In addition,
pure glass-shard fractions of the two gray ash beds (sam-
ples 74G326 and 74G327) were dated by the fission-track
method, and the results are given in table C1.

The fission-track ages of the glass shards are sys-
tematically younger than are the zircon fission-track ages
from the same tuffs. The tendency for fission-track glass

ages to be younger than zircon ages from the same tuffs
results from track fading or annealing at ambient tempera-
tures in the glass shards over time (Naeser and others,
1980).

On the basis of fission-track ages reported here, the
Skull Ridge Member probably ranges from about 16 to
13 m.y., and the age of the middle part of the Pojoaque
Member ranges from about 12 to 9 m.y. According to
Galusha and Blick (1971, p. 110), the fossil mammals
of the Skull Ridge Member are Barstovian in terms of
North American land mammal ages and most closely
match fossil mammals of the Lower Snake Creek quarries
excavated in the Sheep Creek Formation in Nebraska.
Fossil mammals collected from the upper third of the
Troublesome Formation (Miocene) in Middle Park, Colo.,
are also about the same age as those in the Lower Snake
Creek quarries (Izett, 1968, p. 45). The fossils in the
Troublesome are stratigraphically near the level of a tuff
fission-track dated at about 14 m.y. (Izett and Barclay,
1973). Fossil mammals of the Pojoaque Member most
closely match fossil mammals of the Valentine Formation
(Miocene) as used by Galusha and Blick (1971, p. 64)
of the Valentine, Neb., area. In terms of North American
land mammal ages, the rocks were assigned a Valentinian
to Clarendonian age by Galusha and Blick (1971, p. 12
and 64). A tuff stratigraphically just above the Burge fos-
sil quarry in the Ash Hollow Formation of the Ogallala
Group in the Valentine, Neb., area was dated by the fis-
sion-track zircon method at about 10 m.y. (Izett, 1975).
This age of 10 m.y. falls within the age range of the
Pojoaque Member as determined by our fission-track ages.

Zircon fission-track ages of 12.7+1.8 and
10.8+1.6 were reported by Manley and Naeser (1977),
for two air-fall tuffs in Miocene rocks in the northeast

part of the Espaiiola basin. These tuffs were thought by
Manley and Naeser (1977) to be in the Tesuque Formation
and fall within the age range of the uppermost part of
the Skull Ridge Member and the lower part of the
Pojoaque Member as determined in the present paper.

Fission-track zircon ages reported here for the tuffs
in the Pojoaque Member (samples 74G326 and 74G327
of table C1) previously were reported by Naeser and
others (1980, table 5, p. 26-27, entries 5 and 8). Unfortu-
nately, the age data and the descriptions were incorrectly
published. In table 4 of Naeser and others (1980), entries
5 and 8 were switched; entry 5 should have read entry
8, and entry 8 should have read entry 5. Entry 5 of table
5 was incorrectly given to be in sec. 31, T. 20 N., R.
9; it should have been listed in the SEY4 sec. 36, T.
20 N., R. 8 E. In addition, entry 5 of table 5 should
have been assigned sample number 74G326 rather than
74G327, and entry 8 should have been assigned sample
number 74G327 rather than 74G326.
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Pojoaque Member

EF Blue-gray ash, 9.4+ 0.9 m.y.

EEEEE Unnamed ash, 11.4+1.1 m.y.

Tesuque Formation

2 No. 4 white ash, 13.4 m.y.
(average of 2 determinations)

Skull Ridge Member

No. 2 white ash, 14.6+£1.2 m.y.

Nambe Member

Figure C1. Generalized stratigraphic diagram showing the relationships among certain air-
fall tuffs of the Skull Ridge and Pojoaque Members of the Tesuque Formation (Santa Fe
Group) of Miocene age of Galusha and Blick (1971). Modified from diagrams of Galusha
and Blick (1971, figs. 17 and 23).
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Table C1.

Fission-track ages of zircon microphenocrysts and glass shards separated from volcanic ash beds in

the Tesuque Formation of Galusha and Blick (1971) in the Espafola basin, Santa Fe County, N. Mex.
[F, neutron fluence; P, spontaneous track density; P;, induced track density; cm?, square centimeters; + is 2 sigma; numbers in parentheses

are the number of tracks counted}

Sample
No. Description and locality

Material
dated

P Pi
F tracks?em2 tracks/cm? Age
neutrons/cm? x1013 %106 x108

74G327 Blue-gray volcanic ash in the Pojoaque
Member of the Tesuque Formation of Galusha
and Blick (1971, p. 62); SW1/4SEl/4
sec. 36, T. 20 N., R. 8 E., Espanola
7-1/2 minute quadrangle, Santa Fe County,
N. Mex.

74G326  Volcanic ash in the Pojoaque Member of the
Tesuque Formation of Galusha and Blick
(1971); about 60 m below blue-gray ash
74G327; this ash bed not shown on diagram
by Galusha and Blick (1971, p. 62); SWl/4
SE1l/4 sec. 36, T. 20 N., R. 8 E., Espanola
7-1/2-minute quadrangle, Santa Fe County,
N. Mex.

74G314  Volcanic ash in the Skull Ridge Member of
the Tesuque Formation of Galusha and Blick
(1971); No. 4 white ash bed of Galusha
and Blick (1971, p. 31); center sec. l4,
T. 20 N,, R. 9 E., Cundiyo 7-1/2-minute
quadrangle, Santa Fe County, N. Mex.

74G317 Volcanic ash in the Skull Ridge Member of
the Tesuque Formation of Galusha and Blick
(1971); No. 2 white ash bed of Galusha
and Blick (1971, p. 31); center sec. 15,
T. 20 N., R. 9 E., Cundiyo 7-1/2-minute
quadrangle, Santa Fe County, N. Mex.

----- 1.10 1.35

------ 2.09

Zircon——~-~

(153) 9.47 (493) 9
6

0.0149 (157) 0.253 (347)

1.10 1.19
0.0212 ( 55)

(132) 6.88 (382) 11.4%].1
0.331 (228) 8.0%2.4

(251) 7.76
(491) 7.81

(647)

14,121,
(904) 1

12.7*1.

B

0.780 2.50 (255) 7.99 ( 40) 14.6%1.2
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Abstract

Three representatives of a unique (“muscovite-
phenocrystic”) type of two-mica granite are exposed
along a north-south trend about 225 kilometers long in
northeastern Nevada. This type of two-mica granite is
distinguished in part by the presence of large pheno-
crysts of muscovite, and practically all the biotite in the
rock is present as euhedra within this muscovite. Chemi-
cal, mineralogical, and isotopic data suggest that the
muscovite-phenocrystic two-mica granites crystallized
from anatectic magmas formed from upper Precambrian
and Lower Cambrian pelitic sediments, along a trend
that corresponds to the westward disappearance of a
continental basement.

Near the southern part of the trend just described
are exposed three examples of a more common (“equi-
granular”) type of two-mica granite, in which muscovite
and biotite are present as discrete crystals. The equig-
ranular-type two-mica granites also may have evolved
through anatexis of the pelitic sediments.

For various reasons potassium-argon and
rubidium-strontium radiometric dating methods have
been of limited usefulness in our efforts to investigate
possible age differences between the two types of two-
mica granites. Moreover free (that is, not included in
apatite) zircon crystals are so sparse in the muscovite-
phenocrystic type that to recover a workable amount of
zircon from any one of these three plutons has hereto-
fore been impossible.

This paper presents radiometric ages for zircon
recovered from the muscovite-phenocrystic two-mica
granite of the Kern Mountains, White Pine County, Nev.
Together with previously reported potassium-argon and
rubidium-strontium age data, this new information
suggests that all three of the muscovite-phenocrystic
two-mica granites probably crystallized during Late Cre-
taceous time. The equigranular two-mica granites appear
to range in age from Jurassic to Cretaceous, and possibly
to Tertiary.

This paper also presents radiometric age data for
zircons from the Osceola stock of the southern Snake
Range, Nevada, and from the Notch Peak pluton of the
House Range, western Utah. Both of these calc-alkalic
intrusives are Jurassic in age. The Jurassic igneous event
was rather widespread in the region.

INTRODUCTION

During 1969-1976, one of us (Lee) visited more
than 160 plutons while systematically sampling granitoid
rocks in the Basin and Range Province of Nevada, Utah,
California, and Arizona. Among these 160 plutons, three
are two-mica granites that resemble each other and are
unlike any of the other plutons observed during this study.
To our knowledge, they also are unlike any plutonic rocks
described in the literature.

The unusual two-mica granites are along a north-
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south trend about 225 km (kilometers) in northeastern
Nevada (fig. D1) and are distinguished in part by the pres-
ence of large phenocrysts of muscovite, most of which
contain small inclusions of euhedral biotite. These three
muscovite-phenocrystic (Lee, Kistler, Friedman, and Van
Loenen, 1981) two-mica granites are present in the Pole
Canyon-Can Young Canyon area of the southern Snake
Range, in the Kern Mountains (sample 244-MW-6) and
in the Toana Range (sample 415). Chemical analyses, ac-
cessory mineral contents, oxygen isotope data and initial
87G1/86Sr ratios indicate that these unusual granites crystal-
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Figure D1. Northeastern Nevada and northwestern
Utah, showing locations of muscovite-phenocrystic two-
mica granites (open circles), equigranular two-mica
granites (open triangles), and calc-alkalic rocks (X’s).
Numbers are those assigned to samples. The Pole Can-
yon-Can Young Canyon and the Snake Creek-Williams
Canyon intrusive areas are outlined.



lized from evolved (S-type) magmas, and Lee, Kistler,
Friedman, and Van Loenen (1981) have suggested that
they may have resulted from anatexis of upper Precambri-
an-Lower Cambrian clastic sediments near the westward
disappearance of a continental basement delineated on the
basis of lead isotope data by Stacey and Zartman (1978).
Three additional two-mica granites, with muscovite
and biotite in separate grains, are present in the southern
part of the 225-km-long north-south trend just mentioned.
These are the equigranular-type two-mica granites of Lee,

Kistler, Friedman, and Van Loenen (1981), samples 287—
DL-63, 295-DL—64, and 378 (fig. D1). The equigranular-
type two-mica granites also might have evolved from
anatexis of upper Precambrian-Lower Cambrian clastic
sediments. Lee, Kistler, Friedman, and Van Loenen
(1981) suggested that there may be systematic age differ-
ences between the muscovite-phenocrystic and equigranu-
lar types of two-mica granites, but data have been too
few to check this possibility. The purpose of the present
paper is to present new information on the ages of the
two-mica granite types just described. We also present
new information to show that calc-alkalic intrusives of
Jurassic age are rather widespread in the region.

ANALYTICAL METHODS

Zircon was recovered from crushed materials using
the Frantz' isodynamic separator and the heavy liquids
bromoform and methylene iodide. The special procedure
required for zircon sample 244-MW-60 is described sepa-
rately later in this report.

Clerici solution was used for final cleanup of some
samples. After sizing, the crystals were heated gently in
nitric acid to remove all traces of lead remaining from
the Clerici solution. Chemical separation of lead and ura-
nium followed the ion-exchange procedures of Krogh
(1973) with minor modifications. Mass spectrometry was
carried out on a 30-cm-radius, 90°sector instrument,
using the silica-gel single filament method of Cameron
and others (1969) for lead, and triple filament for ura-
nium. Analytical precision of feldspar lead-isotope ratios
is +0.12 percent (95-percent confidence limits). Uncer-
tainties in zircon uranium-lead ratios are about *1 per-
cent.

Laboratory blank corrections averaged 0.5 nano-
grams for lead isotopic analyses. Common lead correc-
tions for each zircon fraction were made using the isotopic
composition of feldspar lead from sample 244-MW-60
reported in this manuscript.

'"Trade and company names are used for descriptive purposes only
and do not imply endorsement by the U.S. Geological Survey.

Constants used in the calculation are:

AB8U=0.155125; 235U=0.98485; A?*8U/**5U=137.88

MUSCOVITE-PHENOCRYSTIC
TWO-MICA GRANITES

The Age Dating Problem

Obtaining radiometric dates of emplacement for the
muscovite-phenocrystic two-mica granites has been diffi-
cult for these reasons:

1. All three of the plutons are exposed beneath
regional thrust faults, and K-Ar (potassium-argon) ages
determined may not be emplacement ages because they
may have been reset by heat and stress related to later
movement on these thrust faults (Lee and others, 1970,
1980).

2. Whole-rock Rb-Sr (rubidium-strontium) data
for the muscovite-phenocrystic two-mica granite of the
Kern Mountains failed to yield a well-defined isochron
(Best and others, 1974), because of scatter much larger
than possible experimental errors. This type of scatter is
not unusual for muscovite granites derived by anatexis
in an upper crustal environment (R. W. Kistler, written
commun.) We will consider in a later section the recently
obtained (chap. P, this volume) Rb-Sr age of 79 Ma for
the muscovite-phenocrystic two-mica granite of the Pole
Canyon-Can Young Canyon area.

3. Almost all of the zircon in the muscovite-
phenocrystic two-mica granites of the Pole Canyon-Can
Young Canyon (Lee and Van Loenen, 1971, p. 5, 39)
and Kern Mountains (Lee and others, 1973, p. 267) areas
is present as tiny acicular inclusions in large, equant,
rather poorly formed, and sparsely distributed apatite crys-
tals (fig. D2). The muscovite-phenocrystic two-mica gran-
ite of the Toana Range contains discrete crystals of stubby
zircon, but these are very sparse (<0.02 weight percent
of the rock) and tiny (<0.08 mm (millimeters) long).
Thus, until now we have been discouraged in our attempts
to recover enough zircon from any one of these unusual
granites for uranium-thorium-lead isotopic age determina-
tions.

Kern Mountain Pluton

In addition to the zircons included in apatite (fig.
D2), a few scattered grains of free zircon are present in
the muscovite-phenocrystic granites of the southern Snake
Range and the Kern Mountains. Most of the free zircon
grains are about 0.2 mm long and 0.06 mm wide. In
order to recover a concentrate of this zircon, a 10-kg
(kilogram) sample (244-MW-60) of the Kern Mountains
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Figure D2.
apatite. The columnar zircon crystal is about 5 microme-
ters (0.005 mm) wide and 50 micrometers (0.05 mm) long.
Sample 135-DL-62, from the Pole Canyon-Can Young
Canyon area of the southern Snake Range. Scanning
electron micrograph by A. J. Gude, 3d.

Scanning electron micrograph of zircon in

pluton granite was collected at lat 39°35'55" N., long
114°07'55" W. This sample was crushed to —35 mesh and
run over a Wilfley table to obtain about 5 kg of heavy
concentrate, which was further refined in bromoform by
means of a separatory funnel. The bromoform heavies
were centrifuged in methylene iodide and run through a
Frantz isodynamic separator to obtain a final zircon con-
centrate of about 70 mg (milligrams). Assuming a 50-per-
cent recovery, the results of this tedious procedure indi-
cate that sample 244-MW-60 contains about 0.0007
weight percent free zircon.

Zircon data (table D1) for the Kern Mountains sam-
ples are shown on a concordia plot (fig. D3). Aplite sam-
ple 245-MW-60 was collected less than 3-m (meters)
from two-mica granite sample 244-MW-60. Data for
these two samples define a cord that has a lower intercept
age of 75+9 m.y. (95-percent confidence limits). The
upper intercept of 1970+330 m.y. shows that sample
244-MW-60 contains a considerable amount of inherited
zircon of Early Proterozoic age. This observation is direct
evidence that this Late Cretaceous granite was derived at
least in part from Early Proterozoic material. Lead from
the potassium feldspar of sample 244-MW-60 also has
been analyzed and its isotopic composition is:

206pp/294ph=18.968; 2°"Pb/2**Pb=15.761;
208pp204pp =39 991,

These data are transitional between area I and area
IT types of lead as defined by Zartman (1974). Such a

composition reflects derivation from the Proterozoic base-
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ment of Utah, with addition of radiogenic lead from conti-
nental sediments in this region, and is consistent with our
proposed origin for this granite. For a discussion of lead
isotopic characteristics on the Nevada-Utah State line, the
reader is referred to the study of the Gold Hill mining
district by Stacey and Zartman (1978).

Whole-rock rubidium and strontium data were ob-
tained for samples 244-MW-60 and 245-MW-60 by Zell
Peterman and listed by Lee and others (1980, p. 22). A
two-point isochron based on these data gives an initial
87Sr/%6Sr of 0.719 at an age of 71.6 Ma. This age agrees
with the zircon results just discussed. Best and others
(1974) found similarly high 87Sr/36Sr for this granite.

Muscovite samples 244-MW-60 and 245-MW-60
gave K-Ar ages of 50.9 and 47.9 Ma, respectively, (Lee
and others, 1980, p. 18), results that presumably reflect
partial degassing of these muscovites by heating resulting
from recent movement on an overlying thrust fault. About
10 km northwest of these samples, where the muscovites
were less completely degassed, the apparent K-Ar ages
increase to as much as 69.2 Ma (Lee and others, 1980).
Best and others (1974) listed K-Ar ages of 63.9 and 47.1
Ma for the two-mica granite of the Kern Mountains.

From their studies, Best and others (1974) and Lee
and others (1980) postulated minimum ages of 60 and
70 Ma, respectively, for the main Kern Mountains intru-
sive event. Although the zircon data presented here con-
firm the general validity of these earlier estimates, the
results of all these studies taken together testify to the
complexity of the magmatic and metamorphic history of
the Kern Mountains.
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Figure D3. Uranium-lead zircon data from Cretaceous

samples studied in this paper. The regression line for
three fractions from sample 244-MW-60 and one from
the aplite phase 245-MW-60 has a lower intercept of
75%£9 Ma. The upper intercept of 1970+330 Ma shows
inheritance of zircon from the Early Proterozoic material.
The single data point from sample 378-DL—66 also shown
inheritance of older lead, and its position indicates a
Cretaceous rather than a Jurassic age.



Table D1. Uranium-lead data for zircon fractions from two-mica granites and calc-alkalic rocks discussed

in this paper
Blank
Concentration Atomic ratios Age, million years corrected
Sample Number (p:;;iigzg 206Pb 207Pb 207Pb 206Pb 207Pb 207Pb 206Pb
(mesh size) 55 i} 238U 235U 206Pb 238U 235U 206Pb 204Pb
Kern Mountains--Two-mica granite phase

244-MW-60:
(+200) ~—=———- 51.2 2866 0.01853 0.1930 0.07551 118 179 1082 9302
(=200 +400)-- 51.0 3278 0.01633 0.1547 0.06873 104 146 890 11467
(-400)————-—- 47.0 3447 0.01406 0.,1218 0.06284 90 117 703 3426

Kern Mountains--aplite phase

245-MW-60:

All sizes——-- 92.8 7475 0.01196 0.07949 0.04819 76 78 109 1361
Lexington Creek stock

378-DL-66:

All sizes———- 37.9 1509 0.02466  0.2449 0.07201 157 222 986 2642
Osceola stock

177-MW-60:
(+250)NM1——- 37.2 1319 0.02548 0.,1804 0.05134 162 168 256 2389
(+250)NM-A2— 36.5 1314 0.02592 0.1933 0.05409 165 179 375 3155
(-250)NM-———- 48.1 1825 0.02042 0.1418 0.05037 130 135 212 2388

Notch Peak pluton——main intrusive phase

298-DL-64:
(+150)NM————- 47.9 1696 0.02377 0.1620 0.04945 151 152 169 392
(-400)==-—=~—- 83.5 2777 0.02237 0.1524 0.04942 143 144 167 221

Notch Peak pluton--xenolith

299-DL-64:

(+200 )NM~=——- 64,8 2589 0.02171  0.1479  0,04941 138 140 167 1769

1NM, nonmagnetic,

2Abraded.

Southern Snake Range Pluton

Data for a muscovite, an aplite, and four samples
of muscovite-phenocrystic two-mica granite from the Pole
Canyon-Can Young Canyon pluton of the southern Snake
Range give an initial ®’Sr/®®Sr of 0.7165 at an age of
about 79 Ma (chap. P, this volume). As noted earlier,
Rb-Sr data for a sample of the muscovite-phenocrystic
two-mica granite of the Kern Mountains and a related ap-
lite give a two-point isochron showing an initial ¥7Sr/*Sr
of 0.719 at an age of 71+6 Ma. Thus, results of Rb-Sr
studies, as well as the chemical, petrological, and
mineralogical data presented by Lee, Kistler, Friedman,
and Van Loenen (1981), serve to emphasize the great

Muscovite-Phenocrystic Two-Mica Granites of Northeastern Nevada are Late Cretaceous

similarities between these two unusual granites that appear
in outcrop about 83 km apart (fig. D1).

Potassium-argon ages for six micas recovered from
the muscovite-phenocrystic two-mica granite of the Pole
Canyon-Can Young Canyon area range from 30.8+2.1
to 77.7+2.2 Ma (Lee and others, 1970). The younger
ages result from partial degassing of the micas by thermal
stresses resulting from recent (17-18 Ma) movement on
the overlying Snake Range decollement. The oldest age
(77.7+2.2 Ma) is in good agreement with the Rb-Sr age
(79 Ma) just noted, and it was obtained for a muscovite
recovered from the sample exposed farthest below the

Snake Range décollement (Lee and others, 1970, table
1, fig. 2).
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Table D2. Summary of radiometric age data for muscovite-phenocrystic two-mica

granites of northeastern Nevada

Southern Snake

Kern Mountains Toana Range

Age Range pluton pluton pluton
Muscovite:
K-Ar agel-———--- 77.7+2.2 Ma 69.2+1.6 Ma 71.242.0 Ma.
Rb-Sr age-—-—--—— About 79 Ma (initial 7146 Ma (initial Not determined.

875r/865r=0.7165).

Isotopic age
of zircon—-=-—---—-

Not determined------

875r/865r=0,719).

-- 75£9 Ma? Do.

1Only maximum K~Ar ages are listed.

The younger K-Ar ages noted in the

text presumably result from degassing due to heat stress related to late

movement on overlying thrust faults.

2Age obtained for the source rock is 19701330 Ma.

Toana Range Pluton

Only K-Ar radiometric ages are available presently
for the muscovite-phenocrystic two-mica granite of the
Toana Range. The muscovite and biotite recovered from
sample 415 (fig. D1) gave markedly discordant K-Ar ages
of 71.2+2.0 and 15.4+0.5 Ma, respectively (Lee and
Marvin, 1981). Muscovite from sample 415 is phengitic,
similar to muscovites recovered from other two-mica gran-
ites in northeastern Nevada. However, biotite from sample
415 is distinct chemically from other biotites recovered
from these two-mica granites in that it is a hydrobiotite,
with H3;O ™ substituting for K* in the interlayer X-group.
These characteristics have led Lee, Kistler, Friedman, and
Van Loenen (1981) to suggest that the composition of
this biotite was altered by postmagmatic processes. Such
an alteration also would account for the low K-Ar age
(15.4 +0.5 Ma) obtained for this biotite.

About 1 km northeast of sample 415, at lat 41°0'55"
N., long 114°17'30" W., the Cambrian part of the Pros-
pect Mountain Quartzite is exposed in intrusive contact
with the granite. Two samples of metamorphic muscovite
recovered from this quartzite gave K-Ar ages of
72.5+2.0 and 75.6 2.1 Ma (Lee and others, 1980), in
good agreement with the K-Ar age (71.2+2.0 Ma) deter-
mined for muscovite from sample 415, recovered from
the granite itself.

The map of Stewart and Carlson (1978) shows the
two-mica granite represented by sample 415 as a Tertiary-
Jurassic pluton intruding the Cambrian part of the Pros-
pect Mountain Quartzite, with Cambrian carbonate thrust
over the quartzite. In view of these field relations, the
most obvious interpretation of these K-Ar ages might
seem to be that the 71.2+2.0 age determined for igneous
muscovite from sample 415 actually represents the time
of crystallization. The metamorphic muscovite ages
(72.5+2.0 and 75.6*+2.1 Ma) might then represent de-
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gassing resulting from thermal contact action on the
quartzite, and the degassing and chemical alteration of
biotite from sample 415 may have resulted from postmag-
matic stress related to late movement on the overlying
thrust fault. However, the possibility exists that the K-Ar
ages of the muscovites themselves may have been mod-
ified by stresses related to later movement on the thrust
fault, as has been found in southern Snake Range (Lee
and others, 1970) and elsewhere (Lee and others, 1980)
in eastern White Pine County, Nev.

From the radiometric age data for the muscovite-
phenocrystic two-mica granites summarized in table D2,
clearly the Kern Mountains pluton and the Pole Canyon-
Can Young Canyon pluton of the southern Snake Range
crystallized in Late Cretaceous time. The Toana Range
pluton also may be Late Cretaceous in age, but this con-
clusion must be regarded as tentative pending further
study.

EQUIGRANULAR TWO-MICA GRANITES

Lexington Creek Pluton

Sample 378 (fig. D1) is from the equigranular two-
mica granite of the Lexington Creek area. (See also chap.
P, this volume, fig. P1). Unfortunately insufficient zircon
was recovered for more than one analysis, but the data
are shown in table D1 and plotted in figure D3. Although
no really definitive age estimate is possible because of
obvious inheritance, when the data are compared with the
others in figures D3 and D4 the lower intercept with con-
cordia seems more to indicate a Cretaceous rather than
a Jurassic age. There is no doubt, however, that the sam-
ple does contain a high proportion of inherited zircon of
Proterozoic age that is consistent with its derivation, at
least in part, from a sedimentary source.



Muscovites recovered from three samples of the
Lexington Creek pluton gave Late Cretaceous K-Ar age
results ranging from 77.9 to 86.3 Ma (Lee and others,
1980). However, the top of this intrusive has been severed

by the Snake Range décollement, and the dated musco-
vites may have been partially degassed as a result of
stresses related to movement on the décollement. Thus,
the intrusive may be somewhat older than indicated by
these K-Ar age data.

Silver Creek Pluton

The equigranular two-mica granite of the Silver
Creek area is Tertiary or older. The constituent muscovite
and biotite from sample 287-DL-63 gave K-Ar ages of
31.1x1.7 and 25.5%*1.3 Ma, respectively (Lee and
others, 1970), but again these results probably reflect de-
gassing as a result of late movement along the overlying

Snake Range décollement as discussed in the context of
many additional K-Ar ages by Lee and others (1980).
Uranium-thorium-lead isotopic data show that a metamor-
phic monazite, possibly related to contact action of this
granite on Prospect Mountain Quartzite, apparently crys-
tallized 80-100 Ma ago (Lee, Stern, and Marvin, 1981).
Further work will be needed before the significance of
these data is fully understood.

Willard Creek Pluton

The two-mica granite of Willard Creek (sample
295-DL-64, fig. D1) has been regarded (Lee, Kistler,
Friedman, and Van Loenen, 1981, p. 10,608) as a felsic
phase of an intrusive referred to as the Osceola stock by
Armstrong (1966). However, recent Rb-Sr work (chap.
P, this volume) has shown that the granite of Willard
Creek is not comagmatic with the main mass of the Os-
ceola stock that is exposed about 3 km to the northeast
of sample 295-DL-64. (See chap. P, this volume, fig.
P1). Nonetheless, despite the lack of magmatic affinity
between these two intrusive bodies, available radiometric
age data indicate that both are Jurassic in age. The musco-
vite recovered from sample 295-DL—64 gave a K-Ar age
of 151 +4 m.y. (Lee and others, 1970), probably repre-
senting the time of crystallization of this equigranular two-
mica granite. The (Jurassic) age of the Osceola stock itself
is discussed in the following section.

CALC-ALKALINE ROCKS OF JURASSIC AGE

Osceola Stock

Sample 177-MW-60 is from the Osceola stock. The
data in table D1 from the (+250)NM and (-250)NM zir-

con fractions are plotted in figure D4. If a chord were
drawn between these two points, it would have a lower
intercept with concordia at 82 Ma. Although this might
correspond to the Late Cretaceous event known in the
region, the upper intercept would give 348 Ma. This latter
seems an unlikely age for a pluton in this part of the
continent and so, to investigate further, the (+250)NM
fraction was abraded in a sphere-former device adapted
for the purpose by S. S. Goldich and J. N. Aleinikoff.
The data point (point A in fig. D4) for the abraded frac-
tion has a higher 2°’Pb/?%Pb than the unabraded fraction,
and a chord through the two (+250)NM fractions has
a lower intercept of 160 m.y. (fig. D4). This much more
reasonable estimate should be regarded as a minimum age
for this zircon because the unabraded fraction may have
lost some lead later in its history, just as has the
(-250)NM fraction. The 2°’Pb/?°°Pb age of the (-250)NM
fraction is 212 Ma and this higher value probably is due
to zircons inherited from the source materials. Whole-rock
Rb-Sr work on sample 177-MW-60 and on two other
samples from the Osceola stock gives an initial 8’Sr/%6Sr
value of 0.7075 at an age of 145 Ma (chap. P, this vol-
ume). The lower U-Pb intercept of 160 Ma is in fair
agreement with these Rb-Sr results.

Notch Peak Pluton

Finally, we present zircon data for samples collected
at lat 39°11'12" N., long 113°26'30" W., from the quartz-
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Figure D4. Uranium-lead zircon data from the Jurassic
samples studied in this paper. The common age for sam-
ples 298-DL-64 and 299-DL—64 is 169 +3 Ma, with a lower
intercept of 10=11 Ma. Sample 177-MW-61 shows both
inheritance and modern lead loss. Abrasion of the
(+250)NM fraction produces a chord with lower inter-
cept of ~160 Ma, that is a minimum age. Dotted line
shows 2YPb2%ph age of the (=250)NM zircons
to be 212 Ma, but this age is artificially high because
inherited lead has caused sideways displacement of the
point.
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monzonite at Notch Peak (Gehman, 1958) of the House
Range in western Utah (fig. D1). Two fractions of sample
298-DL-64, from the main intrusive, and one fraction
of sample 299-DL—64, a xenolith, give three data points
that are on a single cord with a common intercept age
of 169+3 Ma (fig. D4). The lower intercept of 10+ 11
Ma shows recent lead loss that may have taken place dur-
ing the last uplift of the region.

