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Abstract

Ion microprobe measurements of Pb isotope ratios in monazites have been obtained, in situ, from thin sections
using the Cambridge ISOLAB 120. Molecular interferences are sufficiently resolved at an RP of 6500 to allow
207ph /206Pb dating of monazite with precisions as low as 4-5 Ma (2¢). The results presented here provide important
information on the chronological history of the Late Archean metamorphism of the Wind River Range, Wyoming
(USA).

Matrix monazites and monazite inclusions in garnets from a metapelite from the northern Wind River Range
have been analysed by SIMS. In a previous study peak metamorphic conditions (T'=800°C; P=8 1+ 1 kb *) were
estimated using inclusion assemblages in garnets from this same sample. Isolated monazite inclusions in garnet yield
207Pb /2% Pb age estimates of 2781 + 6 to 2809 + 10 Ma. Those along fractures yicld lower ages (2603-2687 Ma)
which are similar to TIMS and SIMS ages of matrix monazites. A single large (500 wm) monazite grain locally
preserves growth zoning, but has a recrystallised core and a resorbed (recrystallised?) rim. Age estimates for these
three regions are 2788 + 9 Ma, 2663 + 4 and 2523 + 6 Ma, respectively. Thus the inclusion assemblages of Sharp and
Essene * may record peak metamorphic conditions at ca. 2.8 Ga, and indicate a phase of metamorphism that
predates by over 100 Ma the emplacement of the Bridger Batholith, the major lithologic component of the northern
Wind River Range.

The analysed monazite grains appear to preserve ca. 300 Ma history, even within a single grain. Monazite
inclusions in garnet that are fully armoured may provide estimates for the time of garnet growth, even in high grade
terranes where most chronometers are reset. The age pattern preserved by the large monazite grain cannot be
simply related to diffusion controlled closure. Instead, a chronology is preserved which can be related to the
petrographic setting of individual grains through in situ analysis.

1. Introduction uplift of metamorphic rocks during orogenesis.
This development has been made possible by

It is now possible to develop quantitative mod- improved techniques for isotopic chronometry of
els for the rates of heating, cooling, burial and metamorphic minerals applied in conjunction with

thermobarometry of metamorphic assemblages.
Several recent studies have used Sm-Nd [1,2],
wa Rb-Sr [2,3] and U-Pb [2,5] isotope systematics of
* Sharp and Essene, 1991. garnets to date their growth, thereby allowing
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calculation of burial, heating, uplift and cooling
rates along metamorphic P-T paths. These stud-
ies have amply demonstrated that the key infor-
mation may be preserved only on the sub-milli-
metre scale, but so far little use has been made of
spatially resolved techniques of isotope analysis
such as secondary ion mass spectrometry (SIMS)
for minerals other than zircon.

Data obtained from SIMS analysis has been
used extensively for in situ U-Pb geochronology
of zircon [6-11]. However, its application to
metamorphic studies has been restricted to the
analysis of zircon overgrowths inferred to have
grown during metamorphism [e.g., 12]. Unfortu-
nately, the relationship between the timing of
overgrowth formation and the formation of the
metamorphic mineral assemblages, which may
provide information on the physical conditions
accompanying metamorphism, may be ambigu-
ous. On the other hand, monazite, (Ce,La,Nd)
PO,, may be a more suitable phase for extracting
in situ chronological information that relates to
metamorphism. Monazite is a common accessory
mineral in upper amphibolite and granulite facies
rocks, particularly metapelites and leucocratic
gneisses [12,13]. Several authors have suggested
that monazite is unstable in rocks of pelitic com-
position below the amphibolite facies [12,14,15],
though apparently detrital monazite has been
identified in upper amphibolite paragneisses [14].
Although monazites typically have high Th and U
contents (ca. 1-25 and 0.1-1.0 wt%, respectively),
they frequently yield concordant ages in the U-Pb
system without evidence for extensive Pb loss
which is characteristic of zircons [14].