CONCLUSIONS

Uranium-lead isotopic age results for zircon from
sample 244-MW-60 from the muscovite-phenocrystic
two-mica granite of the Kern Mountains confirm previ-
ously tentative Rb-Sr and K-Ar age data and show that
this unusual granite crystallized during Late Cretaceous
time. Taken together, these age data for the Kern Moun-
tains intrusive also help to place in perspective Rb-Sr and
K-Ar results for the similarly unusual Late Cretaceous
muscovite-phenocrystic two-mica granite of the Pole Can-
yon-Can Young Canyon area, southern Snake Range.
Another odd muscovite-phenocrystic two-mica granite,
present in the Toana Range of Elko County, also may
be Late Cretaceous in age. However, additional work is
necessary to check the sparse K-Ar data presently avail-
able for this granite. Thus, two and possibly all three
of the muscovite-phenocrystic granites of northeastern
Nevada (fig. D1) are Late Cretaceous in age.

On the other hand, three examples of equigranular
two-mica granites exposed in northeastern Nevada (fig.
D1) appear to range in age from Jurassic to Cretaceous,
and possibly to Tertiary. The equigranular two-mica gran-
ite (sample 295) of the Willard Creek area is shown by
K-Ar work to be about 150 Ma old. The equigranular
two-mica Lexington Creek intrusive (area of sample 378)
is at least as old as Late Cretaceous, as indicated by both
U-Pb and K-Ar work. The equigranular two-mica granite
of the Silver Creek area, northern Snake Range (sample
287) appears to be middle Tertiary or older, depending
upon how much the K-Ar age-dated muscovite and biotite
(31%1.7 and 25.5+ 1.3 Ma, respectively) were degassed
as a result of movement on the overlying Snake Range
décollement.

The apparent similarity of the ages (Late Creta-
ceous) of the unusual muscovite-phenocrystic two-mica
granites of northeastern Nevada is consistent with the idea
that they all evolved in the same way—through anatexis
of upper Precambrian-Lower Cambrian argillitic sediments
under conditions of relatively low oxygen fugacity, along
a line that roughly coincides with the westward disappear-
ance of continental basement. However, we note that the
initial Sr isotope values in granitoids of the region suggest
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that the edge of the continent is farther to the west (R.
W. Kistler, oral commun.) than is indicated by the lead
isotope data of Stacey and Zartman (1978).

Although one or more of the equigranular two-mica
granites of the same general area (fig. D1) also may have
evolved through anatexis, the apparent range in age (Ju-
rassic-Tertiary?) of these granites suggests that they are
not so closely related genetically. There also are
mineralogical differences among these rocks, especially
their accessory mineral contents (Lee, Kistler, Friedman,
and Van Loenen, 1981).

Although many of the two-mica granites in north-
eastern Nevada are Late Cretaceous in age, calc-alkalic
plutons of Jurassic age also appear to be rather widespread
in the eastern Great Basin. In addition to the Osceola
stock and Notch Peak pluton discussed in this paper, Ju-
rassic ages have been determined for the Snake Creek-
Williams Canyon pluton of the southern Snake Range
(Lee and others, 1968; chap. P, this volume), and for
the southern part of the Gold Hill stock in western Utah
(Stacey and Zartman, 1978).
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Abstract

Whole-rock samples of granite from drill holes
UPH-1 and UPH-3 in Stephenson County, lll., define a
rubidium-strontium isochron of 1,430+20 million years
with an initial ¥Sr/%Sr of 0.7029+0.0041. Zircons and
sphene from the granite define a similar uranium-lead
concordia intercept age of 1,454+ 30 million years. Minor
cataclasis and alteration of the granite occurred about
1,200 million years as indicated by rubidium-strontium
mineral ages for samples from drill hole UPH-3. This dis-
turbance may be related to stresses imposed on the
basement terrane during early phases of Keweenawan
rifting to the west or Grenville orogenesis to the east.

INTRODUCTION

Core samples of granite recovered from three deep
drill holes in northern Illinois (Hinze and others, 1981)
have been made available for scientific purposes and pro-
vide an opportunity to study the physical, chemical, and

91° 90°

isotopic properties of a Precambrian granite well beneath
the effects of near-surface alteration. The present report
presents the results of a geochronological study of selected
samples from two of these drill holes.

The Precambrian basement in this area (fig. E1) is
covered by about 600 m (meters) of lower Paleozoic
strata, but fission-track dating of apatite from the IDH
(Illinois deep hole) granite suggests that the overlying sec-
tion was considerably thicker at one time (Zimmerman,
1981). The nearest exposed Precambrian is in central Wis-
consin where Archean gneisses and Early and Middle
Proterozoic supracrustal rocks, gneisses, and granites crop
out.

The IDH granite is one of several Middle Proterozo-
ic anorogenic intrusions in the midcontinent region, the
southern Rocky Mountains, and the southwestern United
States (Van Schmus and Bickford, 1981; Silver and
others, 1977; Emslie, 1978). The composite Wolf River
batholith in central Wisconsin is a member of this
anorogenic suite of intrusions. Isotopic dating of other
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Figure E1. Potassium-argon and rubidium-strontium biotite (Bi) and potassium feldspar (F) ages of Precambrian
basement samples obtained from drill holes in northern lllinois and adjacent states. Ages are in millions of years
(Ma). Potassium-argon ages are italicized; rubidium-strontium ages are not. Location of drill holes UPH-1, -2, and
-3 are shown together with ages from this report. Other ages are from Lidiak and others (1966).
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basement samples from eastern Iowa and western Illinois
have identified similar Middle Proterozoic granitoids, and
aeromagnetic data suggest the presence of a belt of these

plutons extending from southeastern Wisconsin to south-
eastern Iowa (Van Schmus and others, 1981; Hoppe and

others, 1983).
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SAMPLES

The drill holes are in Stephenson County in northern
Hlinois (fig. E1). Coordinates for these holes are as fol-
lows: UPH-1, lat 42°30'20" N., long 89°51'07" W; UPH-
2, lat 42°26'34" N., long 89°52'01" W.; and UPH-3, lat
42°26'14" N., long 89°51'27" W.

Sample numbers (table E1) are depths in feet; 2031
and 2064 are from drill hole UPH-1, and the others are
from UPH-3. Samples 2064, 2209, 3333, 3514, and 5056
were provided by W. R. Van Schmus in the allocation
of material for the Illinois drill-hole project. These were

whole pieces of core 4.7 cm (centimeters) in diameter
and 5-10 cm long. A larger sample of 2031 had been
obtained earlier by Goldich from the Illinois Geological
Survey, Sample designated 5251 represents the interval
from 5245.0 to 5256.8 ft.

PETROGRAPHY

The dated samples (table El) differ in texture and
varietal mineralogy. Samples 2209 and 2290 are fine-
grained, biotite-muscovite granites. Sample 3514 is a por-
phyritic granite that has groundmass texture and mineral-
ogy like those of the fine-grained rocks but with subhedral
to euhedral phenocrysts of microcline and plagioclase as
much as 1 cm long. The remaining samples—2031, 2064,
5056, and 5251—are coarse-grained, biotite granites. Tex-
tures are Xenomorphic inequigranular in the fine-grained
rocks and hypidiomorphic inequigranular in the coarse-
grained granites.

Quartz, perthitic microcline, and albite to sodic oli-
goclase compose more than 80 percent of all the samples.
Quartz is rutilated and contains abundant trails of fluid
inclusions. In the fine-grained granites, and to a lesser
extent in the coarse-grained rocks, microcline shows a
micrographic texture with rounded blebs and rods of
quartz. Poikilitic microcline in the coarse-grained granites
contains inclusions of quartz, plagioclase, biotite, and ac-
cessory minerals. Plagioclase is moderately to severely
sericitized to dense patches of very fine grained material,

Table E1. Modal analyses of samples dated, Stephenson County, lIl.
[Modes are based on 1,700 points for sample 2031, 1,000 points for sample 5251, and 600 points for
the other samples. Leaders (---) indicate not present; tr, trace]

Drill hole~———==——- UPH-1 UPH-3

Sample No. (also

depth, in feet)——-—- 2031 2064 2209 2290 3333 3514 5056 5251
Quartz——=——~==———=- 31 32 39 30 35 29 38
Microcline=————=——— 22 41 30 32 35 36 27
Plagioclase-—-————- 21 - 15 22 26 24 21 23
Muscovite-—————-——- —-— —-_— 6.2 5.2 1.7 2.2 0.2 —_—
Biotite=—=—=——===m- 6.0 6.7 1.2 3.2 5.5 1.0 7.0 7.7
Hornblende-——=~==——- -— 1.0 -— ——— — —-— .1
Fluorite————=—=———m 4 .9 .2 1.0 1.3 .7 .3 .5
Monazite—~———=——=== - —_— .2 —_— .2 tr tr —_—
Zircon——=—==—m—=—m—— tr -— .5 .3 tr tr 2
Sphene-=—=====——=ux Jd 0 - -— —-— —-— tr .6
Apatite——=—————m———- .6 2 - -— — tr tr
Opaque minerals-———- l5.4 .7 .2 .8 .2 1.0 .5
Allanite—-=———=—=——— —-— —-— —-_— — —-— — .1
Chlorite=——===—=—=-= 1.9 1.0 1.5 .3 .7 1.3 .2 .3
Sericite——————=———- 10.7 2.7 —-— .8 .5 5.3 2,2
Carbonate=——==w=—=—= 1.1 —--- —_— 3 --= — .2

lIncludes dense iron-oxide staining associated with other alteration

minerals generally on plagioclase.
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commonly stained with iron oxide, and to discrete,
oriented blades of coarser white mica. Biotite ranges from
fresh to almost completely altered to chlorite, and com-
monly is associated with granular sphene. Some biotite
grains contain thin lenses of carbonate and a low-birefrin-
gent mineral. Hornblende is a trace mineral in two sam-
ples. Muscovite is present locally in fibrous intergrowths
between biotite and microcline. Fluorite is a ubiquitous
accessory mineral and is present as interstitial grains and
as inclusions in other minerals. In the coarse-grained gran-
ites, biotite is present as clots in association with opaque
oxides, sphene, and other accessory minerals. Samples
2031 and 2064 are stained appreciably with iron oxide
along fractures and grain boundaries. Thin carbonate vein-
lets are present in 2031, and sphene is altered locally to
an intergrowth of leucoxene and carbonate.

Strain in the samples is present in different degrees.
Sample 2209 has well-developed mortar structure,
through-going microshear zones, bent and broken plagio-
clase twins, and mutually sutured grain boundaries.
Quartz is highly strained and recrystallized into domains
that have sutured boundaries. The other samples show less
deformation, but strained quartz and mortar structure
around larger grains are common.

CHEMISTRY

Chemical analyses of samples 2031 (hole UPH-1)
and 5251 (hole UPH-3) were made by a combination of
atomic absorption and conventional chemical methods.
These are the large samples from which zircon was con-
centrated for U-Pb determinations and other minerals for
Rb-Sr analyses. The two analyses (table E2) are similar
but show greater differences than might be surmised from
the modal analyses (table El), but the coarse-grained
rocks are not represented adequately in one or two thin
sections. The chemical analyses are similar to published
analyses (Van Schmus and others, 1975; Anderson and
Cullers, 1978) of granitic rocks from the Wolf River
batholith, Wisconsin, about 300 km northeast of the drill
holes in Stephenson County, Ill. Samples 2031 and 5251
most closely resemble the Red River adamellite of Ander-
son and Cullers (1978) for which their average is given
in table E2. The low K/Rb and high Ba/Sr and Rb/Sr
are distinctive features of both the IDH granite and the
granitic phases of the Wolf River batholith. Their potassic
character is shown by K,0/(K,0+Na,0) of 0.71 for sam-
ple 2031, 0.65 for sample 5251, and 0.61 for the Red
River adamellite.

Using GSP-1 as a standard, Rb, Sr, Y, Zr, and
Ba were determined by X-ray fluorescence (XRF), for all
samples received in the allocation (table E3). Coefficients
of variation (1 sigma) are estimated to be *7 percent
for concentrations greater than 100 ppm (parts per million)
and about *15 percent for those less than 100 ppm.
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Table E2. Chemica! analyses of selected sam-
ples, Stephenson County, Ill.
[Leaders (---) indicate not determined]

Drill hole-- UPH-1 UPH-3
Sample No.-— 2031 5251 RR!
Weight percent
§10y======== 71.8 71.32 72.5
Aly0g=mmmm= 14.1 13.61 13.91
Ti0y=-=—=-—— .30 .46 .36
Fe,y0g======= .39 .75 -
N 1.08 1.99 22.65
MnO———m—=mmm .02 .05 .06
MgQ-—~-————— .56 .39 .47
Ca0————===== 1.37 1.97 1.25
Na,0----—=-- 2.80 3.00 3.24
KO-~ 6.82 5.55 5.14
I .06 .13 e
HyOt—m=mmm .29 .13 -
Hzo- —————— .06 .05 —_—
COpmm=m==" .30 .08 -
Fommm e .20 — —
Total-—- 3100.07 99.48 99,59

Parts per million

Rb———m e 303 302 236
o] T ——— 152 132 129
Ba————————— 1,150 1,000 705
| —— 36 71 —
A e 143 254 -—

Weight ratio

K/Rb—————=—- 187 153 181
K/Sp=———==—mm 372 349 330
Rb/Sr——==-—- 1.99 2.29 1.83
Ba/Sr————--- 7.56 7.58 5.47
Ba/Rb===——~~ 3.80 3.31 2.99

IRR is the average of seven analyses
of the Red River adamellite of the Wolf
River batholith, Wisconsin (Anderson and
Cullers, 1978).

2Total Fe reported as FeO.

3Total corrected for F.

Except for sample 2185 (table E3), some systematic
variations are apparent among these data. Strontium de-
creases from about 150 to 25 ppm as rubidium increases
from about 300 to 650 ppm. The fine-grained granites
such as 2209 and 2290 (table E1) are higher in Rb and



Table E3. X-ray fluorescence analyses for Rb, Sr, Y, Zr, and Ba of samples,

Stephenson County, Ill.

[Suffix letters B and C and F and G refer to adjacent pieces of core prepared as separate samples]

Sample Concentration (parts per million) Weight ratio
No. Rb Sr Y Zr Ba Rb/Sr Zr/Y Ba/Sr
Drill hole UPH-1
2004 306 154 71 302 924 1.98 4,2 6.0
2025 301 167 59 305 680 1.80 5.2 4,1
2031 296 149 36 144 956 1.98 4.0 6.4
20648 299 142 68 285 507 2.10 4,2 3.6
2064C 345 152 43 197 892 2.28 4,6 5.9
2071F 303 137 68 347 568 2,22 5.1 4.1
2071G 299 137 64 236 738 2.19 3.7 5.4
Drill hole UPH-2
2185 335 292 75 333 622 1.15 4,4 2.1
2385 318 128 75 317 638 2.48 4,3 5.0
2779 339 130 30 172 873 2.61 5.7 6.7
3194 341 85 40 208 362 4,01 5.2 4,3
3678 371 49 38 71 125 7.57 1.7 2.6
4202 517 50 70 97 243 10.3 1.4 4,9
4405 693 71 73 227 537 9.76 3.1 7.6
4773 435 125 72 278 529 3.48 3.9 4.2
5411 433 90 73 268 480 4.81 3.7 5.3
Drill hole UPH-3
2209 621 25 118 212 95 25.1 1.8 3.8
2290 591 34 126 264 55 17.3 2.1 1.6
2397 537 25 104 254 106 21.2 2.4 4,2
2422 524 39 87 174 160 13.3 2.0 4,1
3333 423 68 68 233 226 6.22 2.0 5.0
3514 438 45 101 291 189 9.73 2.9 4,2
3880 392 100 62 246 531 3.92 4,0 5.3
4059 365 103 95 331 541 3.54 3.5 5.3
4609 490 55 82 260 313 8.91 3.2 5.7
4689 423 55 73 225 265 7.69 3.1 4.8
5056 417 96 71 266 520 4,34 3.8 5.4
5251 308 135 71 254 -—= 2.28 3.8 -
lower in Sr than the coarse-grained rocks. Barium corre- GEOCHRONOLOGY
lates with strontium, and yttrium shows a crude correla-
tion with rubidium. Methods

Anderson and Cullers (1978) concluded that granitic
rocks of the Wolf River batholith were anatectic melts
of a tonalitic to granodioritic source in the lower to inter-
mediate crust. Fractional crystallization at higher levels
produced some of the chemical variations among the dif-
ferent phases. Variations in Rb, Sr, and Ba in the IDH
samples (table E3) could be the result of fractional crystal-
lization in which plagioclase was an important precipitate
phase.

Following ultrasonic cleaning, the samples were
crushed, and splits of 30-50 g (grams) were pulverized
to —200 mesh in a shaker mill for the whole-rock analyses.
Mineral separates were prepared from sized, crushed rock
using heavy liquids and magnetic separation.

Samples for Rb and Sr analyses were selected on
the basis of XRF determinations to obtain a suitable range
in Rb/Sr for the construction of an isochron. Rubidium

Geochronology of Basement Granite, Stephenson County, Iilinois 45



Table E4. Rubidium and strontium data for whole-rock
samples and minerals, Stephenson Co., Ill.

[Sample numbers are depths in feet. Suffix letters refer to type of sam-
ple: WR, whole rock; Ap, apatite; Sp, sphene; Bi, biotite; Pl, Plagio-
clase; and Mi, microcline. Leaders (---) indicate not determined]

Concentration

Sample (parts per million)

No. Rb Sr 87rp/86sr  875r/86grl

Drill hole UPH-1
2031WR 303.0 151.7 - 5.845 0.8214743
2031WR - 151.1 5.867 .82151+2
2031Mi 452.5 162.3 8.193 .86667+3
2031Mi - 163.3 8.146 .86634+£15
2064WR 348.3 149.8 6.816 .83945+4
Drill hole UPH-3
2209WR 619.0 29.21 69.87 2.13036440
2209Mi 1,153 39.60 100.17 2.63314432
2290WR 560.8 27.75 66.25 2,0646119
2290Mi 1,181 47.91 82.91 2.36280+18
3333WR 417.4 62,15 20,22 1.11723%30
3514WR 431.7 43,24 30.66 1.33079423
5056WR 415.,2 93.70 13.16 . 9758545
5251WR 302.0 131.9 6.715 8442614
5251WR — 131.5 6.734 8444612
5251Ap 12.19 49,41 7159 7336913
5251Sp 13.28 50.27 .7694 .77508£13
5251P1 85.91 95,95 2.608 .77382%2
5151P1 = 95.85 2.611 7738412
5251Mi 503.8 113.0 13.22 .95922+19
5155M1 — 112.4 13.29 .9595113
5251Bi 1,364 22.73 244.8 4.89660+40
5251Bi -— 22,94 242.9 -
Standard sample GSP-1

GSP-1 253.3 235.3 3.135 .7688813

lUncertainties are #20 on the mean x 105,

and strontium were determined by conventional isotope-
dilution methods using enriched 8’Rb and ®Sr spikes.
Samples were decomposed in HF and H,SO, in covered
platinum dishes following spiking, and Sr was purified
for isotopic analysis on conventional ion-exchange col-
umns elutriated with HCI.

Analytical uncertainties (1o) are Rb and Sr, =0.6
percent; 8Sr/%Sr, +0.017 percent. The U.S. Geological
Survey rock standard GSP-1 was analyzed in addition to
the core samples and the results (table E4) are in agree-
ment with generally accepted values. The average
8791/86Sr for the E and A standard in this laboratory is
0.70803.

The uncertainties shown for 87Sr/%6Sr in table E4
are 20 on the mean determined from the in-run statistics.
These uncertainties are 2-20 times lower than the preci-
sion determined from replicate analyses of granitic rocks.
This difference reflects the difficulty of replicating splits
at the 0.1-1 g level of samples in which the constituent
minerals differ by nearly an order of magnitude in
87Sr/86Sr.
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Zircon and sphene (table E5) were analyzed follow-
ing a method modified from that described by Krogh
(1973). Analytical uncertainties (1o) are about +0.7 per-
cent for parent-daughter ratios and *0.05 percent for
207Pb /206Pb .

Isotopic and decay constants recommended by the
International Union of Geological Sciences Subcommis-
sion on Geochronology (Steiger and Jager, 1977) were
used in calculating the ages. The regressions are calcu-
lated using Ludwig’s (1982a, b) programs.

Rubidium-Strontium and Potassium-Argon

Rubidium-strontium data for whole-rock samples
from drill holes UPH-1 and UPH-3 (table E4) define an
isochron (fig. E2) for which the scatter is slightly greater
than analytical error. The MSWD (mean square of the
weighted deviates) for a model I solution is 3.2. The pre-
ferred age of 1,430=20 Ma (million years) is determined
from the model III regression which increases the variance
in ®7Sr/%%Sr to explain the scatter. Slight variations in in-
itial #7Sr/%Sr among the samples would be consistent with
a model III solution.

The two fine-grained granites, samples 2209 and
2290, from near the sub-Cambrian unconformity have the
highest Rb/Sr. Uranium-lead analyses of these samples in-
dicate loss of lead (Doe and others, 1983; Stuckless and
others, 1981), but this disturbance is not evident in the
Rb-Sr systems. Exclusion of the two points from the re-
gression yields a model III solution of 1,432+40 Ma and
an intercept of 0.7026 +0.0069.

23 ; l ] | | :
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1.9 — ]
. - _
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Figure E2. Rubidium-strontium whole-rock isochron for
samples from drill holes UPH-1 and UPH-3, Stephenson
County, Ill. The slope of the line corresponds to an age
of 1,430+20 Ma, and the ¥Sr/®Sr intercept is
0.7029+0.0041.



Table E5. Uranium, thorium, and lead data for zircons and sphene, Stephenson County, Ill.
[Numbers in parentheses are mesh size of fractions. Isotopic composition of initial lead is assumed to be 2%*Pb:2%Pb:207Pb:2%8pb=1:16.27:15.41:35.93.
Age in millions of years are given in square brackets below the atom ratio. Leaders (---) indicate not determined]

Concentration

Isotopic composition of lead
(atom percent)1

Atom ratio

(parts per million) 206 207 207 208
Sample No. Material Pb Fb Pb b
(mesh size)  analyzed U Th Pb 204pp  206pp,  207pp  208py, 238y 235y 206py 2327y
2031:
(unsized) Zircon—— 768.1 —_— 131.3 0.078 79.53 8.15 12.24 0.1555 1.9046 0.0889 -
[931] [1,083] [1,401]
5251:
(60-100) Zircon-- 494.8 -— 111.8 .118 76.26 8.51 15.12 .1952 2.4205 .0899 -
[1,149] [1,249] [1,424]
(60—100)ABR2 --do.——— 650.2 —— 146.4 .090 74.87 7.94 17.10 .1921 2.3684 .0894 —-—
[1,133] [1,233] [1,413]
(100-200) ~-do.,--- 1,100 — 221.9 .161 71.12 8.49 20.22 .1606 1.9401 .0876 —-—
[960] [1,095] [1,375]
(+200) Sphene-- 161.2 129.9 48,1 .082 71.67 7.68 20.57 .2439 3.0682 .0912 0.0735
[1,407] [1,425] [1,452] [1,433]

lCorrected for laboratory blank.

25uffix ABR designates abraded sample.

Although the initial ®’Sr/36Sr intercept is low—
0.7029—the large uncertainty of +0.0041 allows consid-
erable latitude in estimating the Rb/Sr of the source mate-
rial. At the 95-percent confidence level, the intercept is
constrained to a possible range between 0.6988 and
0.7070. The lower limit is impossible, but minimum man-

tle values can be calculated using the coordinates of the
centroid of the whole-rock data as estimates for the aver-
age granite. These values are 10.33 for 3’Rb/%6Sr and
0.9149 for *’Sr/®Sr. Model ages and intercepts, respec-
tively, are 1,431 Ma and 0.7028 in the bulk-earth model
of McCulloch and Wasserburg (1978) and 1,434 Ma and
0.7024 in the tonalite-trondhjemite model of Peterman
(1979). A bulk-earth value of 0.7028 as the lower limit
and 0.7070 as the upper limit for the granite would allow
a Rb/Sr between 0.029 and 0.25 for a source of 1.9 Ga.
The 0.25 figure commonly is cited as an average Rb/Sr
value for the upper crust. An assumed older age for the
source would, of course, lower the maximum permissible
Rb/Sr. Nonetheless, the possible range in the 87Sr/®6Sr
intercept for the IDH granite allows partial or complete
derivation of the granite from older crustal material.

Minerals from four samples were analyzed (table
EA4) to evaluate the internal isotopic integrity of the granite
(fig. E3). Data for whole-rock, plagioclase (about 50 per-
cent quartz), microcline, and biotite from sample 5251
are colinear within analytical error (MSWD=0.99) with
an age of 1,201 +15 Ma. Exclusion of the biotite from
the regression does not change the age significantly
(1,211 £22 Ma). Data for sphene and apatite (fig. E3)
are not colinear with data for the major minerals. This
difference probably represents the distribution and associa-

tion of these minor phases. Sphene occurs mainly with
clots of biotite and opaque oxides, and a small amount
is related to chloritization of biotite. Thus, sphene could
have incorporated a disproportionate amount of radiogenic
87Sr released from the biotite during the disturbance.
Some apatite is associated with the mafic clots, but much
is distributed throughout the other minerals, such as
quartz, where it could not readily accept mobile ¥’Sr.

Data for whole-rock samples 2209 and 2290 and
their constituent microclines (table E4) are colinear within
analytical error (fig. E3, inset) and give an age of
1,181+ 65 Ma (MSWD=0.79). This age is indistinguish-
able from the mineral isochron for sample 5251. The
whole rock and microcline for sample 2031 are on an
isochron of 1,357+ 101 Ma.

A potassium-argon age of biotite from sample 5251
is 1,130+12 Ma. The data are: K,O, 7.70 percent;
4Ar radiogenic, 2.019x107'® moles/gram; and “CAr
radiogenic/*®Ar total, 0.9884.

Uranium-Thorium-Lead

Four samples of zircon and one of sphene were pro-
cessed and analyzed (table ES). The U-Pb ages for the
zircon are appreciably discordant, and the ratios of the
207pb/235U ages to the 2%°Pb/>*®U ages range from 1.09
to 1.16, but this ratio of the U-Pb ages of the sphene
is 1.013. The sphene, therefore, controls the plot for the
five samples on a concordia diagram (fig. E4). A regres-
sion for the data gives upper and lower intercepts of
1,454 =30 Ma and 181 =110 Ma, respectively. The con-
cordia age agrees, within analytical error, with the Rb-Sr
isochron age of 1,430 +20 Ma.
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Figure E3. Rubidium-strontium mineral isochrons for samples from Stephenson County, lll. The iso-

chrons and intercepts, respectively, are 1,201 +15 Ma and 0.7290 £ 0.0011 for plagioclase (Pl), whole rock
(WR), microcline (Mi), and biotite (Bi)—not shown—for sample 5251 (solid line); 1,357 +101 Ma and
0.7076 £0.0098 for whole rock and microcline for sample 2031 (dashed line); and 1,181+65 Ma and
0.948 +£0.073 for whole rocks and microclines for samples 2209 and 2290 (inset). Data points for apatite
(Ap) and sphene (Sp) from samples 5251 are excluded from the regression.

A part of sample 5251 (60-100 mesh) was abraded
in a sphere-former to see if the zircons were composed
of cores and rims of different ages. Although the more
resistant material has higher U and Pb contents (table E5),
the parent-daughter ratios are not appreciably different
than those of the unabraded fraction.

DISCUSSION

The whole-rock Rb-Sr isochron age of 1,430+20
Ma and the U-Pb concordia-intercept age of 1,454 +30
Ma agree within experimental error. These ages agree
with U-Pb zircon age of 1,461 =6 Ma (drill hole UPH-1)
and 1,465+ 8 Ma (drill hole UPH-3), and with a Rb-Sr
whole-rock isochron age of 1,404+35 Ma (drill hole
UPH-3) reported by Hoppe and others (1983). All the
isotopic ages are similar to those of the Wolf River
batholith of central Wisconsin (Van Schmus and others,
1975), which, when recalculated for decay constants and
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regression methods used here, are 1,437 +20 Ma (Rb-Sr)
and 1,469 28 Ma (U-Pb).

Concordancy of the Rb-Sr mineral ages for samples
from drill hole UPH-3 suggests a specific event at about
1,200 Ma. This event is correlated with the deformation
and mineralogic alteration of the granite. The greater age
of 1,357+101 for microcline from drill hole UPH-1
(sample 2031) may indicate that the disturbance was
rather local in extent. Drill hole UPH-1 is about 8 km
north of drill hole UPH-3 (fig. El).

McGinnis and others (1976) interpreted the gravity
field of northern Illinois as representing discrete crustal
blocks that are fault-bounded. These authors suggested
that there was movement along these faults in the Precam-
brian and the Phanerozoic, and that most of the earth-
quake epicenters in Illinois are coincident with the in-
ferred fault zones (McGinnis and Ervin, 1974).