The frequent occurrence of monazite as inclu-
sions In garnets of amphibolite facies metapelites
is significant, because garnet is the most com-
monly used phase in the determination of P-T
paths. Below ca. 600°C, diffusion rates are slow
enough such that the Rb-Sr, U-Pb and Sm-Nd
isotopic systems appear to preserve the time of
garnet growth [5]. However, in upper amphibolite
facies rocks, garnet U-Pb ages are typically older
than Sm-Nd ages, possibly because Pb diffuses
more slowly than Sm and Nd and the closure
temperature for the Sm and Nd in garnet is
exceeded [17]. Given the very low concentrations

of U in garnet, U-Pb ages in garnet may be
strongly influenced by inclusions of zircon [18] or
monazite [19). Zircon is unlikely to be useful in
dating garnet growth because it is commonly an
inherited mineral. Inheritance of radiogenic Pb
appears to be less common in monazite but can-
not be assumed to be absent a priori. If a link can
be established between garnet and monazite
growth, or if monazite U-Pb systematics remain
“open” until incorporation in a growing garnet,
U-Pb dating of monazite using SIMS at high
spatial resolution may prove to be a useful method
for dating garnet growth. In combination with
careful thermobarometry, this approach may be
particularly useful for deriving rates of heating,
cooling, burial and uplift during orogenesis from
the analysis of a few polished sections of meta-
morphic rock. Here, we present the results of our
study of 2’Pb/?®Pb ages on monazites using
high resolution SIMS on high-grade metapelites.

2. Geological setting
2.1. Previous work

The samples selected for this study are from
the Archean core complex of the Wind River
Range, Wyoming, USA. They are metapelites
from the Crescent Lake region from where Sharp
and Essene [1] estimated peak metamorphic con-
ditions of 800+ 50°C and 8+ 1 kb. Previous
geochronology in the Wind River Range has fo-
cused upon the late Archean granitoids for which
whole-rock ages between 2670 and 2550 Ma have
been reported [10,20]. The U-Pb ages of some
zircons from the more deformed migmatites, ob-
tained using both conventional and SIMS tech-
niques [11] are significantly older and range from
3.2 and 3.8 Ga.

Ages have been obtained previously on bulk
separates of minerals separated from the sample
discussed in this study [19]. Abraded single and
bulk fraction zircons yield an upper concordia
intercept age ca. 2810 Ma, whereas garnets yield
a 27Pb /2Pb age of 2751 + 25 Ma. However, the
bulk of the analysed U is contained in monazite
inclusions within the garnet [19]. Separated mon-



C.P. DeWolf et al. / Earth and Planetary Science Letters 120 (1993) 207-220 209

azite fractions from the same sample yield a
U-Pb age of 2659+ 1 Ma (data presented in
Table 1) and an eight-point garnet-matrix Sm-Nd
isochron age of 2598 + 17 Ma [19], suggesting
metamorphism at ca. 2.8 Ga followed by closure
of the various isotopic systems in these phases at
lower temperature. No evidence has been found
so far in these samples to support a metamorphic
event as early as 3.2 Ga ago.

2.2. Sample descriptions

2.2.1. Samples SW-121 and DW-46

Samples SW-121 and DW-46 were collected
within 1 m from the same outcrop of pelitic
gneiss. They are petrographically indistinguish-
able and have an assemblage of biotite-
cordierite-garnet-K-feldspar-plagioclase-quartz
with inclusions of sillimanite in the garnet. Inclu-
sion assemblages in SW 121 were used by Sharp
and Essene [1] to infer peak metamorphic condi-
tions of 800+ 50 °C and 8+ 1 Kb. Monazite
occurs in this sample either as inclusions in gar-
net, or as part of the groundmass in association
with quartz, plagioclase and biotite. Monazite
inclusions in garnet are typically <50 wm across
and are chemically variable with 0 < Th < 12 wt%,
3<Th/U<45 and 1.05<La/Nd <143 [21]
Some of the inclusions are zoned showing a small
increase (1 wt%) of Th and Th/U from core to
rim [21]. Whereas the groundmass monazites as-
sociated with quartz or plagioclase display similar
characteristics, ca. 20 wm monazite inclusions in
biotite have significantly lower Th and U con-
tents. Large (150-300 um) monazites such as
used for the TIMS U-Pb analyses [19] are irregu-
larly zoned when viewed using back-scattered
electron (BSE) imaging, with variations corre-
sponding to 1-2 wt% Th.