Potassium-argon and rubidium-strontium mineral
ages of basement samples in this region (fig. E1) probably



represent differential uplift of these domains and (or)
localized tectonism at their margins. For example, biotite
from a drill hole in northeastern Illinois (fig. E1) has un-
usually low ages of 620 Ma (Rb-Sr) and 650 Ma (K-Ar).
The hole is on or close to the northwest-trending
Sandwich fault (McGinnis and others, 1976), and these
ages indicate Late Proterozoic movement.

McGinnis and Ervin (1974) suggested that a hori-
zontal stress field imposed on this mosaic of basement
domains would produce differential horizontal and vertical
movements of these blocks. Activity along the basement
faults could be triggered by stresses originating at consid-
erable distances outside the region. Thus, the 1,200-Ma
ages recorded by samples from drill hole UPH-3 probably
are related to early phases of Keweenawan rifting to the
west or to Grenville orogenesis to the east. Depending
upon the direction of the stress field, activity may be pref-
erential along certain fault orientations, which would ex-
plain the regional pattern of generally concordant age
pairs that differ substantially from one area to another
(fig. El1). This long history of repeated activity in the
basement contrasts with areas in the exposed Canadian
shield, such as in the central and western Superior prov-
ince, where biotite ages are remarkably uniform over
broad areas.

The ages reported here and other data indicate dis-
turbances of the IDH granite in the Phanerozoic. Assum-
ing no gain or loss of uranium, the zircon array (fig.
E4) could have resulted from loss of 2440 percent of
accumulated radiogenic lead between Late Pennsylvanian
and Late Cretaceous time. Whole-rock U-Pb data indicate
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Figure E4. Uranium-lead concordia plot for zircon (Z)
and sphene (Sp) (samples from Stephenson County, 111.).
Intercepts are 1,454+30 Ma and 181 =110 Ma. Size frac-
tion (if any) is shown in parentheses next to sample
number.

loss of lead from samples 2209 and 2290 at about this
same time (Doe and others, 1983; Stuckless and others,
1981). Fission-track ages of apatite decrease linearly from
130+ 14 Ma near the sub-Cambrian unconformity to
50+ 7 Ma at 5400 ft, and Zimmermann (1981) interpreted
this pattern as resulting from cooling below the annealing
temperature of apatite during the Cretaceous or early Ter-
tiary.

Correlation of these relatively young disturbances
with known geologic events is not clear. The granite was
exposed during the Late Proterozoic and Early Cambrian,
and it is overlain unconformably by the Upper Cambrian
Mount Simon Sandstone. Some disturbance of these sensi-
tive isotopic systems would have been expected at this
time. A Bubnoff plot of McGinnis and others (1976)
shows a sharp increase in subsidence of the Illinois basin
during the Mississippian, and this could have been accom-
panied by movement along basement faults. The event
in the Late Cretaceous to early Tertiary recorded in the
fission-track ages is not apparent in the stratigraphic rec-
ord as it is presently known (Zimmermann, 1981).

SUMMARY

Isotopic dating of samples of basement granite pene-
trated in the Illinois deep drill holes establishes the time
of intrusion, and, together with published ages for this
region, records a long and complex tectonic history for
the buried basement.

1. The rubidium-strontium whole-rock age of
1,430+20 Ma and the zircon-sphene concordia age of
1,454 +30 Ma agree within analytical error and establish
the time of intrusion of this anorogenic granite.

2. The rubidium-strontium mineral ages for sam-
ples from drill hole UPH-3 record an event at about 1,200
Ma manifested in the granite by cataclasis and alteration.
An age of about 1,360 Ma for microcline from drill hole
UPH-1 suggests that this event may have been local in
extent.

3. The 1,200-Ma mineral ages for samples from
drill hole UPH-3 and several published Rb-Sr and K-Ar
biotite ages for basement samples in the region probably
are related to differential vertical and horizontal move-
ments of discrete crustal blocks resulting from stresses
imposed by early phases of either Keweenawan rifting or
Grenville orogenesis. Later activity of this kind also is
indicated by published biotite ages.

4. The granite was exposed by Late Cambrian
time, but the effects of this uplift and denudation on the
isotopic systems, if any, have been obscured by' apparent
disturbances in middle to late Phanerozoic time.

5. This long-term tectonic history recorded in
basement rocks of the region probably is typical of the
buried Precambrian basement of the central interior. It
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contrasts dramatically with some terranes in the Superior
province of the Canadian shield where biotite ages indi-
cate remarkable long-term stability over large areas.

REFERENCES CITED

Anderson, J. L., and Cullers, R. L., 1978, Geochemistry and
evolution of the Wolf River batholith, a late Precambrian
rapakivi massif in northern Wisconsin, U.S.A.: Precambrian
Research, v. 7, p. 287-324.

Doe, B. R., Stuckless, J. S., and Delevaux, M. H., 1983, The
possible bearing of the granite of the UPH deep drill holes,
northern Illinois, on the origin of Mississippi Valley ore
deposits: Journal of Geophysical Research, v. 88, p. 7335—
7345..

Emslie, R. F., 1978, Anorthosite massifs, rapakivi granites, and
late Proterozoic rifting of North America: Precambrian Re-
search, v. 7, p. 1-98.

Hinze, W. J., Haimson, B. C., and Van Schmus, W. R., 1981,
The Illinois deep hole project—An overview [abs.]: EOS,
v. 62, no. 17, p. 387.

Hoppe, W. J., Montgomery, C. W., and Van Schmus, W. R.,
1983, Age and significance of Precambrian basement sam-
ples from northern Illinois and adjacent states: Journal of
Geophysical Research, v. 88, p. 7276-7286.

Krogh, T. E., 1973, A low-contamination method for hydrother-
mal decomposition of zircon and extraction of U and Pb
for isotopic determinations: Geochimica et Cosmochimica
Acta, v. 37, p. 485494,

Lidiak, E. G., Marvin, R. F., Thomas, H. H., and Bass, M.
N., 1966, Geochronology of the midcontinent region,
United States, pt. 4; eastern area: Journal of Geophysical
Research, v. 71, p. 5427-5438.

Ludwig, K. R. 1982a, Programs for filing and X-Y plotting
of isotopic and other data using an HP-9830 computer and
HP-9862 plotter: U.S. Geological Survey Open-File Report
OF 82-385, 23 p.

1982b, Programs for filing and plotting U-Pb isotope data
for concordia diagrams, using an HP-9830 computer and
HP-9862 plotter: U.S. Geological Survey Open-File Report
OF 82-386, 23 p.

McCulloch, M. T., and Wasserburg, G. J., 1978, Sm-Nd and
Rb-Sr chronology of continental crust formation: Science,
v. 200, p. 1003-1011.

50 Shorter Contributions to Isotope Research

McGinnis, L. D., and Ervin, C. P., 1974, Earthquakes and
block tectonics in the Iilinois basin: Geology, v. 2,
p. 517-519.

McGinnis, L. D., Heigold, P. C., Ervin, C. P., and Heidara,
M., 1976, The gravity field and tectonics of Illinois: Illinois
State Geological Survey Circular 494, 28 p.

Peterman, Z. E., 1979, Strontium isotope geochemistry of late
Archean to late Cretaceous tonalites and trondhjemites, in
Barker, Fred, ed., Developments in petrology, dacites, tron-
dhjemites, and related rocks: Amsterdam, Elsevier Scientific
Publishing Co., p. 133-147.

Silver, L. T., Bickford, M. E., Van Schmus, W. R., Anderson,
J. L., Anderson, T. H., Medaris, L. G., Jr., 1977, The
1.4-1.5 b.y. transcontinental anorogenic plutonic perfora-
tion of North America [abs.]: Geological Society of America
Abstracts with Programs, v. 9, no. 7, p. 1176-1177.

Steiger, R. H., and Jager, E., 1977, Subcommission on geo-
chronology; convention on the use of decay constants in
geo- and cosmochronology: Earth and Planetary Science
Letters, v. 36, p. 359-362.

Stuckless, J. S., Doe, B. R., and Delevaux, M., 1981, U-Th-Pb
isotope systematics and uranium distribution within granite
recovered from drill-hole UPH-3, northern Illinois [abs.]:
Geological Society of America Abstracts with Programs, v.
13, n. 7, p. 562.

Van Schmus, W. R., and Bickford, M. E., 1981, Proterozoic
chronology and evolution of the midcontinent region, North
America, in Kroner, A., ed., Precambrian plate tectonics:
Amsterdam, Elsevier Scientific Publishing Co., p. 261-296.

Van Schmus, W. R., Hoppe, W. J., and Montgomery, C. W.,
1981, Age and geologic significance of Precambrian base-
ment samples from northern Illinois and eastern Iowa [abs.]:
Geological Society of America Abstracts with Programs, v.
13, no. 7, p. 572.

Van Schmus, W. R., Medaris, L. G., Jr., and Banks, P. O.,
1975, Geology and age of the Wolf River batholith, Wis-
consin: Geological Society of America Bulletin, v. 86, p.
907-914.

Zimmermann, R. A., 1981, Where have all the sediments
gone?—Fission track dating of the Illinois deep hole core
[abs.]: Geological Society of America Abstracts with Pro-
grams, v. 13, no. 7, p. 588.



1986
U.S. GEOLOGICAL SURVEY BULLETIN 1622

SHORTER CONTRIBUTIONS TO ISOTOPE RESEARCH

A PROTRACTED ARCHEAN HISTORY IN THE
WATERSMEET GNEISS DOME,
NORTHERN MICHIGAN

Chapter F

By ZELL E. PETERMAN, R. E. ZARTMAN, and P. K. SIMS

CONTENTS

Page

Abstract . . . ... 52

Infroduefion. .« o « s v 6 0 5 6 60 5 5 v e s 4o e v E e A E LE @ E b E 53

ACKAOWICAEMENTS . - « s w s s e 0 s W F % %« B 2 66 5 6 6 8@ & ¢ o &% 34 53

Geologic framework . . . . . . . . .. ... ... 54

GeOChToNBlOBY « & « s = 5 ¢ v » 6 & v & 84 6 © 0 ¢ 8 6 # 5 & 8 & + 8 5 4 5 54

Samples and zircons . . . . . . ... .. ... 54

Results . . . . . . . .. 57

Uranium-lead discordance patterns . . . . . . . . ... ........ 59

Thorium-lead anomalies . . . . . . . . . . ... ... ......... 61

Geochronologic implications . . . . . . . . . . .. .. .. ... ...... 61

COnEluBIONS! < & 4 4 v o 5 = < 6 B s s B S E B EEE DA § T B E W s & 63

References Cited . « = o« v 4 o 5 v % & 5 & 2 « 2 o % 2 « 2 @« o o % 2 5 5 5 = s 63
FIGURES Page
F1. Geologic map of the Marenisco-Watersmeet area . . . . . . . . . . . . . . . ... ... ... .. 52
F2. Geologic map of the northern Watersmeet dome . . . . . . . . . . ... . ... ... ...... 53
F3. Back-scatter photograph of zircons from sample M321 . . . . . . ... . . ... ... ...... 56
F4. Concordia plot for zircons from Late Archean rocks . . . . .. .. .. .. ... ... ...... 57
F5. Concordia plot for zircons from Early Archean rocks . . . . . ... ... ... ... ...... 58
F6. Plot of 2°Pb versus **®U for zircons from Early Archean gneisses . . . . . . . ... ... ... 59
F7. Plot of multiepisodic lead-loss trajectories . . . . . . . . . . . . . ... 60
F8. Diagrammatic summary of radiometric ages . . . . . . . . . ... ... ... .. ... ..., 62

TABLES

Page
F1. Uranium-thorium-lead data for zircons . . . . . . . . . . . .. .. ... ... oL 55
F2. Microprobe analyses for light and dark phases of sample M321 . . . . . . ... ... ...... 56

A Protracted Archean History in the Watersmeet Gneiss Dome, Northern Michigan 51



Abstract

Uranium-thorium-lead dating of zircon from biotite
gneiss in the Watersmeet dome, northern Michigan,
adds to the previous data base for Early Archean core
rocks in this structural dome that was rejuvenated late
in Early Proterozoic time. The new data, together with
previously published data on tonalitic augen gneiss, de-
fine a chord with intercepts at 3.56 and 1.25 Ga (10°
years). Zircon from an amphibolite and gneiss unit are
dated at 2.64 Ga, establishing the presence of a volcanic
sequence that onlapped the older gneiss terrane during
the Late Archean. Consideration of the geologic history
and discordia relations for all the zircons suggests that
the observed systematics stem from multiple episodes
of lead loss. Zircons from Early Archean gneisses are
composed of two compositionally distinct domains that

89°45° 89°30°
46°30° -

46°15°

are present in oscillatory zones and as chaotic mixtures
of the two. One phase is essentially stoichiometric zir-
con (ZrSiQy), and the other is enriched in CaO, U, and
Th and may contain about 10 percent H,O. Discordance
patterns probably are related to differential lead loss
from these domains. Spurious Th-Pb ages indicate the
presence of phases or inclusions in some of the zircons
that have preferentially lost thorium relative to 2°*Pb.

The geochronologic results emphasize the exis-
tence of three major rock-forming and tectonic events
in this part of the Great Lakes tectonic zone: (1) forma-
tion of Early Archean gneisses—3.5 to 3.6 Ga; (2) accre-
tion of the Late Archean volcanic-plutonic belt—2.6 to
2.8 Ga; and (3) reactivation of the Early Archean base-
ment following blanketing by Early Proterozoic supra-
crustal rocks—1.7 to 1.8 Ga.
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Figure F1. Geologic map of the Marenisco-Watersmeet area, northern Michigan (modified from Sims and others,

1984).
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INTRODUCTION

Previous isotopic dating (Peterman and others,
1980) identified an Early Archean gneiss near Watersmeet
in the western part of the upper peninsula of Michigan.
The gneiss is in the core of a dome that was reactivated
during the Penokean orogeny and that is encircled by
Early Proterozoic supracrustal rocks—the Marquette
Range Supergroup. Late Archean rocks crop out a few
kilometers to the northwest of the dome and the interven-
ing area composes the Great Lakes tectonic zone (Sims
and others, 1980).

Uraunium-lead (U-Pb) zircon data established a
minimum age of 3.4 Ga (3.4x10° years) for a
polymetamorphosed tonalitic augen gneiss and an age of
2.6 Ga for less deformed leucogranite dikes that intrude
the augen gneiss and associated units within the dome
(Peterman and others, 1980). The effects of cataclasis and
recrystallization that accompanied rejuvenation of the
gneiss dome are recorded in Rb-Sr (rubidium-strontium)
whole-rock and mineral ages of about 1.75 Ga. Uranium-

lead zircon data for the Early Archean gneiss were not
readily interpretable in terms of either a single episodic
disturbance or continuous diffusion lead-loss model, so
that the minimum age of 3.4 Ga was based on the oldest
207pb/206Ph age obtained. Additional isotopic dating of the
major units in the Watersmeet dome was undertaken to
better understand the discordance patterns exhibited by the
U-Pb systems and to explore the possibility of Late Arche-
an depositional overlap on the older gneiss basement dur-
ing the formation of the Late Archean greenstone-granite
belt that is to the northwest.
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GEOLOGIC FRAMEWORK

The geology of the Marenisco-Watersmeet area (fig.
F1) represents a remarkably long and complex Archean
and Proterozoic history, and coordinated field and labora-
tory studies have established a chronologic framework of
rock-forming, tectonic, and metamorphic events that span
at least 2.5 Ga of Precambrian time. Gneiss in the
Watersmeet dome is part of an Early Archean sialic crust
that is extensive in the Lake Superior region (Sims, 1980).
Late Archean greenstone-granite terranes formed marginal
to this gneiss terrane in northern Minnesota and northern
Michigan about 2.7 Ga. In the Marenisco-Watersmeet
area (fig. F1), the Late Archean units are metasedimentary
and metavolcanic rocks that are intruded by the 2.65-Ga
Puritan Quartz Monzonite (Sims and others, 1977).

In Early Proterozoic time, the composite basement
of Early and Late Archean rocks was covered by extensive
sedimentary and volcanic strata of the Marquette Range
Supergroup, which subsequently were folded and
metamorphosed during the Penokean orogeny (about 1.8
Ga). Metamorphism and penetrative deformation during
this event increased in intensity from the northwest to the
southeast in the area (fig. F1). Locally, the older gneiss
basement rose diapirically to penetrate the overlying su-
pracrustal rocks. This deformation also produced two
major antiformal folds in the central and northwestern part
of the area with cores of Late Archean basement rocks.
In Middle Proterozoic time, the region was covered by
sedimentary and volcanic rocks of the 1.1-Ga Keweena-
wan Supergroup.

In this report we are concerned primarily with the
Archean units in the Watersmeet dome (fig. F2), and the
history of these units during the formation of the Late
Archean greenstone-granite belt to the northwest of the
dome. Some depositional overlap of Late Archean rocks
on the gneiss basement is inferred from field relations
(Sims, 1980; Sims and others, 1980). However, much of
the evidence of such overlap and of the structural fabric
that may have been imposed on the older gneisses during
the Late Archean event has been more or less obscured
by penetrative deformation and metamorphism that ac-
companied the Penokean orogeny.

Late Archean igneous activity is known to have ex-
tended into the gneiss terrane where it is manifested in
the dome by the 2.6-Ga leucogranite dikes. Small bodies
of granite northwest of the dome, previously called the
granite near Thayer, are now interpreted on the basis of
lithologic correlation to be satellite bodies of the main
mass of Puritan Quartz Monzonite. Tonalite gneiss origi-
nally included with the granite near Thayer and dated at
2.75 Ga (sample M147, Peterman and others, 1980) is
interlayered with amphibolite, forming a bimodal suite of
gneiss that is thought to be of volcanic origin.
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Field studies in the Watersmeet dome (Sims and
others, 1984) have delineated two major lithologic units
in addition to the augen gneiss and the leucogranite dikes
(fig. F2). Biotite gneiss crops out over an area of about
one-half square mile just west of the main body of augen
gneiss. Foliation and layering in this unit dip moderately
to steeply to the north. The unit consists mainly of alter-
nating thinly banded (on a scale of a few millimeters to
a few centimeters) and massive biotite gneiss (layers of
a meter or more thick). Interlayered amphibolite and bio-
tite gneiss constitute the second unit which crops out to
the north and south of the belt of biotite gneiss and augen
gneiss and at Brush Lake to the west (fig. F2). A minor
but distinctive unit of very fine grained biotite schist is
present as thin, elongate but discontinuous, interlayers in
the biotite gneiss. All these units are cut by leucogranite
dikes.

GEOCHRONOLOGY

Data for uranium-thorium-lead (table F1) were ob-
tained following a method modified from Krogh (1973)
of HF dissolution in teflon-lined bombs. Analytical uncer-
tainties (1 sigma) are estimated to be about +0.7 percent
for parent-daughter ratios and +0.05 percent for the
measured 2°’Pb/2%Pb. Isotope ratios and decay constants
used in the age calculations are those recommended by
the International Union of Geological Sciences Subcom-
mission on Geochronology (Steiger and Jager, 1977).

Samples and Zircons

Samples of about 15 kg (kilograms) were collected
from the biotite gneiss and schist unit and the amphibolite
and biotite gneiss unit in the Watersmeet dome (fig. F2).
Sample M321 is from an outcrop of thin- to thick-banded
biotite gneiss that has interlayers of fine-grained biotite
schist. In hand specimen, M321 is strongly banded with
thin, discontinuous leucocratic layers alternating with bio-
tite-rich layers that range in width from a few millimeters
to a centimeter or more. Sample M203 is from the biotite
gneiss component of the amphibolite and biotite gneiss
unit. The sample is a medium-grained biotite gneiss but
has thin layers of hornblende-rich gneiss.

Zircons were separated using a shaking table, heavy
liquids, and a magnetic separator. Concentrates were sized
on silk screens and final purification of splits (1-7 mg
(milligrams)) for isotopic analyses was done by hand pick-
ing. Clerici solution was not used in any of the steps
because of the previously observed difficulty of removing
this material even by acid leaching from highly fractured
zircons.



Table F1.  Uranium, thorium, and lead data for zircons

[Numbers in brackets are screen sizes for the fractions. NM, nonmagnetic fractions; ABR, abraded fraction; FLUX indicates sample decomposed
by flux technique. Data for sample MB83(100-150) are from Peterman and others (1980) and are included here for comparison with data for

sample  M83(100-150)ABR.  Isotopic

composition  of initial lead (Stacey and

Kramers, 1975) is assumed to be

204Pb;:206Ph;: 207pp;:208ph =1:11.42:13.25:31.45 for M83 and M321 series and 1:13.64:14.69:33.37 for M203 series]

Concentration Isotopic composition of lead Atom ratio
(parts per million) (atom percent) (age, in 106 years)
206p,  207pp  207pp  208py
Sample No. U Th Pb 204py,  206py,  207pp  208pp 233y 235y 206pp 2327y
M203:
(100-150) 773.4 215.7  342.0 0.075.  74.79 13.58 11,56 0.3790 8.8351 0.1691 0.1614
[2071] [2321] [2549] [3024]
(200-250) 607.5 204.9 303.1 0.044 75.851 13.68 10.43 0.4363 10.4233 0.1733 0.1493
[2334] [2473] [2589] [2812]
(200-250)NM 546.8 189.2 279.1 0.015 7753 13.86 8.59 0.4588 11.1564 0.1763 0.1343
[2434] [2536] [2619] [2547]
M321:
(+100) 1680.5 294,7  692.2 0.085 71,10 15.47 13.34 0.3356 9.4581 0.2044 0.2816
[1865] [2384] [2862] [5015]
(200-250) 1289.5 359.3 686.1 0.080 68.50 17.76 13.66 0.4176 14,2240 0.2470 0.2391
[2250] [2765] [3166] [4333]
(200-250)FLUX 1288.7 403.3 692.0 04091 64,99 17.41 14,51 0.4176 13.9310 0.2420 0.2246
[2249] [2745] [3133] [4095]
(200-250)NM 1162.3 875:2 10547 0.046 71.46 19.81 8.69 0.5003 18.6684 0.2706 0.1529
[2615] [3025] [3310] [2878]
(=400) 1209.5 544,7  580.7 0.086 69.46 16,09 14,36 0.3818 11.4928 0.2183 0.1396
[2085] [2564] [2968] [2641]
M83:
(100-150) 520,2 170.2 347.8 0.010 71.06 20.63 8.30 D.5511 21.9498 0.2889 0.1834
[2830] [3182] [3412] [3404]
(100-150)ABR 516.1 203.4  398.2 0.008 70.32 21.04 8.63 0.6294 25,8702 0.2981 0.1844
[3147] [3342] [3460] [3422]

Zircons from sample M321 closely resemble those
from the tonalitic augen gneiss (samples D1042 and M83,
Peterman and others, 1980) in shape, crystal-face develop-
ment, internal structure, and color. They are amber to
dark brown and have relatively simple prismatic and
pyramidal faces. Fine-scale zoning parallels the principal
crystal faces. Euhedral apatite inclusions are present, frac-
tures are common, and many grains have zones with dis-
seminated fine opaque inclusions.

A split of the 200-250 mesh fraction of sample
M321 was examined under the electron microprobe, re-
vealing the presence of two distinctive phases that are
present both as sharply bounded zones and in domains
in which the two types form a chaotic microbreccia, usu-
ally in the centers of the grains. In back-scatter radiation
images, these phases appear as light and dark domains
(fig. F3). Microprobe analyses (table F2) indicate that the
light phase is uniform in composition, low in trace ele-

ments, and is essentially stoichiometric zircon in which
the major oxides sum to 100 percent. The dark phase
is more complex compositionally and contains an addi-
tional 9-10 percent of undetermined elements. Nothing
was detected with the energy dispersive system in suffi-
cient concentration to account for this deficit. The propor-
tions of Zr:Hf:Si are nearly the same in both phases, but
the dark phase contains appreciable Ca. In this phase,
the P,Os content is insufficient to explain the Ca as being
contained in apatite inclusions or intergrowths. Thorium
and uranium were not detected in the light phase (detec-
tion limit is about 0.03 percent UO, and 0.07 percent
ThQO,). These elements are present in variable amounts
in the dark phase, ranging from below the detection limit
to 0.48 percent ThO, and to 0.33 percent UO,, with aver-
age values of 0.11 and 0.21, respectively. The sharply
defined zones of light and dark phases (fig. F3) corre-
spond to the well-developed zoning seen in transmitted
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Figure F3. Back-scatter radiation photographs of zircons from sample M321(200-250 mesh fraction). The “light”
and “dark” zones correspond to the phases indicated in table F2.

light. The chaotic domains appear as turbid zones in plane
light and have uniform but speckled interference colors

under crossed nicols.
Some grains from sample M32l show radiating frac-

tures emanating from their cores. Many of these fractures
are filled with the dark phase in continuity with the dark
phase in the regular zones and in the chaotic milieu. This
feature gives the impression of expansion of the dark
phase producing fracturing and then infilling of this mate-
rial in the fractures. The fractures could have resulted
from hydration and expansion of the dark phase, which
also would account for the missing 9-10 percent in the
analyses (table F2). Hydrated phases in zircons are com-
mon (see Speer, 1980), and Sommerauer (1979) has ob-
served that the nonstoichiometric phases of complex zir-
cons may contain as much as 10 percent H,O.

Zircons from sample M203 are lighter in color, op-
tically more uniform, and generally appear to be less de-
graded than those from sample M321. They show simple
prismatic and pyramidal faces but are more elongate, on
the average, than the M321 zircons. Fine zZoning is present
and all the grains have abundant fractures. Back-scatter
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Table F2. Microprobe analyses for light and dark phases
of zircon from the magnetic 200-250 mesh fraction of
sample M321(200-250)M

[Minimum detection limit for minor elements is about 0.05 percent]

Oxide Light phase Dark phase
(3 analyses) (8 analyses)
810, 32.4 29.0
Zr0y 66.0 56.5
HEO9 1.03 1.08
U0, 0.00 0.21
ThO, 0.00 0.11
Ca0 0.00 1.85
P,y0g 0.01 0.14
Y504 0.28 0.79
L3.203 0.08 0.08
Ce203 0.00 0.14
Sum——==~=- 99.8 89.9




radiation images show no evidence of compositional zon-
ing or the presence of distinct domains. In polarized light,
the zircons are characterized by uniform high bire-
fringence throughout the grains. Euhedral apatite inclu-
sions are common.

Compositionally distinct domains or zones within
zircons are of particular interest because of the implica-
tions to the discordance mechanism in the U-Th-Pb sys-
tems (see summaries of pertinent literature by Speer,
1980; Gebauer and Grunenfelder, 1979). Generally, the
less pure phases are higher in uranium, have greater mag-
netic susceptibilities, and yield more discordant ages than
the stoichiometric phases.

Results

Data for samples M203 and M321 are plotted with
data for previously analyzed samples on figures F4 and
FS, respectively. Three fractions of M203 are alined along
a chord with intercepts at 2.64 and 0.63 Ga. These data
clearly place the amphibolite and biotite gneiss unit in
the Late Archean with the leucogranite (sample M45) and
the bimodal gneisses (sample M147) northwest of the

dome. Sample M112 (fig. F4) is also from the amphibo-
lite and biotite gneiss unit (fig. F4), but the data point
departs considerably from the chord defined by sample
M203. For all three of these arrays, we are omitting the
statistical uncertainties derived from the regression calcu-
lations. Because of the small sample population and the
scatter in excess of analytical error, the statistical uncer-
tainties are magnified to the extent that they have little
geologic significance. As will be developed later, the scat-
ter, including the deviation of sample M112, probably is
related to the Early Proterozoic event at about 1.8 Ga
reflected in the Rb-Sr ages, and, locally, in totally reset
zircon ages (Peterman and others, 1980).

Data for size and magnetic fractions of sample
M321 (fig. F5) establish the biotite gneiss and schist unit
as Early Archean and indistinguishable in age from the
tonalitic augen gneiss. Excluding sample M83
(200-270)NM, data for both units define a chord with
intercepts at 3.56+0.04 and 1.25+0.09 Ga using Lud-
wig’s (1982) regression program. Excessive scatter of the
points is indicated by an MSWD (mean square of the
weighted deviates) of 24.
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Figure F4. Uranium-lead concordia plot for zircons from Late Archean rocks. Data for samples M45
(leucogranite), M112 (amphibolite and gneiss unit), and M147 (bimodal gneiss unit) are from Peterman
and others (1980). Mesh-size fraction of sample is indicated in parentheses. NM, nonmagnetic fraction.
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Figure F5.

Uranium-lead concordia plot for zircons from Early Archean gneisses of the Watersmeet dome.

Sample M321, biotite gneiss; samples M83, D1042, augen gneiss. Except for M83 (100-150)ABR, data are
from this paper (table F1) and from Peterman and others (1980). Mesh-size fraction of sample is indicated
in parentheses. NM, nomagnetic; ABR, abraded; FLUX, sample decomposed by flux technique.

Sample M83 (100-150)NM-ABR was prepared by
mechanically abrading (for example, Krogh, 1982) a split
of a previously analyzed sample (table F1) to remove less
competent and metamict material or outer zones that may
have been enriched in uranium. A 6.7-mg sample was
abraded for 20 minutes in a diamond-lined sphere-former,
and 1.6 mg of zircon was recovered for analysis. The
procedure resulted in fragmentation of most of the crystals
and substantial rounding of these fragments. A few sur-
vived as whole crystals but these were strongly frosted
and corners were rounded.

As shown by the position of the two points on fig-
ure F5, the abrading process removed material that was
more discordant than the initial fraction. The higher U-Pb
ages in the abraded material result from greater amounts
of radiogenic *°°Pb and ?°’Pb. The higher 2°*Pb is com-
pensated by a higher thorium content, with the net result
that the Th-Pb ages are nearly the same before and after
abrading. The location of the material removed during the
abrading is calculated and is shown on figure F5.

These results suggest that the original fraction of
sample M83 (100-150)NM contained grains or phases
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within grains with discrete 2°7Pb/*®Pb. Insofar as can be
determined within the errors, these phases would have
been alined along the 3.56- to 1.25-Ga chord. The results
of this experiment contrast with those obtained in a leach-
ing study previously done on a split of the same sample
(Peterman and others, 1980). The zircons were given a
mild wash in HCl and HNO; followed by partial dissolu-
tion in HF at atmospheric pressure. The radiogenic 2°’Pb/
205ph were found to be little changed in the leachates
and residual material although a slight reverse discordance
was induced in the residue from HF leaching and the ura-
nium and thorium contents were substantially lower in the
residue.

The zircon data for the Early Archean units show
the commonly observed relation between discordance and
uranium content as illustrated in figure F6. A similar pat-
tern exists for the Late Archean zircons (not shown). De-
parture of the points from the 3.6-Ga isochron is in the
direction of 2*U gain or 2*Pb loss. The lowest value
data point near the isochron is the HF-leached residue
of sample M83 (100-150)NM (Peterman and others,
1980). Development of this pattern through gain of >**U



2.8 — |
2.4 |— o o -

20— —

206pp, (10-¢MOLES PER GRAM)
>
[
[o]
o
|

0 | | I | | | I
o] 2 4 6 8
238(J (10-6MOLES PER GRAM)

Figure F6. “°°Pb versus 28U for zircons from Early Arche-
an gneisses. Data are from this paper (table F1) and from
Peterman and others (1980). A 3.6-Ga isochron is shown
for reference. The departure of points from the isochron
can be explained by loss of ?®Pb in approximate propor-
tion to the 28U content.

would require an addition in an amount roughly propor-
tional to that originally present. More likely, the pattern
has resulted from loss of 2°Pb as a consequence of radia-
tion damage that is proportional to the amount of 238U,
although some degree of uranium mobility cannot be ruled
out. The general trend of the data array with the nearly
condordant value for the HF-leached sample suggests that
there may be a “threshold” concentration of uranium of
about 1-2X10™° moles per gram of 23U below which
the zircons would have remained closed in spite of multi-
ple thermal events later in their history.

Uranium-Lead Discordance Patterns

The discordance patterns shown by data for the vari-
ous rock types (figs. F4 and F5) cannot be explained by
one-event episodic or continuous diffusion models of lead
loss, because all the suites show excessive scatter greater
than analytical error and the lower intercepts are not con-
sistent with either of these models. Zircons from the Late
Archean units are disposed about chords with lower inter-
cepts in the interval of 0.7+0.1 Ga, whereas the chord
for the Early Archean zircons intersects concordia at
1.25+0.09 Ga. The latter age might be attributed to dis-
cordance imposed during an early phase of Keweenawan
activity, but this is special pleading and does not explain
the intercept of the Late Archean arrays. Extrapolation
of the near-linear interval of Tilton’s (1960) continuous
diffusion curve from a primary age of 2.65 Ga would
intersect concordia at 0.58 Ga, which is compatible with
the value of 0.7+0.1 for the Late Archean arrays. How-
ever, extrapolation from a primary age of 3.60 Ga gives
a lower intercept of 0.85 Ga, clearly lower than the value
for the Early Archean zircons. Extension of radiation-

damage dependent curves (Wasserburg, 1963) would in-
tersect concordia at even lower values.

In the ensuing discussion we will consider the ef-
fects of discordance produced by multiple disturbances.
This will be done in the context of the known geologic
framework as deduced from the field relations and the
isotopic age data. Systematic lead loss or uranium gain
during multiple disturbances can produce spurious chords
with upper and lower intercepts that may not correspond
to the ages of any of the events (see Gebauer and Grunen-
felder, 1979).

All the rock units have had the same post-Archean
history except in local zones of high strain. In addition,
the Early Archean gneisses were deformed and
metamorphosed during the Late Archean event. In consid-
ering a multiepisodic model for the Watersmeet zircons,
we will set the primary age and the time of disturbances,
and consider the effects of varying degrees of discordance
imposed during these events. Data other than the upper
intercept of the chord (fig. F5) indicate that the Early
Archean gneisses are about 3.5-3.6 Ga. A firm minimum
age of 3.46 Ga is provided by the least discordant fraction
of sample M83 (table F1). Samarium-neodymium model
ages, recalculated to revised chondrite constants of Jacob-
sen and Wasserburg (1980) are as follows: 3.50 Ga for
augen gneiss sample D1042 (McCulloch and Wasserburg
(1980); and 3.78 Ga for augen gneiss sample M83 and
3.43 for biotite gneiss sample D1395 (Futa, 1981). A
lutetium-hafnium model age of 3.51 Ga is reported by
Patchett and others (1981) for a fraction of M83 zircon.
Collectively, these numbers suggest that the primary age
of the gneisses is probably close to the upper concordia
intercept of 3.56 Ga (fig. F5).

The Late Archean event corresponds to the forma-
tion of the greenstone-granite belt northwest of the dome,
intrusion of the Puritan Quartz Monzonite and satellite
bodies at about 2.65 Ga, and deformation and metamor-
phism. Relict mineral assemblages in Late Archean meta-
graywackes immediately north of the dome indicate that
that metamorphic event was at amphibolite grade (Sims
and others, 1984). The major thermotectonic event at 1.7—
1.8 Ga, attendant with formation of the dome, is recorded
in whole-rock and mineral Rb-Sr ages and by concordant
zircon of 1.76 Ga from strongly cataclasized gneiss at
the western end of the dome (Peterman and others, 1980).
This event also was at amphibolite grade. The timing of
more recent lead loss, as required by the zircon arrays,
is more difficult to establish. The last regional uplift and
cooling of the terrane was at about 0.5 Ga as indicated
by apatite fission-track ages (R. Zimmermann, oral com-
mun., 1980). We will assume that lead was lost at this
time, perhaps related to a dilation process (Goldich and
Mudrey, 1972).

The effects of multiepisodic lead loss on zircon ar-
rays are discussed by Wetherill (1956, 1963), Allegre and
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others (1974), and Aftalion and van Breeman (1980). If
near-linear arrays are produced by multiple events, the
discordance imposed on a particular sample during one
event must be related in some systematic fashion to that
imposed during earlier or later events. Discordancy is ex-
pressed by the term R=(D/P),/(D/P), where D and P refer
to daughter and parent isotopes, and a and b refer to im-
mediately after and immediately before the event, respec-
tively. One method of relating R’s is R|=R;*=Ry . . .
where the subscripts, 1, 2, and 3 . . ., are sequential
events and x and y are exponents that describe the discor-

dance relations.
In evaluating the multiepisodic model for the Early

Archean units, we assign the following values for the pri-
mary age and the subsequent events: T,=3.60 Ga,
T,=2.70 Ga, T,=1.76 Ga, and T5=0.50 Ga. In estimat-
ing relations between R;, R,, and R3, we note the correla-
tion between uranium content and degree of discordance
(fig. F6). The time intervals of 7,-T; and T,-T, are of
nearly the same duration. By assuming similar intensities
of events at T, and T, and by ignoring slightly greater
radiation doses in the interval T,~T;, we will define the

0.8 , i :

relation of lead loss simply as R;=R,. To complete the
exercise, R; is defined in terms of R, and R, for three
different cases:

Case 1: R1=R2=R3
Case 2: R,=R,=R3?
Case 3: R1=R2=R30’5

The trajectories for these three cases are shown on figure
F7 with the data points for the zircons. Most of the points
are in a zone bounded by curves for case 1 and case
2, and, within the range of the data set, the curvatures
of these trajectories are relatively slight. Data for the zir-
cons from Late Archean rocks also can be explained by
this model for which T, ranges from 2.60 to 2.80 Ga
with T; at 1.76 Ga and T, at 0.50 Ga. These arrays are
best explained by a case 1 calculation in which R;=R,.
Although not constituting proof, these calculations show
that the present disposition of zircon data for these rocks
is consistent with having evolved through multiple
episodes of lead loss in a fairly systematic fashion, and

02 4
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R,=R,=R;

R,=R,=R;0-%
T,=3,600 Ma
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Figure F7. Calculated trajectories for multiepisodic lead loss as discussed in the text.
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that the different lower intercepts can be explained by
this mechanism.

Thorium-Lead Anomalies

Several Th-Pb ages previously reported (Peterman
and others, 1980) are remarkably close to the 2°’Pb/2°Pb
ages, rather than to the 2°Pb/2*U ages as would be
expected by nonfractionating lead loss from one-phase
systems (Steiger and Wasserburg, 1966). These ages now
appear to represent a general anomaly in the Th-Pb sys-
tems further illustrated by spurious ages (impossibly old)
for two fractions each of samples M321 and M203 (table
F1).

The Th-Pb anomaly was first detected in sample
M321 (200-250) which gave an apparent Th-Pb age of
4.33 Ga. A second hand-picked part of this sample was
reanalyzed using the older flux method in case some phase
was not completely decomposed in the bomb with HF.
The uranium and uranogenic-lead contents agree within
errors in both splits (table F1). The thorium content of
the fluxed sample is higher, but the 2°®Pb content also
is higher, with the net result that the Th-Pb age still is
anomalously high although slightly lower, at 4.10 Ga. Be-
cause of the small size of the samples used, their exact
identity cannot be verified even though the uranium-lead
results reproduced adequately. The differences in the
thorium-lead results are, therefore, attributed to in-
homogeneous distribution of thorium and 2°®Pb in the two
splits, rather than to analytical problems with the bomb
decomposition. These anomalous Th-Pb ages prompted
the microprobe analyses, described earlier, to search for
a thorium-rich phase in the zircons. No thorium “hot
spots” were found, although thorium seems to be variably
enriched in the nonstoichiometric phase of sample M321
(table F2).

Several lines of evidence indicate that the spurious
Th-Pb ages are related to phases or inclusions within the
zircons. The presence of discrete grain impurities in the
separates is ruled out, as the separates used for analyses
were hand-picked, acid-washed, and then checked again
for purity. Also, the magnitude of the thorium-age “anom-
aly” correlates with physical and magnetic properties of
the separates. For example, the difference between the
Th-Pb and the 2*°Pb/>**U ages increases with increasing
magnetic susceptibility for samples where such data
exist—MB83 (200-270), M321 (200-250), and M203
(200-250)—with the Th-Pb age always being the greater
of the two. Abrading of sample M83 (100-150)NM sig-
nificantly reduced the difference in these two ages
suggesting that the suspect phase is contained in the phys-
ically less-competent material. Leaching of this fraction
with HCI and HNO; removed unsupported 2%*Pb, although
the total mass removed was quite small (Peterman and
others, 1980).

Microcline from sample M321 was analyzed to de-
termine if excess 2°°Pb may have been present in the rock
during the 1.7- to 1.8-Ga metamorphism and recrystalli-
zation. The results are:

U (ppm)=0.27 2°Pb/>**Pb=16.947 (16.831)
Th (ppm)=0.86 2°’Pb/***Pb=16.210 (16.198)
Pb (ppm)=44.3 208Pb/20%Pb=136.485 (36.373)

The numbers in parentheses are the lead-isotope ratios
corrected for growth of radiogenic lead since 1.76 Ga,
the time of metamorphism indicated by concordant zircon
from sample M48 (Peterman and others, 1980). These
data show that the lead in the feldspar equilibrated, par-
tially or totally, with the rock-reservoir lead in the Early
Proterozoic.

Although the 2°8Pb/2%Pb in the feldspar is substan-
tially higher than that assumed (31.45) for making com-
mon lead corrections on the zircon data, the effect on
the 2*?Th/2%®Pb ages is relatively small and is insufficient
to explain the spurious values by equilibration with a high
208pp-reservoir at 1.7-1.8 Ga or earlier.

Collectively, these observations suggest that phases
or inclusions in the zircons have preferentially lost
thorium relative to 2°*Pb during one or more of the events
that disturbed the U-Pb systems. The amount of thorium
loss for some samples is considerable. For example, sam-
ple M321(+100) with a Th-Pb age of 5.02 Ga, would
require 586 ppm thorium, in contrast with the actual con-
tent of 295 ppm, to support the 2%®Pb at an age compara-
ble to the 2°°Pb/238U age. Although of considerable inter-
est, we have not pursued this anomaly further.

GEOCHRONOLOGIC IMPLICATIONS

The new data reported here refine the temporal
framework for units and events within this part of the
Great Lakes tectonic zone. Isotopic ages cluster in inter-
vals of 1.72-1.82 Ga, 2.60-2.75 Ga, and 3.50-3.60 Ga
and record the major rock-forming and tectonic events in
this zone (fig. F8).

In northern Michigan and adjacent Wisconsin, Early
Archean rocks have been identified thus far only in the
Watersmeet dome, although the terrane is undoubtedly
much more extensive in the sub-Proterozoic basement.
Isotopic resolution at 3.5-3.6 Ga is poor because of the
effects of multiple thermal and tectonic overprints as well
as the simple time magnification of relatively small
analytical uncertainties in the determinations. However,
the additional zircon data for the biotite gneiss unit (sam-
ple M321) in the Watersmeet dome allows a less ambigu-
ous designation of the primary age than was possible pre-
viously (Peterman and others, 1980). Even with the likeli-
hood of discordance imposed by multiple episodes of lead
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Michigamme and Copps Formations (Early Proterozoic)
Rb-Sr whole rock isochron’

Puritan quartz monzonite (Late Archean)
Rb-Sr whole rock isochron?

Metagraywacke (Late Archean)
Rb-Sr model age’

Gneiss and amphibolite unit {Late Archean)
Rb-Sr whole rock and mineral isochron3
U-Pb zircon discordia3

Watersmeet dome
Leucogranite dikes (Late Archean)
U-Pb zircon discordia3

Interlayered amphibolite and gneiss (Late Archean)
U-Pb zircon discordia*

Biotite gneiss unit (Early Archean)
Rb-Sr whole rock and mineral isochron?
U-Pb “metamorphic” zircon?
U-Pb zircon discordia*

Tonalitic augen gneiss {Early Archean)
Rb-Sr whole rock and mineral isochron?
U-Pb zircon discordia*

Nd-Sm model age®
Lu-Hf model age (zircon)®

1Sims and others (1984). 1.6
2Sims and others {1977).

3peterman and others (1980).

4This paper.

5McCulloch and Wasserburg (1980); Futa (1981).

6patchett and others (1981).
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Figure F8. Summary of radiometric ages in the Watersmeet-Marenisco area. The dashed bar indicates the

uncertainty in the model age.

loss, as discussed earlier in the paper, we can conclude
with some confidence that the age of the augen gneiss
and associated biotite gneiss is most likely to be about
3.6 Ga.

Evidence of thermotectonic events in the interval
from 3.6 Ga to the Late Archean has not been found.
There may have been such events, but their isotopic or
lithologic products have been so modified by Late Arche-
an or Early Proterozoic overprinting that they are no
longer recognizable, or this Early Archean terrane may
indeed have had a long history (about 3.6-2.8 Ga) of
thermal and tectonic stability.

The Late Archean event, 2.60-2.75 Ga (fig. F8),
was manifested in volcanism, partly submarine, clastic
sedimentation in rapidly subsiding troughs, folding and
metamorphism, and extensive granitic plutonism. In the
Archean rocks southeast of Marenisco (fig. F1), the zircon
age of 2.75 Ga represents accumulation of a bimodal se-
quence of volcanic rocks now metamorphosed to inter-
layered felsic gneisses and amphibolites. A similar as-
semblage, but perhaps slightly younger, onlapped the
older gneiss terrane, and this unit is dated by zircon from
sample M203 at 2.64 Ga. The significance of the apparent
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age difference between 2.64 and 2.75 Ga depends upon
the influence of the 1.76-Ga event on the discordia pat-
terns as previously discussed. Although the apparent con-
cordia-intercept values may be slightly lower than the real
ages, the difference between the two rock sequences prob-
ably is real. Accumulating data for greenstone belts in
the Superior Province indicate protracted volcanic his-
tories in some areas (Davis and others, 1980; Nunes and
Pyke, 1980; Nunes and Thurston, 1980; and Nunes and
Wood, 1980), although in others extremely thick se-
quences were erupted over short intervals of time (Nunes
and Jensen, 1980). The Puritan Quartz Monzonite,
emplaced late in the cycle, is typical of the granitic com-
ponents of Late Archean greenstone-granite belts. Leuco-
granite dikes in the Watersmeet dome are considered to
be related to this period of granitic plutonism.

The geologic record between the time of stabiliza-
tion of the composite Archean crust and the inception of
deposition of the Marquette Range Supergroup is lacking
in this area. By analogy with northern Minnesota (Goldich
and others, 1961), the Archean basement probably had
stabilized by 2.5 Ga. The depositional interval of the Mar-
quette Range Supergroup is not firmly established, but



an upper age of about 1.9 Ga commonly is accepted based
largely on correlative volcanic rocks in Wisconsin (Van
Schmus, 1980). In the Marenisco-Watersmeet area, these
supracrustal rocks were deformed and metamorphosed
during the Penokean orogeny. In the Watersmeet dome,
ages between 1.72 and 1.76 Ga (fig. F8) represent diapiric
uplift and locally concentrated shearing and cataclasis of
the core rocks. Earlier formed structures in the Archean
rocks were overprinted and locally obliterated by this tec-
tonism. The 1.72— to 1.76-Ga Rb-Sr whole-rock and min-
eral ages and U-Pb ages of metamorphic zircon for rocks
in the dome are slightly lower than the main phase of
the Penokean orogeny as defined in central Wisconsin by
the eruption of volcanic rocks and the emplacement of
synorogenic intrusions between 1.82 and 1.86 Ga (Van
Schmus, 1980). In Minnesota, igneous activity was con-
tinuous in the interval of 1.75-1.85 Ga (Goldich, 1981),
and in central Wisconsin, late- to post-orogenic granites
were emplaced at 1.76 Ga. The penetrative deformation
and diapiric uplift of the core of the Watersmeet dome
appears to be synchronous with this anorogenic magmatic
event. Apparently, Penokean stresses continued to be fo-
cused along the Great Lakes tectonic zone 60-100 Ma
after synorogenic plutonism had ceased to the south.

CONCLUSIONS

Additional isotopic dating of zircons from gneisses
in the core of the Watersmeet dome has refined the tem-
poral framework of events that are recorded in this small
inlier of Early and Late Archean rocks:

1. Early Archean rocks in the dome are tonalitic
augen gneiss and layered to massive biotite gneiss. Ura-
nium-lead data for zircons from these units define an ap-
proximately linear relation on a concordia diagram with
intercepts at 1.25 and 3.56 Ga. The upper intercept is
thought to be close to the primary age. The near-linear
array of points is interpreted to be the result of systematic
lead loss in response to events at 2.7 Ga, 1.8 Ga, and
during a younger event, perhaps 0.5 Ga. Consequently,
the lower intercept of 1.25 Ga has no geologic signifi-
cance. The zircons from these gneisses are composed of
two discrete phases associated in fine zoning and in chao-
tic mixtures. One phase is stoichiometric zircon, and the
other contains appreciable calcium and probably is hydra-
ted. The nonstoichiometric phase has probably lost more
radiogenic lead, relative to uranium, than the stoichiomet-
ric phase.

2. Uranium-lead data for zircons from an inter-
layered gneiss and amphibolite unit in the dome establish
the age as Late Archean (2.64 Ga) indicating that volcanic
rocks were deposited at least locally on the older gneiss
basement during the formation of the marginal Late Ar-
chean greenstone belt. All units in the dome are cut by

leucogranite dikes dated at about 2.6 Ga. The Late Arche-
an zircons also were affected by an event at about 1.8
Ga and at a more recent time. However, the upper inter-
cept ages probably are close to the primary ages of the
units.

3. Thorium-lead ages of several fractions of Early
and Late Archean zircons are impossibly old. Analytical
problems and addition of 2*®Pb are ruled out as causative
factors. More likely, the Th-Pb age anomalies are the re-
sult of inclusions or domains in the zircons that have pref-
erentially lost thorium relative to °Pb during one or more
of the events that disturbed the U-Pb systems.
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Abstract

Rubidium-strontium analyses of whole-rock sam-
ples of staurolite-biotite schist cored in a hole drilled
near Bristol, South Dakota, indicate an Archean age
(>2,500 million years) for the basement rock. Low-grade
metamorphism has altered biotite to chlorite, staurolite
to sericite, and garnet to chlorite and sericite. The north-
easterly trend of the basement rocks in South Dakota,
as determined from geophysical surveys, is alined with
the structural trend of the Precambrian basement of Min-
nesota, and the rubidium-strontium age permits correla-

PROTEROZOIC

Sioux Quartzite, exposed in Sioux
Falls area

Silicic volcanics
PROTEROZOIC AND ARCHEAN
Metamorphic belts, undivided

————— INFERRED FAULT
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Figure G1.
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tion of the staurolite-biotite schist with Archean
metasedimentary rocks in northern Minnesota and in the
Rainy Lake district of Ontario, Canada. The new data
suggest that a regional high-grade (amphibolite facies)
metamorphism may have affected the Archean
metasedimentary and metavolcanic rocks in a broad belt
extending from Ontario southward into northeastern
South Dakota. The regional metamorphism was followed
by the emplacement of postkinematic granitic rocks that
in northern Minnesota and southwestern Ontario have
been dated at about 2,650 Ma. Similar 2,600-Ma post-
kinematic rocks are present in the Minnesota River Val-

Granite Falls
1802

MlNNESOTA

43°

50 100 KILOMETERS
|

T
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Geologic map of the Precambrian rocks of east-central South Dakota (from Lidiak, 1971) showing location

of drill-hole site near Bristol. Isotopic ages are from the present paper and from Goldich and others (1966, 1970).
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Table G1. Modal analyses of staurolite-biotite schist

[Modes are volume percentages based on 300 or more points. Leaders (---), not found on point-count traverses; tr, less than 0.3 percent]

Sample No.--—--————- 1613 1618 1628 1640 1663 1667 1672 1680 1695 1707 1827 1830 1952
Quartz---—————-—— -— 20 27 29 23 32.4 35 35 40 35 19 21.7 32.3 31.4
Plagioclase———————- 41 10 7 22 18.1 25 17 7 8 15 39.5 42,4 20.4
Biotite———————-—-— 24 12 9 12 20.9 29 13 22 36 18 17.8 22.3 7.4
Chlorite———======== 5 33 31 25 0.5 tr 27 0.2 3 2 0.4 1.5 19.6
Staurolite—-—-——===== ——- -— —_— —-_— 20.9 5 —-— 18 5 25 12.3 -— -——
Garnet=-~——--—=—-——— tr - tr tr —-— 0.5 - 2 —-— -— 1 - ———
Opaque minerals-—-- 0.3 6 0.6 7 1.6 3 5 2 — - 1 1.2 2.6
Sericite————====—m= 9 5 23 6 5.3 === 1 4 3 13 6 -— 16.4
Muscovite~-————==——- 0.4 5 - 2 —-— —_— -— 1 4 2 -— -—= -
Potassium-feldspar- --- == —— ——= — —-_— — -_— — - -— - 1
Tourmaline————————- 0.3 1.5 0.3 3 0.3 2 2 4 3 1 0.4 0.3 1
Zircon———————————=—= ——— 0.5 - —-— —_— tr — —_— 3 — —-—— —-—= tr
INTRODUCTION ples, including a biotite concentrate, were analyzed

This paper presents the results of Rb-Sr (rubidium-
strontium) dating of staurolite-biotite schist and amphibo-
lite cored in a hole drilled about 1 mi (mile) east of Bris-
tol, northeastern South Dakota (fig. G1). A magnetic
anomaly found in a vertical-intensity magnetometer survey
by the South Dakota Geological Survey (Petsch, 1965,
1967) was investigated by the American Metal Climax
Company?, and two holes were drilled on the anomaly
in 1964. One hole penetrated about 1,556 ft (feet) of gla-
cial drift and Mesozoic strata before reaching Precambrian
crystalline basement rock, of which 403 ft was cored.
On expiration of its lease, the company transferred this
core to the South Dakota Geological Survey. The core
was studied by Baron (1971), and, during the course of
this work, in 1970, he visited the Little Falls area in Min-
nesota to examine exposures of the Proterozoic staurolite
schist that had been dated by the K-Ar (potassium-argon)
method at about 1,600 Ma (million years) (Goldich and
others, 1961, p. 104). By chance Baron and Goldich met
on an outcrop in Little Falls and they agreed that
radiometric dating of some samples from the Bristol core
would be undertaken at Northern Illinois University in De-
Kalb, Ill. The work at Northern Illinois University was
done by J. R. Richards (J.R.R.) who at the time was
Visiting Professor of Geology on leave from the Austra-
lian National University. The preliminary age obtained
from an isochron of six samples was 2,500 Ma, which
indicated that the staurolite-biotite schist basement of
northeastern South Dakota is of Archean age and is not
correlative with the staurolite schist of the Little Falls
area, Minnesota.

Recently, the samples that were originally analyzed
at Northern Hllinois University and some additional sam-

3Use of company and trade names is for descriptive purposes only
and does not imply endorsement by the U.S. Geological Survey.,

Age of the Basement Staurolite-Biotite Schist of Northeastern South Dakota

(J.R.R.) in the geochronologic laboratory of the Research
School of Earth Sciences, Australian National University.
Description of the core, modal analyses, and other
mineralogical data are from Baron (1971). The final man-
uscript was prepared in Denver by S. S. Goldich.
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LOCATION OF DRILL HOLE SITE AND
DESCRIPTION OF CORE

The drill hole 1 mi east of Bristol in Day County,
S. Dak. (fig. G1) is situated in the NEVaNEV4aSW4 sec.
29, T. 122 N., R. 57 W. (lat 45°20.9' N., long 97°42.3'
W.). The basement schist was cored (diameter, ~ 1.5 in.)
with approximately 95 percent recovery, and, on the aver-
age, about 6 in. (inches) of core was missing from each
box that contained 10-ft sections. For this reason, the
depth below the surface of the midpoint of each sample
taken from the core is given to the nearest foot, and this
depth is used as the sample number (table G1, fig. G2).

The Bristol core is a fine-grained porphyroblastic
staurolite-biotite-plagioclase-quartz  schist with minor

amounts of opaque minerals (magnetite-ilmenite), garnet,
tourmaline, calcite, and accessory zircon and apatite. The
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Figure G2. Vertical section of core of staurolite-biotite
schist near Bristol, S. Dak. (fig. G1) showing position
from which samples were taken. Numbers are those as-
signed to samples and represent depth, in feet. Degree
of alteration of staurolite in rubidium-strontium samples:
s <10 percent; m, ~25 percent; e, 70-85 percent. Sam-
ple 1738B, biotite concentrate; Act, actinolite schist; Hbl,
hornblende schist.
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name staurolite-biotite schist is used here for convenience.
Throughout the length of the core the staurolite is altered
in part or completely to sericite, biotite to chlorite, and
garnet to chlorite or to sericite and chlorite. Modal
analyses of 300 or more point counts of nine samples
from the interval between 1,600 and 1,700 ft (fig. G2)
show large differences in mineral composition. Although
thin sections were examined, only a few modal analyses
(table G1, fig. G2) were made of the core below 1,700
ft. Sampling of the core for Rb-Sr analyses, however,
was more evenly distributed over the length of the core
(fig. G2).

Table G2. Rubidium-strontium analytical data for whole-
rock samples

Concentration
Sample (microgram/gram) Atomic ratio
No. Rb St 87rb/ 8651 875y /86gr
1582 94.7 245,5 1.1178 0.7419
1584 92.0 199.3 1,3374 0.7504
1590 92,1 226,0 1.1810 0.7446
1663 96.5 430.4 0.6483 0.7254
1707 100.1 332.4 0.8719 0.7336
1729 96.9 193.7 1.4518 0.7548
1786 127.3 172,2 2.1484 0.7699
1790 73.3 784.7 0.2698 0.7107
1830 .90.2 268.9 0.9712 0.7370
1848 88.3 243,2 1.0511 0.7405
1888 86.5 287.4 0.8715 0.7339
1895 91.1 225.7 1.1698 0.7447

Examination with petrographic and binocular micro-
scopes led to the conclusion that all the rock in the core
was derived by metamorphism of sedimentary material,
probably a graywacke-argillite sequence. The most promi-
nent variations in rock type are a 6-in. layer of quartzite
at a depth of 1,612 ft and two thin (less than 1 ft) am-
phibolitic layers. A thin actinolite-rich layer is at 1,786
ft, and a hornblende-rich layer at 1,790 ft. Some calcite
was found in both layers, and they probably were derived
from calcareous sediments. The two amphibolitic layers
were included in the Rb-Sr sampling (fig. G2).

Biotite and staurolite give the rock a good schistos-
ity, and, if the attitude of the core is taken as vertical
from which departures probably were small, the foliation
ranges from horizontal to a high dip of about 65°, which
is characteristic of the greater part of the core. Porphyro-
blasts of biotite, as well as of staurolite, continued to
grow after the formation of the foliation, and crystals of
both minerals are oriented across the metamorphic struc-
ture. Kinked biotite also is present and indicates a later
period of deformation or shearing prior to the hydrother-
mal alteration of the biotite to chlorite.



Quartz is always xenoblastic and averages about
0.03 mm (millimeters) in diameter. Some quartzose veins
are parallel to the foliation, but many are crosscutting.
Like quartz, plagioclase is xenoblastic and averages about
0.03 mm in diameter. The matrix plagioclase nearly al-
ways is untwinned. Some larger plagioclase grains in the
small quartzose veins, which cut across the foliation, are
twinned and these grains range in composition from Ang
to An,y. On the average, quartz and sodic plagioclase
compose 50 percent of the schist but the range is large
(36-75 percent, table G1).