2.2.2. Sample DW-94

Sample DW-9A is from a 0.5 m garnet-
biotite-rich layer within a felsic gneiss. The min-
eral assemblage is garnet-biotite-plagioclase-K-
feldspar-quartz with sillimanite occurring as in-
clusions. Garnet shows some retrogression to bi-
otite and plagioclase. Monazite occurs both as
small inclusions within the garnet (< 50 xm) and

as somewhat irregular large grains (100-500 wm)
in the groundmass. Groundmass monazite grains
show extreme zoning with Th reaching concentra-
tions up to 25 wt% at the rims. The grains con-
tain regions with lamellar zoning in Th content
and irregular “patchy” zoning. The grain selected
for SIMS analysis is typical of these (Fig. 1). It is
approximately hexagonal in outline, clear yellow
in plane-polarised light, and highly birefringent.
Within the grain there are different regions with
distinct chemical zonation patterns visible using
back-scattered electron (BSE) imaging. These re-
gions are site 6, a region with fine lamellar zoning
parallel to a growth face, on a scale of 1-3 um
which is interpreted to be growth zoning; site 5, a

5 : A e e : G s
Fig. 1 (a). Transmitted light photograph of large monazite
grain (Sample DW-9A) from felsic migmatite, Wind River
Range, Wyoming. Mon = monazite; Gt = garnet; Bi = biotite;
Qz = quartz.
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Site 6
2728 - 6
2730 - 6
s Site 5
2788 +~ 11
2788 + 9

Fig. 1. (b). Back-scattered electron (BSE) photograph of the same grain. Six sites within the grain have been analysed by SIMS.
Four of these sites are recognised on the basis of observed zonation: (5) Inclusion within lamellar zoned region, (6) lamellar zoned
region, (1) partially re-homogenised (recrystallised?) core and (4) high contrast (high Th) apparently resorbed rim. Also in the grain
are inclusions of quartz and biotite and an altered region with inclusions of ThSiO, (huttonite?) and apatite.

distinct zoned inclusion within the general region
showing fine lamellar zoning; site 1, the core and
bulk of the grain which shows a patchy zoning
with isolated occurrences of high Th lamellar
zones: and site 4, a resorbed (recrystallised?) high
Th rim (Fig. 1b). These regions have distinctive

major element compositions. The bulk of the
grain contains a low amount (4-7%) of huttonite
(ThSiO,) component with 7-10% cheralite
(Ca,sTh,sPO,) component. In contrast, the re-
gion with the lamellar zoning exhibits a great
range (3—-15%) in huttonite component and lower
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Table 1
TIMS data for groundmass monazite grains SW-121 [19]
SIZE 206pp 207pp+ 208py, 207pp 206p, 207pp age  206Pbage  297Pb age
204py 206py, 206py, 235y 238y 235y 238y 206py,
150-180 um 64840 0.1803 £ 0.0001 2.867 £0.003 12.731+0.05 0.5118 £0.0021 2660 + 4 2664 + 8 2656 £ 2
120-150 pm 37084 0.1806 + 0.0001 5.524 +0.006 12.72+0.05 0.5109 £0.0022 2659 5 2660 £ 9 2658 +2

cheralite contents (3-7%). The inclusion in the
lamellar region (site 5) exhibits the same chemi-
cal variation as the lamellae which surround it
and is considered to have grown at the same
time. The high Th rim (site 4) contains up to 20%
of both cheralite and huttonite components [21].
The fine scale lamellar zoning parallel to growth
faces, and the irregular high Th rims are typical
features of other monazites in this sample.

3. Analytical techniques

The isotopic compositions of Pb in individual
monazites were obtained in situ from polished
thin sections using the Cambridge ISOLAB-120.
The performance of the ISOLAB-120 for SIMS
Pb* analysis at high-resolving power has been
detailed by Belshaw et al. [22]. In order to avoid
major molecular interferences, ISOLAB is oper-
ated at 6000-7000 mass resolving power, similar
to the operating conditions required for the anal-
ysis of Pb in zircons, ferromanganese samples and
standard glasses [22]. A primary O~ beam fo-
cused to 20-50 pum, depending on analytical re-
quirements produced a secondary Pb™ beam from
these monazites of ~3 cps/ppm Pb/nA O~
This is relatively modest compared to the 20
cps/ppm Pb/nA O~ obtained from ferroman-
ganese oxide samples [22] and highlights the large
variation that exists in Pb* secondary ion yields
from insulators for similar operating conditions.

Mass discrimination of Pb-isotopes using
ISOLAB-120 in the SIMS mode has been as-
sessed through the repeated analysis of NBS-610
glass and characterised natural ferromanganese
samples and discrimination has been shown to be
<0.2% amu~! [22]. Therefore, no corrections

are made to the Pb-isotope ratio obtained here
on monazites, and the accuracy of Pb-isotope
ratio measurement is referenced to standard data
reported from the Cambridge ISOLAB [22].

Masses 2%Pb, 27Pb, and "Pb are resolved
from molecular peaks at 6500 resolving power,
such that potential interferences are estimated to
be less than 0.002% at these masses, which is
much less than the analytical uncertainty ob-
tained during a typical analysis (0.25-0.5%).
206Pp /2%*Ph ratios have been measured and are
in the range 3500 to 25,000. These are repro-
ducible at a particular site, and do not correlate
with 207Pb /2%Pb ratios. They are lower overall
than 2Pb/*Pb ratios of 37,000-65,000 mea-
sured by TIMS (Table 1), which might suggest
some surface Pb-contamination or a very small
unresolved molecular contribution at 2**Pb. The
constancy of the 2*Pb/?Pb ratio with time at
each site argues against surface contamination
and so far no interfering molecular has been
identified. Even if all ions collected at mass 204
are assumed to be **Pb, correction of the 2’Pb/
206Pp ratio for common Pb ranges from about 0.5
to 2% of the ratio, which compares with typical
0.5% measurement precision.

As described in [22], the measurement preci-
sion exceeds counting statistics by a factor of
1.5-2. In contrast, the precision of *Pb /?**Pb
ratios is poorer (1-2%) and frequently showed
variation during the course of a run. For example,
during one (extended) analysis, 2Pb /2%Pb in-
creased by 40% at constant 2’Pb /2%Pb (Fig. 3),
demonstrating the existence of very fine scale
(<30 um beam diameter) zoning in 2*Th />*U
ratio. The possible variability of the 2’Pb /> Pb
ratio in single grains of monazite has been as-
sessed by the repeated analysis of three monazite
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grains drawn from a monazite concentrate (120-
180 pwm) made from sample SW-121. Two aliquots
from this concentrate, consisting of 3 and 7 grains
respectively, have been analysed previously [19]
by TIMS (Table 1). Both aliquots yielded concor-
dant U-Pb ages with **’Pb />°Pb ages of 2656 + 2
and 2658 + 2 Ma, respectively. The SIMS results
of spot analyses taken over these three grains are
shown in Table 2 and Fig. 4. Grains 1, 2 and 3
yield average ages for all spots analysed of 2657
+ 25 Ma (n = 8), 2654 + 59 (n = 10) and 2630 + 8
(n = 5). Although the averages for grains 1 and 2

are close to the TIMS results the range of *’Pb /
26ph ages exceeds analytical precision. Some of
these grains are markedly zoned and contain sig-
nificant amounts of both cheralite and huttonite
components [19]. In contrast, grain 3 is concentri-
cally zoned with the chemical variation in the
cheralite component only [19].

The abundances of Th, U and Pb in the mon-
azites are sufficiently high to be measured by
EPMA (Fig. 3). At this stage U/Pb and Th/Pb
ratios have not been measured by SIMS due to
the lack of suitable standards and accurate cali-