Biotite is an abundant mineral forming porphyro-
blasts that are subidioblastic and that range in length from
1 to 2.5 mm. The finer grained matrix biotite (0.07-0.15
mm) is xenoblastic. Quartz and zircon are the common
inclusions in biotite. Biotite is altered to chlorite, and the
abundance of the two minerals is complimentary; an ap-
parent increase in chlorite is accompanied by a decrease
in the percentage of biotite.

Staurolite is a conspicuous mineral but ranges con-
siderably in abundance. The porphyroblasts are 4-10 mm
long; all show sieve texture (poikiloblastic) with inclu-
sions of quartz, opaque minerals, garnet, and apatite.
Commonly the inclusions have helicitic texture. The
staurolite commonly is altered partially or completely to
sericite. Garnet is present in porphyroblasts from 0.5 to
2 mm in diameter. Like the staurolite, the garnet is
poikiloblastic and commonly is helicitic. Partial alteration
of garnet to chlorite and sericite is common, but fresh
to slightly altered garnet is present in specimens in which
the staurolite has been converted completely to sericitic
pseudomorphs.

In addition to the abundant fine-grained sericite,
muscovite (~0.06 mm in diameter) is present in small
amounts that could not be concentrated for purposes of
radiometric dating. Potassium-feldspar is absent and could
not be detected by staining, except for a small amount
in deep sample 1952. Tourmaline is present in trace
amounts throughout the core, but is more abundant in
quartzose veins, one near the top at a depth of 1,648
ft and another at the bottom at a depth of 1,957 ft.

The staurolite schist represents a terrane that was
metamorphosed regionally to the staurolite-almandine am-
phibolite grade. Subsequent superimposition of low-grade
metamorphism resulted in an extensive greenschist-facies
mineral assemblage: quartz-albite-biotite-chlorite-sericite.
The intensive alteration of staurolite to sericite suggests
some mobility of potassium and possibly other elements.
Further discussion is deferred to a later section.

ANALYTICAL PROCEDURES

The analytical procedures for the isotopic analyses
are similar to those developed over the years in a number

of geochronology laboratories. A mixed 3’Rb-®*Sr spike
was used. In the earlier work, some difficulty was experi-
enced in dissolving the staurolite, but two dissolution pro-
cedures were found to be effective: prolonged refluxing
during several days of a HNO;—HF mixture, and the tef-
lon pressure assembly (Krogh, 1973). The argon isotopic
analyses were made by the method of McDougall (1966).
Potassium was determined by flame photometry. The ages
were calculated using decay constants and atomic abun-
dance ratios recommended by the International Union of
Geological Sciences Subcommission on Geochronology
(Steiger and Jager, 1977).

Linear regressions of the whole-rock Rb-Sr data
were made in the U.S. Geological Survey laboratory in
Denver using the program of Ludwig (1982). The 2-sigma
errors of 1 percent for 7Rb/*®Sr and 0.02 percent for
87Gr/86Sr used in the regressions were supplied by the
Australian National University laboratory (J.R.R.).

RESULTS

The Rb-Sr data (table G2) for all the whole-rock
samples are plotted in the isochron diagram of figure G3.

A regression of the data for 11 samples, excluding
sample 1786, gives an age of 2,560+55 Ma,
R;=0.7011 +0.0008 (model 3). If both amphibolite sam-
ples (1786 and 1790) are excluded, the 10 samples of
staurolite-biotite schist give an age of 2,510+70 Ma,
R;=0.7020%0.0011 (model 3). The difference of 50 m.y.
is within the analytical errors of the isochrons (fig. G3,
lines A and B). A tie-line connecting the two amphibolite
samples gives an approximate age of 2,180 Ma,
R;=0.7022 (fig. G3, line C).

The Rb-Sr and K-Ar apparent ages (table G3) for
biotite (sample 1738) are in good agreement at 2,440 Ma.
The Rb-Sr age was calculated with R;=0.7020 from the
whole-rock isochron, but a lower value would not appreci-
ably affect the age. The Rb-Sr and K-Ar ages, however,
are lower than the isochron ages, and together with the
amphibolite data clearly show that both systems (Rb-Sr
and K-Ar) have been disturbed.

DISCUSSION

In addition to the metamorphism that produced the
staurolite-biotite schist, there is evidence for two succes-
sive events. The Rb-Sr and K-Ar biotite ages of 2,440
Ma suggest an event that preceded the low-grade
metamorphism. The extensive alteration of staurolite, and,
to a lesser extent of garnet, to sericite indicates the mobil-
ity of potassium during the low-grade metamorphism. Po-
tassium was released during the alteration of biotite to
chlorite, and this process would, of course, also release
rubidium, so that the movement of rubidium must be con-
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Figure G3. Rubidium-strontium isochron diagram for whole-rock samples of staurolite-biotite schist (solid
circles) and amphibolite (triangles). Line A includes all samples except 1786; line B, all samples except

1786 and 1790; line C connects samples 1786 and 1790.

Table G3. Rubidium-strontium and potassium-argon
analytical data and ages for biotite from sample 1738
[*Radiogenic *R;=0.7020]

Rubidium-strontium

Concentration
(microgram/gram) Atomic ratios
Rb Sr 875y /865y 875y /865y Age (Ma)
317.3 11.33 112.1 4,659 2,443i50+
Potassium—argon
K x40 *40ar x 100
(weight percent) (10_10 mole/gram)  Total“OAr Age (Ma)
7.350 657 .4 99.9 2,438%52
7.332 654.9 100 2,432%46

sidered as a mechanism that could affect the Rb-Sr sys-
tem. The alteration was not pervasive as can be seen in
the plot (fig. G4) of the modal percentages of seri-
cite + muscovite and of chlorite. A similar pattern is noted
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in the metasomatic replacement of staurolite by sericite
(fig. G2). Locally the staurolite is extensively to com-
pletely altered, but in adjacent parts of the core it is unal-
tered. The alteration pattern suggests that the hydrother-
mal fluids were channeled by porosity that was formed
during shearing of the staurolite-biotite schist.

The 10 analyzed staurolite-biotite samples average
93 ppm (parts per million) rubidium and range from 86
to 110 ppm. Strontium ranges from 194 to 430 ppm with
an average of 265 ppm. Biotite (sample 1738B) contains
317 ppm rubidium and 11 ppm strontium (table G3). Bio-
tite + chlorite range from 20 to 40 percent in the modes
(table G1), and the rubidium in the staurolite-biotite schist
can be accounted for almost entirely by the biotite. The
samples for Rb-Sr analysis were selected (D. M. Baron)
on the basis of the degree of apparent alteration. Seven
of the samples show slight (<10 percent) alteration of
staurolite to sericite, one has moderate (~25 percent) and
two extensive (70-85 percent) alteration (fig. G2). The
ages of the whole-rock samples, however, show little ap-
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Figure G4. Plot of variations of modal
sericite + muscovite (open circles) and of
chlorite (solid circles) with depth (data in
table G1).

parent variation as is indicated by the close adherence
of the data points to the 2,510-Ma isochron (line B, fig.
G3). A reasonable conclusion is that in the analyzed sam-
ples rubidium and any radiogenic ®’Sr that had been
formed prior to the time of the low-grade alteration were
trapped rather uniformly in the sericite. This conclusion
finds some support in the general correlation of the varia-
tions of sericite + muscovite and those of chlorite (fig.
G4). The low modal percentages of sericite and the much
larger amounts of chlorite in parts of the core (see for
example sample 1672, table Gl1, fig. G4), however, are
deviations from the pattern and suggest that potassium and
rubidium were redistributed within the schist.

Model ages calculated for the actinolite schist (sam-
ple 1786) and the hornblende schist (sample 1790), using

R;=0.7020, are 2,190 Ma and 2,240 Ma, respectively.
Using R;=0.7011 (line A, fig. G3) the model ages are
2,220 Ma and 2,460 Ma, respectively. An explanation
for the low ages of the amphibolite samples is rubidium
gain during the hydrothermal alteration. The net gain in
rubidium in the hornblendic layer was relatively small,
but it was much larger in the actinolite layer that, on
the basis of the common assignment of actinolite to lower
grade than hornblende, may have been formed during the
alteration. The time of alteration when potassium and
rubidium became mobile, however, cannot be stated pre-
cisely. The time may have been about 2,250 Ma, or it
may be related to a much younger event, in which case
the apparent age represents a partial resetting of the Rb-Sr
system.

Staurolite schist in the Rice Bay area in the Rainy
Lake district, Ontario (fig. G5) has been described by
Harris (1974). The staurolite usually is identifiable only
by the crystal forms; the white-mica pseudomorphs are
from 2 to 10 mm long. Harris (1974) concluded that the
staurolite was formed by metamorphism of pelitic rocks
to the almandine-amphibolite facies and was altered by
retrogressive metamorphism to white mica. Garnet was
altered to chlorite. The metasedimentary rocks in the area,
the Coutchiching and Seine Series of Lawson (1913),
were intruded by postkinematic granite (Algoman of Law-
son). The Rb-Sr isochron ages (fig. G6) for the Coutch-
iching metasedimentary, Keewatin metavolcanics, and Al-
goman granitic rocks are 2,560 Ma, 2,540 Ma, and 2,485
Ma, respectively, but the U-Pb (uranium-lead) concordia
age for zircon from the granite is 2,650 Ma. Rubidium-
strontium ages on muscovite from the granite range from
2,545 to 2,700 Ma and support the older U-Pb age. Peter-
man and others (1972) concluded that the Rb-Sr ages have
been affected by younger metamorphic processes. The low
Rb-Sr age for the Algoman granite is attributed to low-
grade metamorphism.

The Newton Lake Formation (metasedimentary) and
the Ely Greenstone (metavolcanic) of northern Minnesota
(fig. GS) have been dated by Jahn and Murthy (1975).
Postkinematic rocks in the Giants Range Granite have
been dated by Catanzaro and Hanson (1971) and Prince
and Hanson (1972) and in the Vermilion Granitic Com-
plex by Peterman and others (1972). The Rb-Sr isochron
ages for these various lithologic units are shown in figure
G6. The Rb-Sr ages are lower than the U-Pb ages.

The postkinematic granitic rocks set a limit on the
time of metamorphism of the metasedimentary and
metavolcanic rocks in northern Minnesota and in south-
western Ontario. Similar data are not available from
northeastern South Dakota, but data are available from
the Precambrian rocks in the Minnesota River Valley
about 125 mi southeast of Bristol. A major metamorphic
event has been dated by Rb-Sr and U-Pb age measure-
ments at 2,600 Ma. Aplite and late postkinematic granite
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Algoman granite —_— 0.7015%9
Algoman granite (U-Pb) —h
Keewatin metavolcanics — 0.7005+9
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Biotite (Rb-Sr, K-Ar range)
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1Peterman and others (1972).
2Prince and Hanson (1972).
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Figure G6. Comparative ages determined for Archean metasedimentary,
metavolcanic, and postkinematic granitic rocks in the Rainy Lake district,
Ontario; northern Minnesota, and core from Bristol, S. Dak. Solid circles,
whole-rock rubidium-strontium ages; solid triangles, uranium-lead ages
on zircon and sphene; lines give range for rubidium-strontium and potas-

sium-argon ages on biotite.
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give a Rb-Sr isochron age of 2,590+40 Ma,
R;=0.7024+0.0011 (Goldich and Wooden, 1981, p. 91).
The age determinations from the Minnesota River Valley
and those from farther north compiled in figure G6 pre-
clude the acceptance of the Rb-Sr whole-rock age of
2,510 Ma as the time of formation of the staurolite-biotite
schist.

A Geologic Model

The apparent contradiction in the radiometric ages
and the stratigraphic relations determined geologically
(fig. G6) is a well-known basic problem in the radiometric
dating of metasedimentary rocks. The factors that con-
trolled or influenced the measured ages are not well
known, but considerable progress has been made. An
early paper concerned with discordant mineral ages in
Australian granites (Arriens and others, 1966) is signifi-

cant because it cautioned of the possibility of open-rock
conditions that might result from the migration of stron-
tium, for example, as a result of “slight earth stress rather
than reheating * * *  incipient weathering, and low-
temperature alteration of plagioclase. Peterman and Hil-
dreth (1978) have reviewed some of the problems of inter-
preting Rb-Sr ages determined on metasedimentary rocks
and some of the extensive literature pertaining to the sub-
ject. They concluded that relatively low-grade metamor-
phism may seriously disturb the Rb-Sr system.

An interpretation of the Rb-Sr data based on infor-
mation derived from previous geochronological studies in
the Lake Superior region (see, for example, Goldich,
1968, 1972) is shown in figure G7. Line A (fig. G7)
is based on the lower six data points that have ¥’Rb/®°Sr
of less than 1.0. The approximate age is 2,620 Ma;
R;=0.7006. This age would relate the formation of the
staurolite-biotite schist to the 2,600-Ma event, which in

)
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LINE AGE(Ma) R
A 2620 07006
B 2,510 0.7020
C 1,840 0.713
0.70 1 L |
1.0 1.5 2.0 2.5
87Rb/86Sr
Figure G7. Rubidium-strontium diagram showing a possible geologic interpretation of the analytical data

from the Bristol core. Open circles, whole-rock samples of staurolite-biotite schist; open triangles, am-
phibolite. Line A includes the five lowermost points with ¥Rb/®Sr of less than 1.0; line B is isochron
B in figure G3; line C is a reference line from actinolite schist sample 1786 drawn through the cluster
of points for staurolite-biotite schist samples, about at the median for line B.
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the Lake Superior region was one of intense deformation,
high-grade metamorphism, and magmatic activity. Line
B is line B of figure G3, and the 2,510-Ma isochron,
then, is a secondary metamorphic age with a higher initial
ratio of 0.7020. The whole-rock age is essentially a biotite
age and possibly might be related to the uplift and stabili-
zation of the region. Goldich and others (1970) considered
this possibility for the Precambrian of the Minnesota River
Valley. The K-Ar and Rb-Sr biotite ages of about 2,500
Ma southeast of Granite Falls and ages of about 1,750
Ma at and northwest of Granite Falls may represent the
time of stabilization of two Precambrian blocks, explain-
ing the K-Ar and Rb-Sr ages on biotite, but open-system
behavior for the staurolite-biotite schist is an inescapable
requirement.

Shearing and deformation of the schist during uplift
following folding and metamorphism could account for
the Rb-Sr whole-rock isochron age of 2,510 Ma. The low-
grade alteration of biotite to chlorite, staurolite to sericite,
garnet to chlorite and sericite may have been caused by
hydrothermal activity that accompanied the shearing; how-
ever, if the alteration took place 2,510 Ma ago, the
2,440-Ma age on biotite is difficult to explain, and even
more so is the apparent age of about 2,220 Ma for the
actinolite schist.

An alternative explanation is that the low-grade alt-
eration was related to the 1,800-Ma (Penokean) event.
Line C (fig. G7) from the actinolite schist (sample 1786)
was projected through the cluster of points (samples 1582,
1590, 1848, and 1895) and gives an age of 1,840 Ma
with an initial ratio of about 0.713. This line, of course,
is highly speculative and in no sense an isochron. Goldich
and others (1970, p. 3690) pointed out that the 1,800-Ma
event in the Minnesota River Valley “should not be
equated with the Penokean orogeny to the north and north-
east in the sense of a period of folding and metamorph-
ism.” A number of small plutons in the Archean of the
Minnesota River Valley have been dated at about 1,800
Ma. A U-Pb zircon age of 1,800 Ma was obtained by
Catanzaro (1963) for a small adamellite pluton north of
Granite Falls, Minn., about 115 mi southeast of Bristol,
S. Dak. (fig. G1).

In South Dakota, whole-rock samples of quartz la-
tite cored in a drill hole in Kingsbury County and felsite
porphyry from Sanborn County gave Rb-Sr ages of 1,700
Ma (Goldich and others, 1966). The northwest-trending
metamorphic belt (figs. G1, G5) was delineated by Lidiak
(1971) mainly on magnetic anomalies. He suggested, on
the basis of the meager data available, that the belt can
be traced by the pattern of gravity highs and lows in the
buried basement of North Dakota and onto the shield at
the Churchill-Superior boundary and is a Proterozoic de-
formation. Biotite concentrates from schist cuttings from
a well in Walworth County and from granodiorite cored
in a hole that penetrated the Sioux Quartzite in Davison
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County, S. Dak. (fig. G1) gave Penokean ages. The bio-
tite ages, however, do not establish a Proterozoic age for
the rocks that may date back to the Archean.

The Bristol drill hole is well within a massive block
of Archean rocks (fig. G1). Potassium-argon and
rubidium-strontium ages on biotite from the Bristol core
are 2,440 Ma, and on biotite from adamellite cored in
Marshall County, about 25 mi northwest of Bristol (fig.
G1) 2,390 Ma. Biotite near Milbank was dated at 1,980
Ma, and a biotite from metasedimentary rock south of
Odessa (fig. G1) gave an age of 2,180 Ma. The progres-
sion of numbers suggests the possibility that the biotite
ages may have been influenced by the 1,800-Ma event.

SUMMARY

The Rb-Sr isochron age of 2,510 Ma is a minimum
value for the time of formation of the staurolite-biotite
schist cored near Bristol, S. Dak. The actual time proba-
bly was about 2,600 Ma during the major deformation
accompanied by magmatic activity that affected the Lake
Superior region. The minimum age, however, is signifi-
cant because it lends considerable support to the concept
that a massive block of Archean rocks underlies a large
area in northeastern South Dakota.

Structural trends in the basement rocks of northeast-
ern South Dakota, delineated mainly on the basis of mag-
netic and gravity anomalies, continue in the buried base-
ment rocks of adjacent parts of Minnesota and North
Dakota. The radiometric age determinations, however,
provide a basis for correlating the staurolite-biotite schist
with Archean sequences in northern Minnesota and in
southern Ontario. Whole-rock Rb-Sr isochron ages for
metasedimentary and metavolcanic rocks both in the
Rainy Lake district, Ontario, and in the Vermilion and
Giants Range areas of northern Minnesota range from
2,540 to 2,635 Ma, but the U-Pb ages on zircon and
sphene date the postkinematic granites emplaced in the
metasedimentary and metavolcanic rocks at 2,650 Ma.

Low-grade metamorphism similar to that observed
in the Bristol core has affected staurolite-bearing
metasedimentary rocks in the Rainy Lake district, Ontario.
Staurolite has not been reported from the metasedimentary
rocks of the Vermilion Granite Complex and Giants
Range Granite of northern Minnesota, but large areas of
these rocks have attained amphibolite-facies grade, and
high-grade (amphibolite facies) regional metamorphism
possibly may have affected a belt of Archean rocks ex-
tending from southern Ontario across Minnesota into
northeastern South Dakota. A similar regional metamor-
phism of much younger Early Proterozoic age affected
the Thomson Formation of Minnesota, extending from
Duluth south into the Mille Lacs Lake area and westward
into the Little Falls area where staurolite schist there re-
sembles the staurolite-biotite schist of the Bristol core.



Three samples of the staurolite schist from Little Falls
and samples from the Thomson Formation of eastern Min-
nesota give an isochron age of 1,695 Ma, R;=0.705
(Keighin and others, 1972).
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Abstract

Fission-track ages of apatites from Precambrian
gneissic boulders in the Bull Domingo pipe in Custer
County, Colorado, confirm an Oligocene age for the
pipe. Although S. F. Emmons, as early as 1896, had re-
lated formation of the highly mineralized structure to
Tertiary volcanism at Silver Cliff, the geologic setting of
the pipe—entirely enclosed within Precambrian rocks,
and lack of Tertiary clast in the pipe—as well as isotopic
data for Cambrian or Precambrian leads in the pipe, had
left an uncertainty regarding its age.

DISCUSSION

Fission-track counts of apatites were used to settle
the age uncertainty regarding a small, richly mineralized,
breccia pipe, the Bull Domingo, that is associated closely
with the eruptive centers at Silver Cliff and Rosita, Colo.
(Sharp, 1978). The Bull Domingo mineralized pipe is to-
tally within the Precambrian terrane of the south slope
of the Wet Mountains, about 3 miles north of the towns
of Silver Cliff and Westcliffe, and a mile or so from the
limits of the Tertiary eruptive center at Silver CIiff (fig.
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Table H1. Apatite fission-track ages and analytical data for apatites from the Bull Domingo mineralized boulder

pipe, Custer County, Colo.

[cm?, square centimters; NF=7.03x 10—"7yr—'; R, correlation coefficient; ppm, parts per million. Number of tracks counted are shown in parentheses]

Sample Fossil tracks Induced tracks Neutrons Age +20 No. of U
No. Lab. No. em?x10° cem?x106 em?x1015  (Ma) (Ma) grains R (ppm)
BD-1 DF-2185 0.403 3.39 4,59 32.6 2,2 6 0.993 21
(363) (1527)
BD-3 DF-2186 0.411 4,04 4,65 28.3 2.8 6 0.97 25
(167) (820)
BD-4 DF-2187 0.531 4.70 4,55 30.7 2.3 6 0.93 30
(378) (1675)
BD-6 DF-2188 0.624 5.44 4,52 31.0 2,7 5 0.91 35
(238) (1037)

H1). The pipe was discovered in 1878 during the silver
rush and mining episode at Silver Cliff. Mining at Bull
Domingo followed the breccia-boulder pipe down to a
depth of 550 feet or more with total value produced of
about $1 million in silver and lead. The best geologic
description of this pipe—the composition, the shape, ore
characteristics, and thoughts on formation—are in “The
Mines of Custer County,” by S. F. Emmons (1896). Em-
mons related formation of the Bull Domingo to volcanism
at Silver CIiff and considered the structure to be a product
of hot fluids passing up through a fractured zone. He de-
veloped this model even though all clasts in the pipe are
fragments of granite, gneisses, and syenite of the sur-
rounding Precambrian and Cambrian terrane, and no Ter-
tiary eruptive rocks are present in the explored parts of

the pipe.

An older Cambrian age for the Bull Domingo pipe
is indicated not only by its position in Precambrian terrane
and the character of the clasts, but also by a possible
association with local alkalic and mafic-ultramafic intru-
sive complexes of Cambrian age and by lead isotopic data
from galena in the pipe. A product of the alkalic to mafic-
ultramafic intrusive episodes is a series of red syenite
dikes that are widely spaced and distributed in the region
(Parker and Hildebrand, 1963). The Bull Domingo pipe
pierces the Precambrian terrane at the site of a red syenite
dike. Fragments of these rocks are found in the pipe. The
eruptive energy for the pipe could have come from this
alkalic intrusive episode. The intrusive complexes and the
associated red syenite dikes are dated by rubidium-stron-

tium, potassium-argon and fission tracks at about 500 Ma

(Olson and others, 1977).

During the late 1950’s and through the 1960’s, in-
terest in isotopic variations in rock and ore leads resulted

in determination of isotopic composition of lead in the
Bull Domingo pipe. Two galena samples from the Bull
Domingo pipe were analyzed for lead isotopic composi-
tions and reported by Delevaux and others (1966). The
lead analyses were used to indicate a model age of 600
Ma (J. C. Antweiler, R. S. Cannon, and A. P. Pierce,
unpub. data). This model age and the geologic relations
both supported an older age for the Bull Domingo as well

as a possible genetic relationship to alkalic intrusive rocks
within the Precambrian terrane close by. However, J. C.
Antweiler and others (unpub. data) advanced an alterna-
tive interpretation of remobilization and redeposition of
Precambrian lead during Tertiary time.

In an effort to define a proper association of the
Bull Domingo breccia pipe, fission-track ages were deter-
mined on apatite separated from gneissic boulders in the
pipe. The reasoning, simply stated, was that apatite fis-
sion-track ages in these granitic to intermediate rocks of
Precambrian age might have been reset at the time of
pipe formation and would show a maximum age for that
intrusion. The results of the fission-track analyses are
given in table H1. The calculated ages from four popula-
tions of apatites range from 28.3+2.3 Ma to 32.6+2.2
Ma and average 30.7 Ma; the ages are concordant within
the limitations of analytical uncertainty. This age related
nicely to the earliest eruptive action of the Ben West vol-
cano at Silver Cliff (Sharp, 1978).

The Bull Domingo pipe is a product of early explo-
sive activity at the Silver Cliff volcanic center and is re-
lated specifically to the eruption of the Ben West volcano.
The earlier conclusion by J. C. Antweiler and others
(unpub. data), that the galena of the Bull Domingo is
composed of Precambrian lead is explained if the lead
in the Precambrian host rocks was remobilized by the
local volcanic activity during the late Oligocene time.
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Abstract

Late- to post-deformational granitic bodies in the
Berkshire massif of western Massachusetts and Connec-
ticut place a minimum age on major westward-directed
thrust faulting. A detailed uranium-iead dating study of
one such body, the granite at Yale Farm, reveals the
presence of both inherited xenocrystic zircon and newly
crystallized zircon. Varying proportions of these two
components in different zircon size fractions establish
a remarkably linear mixing array on a concordia diagram
with upper and lower intercepts of 1,050+40 Ma and
430=10 Ma, respectively. We associate the former age
with the underlying Middle Proterozoic crystalline base-
ment rocks of the massif, and the latter age—adjusted
to 430450 Ma when supplemented by uranium-lead
sphene analyses—with the crystallization of the granite.

The electron microprobe was used to chemically
characterize the two components of zircon. Their haf-
nium and uranium contents proved to be the best discri-
minants in this regard—allowing us to classify individual
grains and to map the interface between core and over-
growth of composite grains. Interestingly, the chemical
interface did not always precisely match the optical inter-
face and sometimes the optical interface was impercepti-
ble. This observation leads us to the conclusion that the
optical interface is of secondary origin and results largely
from stresses arising from accumulating radiation dos-
ages.

INTRODUCTION

The common presence of zircon as an accessory
mineral in granitic rocks and its ability to withstand sub-
sequent high-grade metamorphism has earned this mineral
an unequaled reputation in geochronology. Information
about primary age commonly can be obtained even though
the host rock has been recrystallized pervasively. Indeed,
the survival of preexisting zircon can persist beyond con-
ditions of sillimanite-grade metamorphism and into the
pressure-temperature field of anatectic melting. Under
such extreme metamorphic conditions, the antecedent
crystals generally are resorbed, and a new generation of
zircon can form. In this latter instance, the igneous event
that we wish to date actually may be recorded in the sec-
ondary component of zircon, whereas the primary compo-
nent carries information about the source of the magma.
The task for the geochronologist thus becomes one of re-
solving a complicated set of isotopic data obtained for
polygenetic zircon suites into its geologically meaningful
end members.

A clue to a multiple-stage history sometimes is re-
corded morphologically in the zircon population either by
a core and overgrowth relationship or by the mutual exis-
tence of two or more distinct varieties of the mineral.
At other times, careful examination under the optical
microscope fails to identify any trace of interfaces within
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individual grains or inhomogeneities among the popula-
tion. In both situations, however, unequivocal evidence
for two (or more) generations of zircon formation has
been found in the U-Pb (uranium-lead) isotopic systema-
tics, which demand a mixture of components that have
distinguishably different ages. A number of investigations
detailing the experimental and interpretative techniques for
deciphering the ages of such polygenetic zircon have been
published during the past decade (excellent examples of
such studies include Pidgeon and others, 1970; Koppel
and Grunenfelder, 1971; Grauert and others, 1974; Pid-
geon and Aftalion, 1978; Chase and others, 1978). Our
purpose here in presenting a description of the mixed zir-
con population in the granite at Yale Farm, North Canaan,
Conn., is to document another particularly good example
of this phenomenon. Unraveling the physical and chemical
properties of this zircon permits the rather precise dating
of a significant structural event in the Berkshire massif.

Our effort to date this granitic body (hereafter infor-
mally referred to as the granite at Yale Farm) represents
only one of our attempts, albeit at present the most suc-
cessful one, to provide structural control for the tectonic
history of the Berkshire massif in Massachusetts and Con-
necticut. During the past several years we have accumu-
lated a potpourri of zircon uranium-lead analyses from
a variety of granitic rocks intruding the Middle Proterozo-
ic basement rocks and the Late Proterozoic(?) to Cambri-
an(?) mantling metamorphic rocks of the Berkshire mas-
sif. Both the basement and mantling rocks are imbricately
stacked and were transported westward over autochthon-
ous quartzite and carbonate rock of Late Proterozoic(?)
and early Paleozoic age of the North American shelf (fig.
I1). Although later metamorphic isograds attributed to the
Acadian orogeny are superimposed on all these rocks
(Ratcliffe and Harwood, 1975), a long-standing question
not completely resolved by field relationships is the timing
of major kinematic deformation. Constrained by the age
of the youngest stratigraphic unit (Middle Ordovician
Walloomsac Formation) involved in the thrust faulting and
by the regional Early to Middle Devonian Acadian
metamorphic overprinting, this deformational event might
be attributable either to the Late Ordovician Taconic
orogeny or to an early phase of the Acadian orogeny.
We believe that our dating of the late to post-deforma-
tional granite at Yale Farm as Late Ordovician or Early
Silurian resolves this controversy in favor of the Taconic
orogeny.

ACKNOWLEDGMENTS

We are indebted to N. M. Ratcliffe, D. S. Har-
wood, and the late R. W. Schnabel of the U.S. Geological
Survey, and S. A. Norton of the University of Maine
for providing the rock samples that yielded the mineral
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Table I1.  Uranium-thorium-lead isotopic ages of zircon from the Berkshire massif
[Decay constants: 28U=1.55125x107'0 yr'; 235U=9.8485x 10710 yr!; 232Th=4.9475x 107" yr!; 238U/?35U=137.88 Isotopic composition of com-
mon lead assumed to be 2*Pb:2%Pb:2°7Pb:2%8Pb = 1:18.0:15.6:38.0 for all samples except 3 for which it is assumed to be 1:17.0:15.5:36.8]

Concentrations

Isotopic composition of lead

Age, in millions of years

Balipie (parts per million) (atom percent) 208pl,  BOTpy  XeTpy  2OMpy
No. Mesh size U Th Pb aRepy PR ANRpy AN g e shbpy EMETH
1 (-100+150) 2920 83.4 192.2 0.016 92.52 5.656 1.806 440 459 554 623
(=200+250) 2446 97.1 147.5 .014 92.62 5.552 1.816 405 423 523 4u6

2 (-100+150) 21 25.4 19.4 .062 87.30 6.548 6.086 570 611 769 642
(=200+250) 27T 43.4 24.6 .028 88.44 6.093 5.442 560 600 754 560

3 (=100+150) 290 48.2 48.9 .128 82.38 7.939 9.556 941 975 1051 1093
(-200+250) 351 55.0 53:9 .067 85.29 T7.230 7.416 895 934 1029 1065

4 (=100+150) 323 27.2 32.4 «101 85.33 7.154 7.404 597 635 774 840
(=150+200) 298 24,7 29.0 .108 85.62 7.072 7.198 582 619 757 813
(-250+325) 276 21.6  24.6 .17 85.62  7.078  7.190 534 568 705 698

(~400) 387 33.3  34.0 130 85.00 7.169  7.705 522 553 683 635

5 (=100+150) W7 49.8 47.1 .011 88.91 6.272 4,804 AR 756 891 923
(=150+200) 372 39.2 36.1 .012 89.46 6.126 4.401 619 665 825 813

6 (=100+150) 1162 169.5 102.6 .004 90.61 5.887  3.498 573 611 754 457
(-200+250) 1311 203.8 94.5 .006 91.59 5.558  2.844 477 498 597 276
(=325+400) 1315 247.7 80.7 .Q06  92.03 5.257 2.708 410 18 460 184

7 (=100+150) 119 25,2 10.1 .024 85.96 6.011 8.004 557 608 802 638
(=150+200) 153 18.9 123 .019 88.92 5.919 5.147 510 551 722 641

(-200) 253  32.6 18.8 .068 87.83 6.018 6.088 467 473 503 4s7

8 ( -50+150) 443 129.1 41.6 .016 88.00 5.804 6.180 590 618 720 405
(=150+250) 662 375.8 59.9 .013 83.36 5.397 11.23 541 570 690 385

(-250) 983 652.7 76.0 .012 82.40 4,888 12.70 459 466 501 322

DESCRIPTION OF SAMPLES

Sample localities shown on figure I1. Quadrangles listed are names of U.S. Geological Survey 7-1/2 minute topographic quadrangle maps.

A AR S S

Gray, medium-grained gneissic granite from the Hubbard River, Granville State Forest, West Granville quad.; lat 42°03'20" N., long 72°57'47" W.

Light-gray, medium-grained gneissic granite from roadcut on Route 8 overlooking Colebrook Reservoir, Tolland Center quad.; lat 42°02'10" N., long 73°03'26" W.
Tectonic sliver of Washington(?) Gneiss west of Babb Hill, West Granville quad.; lat 42°07'22" N., long 72°59'41" W.

White, cataclastic muscovite granite (Ratcliffe and Hatch, 1979) from small quarry east of Cushman Brook, Becket quad.; lat 43°15'10" N., long 73°00'31" W.
Light-gray, fine-grained, weakly foliated granite from the New Whiting quarry, Otis quad.; lat 42°14'03"N., long 73°04'15" W.

Gray, coarse-grained binary granite from the Winn quarry, Otis quad.; lat 42°14'42" N., long 73°00'59" W.

. Gray, medium-grained, well-foliated biotite granite from the Williams quarry, Otis quad.; lat 42°13'55" N., long 73°01'22"W.

. Gray, medium-grained, weakly-foliated binary granite from small quarry on Yale Farm, South Sandisfield quad.; lat 42°02'11" N., long 73°13'48" W.

separates analyzed in this study. Numerous helpful discus-
sions and correspondences with these colleagues as the
work progressed aided us substantially in understanding
and interpreting the resultant data, and in bringing our
ideas together into this paper.

Just prior to completion of our manuscript, we
learned of the research efforts by J. F. Sutter, N. M.
Ratcliffe, and S. B. Mukasa using the *°Ar/*Ar method
to decipher the tectonic history of southwestern New Eng-
land. Basically, their work points to a greater Taconic
and diminished Acadian role in the metamorphism of the
Berkshire massif. Although they now bring into question
an Acadian assignment for the metamorphic isograds used
to assign a minimum age to the major deformation, we
otherwise find the conclusions of both studies to be in
agreement and mutually supportive in emphasizing the
Taconic orogeny.

We gratefully acknowledge the following persons
for technical assistance. Many of the preliminary uranium-
lead analyses were performed by Margarita Gallego. G.
T. Cebula and J. W. Groen assisted in the zircon and
sphene separations. Barbara Lockett prepared the polished
grain mounts for the electron microprobe.
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PRIOR URANIUM-LEAD ZIRCON
DATING EFFORTS IN THE BERKSHIRES

The polygenetic nature of these zircons was first
detected in a reconnaissance study of small granitic plu-
tons intruding the southeastern flank of the Berkshire mas-
sif. The structural complexity of this terrane was not ap-
preciated fully at the time, and the intimately associated
“gneisses” and “schists”, now recognized as tectonically
imbricated Middle Proterozoic basement and Late Protero-
zoic(?) to Cambrian(?) mantling rocks, respectively, were
conjectured to be a normal stratigraphic succession
sandwiched between the more coherent basement core of
the Berkshires on the west and the Proterozoic or Cambri-
an Hoosac Schist and its equivalent, the Waramaug For-
mation on the east. When the first zircon analyses yielded
207ppb/296Pb ages of 523 to 769 Ma (sample localities 1-2,
Table I1), they seemed to lend credence to the hypothesis
that a major volcanoclastic unit comprised of massive
flows and tuffs, the “gneiss”, interbedded with clastic sed-
iments, the “schist”, conformably underlay the Hoosac
Schist. According to this interpretation, the granitic bodies
represented contemporaneous epizonal plutons associated
with the volcanic centers.



Some suspicion was aroused, however, by the tend-
ency of the isotopic data to lie close to a reference chord

drawn between 400 and 1,100 Ma on a concordia diagram
(fig. 12). The upper intercept of that chord approximates
the age of the Middle Proterozoic basement for the Berk-
shire massif (Ratcliffe and Zartman, 1976), whereas the
lower intercept could represent either the Taconic or Aca-
dian orogeny. Further doubt was raised by the analysis
of a third sample (sample locality 3, table I1)}—a gneissic
unit interlayered with schist and hypothesized to be a vol-
canic flow rock. Contradictory evidence comes from its
uranium-lead zircon ages, which are considerably older
than those of samples 1 and 2. In fact, these determina-
tions plot on the concordia diagram amid previously pub-
lished data for two samples of Middle Proterozoic base-
ment rocks (Tyringham and Washington Gneisses;
Ratcliffe and Zartman, 1976). A revisit to locality 3 now
convinces us that the dated rock is really a tectonic sliver
of possible Washington Gneiss in fault contact with
Hoosac Schist. With the demise of the “normal strati-
graphic succession” theory and our inability to refine the
ages of these granitic bodies, we turned our attention to

the north and west where detailed mapping was recogniz-
ing the true magnitude of the structures in the Berkshire
massif.

By carefully establishing and tracing out strati-
graphic units within the basement and mantling rocks, as
many as 12 separate tectonic slices were delineated across
the massif. This westward-directed telescoping of the east-
ern margin on the North American continental crust pro-
duced an imbrication of stratigraphic units that made
previous efforts to view the Berkshires as a regionally
coherent anticlinal arch obsolete. The most conservative
restoration of these stacked slices demand at least a 50-
percent shortening across the structure. Late-stage granites
can be shown to intrude along several of the fault sur-
faces, and they present an opportunity for placing a
further minimum age on the time of deformation. Much
of this field and petrographic work, which provides the
geologic context for the present study, has been published
elsewhere (Ratcliffe, 1975; Harwood, 1975, 1979a;
Ratcliffe and Zartman, 1976).

Similar to the pattern we had observed to the south-
east, our uranium-lead zircon data from the central and
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Figure 12. Concordia diagram for zircon from various localities in the Berkshire massif. (See figure I1
for sample localities and table 11 for sample descriptions.) Also shown are data from the Middle Proterozoic
Tyringham (T) and Washington (W) Gneisses (Ratcliffe and Zartman, 1976).
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southwestern Berkshires fell close to the 400-
to 1,100-Ma reference line on the concordia diagram (see
fig. 12, and sample localities 4-8; table 11). However,
with our better understanding of the stratigraphy, the
anomalous nature of these results was apparent im-
mediately when 2°’Pb/2%Pb ages in excess of 700 Ma
were found for granites invading along faults, which
themselves displaced strata no older than latest Late
Proterozoic, and, more probably, Cambrian in age. The
demonstrable time-equivalence of these faults hosting the
granites to the main transport of the Berkshire terrane
across the Cambrian to Middle Ordovician shelf-facies
rocks served to clinch the argument. For at least some
of the granites, a local, anatectic origin could be post-
ulated from field evidence, and distinct zircon over-
growths could be seen to enclose ovoidal, partially re-
sorbed cores. It is from these preliminary attempts to de-
termine radiometric age control for the granites that we
decided to re-collect a large sample of the granite at Yale
Farm for detailed study. Otherwise, we do not propose
to use our preliminary data given in table I1 to add to
existing stratigraphic and structural interpretation of the
Berkshires. Neither precise enough radiometric results to
resolve between a Taconic or Acadian age nor a correla-
tion of intrusive units beyond that established through in-
dependent field evidence is implied for any of the other
granites.

GEOLOGIC SETTING OF THE
GRANITE AT YALE FARM

The local geologic setting of the granite at Yale
Farm is shown in figure I3. A brief description of field
relationships is necessary to document the critical role this
igneous rock plays in establishing the time of thrust fault-
ing and metamorphism in adjacent strata. The granite at
Yale Farm occupies the largest pluton—having an area
of about 0.3 km? (square kilometers)—at the northwestern
end of a linear trend of such bodies, which here cut across
three of the stacked fault slices. Each of these slices con-
tains a different lithologic assemblage, which, from lower
to upper slice, consists of (1) Late Proterozoic or Cambri-
an Dalton Formation unconformably overlying Middle
Proterozoic granitic gneiss, (2) Late Proterozoic and Cam-
brian Canaan Mountain Formation, and (3) Middle
Proterozoic hornblende-biotite amphibolitic gneiss. Sev-
eral kilometers to the west the lowermost of these slices
overrides the Cambrian to Middle Ordovician autochthon-
ous shelf carbonate rocks. Although by no means conclu-
sively proved, stratigraphic and structural arguments can
be made that successively higher slices have been trans-
ported from progressively further east during the period
of major tectonic telescoping of the Berkshires.

The granite is gray, fine to medium grained, and
varies in texture from massive to slightly foliated except
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where faulting and folding have imparted a stronger, local
fabric on the rock. Compositionally, the bodies range
from quartz monzonite to granite, contain two micas, and
yield an accessory mineral suite of apatite, sphene, zircon,
and opaque minerals.

For our re-collection, about 50 kg (kilograms) of
especially fresh, weakly foliated granite at Yale Farm was
obtained from the small quarry site near the west margin
of the pluton that had provided the preliminary sample.
A strong microscopic mortar structure associated with the
Haystack Mountain thrust and presumably superimposed
on the granite by the last movement of the fault, was
avoided entirely in our sampling. Poor outcrop exposures
do not permit precise location of the pluton’s contact with
its wall rock, but at the present level of erosion, Middle
Proterozoic gneisses surround most of the body. If the
magma was transported some distance either vertically or
along the Haystack Mountain fault surface before final
crystallization, country rock representative of two or all
three of the fault slices, and even the underlying autoch-
thon could have contributed to its production. The ura-
nium-lead isotopic systematics reveal that a component
of zircon inherited from the Middle Proterozoic crystalline
rocks unquestionably is present in the granite. The analyti-
cal results obtained for zircon and sphene of the re-col-
lected granite of Yale Farm form the basis of this report.

ANALYTICAL PROCEDURE

A brief account of our analytical procedure is given
in this section with particular emphasis on documentation
of precision and accuracy. The sensitivity of the concordia
intercept ages to only slight shifts in the position of the
data points demands that special care be taken in carrying
out all aspects of the chemistry and mass spectrometry.
We include the results obtained on an interlaboratory zir-
con standard, which defines our reproducibility prevailing
for the duration of the study.

The sample size for individual analyses ranged from
1 to 20 mg (milligrams), and weighings were made on
an appropriate semimicro or micro balance to achieve an
accuracy of *+0.4 percent or better. A HF-HNO; hydro-
thermal digestion procedure for the zircon closely fol-
lowed that reported by Krogh (1973). *U and *°Th
tracer solution was added to the sample prior to its diges-
tion in a 15-mL (milliliter) teflon bomb, and 2°®Pb tracer
solution was later added to an aliquot of the dissolved
sample. Lead was purified by an anion-exchange column
using an HBr elution technique as described by Manhes
and others (1978), loaded with phosphoric acid and silica
gel on a rhenium filament, and analyzed by a 12—inch,
computer-controlled, solid-source mass spectrometer pro-
viding automated data reduction (Stacey and Hope, 1975).
Uranium and thorium were purified by nitrate-form anion



columns from the HBr elutriant, and were analyzed using HF, HCI, and HCI0, were substituted as the reactant
a triple filament configuration in a 6-inch mass spec-  acids.

trometer (Tatsumoto, 1966). The chemical procedure for Total chemistry blanks range from 0.5 to 0.2 ng
the sphene differed only in the digestion step, in which  (nanograms) of lead depending mainly on the sample size,

73°18°

EXPLANATION

GRANITE AND PEGMATITE

UPPER ORDOVICIAN
TO LOWER SILURIAN

DALTON FORMATION
€Zd Feldspathic granulite and schist

| €Zdg Flaggy-bedded quartzite

V
LATE PROTEROZOIC (?)
AND CAMBRIAN (?)

CANAAN MOUNTAIN FORMATION

€Zcm Feldspathic, micaceous granulite
and garnet, sillimanite schist /

. GNEISSES OF THE BERKSHIRE MASSIF
| Yhbg Hornblende-biotite gneiss

Ygg Granite gneiss

Yag Hornblende-biotite amphibolitic gneiss
am  Amphibolite D,

42°0230"

Y
MIDDLE PROTEROZOIC

Granite at
Yale Farm

—— CONTACT

4A__A THRUST FAULT— Sawteeth on upper
plate

Sample
locality

0 1 2 KILOMETERS
| | J

Figure 13. Geologic map of the granite at Yale Farm and vicinity. From Harwood (1979a).

Uranium-Lead Systematics of a Mixed Zircon Population—Granite at Yale Farm, Connecticut 87



Table 12.

Uranium-thorium-lead isotopic ages of S-2-67 zircon standard

[Decay constants: 238U=1.55125x107"0 yr!; 235U=9.8485x 107" yr!; 232Th=4.9475x107"! yr'; 238U/>>U=137.88. Isotopic composition of com-

mon lead assumed to be 2%*Pb:2%6Pb:207Pb:28pPb=1:18.1:15.6:37.9]

Date :z?g:z‘ Concentration Isotopic composition of lead Ages in millions7of yej:f

: 2086 207 20 Pb
analyzed (milli- (parts per million) (atom percent) Pb Pb Pb

(mo./yr) grams) u Th Pb Zohpp Gl s 207pp 208pp 238y 2987 206pp 232Th
/77 51.6 248.6 158.7 16.73 0.0295 78.02 4,664 17.29 379.2 379.5 381.5 383.9
10/77 42.9 2U5.6 161.6 16.61 0.0293 78.03 4.665 17.27 381.1 381.4 383.3 374.2
1M/77 34.4 245.5 161.2 16.46 0.0287 78.05 4.652 1727 378.0 378.4 380.5 372, 2
2/78 32.4 247.6 162.9 17.03 0.0478 77.28 4.892 17.78 382.1 382.0 381.9 376.0
2/178 32.7 246 .4 161.4 16.61 0.0194 78.39 4.542 17.05 382.4 382.7 384.5 378.2
12779 34.5 253.1 163.6 16.76 0.0128 78.65 L.usy 16.88 377.7 378.2 381.5 378.3
12/80 10.9 253.1 163.1 16.59 0.0101 78.76 4,425 16.80 3747 376.0 383.9 376.2
12780 14,2 249.3 162.3 16.56 0.0150 78.54 4,481 16.96 378.1 378.6 381.9 376.7
7/81 9.8 249.1 161.3 16.72 0.0155 78.52 4.490 16.98 381.8 382.0 383.14 382.7
5/82 1.9 250.1 163.5 16.82 0.0418 77.51 4.813 17.64 375.4 376.0 379.8 372.1
2/83 27.0 252.7 163.7 16.76 0.0213 78.36 4.557 17.07 376.1 276.5 378.6 375.0
6/83 9.1 251.9 159.5 16.59 0.0185 78.53 4.531 16.91 374.6 375.6 381.6 379.8
Average~= = sesmm—ss 249.4 161.9 16.69 378.4 378.9 381.8 377.1
Standard deviation- +2.6 +1.5 +0.15 +2.9 +2.6 #1 .7 £3le T
Coefficient of---- +1.0 +0.9 +0.9 +0.8 0.7 +0.4 +0.9

variation (percent)

and represent less than 0.5 percent of the sample lead.
After removing a nominal blank from each analysis, the
remaining 2**Pb was attributed to initial lead in the zircon
that was assumed to have a model isotopic composition
of 2%Pb/2%Pb=18.0, 2°7Pb/***Pb=15.6, and 2°%Pb/
204pb=38.0. In no instance was the correction for either
the chemistry blank or the initial lead a significant factor
of uncertainty in the zircon age calculations. The initial
lead isotopic composition is a critical consideration in de-
termining the sphene ages, and, accordingly, the lead
isotope ratios were measured in a coexisting microcline
and were corrected for 430 Ma of in-place radioactive
decay. We then used this feldspar lead isotopic composi-
tion (**°Pb/’™Pb=18.46, 2°'Pb/***Pb=15.61, 2°*Pb/
204pb=38.14), which differs slightly from the model
isotopic composition, to compute the sphene ages.

All tracers were calibrated periodically against
gravimetrically prepared shelf solutions, and over the
lifetimes of individual tracers, concentrations of uranium
and thorium remained constant to within =0.3 percent,
and of lead to within 0.2 percent with no systematic
drifts noted. Also, an analysis of the USGS BCR-1 rock
standard was performed during the course of the study,
and uranium, thorium, and lead contents were found to
be within 0.2 percent of the published values (Tatsumoto
and others, 1972). In order to establish the overall accu-
racy in element concentration for a sample, we need to
add the effects of weighing errors, chemical and isotopic
inhomogeneity, and mass spectrometer fractionation.
From experience gained on replicate analyses and inter-
laboratory comparisons, we can demonstrate a short-term
accuracy spanning the duration of this study of about
+0.4 percent (20) for uranium, thorium, and lead con-
tents, although over a longer period of time (that is, the
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past 5 years) that value needs to be approximately dou-
bled. A good indication of long-term reproducibility,
which also should approximate accuracy, comes from a
tabulation of results for our S—2-67 standard zircon (see
table 12).

Based on replicate analyses of various lead isotope
standards, the following uncertainties (20) are assigned
to the measured ratios: 2°°Pb/?**Pb +0.4 percent (1000),
+2 percent (10,000), =10 percent (100,000); 2°°Pb/2°’Pb
+0.09 percent; 2°°Pb/?°®Pb +0.13 percent. Although at
first glance the isotopic data for S-2-67 standard zircon
suggests a much greater uncertainty in replicate isotope
ratios, this variability is due almost entirely to different
blank and (or) initial lead contents among the analyzed
fractions. After this factor is removed, the calculated ages
attest to a much greater precision in measurement of the
radiogenic isotopes. Especially for the 2°7Pb/?°°Pb age
with its precision of 0.3 percent can we recognize an un-
certainty in this ratio commensurate with that just quoted.
A more complete treatment of error assignment to ura-
nium-thorium-lead isotopic data as used in this paper is
given by Ludwig (1979).

GEOCHRONOLOGIC RESULTS

Standard heavy liquid and magnetic mineral separa-
tion techniques were used to obtain >99 percent pure zir-
con and sphene concentrates, which were additionally
handpicked of any remaining impurities to provide the
sample material for analysis. The zircon was sized
through silk screens into —50+100, —100+ 150,
—150+200, —200+250, —250+ 325, —325+400, and
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Figure 14. Photomicrographs of representative grains of the three varieties of zircon from the granite at Yale Farm. |, Colorless, acicular, euhedral
grains; 1, (a) Clear, brilliant, euhedral to (b) dark-brown, opaque, anhedral crystallographically complex grains; 11l, Composite grains with distinct rims
and cores. Largest grains are about 700 micrometers in long dimension.




—400 mesh fractions, and each fraction was then weighed
and examined under the binocular microscope. We were
able to recognize three different morphological types of
zircon: I, a colorless, euhedral variety comprised of sim-
ple, acicular crystals that increase in relative abundance
with decreasing grain size; II, a crystallographically com-
plex variety forming a continuum from clear, brilliant
euhedral to dark-brown, opaque anhedral grains; and III,
dominating all but the —400 mesh size fraction, compos-
ite grains with a distinct rim overgrowing a rounded and
usually less turbid core. Initially, we thought that the ex-
treme manifestations of variety II zircon represented two
separate genetic groupings, but a more careful micro-
scopic examination and subsequent electron microprobe
analyses showed the morphological differences to be with-
in a single population and to relate almost entirely to
radioactivity. Apparently, the clarity of the zircon is a
function of accumulated radiation dosage with the in-
creased coloration and deteriorated crystallinity represent-
ing more advanced stages of metamictization. In order
to facilitate discussion, the end-member components will
be designated as follows: Ila, clear, low uranium, and
IIb, brown, high uranium subvarieties. The division be-
tween them is defined arbitarily on the basis of perceived
color, and the two subvarieties are differentiated mainly
for the purpose of making rough estimates of abundance.
Photomicrographs illustrating representative grains of the
three varieties of zircon are presented in figure I4. The
approximate proportion of morphological types among the
seven size fractions has been determined by point-count-
ing grain mounts (fig. I5), although a number of grains
leave doubt as to their classification under this simplistic
scheme. The greatest uncertainty arose in the assignment
to variety II of grains containing virtually no hint of an
internal interface until examined under the microprobe,
where their true composite nature was revealed. Here,
again, we came to recognize the visual contrast between
overgrowth and core as due to differences in their uranium
content and accumulated radiation damage.

Uranium-thorium-lead isotopic analyses were made
on total splits of each of the seven size fractions of zircon,
and the resultant data are given in table I3 and are plotted
on a concordia diagram in figure 16. As we proceed with
the discussion of the zircon isotopic systematics, a strong
decoupling of the 2**U>?%Pb and 2*SU>?°7Pb and the
232Th>2%8Ph decay schemes soon will become apparent.
Whereas the uranium and uranogenic lead isotopes give
every indication of closed-system behavior, the thorium
and thorogenic lead isotopes must have been affected by
major postcrystallization open-system movement. We sus-
pect that at least some of the thorium and resultant
thorogenic lead is sited quite differently from the uranium
and, thus, account for their independent migration. At-
tempts to identify such sites, either within the zircon lat-
tice or in some separate, included phase, have not been

90 Shorter Contributions to Isotope Research

180

ZIRCON VARIETY

160 —

I

IIb

! ! lla
TS s

120 — Wil —

100 — —

80— | —

WEIGHT, IN MILLIGRAMS

60 |

-50 =100 -150 —200 -—250 —325 —400
+100 +150 +200 +250 +325 +400

MESH-SIZE FRACTION

Figure 15. Abundances of the three varieties of zircon
from the granite at Yale Farm as a function of mesh
size.

successful yet, although, as is true of the —200+250
mesh fraction, there is reason to expect the presence of
a discrete thorium mineral. Quite frankly, we are puzzled
by the discrepancy in the thorium-lead system, which in-
vites concern about a correlative uranium-lead effect.
Nevertheless, evidence for such an effect was not seen
in the remarkably regular behavior of the uranium-lead
systematics.



Table 13.

Uranium-thorium-lead isotopic ages of zircon and sphene from the granite at Yale Farm

[Decay constants: 2¥U=1.55125x10"'0 yr ~'; 235U=9.9585x107'% yr ~'; 22Th=4.9475x 107" yr'; 238U/2 35U=137.88 Isotopic composition of
common lead assumed to be 2**Pb: 2°°Pb: 2°7Pb: 20%Pb=1:18.0:15,6:28.0, except for sphene where 2/Pb:20%Pb: 207pb:?%®Pb=1:18.46:15.61:38.14

as determined in coexisting microline]

Age, in millions of years

Concentration Isotopic composition of lead
(parts per million) (atom percent) 206py, 207py 207py 208py
Sample Mesh size U Th Pb 204pp, 206py,  207pp  208p, 238y 235y 206pp 232y
a (-50+100) 561.3 146.6 48.00 0.0100 88.25 5.825 5.918 541 584 754 409
b (-100+150) 708.0 299.4 65.47 .0051 86.64 5.595 7.763 574 607 733 373
c (~150+200) 838.2 398.6 75.76 .0076 85.86 5.496 8.636 556 585 699 358
d (-200+250) 895.4 762.4 83.43 .0054 81.08 5.115 13.80 542 569 678 336
e (-250+325) 944,2 519.8 79.15 .0050 84,77 5.216 10.01 511 533 628 337
f (-325+400) 958.4 653.6 76,72 .0056 82.80 4,943 12.25 478 492 557 319
g (-400) 1087.4 867.2 83.20 L0154 80.81 4,795 14.38 446 451 474 299
h (~50+150),

variety Ila 236.7 74,4 21.09 .0392 85.10 5.790 9.071 540 562 652 484

i (=50+150), ‘
variety IIb 1513,2 315.9 189.22 .0052 90.38 6.214 . 3,404 795 814 866 433

S-I Sphene I 22,8 29.4 3.81 .629 48.31 11.88 39.18 443 445 459 442
S-II Sphene II 17.9 20.4 3.96 .821 43.01 14.39 41,78 445 449 473 456

Most obvious in these total split data is the resem-
blance to a mixing array, which we were anticipating from
the prior preliminary analyses of the granite at Yale Farm
and elsewhere in the Berkshire massif. To a first approxi-
mation, the linear array can, in fact, be explained rather
straightforwardly as a binary mixture of xenocrystic and
igneous components. The uranium and thorium concentra-
tions also support such two-component mixing with the
less radioactive, xenocrystic zircon most abundant in the
coarsest fractions, and the more radioactive, igneous zir-
con most abundant in the finest fractions. The high
thorium content of the —200+250 mesh fraction is
anomalous in this regard, but it might be explained by
some undetected thorite or other high thorium phase in-
cluded in that particular sample. In the coarser material,
however, especially in the —50+ 100 and, probably, in
the —100+ 150 mesh fractions, the presence of a third
component that apparently was affected by some younger
disturbance of its uranium-lead system rules out a com-
pletely binary behavior for the whole population. This
third component appears to be related to rare but highly
radioactive (>3000 ppm U; ppm, parts per million) do-

mains in some of the large variety IIb zircon, which we
have avoided in the later analyses.

The remarkably straight line defined by the
—150+200, —200+250, —250+325, —325+400, and
—400 miesh fractions does invite further consideration of
those fractions as a true binary mixture. We see from
figure IS that the trend in apparent age for these five frac-
tions correlates almost solely with the relative abundance
of varieties I and III zircon. Such a correlation would
be expected if—as seems reasonable—variety I is entirely
related to the crystallization of the granite at Yale Farm
and variety III records a polygenetic origin whereby the
cores are partially resorbed zircon from the Middle
Proterozoic crystalline basement and the overgrowths were
added during granite crystallization. Barring any other
complications in the isotopic systematics, the straight-line
fit to the five data points will have a lower intercept with
the concordia curve yielding the time of granite crystalli-
zation and an upper intercept representing the age of the
xenocrystic component (Wetherill, 1956). Indeed, a least-
squares regression of the data does indicate linearity to
within experimental uncertainty with lower and upper in-
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Figure 16. Concordia diagram for zircon and sphene from the granite at Yale Farm. Letters a-h are those

of samples listed in table 13.

tercepts of 430+ 10 Ma and 1,050 =40 Ma, respectively.
These results certainly are within the time constraints es-
tablished from geologic field relationships, and, when
considered together with the sphene uranium-lead ages
presented here, provide the best radiometric age we have
for the emplacement of the granite at Yale Farm.
Nevertheless, the extreme sensitivity of such a concordia
intercept age to but a slight rotation of the determining
data points prompts some cautionary comment.