Table 2
SIMS data for groundmass monazite grains (Sample SW-121)
GRAIN DATE-NUMBER 207pp,206pp 208pp/206py, 206pp,204py, 207pp/296pp age
1 9-24-07 0.1809 + 0.0006 519+0.10 2661 +6
1 9-24-08 0.1812 +0.0010 6.57 +0.07 2663 +9
1 9-28-02 0.1806 + 0.0016 7.61+0.10 2658 + 15
1 9-28-03 0.1799 + 0.0013 6.87 +0.08 2652+ 12
1 9-29-08,11 0.1824 + 0.0007 7.02+0.10 9900 + 300 2674+ 6
1 10-1-02 0.1806 + 0.0023 8.69 + 0.09 2658 + 21
1 10-1-03 0.1807 +0.0012 8.81+0.05 2659+ 11
1 10-2-13,9 0.1774 + 0.0009 592+ 0.06 4700 + 200 2628 +9
MEAN 0.1805 + 0.0028 2657 + 25
2 9-24-04 0.1761 + 0.0011 434 +0.04 2616 + 10
2 9-24-05 0.1770+ 0.0012 3.86+0.03 2625+ 11
2 9-24-07 0.1795 + 0.0016 3.67+0.03 2648 + 15
2 9-24-09 0.1791 + 0.0008 3.60+0.01 2644 + 7
2 10-1-05 0.1796 + 0.0008 3.79+0.02 2649 + 7
2 10-1-06 0.1768 + 0.0010 7.3540.13 2623 + 10
2 10-1-07 0.1853 + 0.0007 3.98+0.03 2701 + 6
2 10-2-02,7 0.1808 + 0.0013 3.26+0.04 12,400 + 900 2660 + 12
2 10-2-03,6 0.1834 +0.0009 13.35+0.06 15,200 + 1000 2684+ 8
2 10-2-04,8 0.1846 + 0.0011 367+0.05 19,800 + 2000 2694 + 10
MEAN 0.1802 + 0.0065 2654 + 59
3 9-29-03 0.1775 +0.0011 444+ 003 2629 + 10
3 9.29-04 0.1780 + 0.0006 5254004 2634+ 6
3 9-29-05 0.1777 +0.0011 570+ 0.05 2631+ 10
3 9-29-06 0.1779 + 0.0011 6.04 +0.03 2633+ 10
3 10-3-03 0.1771 + 0.0008 2.15+0.04 24800 + 1000 2625+8
MEAN 2630+8

0.1776 + 0.0009

Errors quoted for isotope ratios are 2¢,,. Uncertainties quoted for 2°7Pb /2" Pb ages correspond to the precision of isotope ratio

measurement only.
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Fig. 4. Comparison of TIMS and SIMS ages for matrix mon-
azite grains from SW 121. The scatter in grains | and 2 may
result from real age structure in the grains. Single grains with
homogeneous 2’Pb/*Pb distribution at the micron scale
may not exist in these samples.

bration techniques. A future aim must be to
obtain Th/U and U /Pb ratios by both SIMS and
EPMA on the same grains.

4. Results
4.1. Inclusions in garnet

Four monazite inclusions in the range of 10-50
wm diameter were analysed from a single garnet
in sample DW-46 (Table 3; Fig. 5). Two of these
monazites (DW-46.1,2), located in a portion of
the garnet which is free from visible fractures,
yield 27Pb /2% Pb ages of 2781 + 6 Ma and 2809
+ 10 Ma, that are apparently older than the
matrix grains. Grain DW-46.4 is isolated in a
feature, which appears as a hole, and which may
be a fracture within the garnet. It yields an age
(2669 + 5 Ma) which is similar to TIMS ages on
matrix monazites. DW-46.3, lies adjacent to, but
not within, a large fracture and yields an interme-
diate age of 2764 + 12 Ma. All of these grains
have. low Th contents (< 4%) and lower 2®Pb/
205Pb than the groundmass grains analysed.

Two additional monazite inclusions, both re-
lated to fractures within the garnet, have been
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analysed in a garnet from SW-121. One of these,
grain SW-121.2, is ca. 100 um in diameter and
occurs near the rim of a cuhedral garnet, from
which several fractures radiate and extend to the
edge of the garnet. Four analyses of SW-121.3
yield **’Pb/?"Pb ages that are within analytical
uncertainty and give a mean age of 2606 + 10 Ma
(Table 3). The high *®Pb/?®Pb ratios, between
8.89 and 9.42, correspond to a Th/U ratio of 30
and 32 for this age, which is typical of other high
Th monazites from this sample [20]. Grain SW-
121.1 is a ca. 50 um inclusion located in a second
euhedral garnet but in a fracture which extends
to the edge of the garnet. A single analysis of this
grain yields a *’Pb /2Pb age of 2623 + 10 Ma
(Table 3). Overall these results suggest that there
may be substantial differences in the age pre-

served by monazite inclusions in garnets, depend-
ing upon whether or not they are located in
fractures.