Our experience has been that the most common
complication to be superimposed on such a binary mixture
of zircon arises from radiogenic lead loss accompanying
near-surface dilatancy of the host rock. In New England
this lead loss appears to take place quite recently——often
indistinguishable from zero age at the resolution of con-
cordia plots—and this phenomenon has the effect of mov-
ing data points toward the origin of the diagram. Further-
more, the amount of displacement usually correlates with
the accumulated radiation damage in the zircon so that
grains having the highest uranium content have the great-
est percentage of lead loss. Accordingly, if any lead had
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been lost during recent rock dilatancy, we would predict
it to result in a downward translation combined with a
counterclockwise rotation of our Yale Farm trend. That
is, because of the increasing uranium content with the
decreasing grain size, the finer grained fractions should
show proportionately more displacement. One might argue
that the coarser fractions contain a higher percentage of
the older, inherited component of zircon and, therefore,
really have had greater total radiation dosages. However,
any such preexisting damage certainly was annealed at
the time of granite emplacement. Also, we feel confident
that the contribution of the highly radioactive third com-
ponent to the —150+200 and finer total splits is negligi-
ble. Most important to our discussion here is that the con-
sequence of a downward translation and (or) coun-
terclockwise rotation of the array would be to reduce the
lower intercept age. Because an Early Silurian to Late
Ordovician age for the granite at Yale Farm is near the
Middle Ordovician upper limit of its allowable strati-
graphic range; the data points do not appear to have been
moved significantly. The good agreement of the upper



intercept age with that of the Middle Proterozoic basement
further suggests that rotation of the linear array has not
taken place.

Thus, from these zircon data alone we favor the
conclusion that the granite at Yale Farm is of late Taconic
rather than Acadian age. The calculated 430+ 10 Ma age
should, in fact, be regarded as a minimum if the zircons
have lost even a minor amount of postcrystallization
radiogenic lead. In a further effort to establish the age
of this granite, two samples of sphene—a more magnetic
(sphene I) and a less magnetic fraction (sphene II)—were
analyzed (table 13). Our attempt to obtain a chemical dis-
tinction between the two samples by magnetically frac-
tionating the abundant sphene was moderately successful,
but the high common lead content of both fractions pre-
clude a determination of precise 2°’Pb/?*°U and, con-
sequently, precise 2°Pb/?%Pb ages. In order to reduce
the uncertainty in making the common lead correction,
we also analyzed the potassium feldspar from the granite
as a means of ascertaining the isotopic composition of
lead in the original magma. The resultant feldspar lead
isotopic ratios (?°°Pb/?%*Pb=18.46; 2°’Pb/?**Pb=15.61;
208pp/204ph=238.14; Pb=32 ppm, U=0.06 ppm, Th=0.04
ppm), corrected for almost negligible in place uranium
and thorium decay is used in calculating the sphene ages
given in table I3. Emphasis is placed on the closely agree-
ing 2°Pb/>*®Pb and °®Pb/**’Th ages, which are least sus-
ceptible to common lead correction, although no discre-
pancy not accommodated by analytical uncertainties exists
even in the highly sensitive 2°’Pb/?%Pb age.

We take these sphene data as confirmation of a
Taconic age for the granite at Yale Farm, and propose
that it was emplaced sometime within the 430-450 Ma
range delineated by our combined zircon and sphene re-
sults. The fact that the sphene ages slightly exceed the
concordia lower intercept age obtained for the zircon may
be meaningful, but we would be extremely cautious about
making so exact an interpretation of these limited data.
Although an experimental precision with potential of re-
solving Paleozoic ages at the *3-Ma level has been dem-
onstrated by repeated analysis of our interlaboratory zircon
standard, it is now likely to be geologic factors that pre-
vent us from generally reaching such a goal. When we
acknowledge that sillimanite-grade metamorphism has
been superimposed on these rocks, an opportunity for seri-
ous disturbance to the isotopic systems being investigated
certainly is present. The result of such metamorphism
upon zircon isotopic systematics can be complex, espe-
cially if a new generation of zircon is produced, but the
overall effect is usually some lowering of the primary par-
ent-daughter as well as 2°’Pb/2%Pb ages toward that of
the metamorphism. Either an increase or decrease in age
might result from metamorphic recrystallization of sphene
depending upon the relative losses or gains of uranium
and radiogenic lead. In addition, newly grown zircon or

sphene during a subsequent metamorphism would be ex-
pected to record the younger age of that event. Again,
we stress that the rather tight clustering of ages for the
granite argue against any drastic modification of the geo-
chronologic systems in the case at hand. A small amount
of disturbance cannot be ruled out, however, and, on the
basis of our current data, we can assign no more precise
an age than is implied by the 430- to 450-Ma range that
we have quoted.

In an attempt to shed light on the nature of the
variety II zircon found most abundantly in the coarser
mesh fractions, typical grains of the clearest, euhedral
subvariety Ila and of the darkest brown, anhedral subvari-
ety IIb (hereafter simply called varieties Ila and IIb) were
handpicked carefully from the combined —50+ 100 and
—100+ 150 mesh fractions. Early in the study we antici-
pated that variety Ila formed predominantly when the
granite crystallized, and that variety IIb was inherited
from the source rock of the granite. As such, these two
analyses were seen as holding promise of extending the
chemical and isotopic characterization of the mixture in
the directions of both “pure” components. Consequently,
several surprises did arise from the analytical data (see
table I2) obtained for them. In hindsight, we do note (1)
that variety IIa zircon frequently does have a chemical
interface between a core and overgrowth under the micro-
probe even though that interface is optically impercepti-
ble, and (2) that variety IIb zircon is darker colored than
the cores of most variety III zircon and itself shows few
overgrowths. A further dilemma over our early interpreta-
tion arose when we realized that the two seemingly quite
different morphologies were actually gradational into each
other. We now know that both subvarieties entirely or
in part derive from Middle Proterozoic source rock(s), al-
though some questions about how their physical and
chemical characters merge are left unanswered by these
analyses.

Perhaps not so unexpectedly in view of its observed
gradation into composite grains, the variety Ila zircon re-
veals a 2°’Pb/?%Pb age demanding that a significant con-
tribution by an old, inherited component is included in
it. Indeed, the position of the analysis on the concordia
diagram permits only a slightly larger proportion of the
younger component than is contained by the —50+ 100
and —100+ 150 mesh total splits. If we allow for the
contribution to the total splits by the old variety IIb zircon
discussed below, no difference in relative abundance of
end members can be demonstrated between varieties Ila
and III zircon. What does serve to contrast them is their
uranium and thorium concentrations, which are a factor
of 2-3 lower in the handpicked clearest grains. Although
this range in uranium and thorium content is geochemi-
cally interesting, we conclude that any genetic distinction
between varieties I1a and III is more illusionary than real.
Highly variable uranium content among individual grains
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of otherwise homogeneous zircon populations is common
in fission-track studies, and the concurrent effects of radi-
ation dosage on crystal transparency, color, and morphol-
ogy is well known. Thus, secondary rather than primary
factors offer the best explanation of what, at their extreme
development, appear to be profound varietal differences
in zircon types.

At first glance, the analysis of the dark-brown
anhedral variety IIb zircon seems to fit nicely with our
anticipation that it was inherited largely from the source
rock of the granite. The data point falls right on the 430-
to 1,050-Ma mixing line as defined by the five finer
grained total split samples, and indicates a much greater
proportion of the older component than is contained by
any other fraction. Assuming that its contact with the
magma had caused some episodic lead loss, the variety
IIb zircon might, in fact, qualify as the “pure” end mem-
ber component to the mixing line if we ignored the ura-
nium and thorium contents. However, judging from our
isotopic and microprobe analyses, the variety IIb zircon
is much too radioactive to represent the postulated old
end member. Although apparently sharing a similar Mid-
dle Proterozoic age with the variety III cores, the brown
zircon with its lack of overgrowths and color distinction
records a somewhat unique history. We propose that the
cores of variety III zircon were incorporated into the
magma of the granite at Yale Farm at an early stage of
melting so that they first were partially resorbed and then
overgrown as the magma accumulated, migrated upward,
and finally solidified. On the other hand, the variety IIb
zircon was acquired as xenocrysts at a much later stage
in the magmatic sequence and thereby almost completely
escaped subsequent modification. The chemical and color
distinctions between the zircon represent the different
lithology but similar age of the country rock from which
the two varieties were released. Of course, other interpre-
tations that seek to reconcile the different uranium and
thorium contents of the zircon wholly in terms of degree
of reactivity with the magma are possible also.

ELECTRON MICROPROBE ANALYSIS
OF ZIRCON

As a complement to the uranium-lead dating study,
selected grains of different morphological types of zircon
from the granite at Yale Farm were analyzed and charac-
terized by the electron microprobe. Using this technique,
we were able to identify distinct chemical domains, which
correlate well with our interpretation of a polygenetic ori-
gin to the zircon population. In particular, the
hypothesized Middle Proterozoic and the Lower Silurian
or Upper Ordovician components can be recognized sepa-
rately, whether present as individual or composite grains,
based on their hafnium content. In this section we docu-
ment the concentration and distribution of a few selected
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elements, but offer no further genetic modeling for these
data beyond that put forward to explain the uranium-lead
systematics.

Individual zircon grains representing each mor-
phological type were probed to determine their chemical
composition (table 14). The samples were analyzed at 20
kilovolts and 10 nanoamps sample current with a defo-
cused beam of 10—pum (micrometer) diameter. Both natu-
ral minerals and synthetic glasses were used as standards,
and data reduction was carried out by an atomic number,
absorption, and fluorescence (ZAF) scheme. For varieties
Il and HI composite grains, separate analyses made of
cores and overgrowths show their different minor element
concentrations. We note, first of all, that each analysis
verifies a near approach to stoichiometric (Zr,Hf)Si0, for
the zircon, and at the dimension of the probe beam, the
absence of any other mineral species. The only elements
in addition to Zr, Hf, and Si found were trace amounts
of U, P, Ca, Th, and REE (rare-earth elements) sporadi-
cally indicated near their detection limits. These trace ele-
ments all could be crystallographically bound in the zircon
lattice, and we tentatively make that assumption in the
ensuing discussion.

The most useful aspect of these data in table 14
is in the systematic behavior of the two elements, hafnium
and uranium. Almost certainly, the hafnium substitutes
for zirconium in the basic mineral lattice, whereas the
uranium is in some unknown but possibly correlative site
to the hafnium. Immediately apparent is the higher aver-
age hafnium and uranium concentration in variety I grains
and variety III overgrowths (1.73+0.36 and 2.05+0.32
percent Hf, and 1,100=500 and 1,000+400 ppm U, re-
spectively) than in variety III cores (1.21+0.24 percent
Hf, and 400+ 300 ppm U). Such a dichotomous chemical
characterization of the zircon runs parallel with the previ-
ously proposed two-component mixing model whereby
one component formed during crystallization of the granite
and the other comprises the xenocrystic contribution to
the magma. Although significant fluctuation exists in the
hafnium and, particularly, the uranium contents of both
components, we are convinced that a statistical distinction
can be drawn between the two generations of zircon. Fur-
thermore, such probe analyses of variety Ila grains first
disclosed the true composite nature of the grains by show-
ing a chemical interface between core and overgrowth not
detectable under the microscope.

The intermediate hafnium and high uranium concen-
trations (1.60 +0.20 percent Hf, and 1,900 +900 ppm U)
of variety IIb zircon do not fit so well into a dichotomous
scheme, but this discrepancy could be taken as additional
evidence of heterogeneity within the xenocrystic compo-
nent. A possible scenario supporting such heterogeneity
to explain the rarity of this high radiaoctivity species as
the cores of variety III zircon has been given already.
With regard to variety IIb zircon, we should mention also



Table 14. Average value (X), standard deviation (* ), and range in element oxide concentration for representative

grains of the different varieties of zircon

[All oxides in weight percent; microprobe beam size is about 10 micrometers in diameter]

Variety III overgrowths
(10 analyses on 6 grains)

Variety III cores
(14 analyses on 6 grains)

Variety IIb
(14 analyses on 6 grains)

Variety IIa overgrowths
(12 analyses on 6 grains)

Variety IIa cores

(12 analyses on 6 grains)

Variety 1
(27 analyses on 15 grains)

Xto Range X*g Range Xto Range Xtg Range Xtg Range

Range

(62.53-66.08)

64.50+1.24

(63.72-67.20)
(0.91-1.73)

(64.24-0.67) 65.57+1.13

66.01+£0.67
‘1.60+0.20
31.4040.46

(62.82-65.93)

(64.21-67.11) 64.78£1.03

(0.87-1.60)

65.69+0.97

(63.79-66.99)
(1.17-2.68)

(30.43-33,76)

65.80+0.89
1.73+0.36

$i0, 32.331.08

Zr0,
HEO,

(1.63-2.74)
(31.13-32.55)

2.05+0.32
31.69+0.48

1.2140.24
31.98+0.63
0.01+£0.01

1.82+0.26 (1.30-2.44) (1.35-2.07)
(30.75-32.86) (30.28-32.25)

31.4940.74

1.13+0.19
32.20+0.75

(30.25-32.77)

(30.48-33.36)

(0.00-0.09)
(0.01-0.14)
(0.00-0.02)
(0.00-0.05)

0.03+0.03
0.06+0.05
0.01£0.01
0.02+0.02
0.10£0.04
0.04+0.03

(0.00-0.03)
(0.00-0.10)

(0.00-0.03)
(0.02-0.26)
(0.00-0.04)

0.01+0.01
0.12+0.07
0.02+0.01
0.01+0.01
0.1940.09
0.05+0.04

(0.00-0.08)

0.02+0.02
0.074£0.05
0.02+0.01
0.03£0.02
0.05+0.02
0.02+0.02

(0.00-0.05)
(0.01-0.12)
(0.00-0.07)
(0.00-0.06)
(0.00-0,10)

0.02+0.02
0.05+0.03
0.02+0.02
0.02+0.01
0.03+0,02
0.02+0.02

(0.00-0.06)
(0.02-0.46)
(0.00-0.07)
(0.00-0.09)
(0.04-0,24)
(0.03-0.32)

0.02+0.02
0.,17+0.12

Cey03 0.02+0.02

CaOZ
Y505

0.04+0.03
0.02+0.02
0.01+0.02
0.04+0.03
0.02+0.02

(0.00-0.16)

(0.00-0.06)
(0.00-0.05)

(0.00-0.04)
(0.00-0.08)

(0.00-0.04)

0.03£0.03
0.114£0.05
0.10£0.05

Py0q

(0,11-0,31) (0.00-0.16) (0.04-0.16)

(0.00-0.12)

(0.01-0.10)

uo,

(0.00-0.10)

(0.00-0.08)

(0.00-0.08).

(0.00-0,07)

ThO,

the presence of a few grains with almost black domains
having 3,000-5,000 ppm U. A brief HF acid leach shows
these domains to be especially soluble, and we speculate
that they may be the sites of postcrystallization radiogenic
lead loss implied by the uranium-lead isotopic data for
the —50+ 100 and —100+ 150 total split analyses. Care
was taken to exclude such grains with identifiable black
domains from the handpicked sample of variety IIb zircon
analyzed subsequently.

One final warning about the apparent correlative be-
havior of hafnium and uranium may be in order. Unlike
the hafnium, which probably does represent rather
straightforwardly the restricted Hf/Zr of the crystallization
environment, uranium content is found to vary by at least
an order of magnitude within a component and to have
considerable overlap between components. Although no-
ting that the overgrowths of variety III zircon generally
do contain more hafnium and uranium than the cores, a
direct coupling of the two elements need not exist. Thus,
when we probed several unusual variety III grains that
had a more turbid core than overgrowth, they did, in fact,
have a higher uranium content in the core than the over-
growth while maintaining a normal hafnium relationship.

Perhaps the most interesting use of the microprobe
comes from the detailed study of the interface between
two generations of zircon within a single variety III grain.
We chose to work on a zircon that had an especially well-
developed core and overgrowth relationship so as to facili-
tate an optical comparison with the microprobe analyses.
A photomicrograph of the subject grain, its electron
backscatter electron image, and zirconium and hafnium
scanning maps are shown in figure I7. Partial chemical
analyses of nine selected 1-pwm diameter spots of the core
(1-5) and overgrowth (6-9) are presented in table IS.
Again we note the essential stoichiometry of the zircon.

As we had come to expect from the reconnaissance
survey, the contrast in hafnium and uranium content be-
tween the core and overgrowth are immediately apparent
from the chemical data. Corresponding to the chemical
distinction, an abrupt change in cathodoluminescence in-
tensity of the probe spot also was observed at or near
the interface between core and overgrowth. The core, de-
pleted in hafnium, exhibited a bright luminescence,
whereas the overgrowth, enriched in hafnium, had a faint
cathodeluminescence. Luminescence spectra were meas-
ured with a grating monochrometer, and, except for the
intensity, all spectra were identical with strong compo-
nents at 465 and 505 nanometers. At one end of the crys-
tal, the intensity boundary did depart appreciably from
the interface as defined optically and by the crack pattern
on the backscatter image (see fig. I7 for comparison).
Our explanation of this disparity is that the actual crack
as seen in the photomicrograph and backscatter image is
a secondary, stress-induced feature, which only approxi-
mately follows the chemical boundary. Thus, although
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Figure 17. Photomicrograph (A), electron backscatter image (B), and zirconium (C) and hafnium (D) scanning maps
of a select variety 11l zircon. Grain is about 550 micrometers in long dimension.
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Table I5.

Electron microprobe analyses of a selected variety Il zircon

Core Overgrowth
Analysis! 1 2 3 4 5 6 7 8 9

Zr0, 66,65 66.46 66.11 67.05 64.92 66.16 65.62 65.34 66.02
HEOq 1.06 1.03 .96 1.05 .99 1.92 1.79 2.19 1.88
$i0, 32.88 32.25 32.31 32.56 31.98 31.64 31.64 31.62 32,31
Ca0, .03 .01 .01 .00 .03 .05 .03 .00 .02
Y504 .03 .01 .00 .01 .02 .05 .05 .03 .03
Ce,0q .01 .01 .00 .01 .00 .03 .00 .00 .00
Py0g .01 .01 .01 .00 .01 .02 .01 .01 .00
uo, .04 .03 .01 .01 .02 .13 .02 .10 .03
ThO, .03 .00 .01 .01 .01 .05 .02 .00 .01

Sum---- 100.24  99.81  99.42 100.70 97.98 99.05 99.18  99.29 100.30

INumbered analyses are keyed to the indicated positions on the photomicrograph

of the grain in figure I7.

stresses associated with the different chemistry and (or)
accumulated radiation damage probably is greatest right
along the interface of the core and the overgrowth, frac-
turing may locally jut irregularly into one or the other
of the domains. The more fractured and turbid character
of overgrowths relative to cores of many variety III zir-
cons (see figs. 14 and I7) could be another manifestation
of this phenomenon—suggesting that greater internal
stresses do accompany the higher uranium content.

A corollary consideration in understanding the na-
ture of the core to overgrowth relationship is the sharpness
of the chemical gradient across the interface. In addition
to the implications for stress concentration, the width of

the chemical transition band holds information about dif-
fusive distances during and after crystallization of the

overgrowth. For example, if the transition is within the
resolving capacity of the microprobe (2um), an argument
could be made for insignificant diffusive movement of
hafnium and uranium during the superimposed Acadian
orogeny. An equivalent immobility of radiogenic lead
would then explain the apparent post-Taconic closed-sys-
tem behavior of most of the zircon population. On the
other hand, a broad diffusion band certainly might raise
the issue of some episode of substantial ion migration.
Although the crack pattern prevents a precise delineation
of this chemical gradient along much of the perimeter of
the core, an excellent opportunity exists to make the
measurement where the crack does depart from the
luminescence boundary. Analysis 5, table IS5, of the core
and analysis 6 of the overgrowth represent immediately
adjacent probe spots on either side of the luminescence
boundary separated by no more than 4 wm. These
analyses do, in fact, bracket the full transition in hafnium
and uranium contents, and thereby document an extremely
abrupt gradient.

At this early stage in our use of the electron micro-
probe to supplement geochronologic studies, we find that
almost every grain offers some new insight and surprise.
However, the sensitivity of the technique severely limits
its application in making quantitative measurements of
trace elements below the 0.1 percent (1,000 ppm) level.
We were fortunate to find so great a “hafnium effect”
in this suite of zircons. The higher uranium concentration
of the overgrowths compared with that of the cores, which
was predicted by our binary mixing model, also can be
seen in the microprobe data. However, analytical uncer-
tainty and probable real heterogeneity within and among
grains prohibit their quantitative use to define end-member
compositions.
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Abstract

Drill holes UPH-1 and UPH-2 in Stephenson
County, northern lllinois, penetrate to a depth of more
than 1,640 meters, first through ~630 meters of Paleozoic
sedimentary section and then into underlying Precambri-
an granitic basement. Samples of apatite (five) and zircon
{(one) from various depths in the recovered Precambrian
basement core were dated by the fission-track method.
Because of the instability of tracks in these minerals at
high temperatures, the ages define points in the thermal
history of the samples.

An apatite sample just beneath the basement un-
conformity (614 meters) presently at a temperature of
~20°C (Celsius) yielded an age of 132+16 Ma (million
years) at the 95-percent confidence level. Apatite ages
decrease linearly with depth to 50+8 Ma (95-percent
confidence level) for the deepest sample (1,640 meters)
at a temperature of ~46°C. The age of the sample closest
to the unconformity has been totally reset (as evidenced
by comparative track-length measurements) from an age
expected to be older than the oldest overlying sedi-
ments. The observation that non-zero ages persist
through the total depth of the hole demonstrates that
the resetting or closure temperature is higher than the
highest temperature in the hole. The fission-track age
of the zircon sample from just below the unconformity
is older than the age of the sediments, and thus, the
temperature was never higher than ~160-180°C during
the Phanerozoic.

The range of temperatures sampled suggests a
minimum of 26°C cooling. The extrapolation of the least-
squares regression line through the data to a zero age
is at 56 =2°C. This construction requires ~36°C cooling
for the upper sample. However, a geologically accurate
model of track fading predicts a closure temperature of
93+18°C, requiring 73+18°C of post-~130 Ma cooling,
mostly after 50 Ma.

Consideration of a lower closure temperature
(56°C) and a hypothetical large increase in geothermal
gradient (to 36°C per kilometer at 130 Ma) requires the
former existence and removal of >520 meters of cover.
At the other extreme, a closure temperature of 93°C and
the presently observed geothermal gradient of 23°C per
kilometer require ~3,000 meters of cover, about 2,000
meters of which was removed post-50 Ma. These data
suggest a history of sedimentation and uplift considera-
bly different than that commonly proposed.

INTRODUCTION AND GEOLOGIC SETTING

The Illinois Deep Hole Project was an interdiscipli-
nary study of the properties and characteristics of three
deep holes (UPH-1,2,3) and their cores in Stephenson
County, northern Illinois, near the town of Winslow, not
far from the Wisconsin State line (see fig. El, chap. E,
for locations of drill holes). The geophysical, geochemi-
cal, and petrographic properties, as well as isotopic ages

100 Shorter Contributions to Isotope Research

of the cored and the surrounding rocks, were studied by
other investigators. With the objective of studying the
cooling history of the cored basement rocks in the temper-
ature range from ~180°C to ~100°C, apatite and zircon
mineral separates were dated as part of the project. The
results obtained in this study have broader significance
to the former sedimentary and subsequent uplift history
of the region in general.

The intrusion and crystallization of the granitic
basement rocks between 1,430 Ma (rubidium-strontium)
and 1,470 Ma (lead-lead) (Van Schmus and others, 1981)
represent the earliest preserved geology in the region. The
basement rocks show evidence of subsequent textural al-
teration and deformation (Lidiak and Denison, 1981). At
some time prior to deposition of the Cambrian Mount
Simon Sandstone, the Precambrian basement was uplifted
and eroded, exposing a surface of moderate relief upon
which Phanerozoic strata were later to be deposited. At
the site of the drill holes, the sedimentary formations pres-
ent start with the Mount Simon Sandstone, above the
basement unconformity, and continue up to the Galena-
Dolomite of Middle Ordovician age. The Middle Ordovi-
cian Kress Member of the St. Peter Sandstone is above
an unconformity of regional extent. This unconformity is
increasingly lower in the section to the north, and is re-
lated to the early phases of formation of the Wisconsin
arch.

The drill holes are close to the axis of the Wisconsin
arch near its bifurcation into the Mississippi River and
the Kankakee arches, which bound the northern end of
the Illinois structural basin. In its northern extension, the
Wisconsin arch brings to the surface exposures of Precam-
brian basement in south-central Wisconsin. Within the
Illinois and Michigan basins and along their flanks, rocks
of Silurian through Pennsylvanian age are preserved.
Isopach reconstructions suggest that previously some of
these formations extended beyond the present structural
basins. Paleocurrent measurements on basal-Pennsylva-
nian formations suggest continuity of sediment dispersal
across interbasinal basement highs such as the Kankakee
arch (Potter and Siever, 1956). Studies of coalification
patterns in the Illinois Basin suggest the removal of ~970
meters of Pennsylvanian or younger sedimentary rock
along the northern edge of the Illinois Basin, about 60
kilometers southeast of the drill sites (Damberger, 1971).
It has been assumed that this is part of a general uplift
of the Great Lakes region in post-Pennsylvanian time
(Eardley, 1962). The presence of Cretaceous sediments,
both to the west and to the south at the head of the Missis-
sippi Embayment, represent the youngest pre-Pleistocene
stratigraphy in the immediate region. Because of the thin
and unconsolidated nature of these deposits, little burial
or subsequent uplift can be implied where they occur and
their presence suggests limits to allowable amounts of
post-Cretaceous erosion in the region in general and at



the drill site in specific.

Zartman and others (1967) have dated a number of
dikes and sills in southern Illinois that yield Permian ages.
There is some suggestion of intermittent igneous activity
into the Cretaceous and that this activity possibly was re-
lated to the subsequent formation of the Mississippi Em-
bayment. McGinnis and others (1976), in discussing the
regional increase in Bouguer gravity field from northern
into southern Illinois, suggested that the gravity increase
is caused by an increase in basement density due to deep
level intrusions, possibly related to the evolution in the
Cretaceous of the Mississippi Embayment structure. These
igneous events are mentioned because of their relationship
to a possible regional increase of heat flow and hence
geothermal gradient during the Mesozoic. The effect of
such an increase would be to alter significantly the inter-
pretation of the cooling history made from the apatite fis-
sion-track ages presented here. If in the past the geother-
mal gradient was higher than the presently observed gra-
dient of 23°C/km (degrees Celsius per kilometer) (Rahman
and Roy, 1981), the cooling produced by the decrease
in gradient must be taken into account in addition to that
caused by erosion.

INTERPRETATION OF APATITE AND
ZIRCON FISSION-TRACK AGES

Fission tracks are produced by the fissioning of ura-
nium nuclei that leave a ~15-pm path of structurally
damaged material in the path of the fission fragments.
The ability to etch, optically observe, and count the dam-
age tracks is reduced or eliminated by thermal energy.
Geological observations such as studies of fission-track
ages of apatites in boreholes in areas of known geothermal
history, such as by Naeser (1979), or of the fission-track
age of zircons relative to better defined isotopic age sys-
tems, such as presented in Harrison and others (1979),
provide one means of determining the kinetics of fission-
track “fading.” Another approach taken is to interpret lab-
oratory studies of track fading and to extrapolate these
results to geologic conditions of time and temperature.
The interpretation of laboratory data as representing a
first-order rate law for track fading with unique singular
values for the activation energy and preexponential factor
describing the temperature dependence of this rate has
been advocated by Zimmermann and Gaines (1978). This
interpretation is the basis of a mathematical model of track
accumulation that accurately predicts the observed age
trends for the previously mentioned borehole studies of
Naeser (1979) (R. A. Zimmermann, unpub. data). The
geological appropriateness of this approach is the basis
for using this as the method for the interpretation of the
apatite data in the present report.

Apatite dates are here interpreted using the concept
of effective closure temperature defined by Dodson (1973,

p. 260) as “the temperature of the system at the time
represented by its apparent age.” The closure temperature
is dependent upon the rate of sample cooling and de-
creases with decreasing cooling rate. Values for closure
temperatures applicable to the present study were calcu-
lated from the relationships given by Dodson (1973) using
the values of the kinetic constants given by Zimmermann
(1977). Uncertainties in this closure temperature were cal-
culated from equations derived from Dodson (1973). As
an example, the closure temperature of apatite for a rate
of cooling of 1°C/m.y., is about 100°C. The closure tem-
peratures for zircon are known only relative to other
isotopic age systems and probably fall in the range of
150°-180°C (Harrison and others, 1979).

EXPERIMENTAL PROCEDURES AND RESULTS

For this study, samples were obtained from the
cores retrieved from the UPH-1 and UPH-2 drill holes.
These holes penetrated 605 m (1,955 ft) and 660 m (2,179
ft), respectively, of lower Paleozoic sedimentary rock be-
fore entering the granitic basement. The temperature at
the basement contact was about 20°C. The temperature
at the bottom of the UPH-2 hole was about 46°C. The
last four digits of the sample numbers in table J1 corre-
spond to the depth, in feet, of the sample.

Sufficient apatite and zircon for dating were ob-
tained from ~500 grams of cored basement rock. Each
sample was separated by crushing to finer than 60 mesh
and separating apatite and zircon from the -60+200 mesh
(246-74 micrometers) fraction by heavy liquid and mag-
netic separation.

All samples were prepared for age determination by
the external detector technique using procedures similar
to those of Naeser (1976). Apatite samples were etched
in 7-percent HNO; at 20°C for 30 or 40 seconds. Musco-
vite detectors were etched in 48-percent HF at 20°C for
~15 minutes. Zircons were etched in an eutectic NaOH-
KOH mixture at 220°C for 2-8 hours. Only two grains
in one of eight zircon samples were suitable for counting
because of extremely high track densities and extreme
grain corrosion.

For thermal neutron irradiation, the samples were
placed in an aluminum tube with the NBS (National Bu-
reau of Standards) reference glass 963, covered with mus-
covite detectors, at the top and bottom of the irradiation
package. The irradiation was carried out in the U.S.
Geological Survey Triga reactor (Denver) in the lazy
susan ring at a power level of 200 kW (kilowatts). The
thermal neutron fluence for the standard glasses was cal-
culated using the values reported for the NBS glass ir-
radiated in the RT-3 site with copper foils as the primary
standard (Carpenter and Reimer, 1974). The fluence for
each sample was calculated by interpolation between val-
ues determined for the standards.
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Table 1.

Fission-track age data for the Illinois drill-core samples

[ps and pi represent the observed fossil and induced track densitites, respectively. To correct for the 27 geometry of the external detector configuration,
the induced track densities (or raw counts) are mulitiplied by a factor of 2 in calculating the age. tr, tracks; cm?, square centimeter; ¢, thermal
neutron fluence (calibrated by NBS-SRM 963, copper value); n, neutrons, thermal; Ma, million years; ppm, parts per million. Quoted uncertainty

10,,.—1.

in the age represents the 95-percent confidence limits (95 pct CL). Ages were calculated using the following constants: Ag=1.55x10""%yr!;
#=7.03x1077yr~"; U-235/U-238=0.00725; A;=580.2 barns]
Number counted Time

Sample Depth Mineral Fossil  Induced ps pi [ A Ma Uranium

No. (meters) dated tracks tracks Grains (108tr/cm?) (10%r/em?)  (101%a/cm2) Ma (95 pct CL) (ppm)
UPH-1-2025 614 Apatite--- 543 602 10 1.18 1.31 4.96 132 16 16
UPH-2-2185 662 ——do—-—-—- 584 660 10 1.54 1.74 4,96 130 15 22
UPH-2-2779 842 —--do-————- 611 740 10 1.66 2.02 4,80 118 14 26
UPH-2-3194 968 ——~do—————- 173 271 7 .606 +949 4.80 91 18 12
UPH-2-4773 1446 —=do=—=——— 236 545 12 413 .954 4.80 62 10 12
UPH-2-5411 1640 ==do—————- 232 688 11 414 1.23 4.96 50 8 15
UPH-1-2004 607 Zircon-—— 153 22 2 15.0 2.16 3.92 768 325 36

Samples were counted at ~2,500X in transmitted
light. For age calculations the following constants were
used: Ag=1.55x10,,~'; A,=7.03x107"7 yr~}; U-235/U-
238=0.00725; o0;=580.2 barns. Systematic differences
exist in commonly used methods to calibrate neutron flu-
ences and in values of A;. The combination of values used
here provides an accurate value for the fission-track age
of the Oligocene Fish Canyon Tuff (Naeser and others,
1981) that has been well dated by various K-Ar (potassi-
um-argon) mineral systems. Ages were calculated ulti-
mately by pooling counts from individual grains in a sam-
ple. The age uncertainties were calculated taking into ac-
count the uncertainties in the fossil and induced track
counts, as well as the uncertainty of the neutron fluence,
by combining these in the manner described by Johnson
and others (1979, appendix 1). The uncertainties in the
fossil and induced track counts were evaluated by using
the Poisson uncertainties of the individually pooled data.
The inclusion of a term involving the correlation of indi-
vidual grain counts, as suggested by McGee and Johnson
(1979), is inappropriate in this situation and was not used.
The uncertainties given in table J1 and shown as error
bars in figure J1 represent 95-percent confidence intervals.

In order to measure the projected track-length distri-
bution of sample UPH-2-2185, a separate mount of
grains annealed at 550°C for one hour was prepared and
irradiated. Fossil and induced track lengths were measured
at ~2,500X using an electronic digitizer in conjunction
with a drawing tube attached to the microscope. Five
hundred and thirteen fossil tracks and 531 induced tracks
were measured to produce the distributions shown in fig-
ure J2.

Before discussing the dating results, note that the
average uranium concentration of all apatite grains mea-
sured was 17 ppm (parts per million). Other experimen-
ters, working on these drill core samples, have observed

102 Shorter Contributions to Isotope Research

extremely high concentrations of uranium in the whole-
rock chemistry. The concentrations found in these apatites
suggest that the whole-rock values are not due to higher
than normal concentrations in the apatite phase. Although
the observed concentration can be biased by selection
criteria, I believe that the grains counted are representative
of the samples in general. The uranium concentration
shown for the zircon sample is biased, in the extreme,
to low concentrations.

The dates of the five apatite samples range from
132+16 Ma for the sample closest to the basement un-
conformity at a depth of 614 m (at a temperature of
~20°C) to 50+8 Ma at a depth of 1,640 meters (at a
temperature of ~46°C). The ages appear to decrease
linearly with depth. A least-squares linear regression
yields a slope for the present thermal gradient of 0.27°C/
Ma with a “zero age” intercept at a depth of 2,174 meters
and present temperature 56 +2°C. The dating of zircon
from sample UPH-1-2004, just below the unconformity,

yielding an age of 768 =325 Ma (95-percent confidence
level), is subjectively of marginal worth as shown by the
large uncertainty associated with the age. It nonetheless
has some merit in the general interpretation of the geother-
mal history at the drill site and therefore is included for
discussion.

A comparison of the projected track-length distribu-
tion for fossil and induced tracks in the apatite sample
UPH-2-2185 reveals that the fossil distribution shows a
shorter maximum and mean projected length than the in-
duced distribution. Dakowski (1978) has shown that the
projected track-length distribution for thermally unaffected
(that is, unshortened) tracks is a sawtooth distribution with
a linearly decreasing right shoulder; least-squares regres-
sion of this part of the distribution should produce the
same maximum length intercept for both fossil and in-
duced tracks. Sample UPH-2-2185 has maximum length
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Figure J1. Apatite fission-track ages as a function of depth and present temperature in the lllinois
drill holes UPH-1 and UPH-2. Error bars (centered on X) enclose the 95-percent confidence intervals.
Regression line through the data indicates cooling of 0.27°C/m.y. (with present geothermal gradient)
and “zero” age at a depth of 2,174 m (7,174 ft). Dashed line suggests most recent cooling rate if

the closure temperature is 93°C.

intercepts of 12.6pm for the fossil and 14.6pm for the
induced distribution suggesting some track shortening for
the fossil tracks.

Although a relationship exists between track short-
ening and track fading, various studies of this relationship
have no general agreement (for example, Mirk and
others, 1973; Wagner, 1979; Green, 1981). Partial anneal-
ing of a large track population at some time in the past
could have produced a double peaked or bimodal distribu-
tion (Wagner, 1979). A more likely effect would be a
break in slope, with a steepening of the distribution at
shorter length, on the right side of the sawtooth distribu-
tion. In the present example, although the fossil length
statistics (mean and maximum projected length) all are
smaller than those of the induced population, there is no
evidence of bimodality or of a significant nonlinearity on
the right shoulder in the fossil distribution. This is inter-
preted as an argument against a mixed age (that is, the
sample temperature was significantly higher than its clo-
sure temperature, completely removing pre-existing
tracks) and for slow cooling through the temperature re-
gion of significant track fading such as to provide for
the observed shortening of fossil versus induced tracks.

DISCUSSION

The unexpectedly young ages and additionally the
presence of non-zero ages down the hole are significant.
On the basis of the present geology, much different ages
would be expected. The igneous nature and intrusive age
of the basement rocks and the erosional surface developed
at the basement unconformity clearly indicate that the
basement was significantly uplifted and eroded before de-
position of the Phanerozoic sedimentary sequence. With-
out subsequent reheating of that surface higher than the
closure temperature for apatite, a pre-Mount Simon age
for the apatite should be expected, reflecting that early
uplift and cooling history. The observed apatite ages,
therefore, require a reheating of the basement during the
Paleozoic or Mesozoic and cooling during the Cenozoic.
Two mechanisms for this reheating—formerly deeper bur-
ial and formerly higher geothermal gradients—will be dis-
cussed.

The observation that the samples deeper into the
basement have non-zero ages means that the temperatures
of these samples also are less than the apatite closure tem-
perature. Thus, the presence of tracks in a sample at
~46°C (sample UPH-2-5411) means that sample UPH-
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Figure J2. Projected track-length distribution of fossil (boundary of shaded area) and induced (light-grey)
tracks in sample UPH-2-2185. The relative shapes and the regression-defined, right-shoulder intercept
best show the shortening of the fossil tracks due, most likely, to slow cooling through the closure temper-
ature rather than to partial resetting at lower temperatures.

1-2025 at ~20°C can have been cooled an absolute mini-
mum of ~26°C during the last 132 Ma. Assuming that
the geothermal gradient has been constant over time, the
slope of the line through the data suggests cooling at a
rate of 0.27°C/Ma. The extrapolation of this decreasing
age trend to “zero age” is at the depth of 2,174 m (7,174
ft) and a temperature of 56°C. Under the condition of
a constant cooling rate, this extrapolation provides the
geometric construction of the closure temperature. There-
fore, if the cooling rate remained the same and the geo-
thermal gradient has remained constant, a closure temper-
ature of 56+2°C would be indicated. This construct
requires a revised estimate of ~36°C for the minimum
post-Jurassic cooling. However, application of the first-
order loss model for track accumulation in apatite leads
to the prediction of a closure temperature of 93+ 18°C,
thereby implying cooling on the order of 73 + 18°C since
the Jurassic. In addition, an increase in cooling rate after
~50 Ma (dashed line of fig. J1) is required.

Two mechanisms can be invoked to account for pre-
Cretaceous heating and post-Jurassic cooling of the base-
ment rocks. The first of these is burial by post-Ordovician
sedimentary rocks later removed, possibly before but
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mostly after ~130 Ma. The second is the heating effect
of a significantly higher geothermal gradient in the past,
allowing for subsequent cooling as the gradient decreased
to its present value and the closure temperature isotherm
once again moved down deeper into the basement.

What evidence is there for the following:

1. Independently determined higher temperatures than
presently exist in the basement or overlying sedimentary
rocks,

2. Formerly existent sedimentary units possibly still
present elsewhere but missing in northern Illinois, and

3. A higher geothermal gradient in the early Cenozoic?

No independent and direct evidence is known to
exist for formerly higher temperatures in the rocks at the
drill site. However, in the upper Mississippi Valley lead-
zinc district, about 100 km west of the drill sites, McLi-
mans (1977) has reported fluid-inclusion homogenization
temperatures of 75°-220°C in the ores. The age of these
deposits is unknown relative to the thermal history at the
drill sites. Cobb (1981) has determined homogenization
temperatures of fluid inclusions in sphalerite in coal from
the western shelf of the Illinois Basin, about 100 km



southwest of the drill site, of from 75°C to 113°C. He
also noted that there is no perceptible difference between
the vitrinite reflectance of coals adjacent to or removed
from the sphalerite veins, indicating thermal equilibrium
between the sphalerite-forming solutions and the country
rock. Cobb (1981) also calculated maximum temperatures
of coalification on the western shelf for the Herrin (no.
6) Coal, assuming burial at maximum temperature for
50-75 m.y. of 70°C—80°C, on the basis of vitrinite reflec-
tance values.

Options are extremely limited in this region for at-
tempting to attribute higher temperatures to formerly
deeper burial. Because the youngest sedimentary unit
(neglecting Pleistocene deposits) at the drill sites is the
Middle Ordovician Galena Dolomite and Plattville Forma-
tion and the apatite ages suggest that the basement was
cooling by ~130 Ma, the time of deposition of the “mis-
sing strata” would have had to have been in the Late
Ordovician-130 Ma interval. Within the Illinois Basin,
Pennsylvanian strata are unconformable on the underlying
formations, which range progressively from Mississippian
through Ordovician age from south to north (Willman and
others, 1967). If this uplift and erosion in Late Mississip-
pian time increased in magnitude north to the drill sites,
burial as the cause of pre-130 Ma reheating could be attri-
buted only to Pennsylvanian through ~130-Ma-old
sedimentation. The Sandwich fault zone is between the
northernmost Pennsylvanian sedimentary rocks and the
drill sites. The cumulative displacement within the zone
is ~242 m (800 ft), with a sense of movement down
to the north. Movement apparently was major between
post-Middle Silurian and pre-Pleistocene time (Kolata and
others, 1978). This structure might have caused a delay
in the uplift and erosion of pre-Pennsylvanian units to
the north until well after their removal to the south. If
so, additional burial depth could have been maintained
into the Early Cretaceous making a simple uplift- and ero-
sion-induced cooling model more viable. On the basis of
coal rank in the northern Illinois Basin (~60 km southeast
of the drill sites), Damberger (1971) suggested about 970
m of former burial. His estimate was, however, dependent
upon the geothermal gradients at the time the coal attained
maximum rank. Although no Upper Pennsylvanian or Per-
mian strata generally have been recognized in the Illinois
Basin or to the north, Kehn and others (1981) reported
the presence of Permian strata preserved in a graben in
western Kentucky. This late sedimentation, although pres-
ently localized, might suggest the possibility of more
widespread post-Pennsylvanian sedimentation in the re-
gion than is preserved.

On direct evidence, a case for an increased geother-
mal gradient in the region is difficult to make. This diffi-
culty arises primarily because of the cryptic nature of the
observable effects of such an increase and the inability
to project back in time from present observations of geo-

thermal gradients. However, an indirect case for this pos-
sibility can be made.

McGinnis and others (1976) interpreted the increas-
ingly positive regional Bouguer anomaly in southern
Tllinois as due to midcrustal level intrusives that increased
crustal density there and that resulted in the subsidence
of the Mississippi Embayment. The small Permian-age in-
trusions isotopically dated by Zartman and others (1967)
in southern Illinois might be the surface expressions of
these larger deep-seated parent bodies, closely dating them
as well.

If in the Permian, and perhaps through the Mesozo-
ic, extra thermal energy was being transferred into and
was heating the entire lithosphere along and extending
beyond the axis of the Mississippi Embayment, the effect
on the present observations of heat flow would be only
minimal. Sleep (1971) showed that following a heating
event of lithospheric dimensions, temperatures decrease
exponentially with a time constant of about 50 Ma. The
anomalous part of an increased geothermal gradient, there-
fore, would decay with a half-life of about 70 Ma. The
measured geothermal gradient at the drill sites is 23°C/km.
If a slightly lower geothermal gradient, say 18°C/km, ac-
tually would result from equilibrium heat flow, then a

gradient of 36°C/km could have existed at 130 Ma and
would have decayed to about 23°C/km by the present if
the input of extra heat had ceased at or before 130 Ma.
The value of 36°C/km in the following hypotheses is used
as a maximum estimate of geothermal gradient in the Em-
bayment rift environment because of its ability to decay
to the present value in the time allowed while maintaining
a regionally reasonable equilibrium value.

Four hypotheses involving two sets of assumptions
are suggested for the interpretation of the fission-track
data. The first set involves the contradictory assumptions
that the geothermal gradient has remained constant and
that it has been decreasing exponentially since Early Cre-
taceous time. The second set of assumptions deals with
the interpretation made for the closure temperature of apa-
tite. Independent estimates of maximum temperatures,
such as fluid-inclusion homogenization and vitrinite-re-
flectance temperatures in adjacent areas, are, in general,
supportive of temperatures in the past close to the theoreti-
cally derived apatite closure temperature. These tempera-
tures are somewhat lower than the theoretical closure
temperature and are observed in areas where plentiful evi-
dence of sedimentary accumulation exists. For these
reasons, in addition to the moderate uncertainty associated
with the estimate of the apatite closure temperature (that
is, 93+18°C) and the apparent extrapolation of the age
trend to the present temperature of 56°C, the possibility
of a lower closure temperature is considered also.

The assumptions and their ramifications have been
tabulated and are shown in table J2. The assumptions in
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Table J2.

Hypotheses presenting the range of possible cooling and burial over time

[Assumptions regarding the geothermal gradient over time and the closure temperature affect the interpretation of the apatite ages in terms of
required amounts of former burial. The “temperatures at present burial depths” were calculated assuming a 15°C surface temperature and the
appropriate geothermal gradient. °C/km, degrees Celsius per kilometer; Ma, million years]

Hypothesis Assumptions Temperature Additional Temperature
UPH-1-2025  Additional  burial re- UPH-2-5411 Additional Additional
Geothermal Closure At 130 Ma cooling to quired at at ~50 Ma cooling to  burial re-
gradient temperature for present the present 130 Ma for present the present quired at 50
(°/C/km) (Tc) depth T34 T.~-T130 (meters) depth Tg, T.~Ts5q Ma (meters)
1 Constant, 23 93°C 20°cC 73° 3,174 46°C 47° 2,043
2 Constant, 23 56°C 20°¢C 36° 1,565 46°C 10° 435
3 Decreasing 93°C 37°¢ 56° 1,556 58°C 35° 1,346
from 36
at 150 Ma
4 to 23 at
present  56°<T <93° 37°% 19°-56° 528-1,556 58°C 0-35° 0-1,346

the four hypotheses result in calculation of different
amounts of cooling, in addition to that caused by a de-
crease in the geothermal gradient where this is assumed.
Differences in the timing of that cooling are observed
also. Once cooling due to changes in geothermal gradient
has been subtracted from the total cooling, the residual
cooling can be explained only by the removal of overlying
sedimentary rocks. The amount of removal can be calcu-
lated by dividing the residual cooling by the value of the
geothermal gradient in effect at the time of passage
through the closure temperature. In addition to changes
brought about by the assumed decreasing gradients over
time, assumptions must be made about the thermal con-
ductivity of the now-removed sedimentary rocks. For
simplicity rather than insight, the conductivity in any re-
moved sedimentary formations is assumed to have sus-
tained a 23°C/km gradient under the present heat flow
regime. Lower conductivity in the removed section would
result in the calculation of smaller amounts of removal
and vice versa.

In calculating hypothetical sample temperatures at
the time of closure on the basis of present depths, a sur-

face temperature of 15°C is assumed. The difference
between these temperatures and the assumed closure tem-
perature is then used to calculate the required additional
burial. At 50 Ma, the exponentially decreasing gradient
of hypotheses 3 and 4 would be ~26°C/km. This is the
value used in the calculation of temperatures and addi-
tional burial for the bottom-hole sample, UPH-2-5411.
Apparent in all four hypotheses is a significant
amount of post-~130 Ma. erosion. This erosion ranges
from a low of 528 m (hypotheses 4) to a high of 3,174
(hypothesis 1). The effect of choosing a lower closure
temperature with constant gradient (hypothesis 2) or the
theoretically calculated closure temperature with an in-
creased gradient (hypothesis 3) is to require approximately
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the same net erosion. However, the effect of choosing
the higher closure temperature (hypothesis 1 and
hypothesis 3) is to require significantly more erosion post-
~50 Ma than with the minimum closure temperature of
56°C which may require none at all (hypothesis 4). Any
increased geothermal gradient, although not changing the
depth at which the projected “zero age” occurs, would
increase the temperature at that depth and hence the value
assigned for the closure temperature in this construction.
Therefore, the closure temperature of 56°C is inconsistent
with the assumption of decreasing gradient and some post-
50-Ma erosion still would be indicated.

The fission track age found for the zircon sample
of 768 £325 (95—percent confidence level) suggests that
its age is greater than 500 Ma, the age of the Mount
Simon Sandstone. This age is taken as qualified support
for a conclusion that this sample was not reheated to
higher than 150°-180°C during the Phanerozoic.

The younger than expected apatite fission-track ages
at the Illinois drill sites are not unique in this region.
Numerous apatite samples from the exposed Precambrian
basement in central and northern Wisconsin and in north-
ern Michigan also yield “young” fission-track ages, rang-
ing from ~500 to 220 Ma (R. A. Zimmermann and C.
W. Naeser, unpub. data). The general trend in these ages
is for a decrease in age toward the present surface expres-
sion of the basement unconformity; the youngest ages are
in southern Wisconsin. The Illinois drill hole results can,
therefore, be viewed in the regional context of a progres-
sive southward uplift and exposure of the Precambrian
basement, which apparently has taken place at least since
Permian time.

CONCLUSIONS

An inescapable conclusion of this apatite fission-
track age study seems to be that there has been significant



post-~130 Ma erosion around the site of the Illinois drill
holes. Even under the assumptions of hypothesis 4 dis-
cussed earlier, which are the most difficult to justify
geologically, the amount of burial required to reset the
apatite ages is comparable to the burial implied by Dam-
berger (1971) from coal rank in the northernmost expo-
sures of Pennsylvanian rocks of the Illinois Basin. The
time of regional erosion is not until post-~130 Ma and
possibly pre-~50 Ma. If the post-Upper Ordovician
through Mississippian sedimentary sequence had been re-
moved in pre-Pennsylvanian time in northern Illinois, the
implication is that Pennsylvanian rocks of considerable
thickness (>500 m) extended 100 km or more north of
their present limit.

No compelling evidence exists from these data that
requires a closure temperature as low as 56°C. An addi-
tional 2,000 ft of core, in retrospect, would have been
conclusive in this respect. Independent geological calibra-
tion of the closure temperature and the apparent accuracy
of the analytical approach used to calculate the closure
temperature for these data suggest a closure temperature
of 93+ 18°C. Although the actual value may be somewhat
lower, (toward the lower end of the calculated confidence
interval), the amount of burial required with the constant
or decreasing geothermal gradient is considerable. Addi-
tionally, a large amount of the uplift and erosion
(maximum 1,346-2,043 m) would have taken place in
the last 50 Ma. Maximum temperatures of 75°-110°C in
the Pennsylvanian coals and sphalerite veins suggest simi-
lar former burial depths where Pennsylvanian rocks are
preserved. Whereas these occurrences allow only for the
removal of overlying Pennsylvanian and younger rocks
in the area of the drill holes, rocks of Ordovician age
to as young as Jurassic (pre-130 Ma) could have been
removed. The thickness of the post-St. Peters Sandstone
through Mississippian section preserved in the Illinois
Basin is a minimum of about 800 m. These formations
are truncated progressively downsection, however, and
then are overlain by Pennsylvanian rocks farther north-
ward out of the Basin. The only way of retaining this
thickness of Paleozoic rocks until ~130 Ma, so as to pro-
vide the greatest depth of burial in northern Illinois, is
to require a reversal or cessation of this northerly uplift
just north of the structural basin—perhaps the role played
by the Sandwich Fault zone. Uplift and erosion after
~130 Ma was then regional in extent, eroding and cooling
the Pennsylvanian rocks in the Illinois basin, for which
there is evidence, as well as the region to the north.

This study suggests a burial history involving great-
er thicknesses or temperatures than generally is accepted
for this region. Awareness of this revised burial history
could be significant in understanding the conditions of
genesis of lead-zinc mineralization in the region. Further-
more, resetting of the apatites in the basement raises the

possibility that minimum temperatures for hydrocarbon
generation could have been reached in the lower sedimen-
tary units.
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Abstract

Two contrasting types of approximately contem-
poraneous (~2.6 billion years old) granite batholiths
from Wyoming were studied in order to elucidate their
origins and to provide a general understanding of why
one is significantly more enriched in uranium and
thorium than the other. The first, from the Granite
Mountains, central Wyoming, comprises the granite of
Long Creek Mountain and the volumetrically dominant
granite of Lankin Dome. The granite of Lankin Dome
consists of two major phases, a biotite granite and a
leucocratic granite, both of which contain garnet, pri-
mary muscovite, and a few metasedimentary xenoliths.
The second, the Louis Lake batholith is at the southern
end of the Wind River Range, and comprises a
hornblende-biotite granodiorite and a leucocratic biotite
granite, both bearing sphene, hornblende, epidote and
magnetite, and abundant hornblende-enriched rounded
clots.

An average of 32 analyses of the granite of Lankin
Dome shows that it is peraluminous, with molar Al,O5/
(Na;0 +K;O0+Ca0)=1.1, and high CIPW normative
corundum=1.4. An average of 14 analyses of the Louis
Lake batholith shows that it is metaluminous with Al,O5/
(Na,O +K;0+Ca0)=0.96 and low normative corun-
dum=0.4. The two granites also differ in radioelement
content with uranium, thorium, potassium and thorium-
uranium ratios all higher in the granite of Lankin Dome.

Average 8'®0 values in parts per thousand (per mil)
of the granite of Long Creek Mountain is 8.2+0.3 per
mil (N=4), and average 3'®0 values of the two phases
from the granite of Lankin Dome are as follows: biotite
granite=8.5x0.5 per mil (N=37), and leucocratic gran-
ite=8.4=0.3 per mil (N=12). The average 5'®0 values for
the Louis Lake batholith are: hornblende-biotite
granodiorite=7.3+0.3 per mil (N=13), and leucocratic bi-
otite granite=7.7+0.1 per mil (N=6). Average 3O
quartz and 8'0 feldspar for the Granite Mountains are
9.8 (N=15) and 7.8 per mil (N=8), respectively, whereas
for the Louis Lake batholith, the average §'®O quartz and
8'%0 feldspar values are 9.5 (N=6) and 7.5 per mil (N=5),
respectively. Quartz-feldspar fractionation of pristine
granites from both units in the Granite Mountains (7
samples) and Louis Lake batholith (5 samples) give aver-
age values of 2.0, reflecting a close approach to high-
temperature equilibrium.

Three types of hydrothermally altered granites
have been identified in the Granite Mountains. These,
as well as their mean 3'®0 values, include the progres-
sively altered rock types: sericitized-chloritized-saus-
suritized- granites (whole rock=7.1, N=17; quartz=8.9,
N=6; feldspar=6.4, N=6); albitized granites (whole-
rock=6.3, N=6; quartz=8.1, N=3; and feldspar=5.6,
N=3); silicified-epidotized granites (whole rock=4.7,
N=26; quartz=5.6, N=4; feldspar=3.2, N=4). These rock
types are all "®O-depleted compared with the unaltered
granites, which indicates an interaction between the
granite and a low "®O-fluid, probably meteoric water.

The whole-rock, oxygen isotopic, mineralogical,
chemical, and strontium isotopic data from the unaltered
granites indicate that the magmas that formed the gran-
ites in the Granite Mountains probably were derived
from a uranium-enriched source that had some
peraluminous metasedimentary component, whereas the
Louis Lake batholith was formed by partial melting of
igneous source materials that are not strongly enriched
in uranium. Thus, for the Granite Mountains, this
metasedimentary protolith may be important in allowing
the preconcentration of uranium and thorium. This dif-
ference in protolith and the possible presence of hydro-
thermally altered units may explain why granites from
the Granite Mountains are spatially related to three
major uranium districts, but the Louis Lake batholith is
not.

INTRODUCTION

Oxygen isotopic studies combined with existing and
new major- and trace-element chemical investigations
were made of two contrasting types of approximately con-
temporaneous (~2.6 Ga (billion years)) granite batholiths
from Wyoming: the granitic rocks of the Granite Moun-
tains, and the Louis Lake batholith of the southern Wind
River Range (fig. K1).

Both the Granite Mountains and Louis Lake
batholith lie within the southern extension of the Middle
Rocky Mountain Province and form part of several Pre-
cambrian basement blocks uplifted during the Laramide
orogeny. Most of the Precambrian blocks, including the
Louis Lake batholith, trend north to northwest, but the
Granite Mountains are exposed as a series of partly
buried, discontinuous knobs and ridges forming an east-
west trending band of outcrops about 20 km (kilometers)
wide and 110 km long, with an exposed area of roughly
2,200 km? (square kilometers). The Louis Lake batholith,
which lies at the southern end of the Wind River Range,
is about 50 km long and 40 km wide with an exposed
area of 2,000 km? (Bayley, 1965a, b).

The granites of Granite Mountains are of interest
because they have been proposed as the source for the
uranium in the sandstone-hosted Tertiary deposits at the
Gas Hills, Crooks Gap, and Shirley Basin uranium dis-
tricts (Rosholt and Bartel, 1969). These three areas repre-
sent some of the largest uranium-producing districts in
the United States. Each contains reserves plus production
of ore (at 0.1 percent U30g) of more than 1 million tons
(Butler, 1972).

The granite of Lankin Dome that forms most of
the Granite Mountains (Stuckless and Peterman, 1977) in-
itially was enriched in uranium when it formed, but pres-
ent-day values are lowered to slightly above world aver-
age as a result of an average 20-percent loss between
1,400-1,700 Ma (million years) and a more extensive loss
(generally more than 70 percent) in the Cenozoic (Stuck-
less and Nkomo, 1978). The timing of uranium minerali-
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Figure K1. Index map of the principal Precambrian exposures (stippled areas) in Wyoming (from Stuckless and
Nkomo, 1978) and the location of uranium deposits in Tertiary rocks. Solid circles, three producing districts with
reserves plus production of ore (U30g>0.1 percent) of more than 1 million tons; triangles, deposits with ore reserves
plus production between 1,000 and 1,000,000 tons; open circles, deposits with reserves plus production between
1 and 1,000 tons (Uranium data from Butler, 1972.) Dashed line encloses area of the Granite Mountains.

zation in the sandstones (Ludwig, 1978, 1979) coincides
with the period of Cenozoic uranium loss. The Granite
Mountains were also the provenance for the sandstones
that host the uranium ore (Seeland, 1976, 1978).

The Louis Lake batholith represents a contrasting
granite body in terms of mineralogy, major- and trace-ele-
ment chemistry, and oxygen and strontium isotopic com-
position. It is provenance for Tertiary sandstones of cen-
tral Wyoming (Seeland, 1978), but it is not associated
with large uranium deposits (fig. K1). We have made a
study of these two contrasting batholiths principally in
order to elucidate the nature of the source rocks for these
two granitic terranes. Such a comparison ultimately should
lead to a better understanding of the kinds of protoliths
that are responsible for producing uranium-enriched gran-
ites.
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Laboratory Procedures

Oxygen isotope analyses were performed for 213
whole-rock and mineral separates. This large number of
analyses was necessary in order to provide adequate
coverage of the exposed outcrop area, to elucidate the
subtle differences among the different granitic units and
phases, and to adequately define the various types of hy-
drothermally altered units. The number of samples of each
unit analyzed was in pr<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>