4.2. Single large groundmass grain

An attempt has been made to obtain Pb-iso-
tope measurements from each of the three re-
gions in the large grain from DW-9A shown in
Fig. 1. Six sites were analysed and the results of
these analyses are shown in Table 4. In Fig. 1,
outlines of the regions analysed by SIMS have
been superimposed on the BSE image, and repre-
sent the maximum area over which secondary Pb
ions were collected. The oldest age obtained is
from two analyses (site 5) in the rim where lamel-
lar zoning is clearly preserved. The *’Pb /2"Ph

DW-46.1
2778 +10
2781+ 6

2809 =10
2792 + 18

DW-46.4
2669 +5
2687 + 9
Fig. 5. Large garnet in DW-46 showing locations of monazites analysed by SIMS in relation to fractures and other inclusions which
are mostly quartz.
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Table 3
SIMS data for monazite inclusions in garnets

GRAIN DATE-NUMBER 207pp,206pp 208pp,206pp 206py/204py 207py,;206pp age
SW-121.1 along fracture

10-05-5,7 0.1768 + 0.0011 0.774 + 0.005 17500 + 600 2623+ 10
SW-121.3 along fracture

9-30-02 0.1761 £ 0.0010  9.25+0.04 2616 +9

9-30-03 0.1747 + 0.0006 942 +0.05 2603 + 6

10-01-04 0.1739+£0.0009 9.13+0.06 2595+ 9

10-05-01,3 0.1756 + 0.0012 8.89 +0.09 9800 + 700 2611+ 11
DW-46.1 isolated

10-08-02 0.1943 + 0.0012 2.396 + 0.004 2779+ 10

10-08-03,5 0.1946 + 0.0007 2618+0.010 22800 + 2200 2781 +6
DW-46.2 isolated

10-08-07,9 0.1980 +0.0012 1465+ 0.009 6600 + 200 2809 1 10

10-08-22 0.1959 + 0.0021 1.525 + 0.009 2792 +18
DW-46.3 adjacent to fracture

10-08-12,14 0.1926 + 0.0014 1.097 + 0.004 6700 + 400 2764 + 12
DW-46.4

10-08-17 0.1838 + 0.0010 1.182 £ 0.003 2687+ 9

10-08-18,20 0.1818 + 0.0005 1.127+£0.006 15900 + 1000 2669 + 5

Errors as for Table 2.

ages obtained, 2788 +9 and 2788 + 11 Ma re-
spectively, are in good agreement. Site 6 straddles
the apparent boundary between the lamellar and
recrystallised zones and gives a slightly younger
age. Four analyses (sites 1 and 2) in the recrys-
tallised core yield ages of ca. 2665 Ma. A fifth
analysis (site 3) in this region appears to have
sampled both zoned and unzoned material, and
yields an age of 2717 + 9 Ma. Two analyses of the
recrystallised or resorbed rim region give signifi-
cantly younger ages of 2523 + 6 and 2545 + 6 Ma.
The discrepancy between these two ages may
result from incorporation of part of the lamellar
zone in one analysis. This monazite grain in DW-
9A apparently preserves a complex record span-
ning some 200 Ma! The oldest, zoned, portion of
the grain agrees closely with the age obtained
from the inclusions in the garnet phase that are
remote from fracture and cracks.

5. Discussion
5.1. Assumptions in age interpretation

The significance of 2"’Pb/*"Pb ages calcu-
lated from SIMS Pb-isotope analyses depends
upon a number of factors. These are the possible
uncertainties that might arise from common Pb,
200ph due to incorporation of excess initial 2**Th,
inheritance of radiogenic Pb and the degree of
U-Pb concordance of the monazite. Because
206ph /294 P ratios range from 3500 to 24,500 for
the SIMS analyses reported here, the contribu-
tion (assuming that the entire contribution at 204
amu is from 2**Pb) is in most cases negligible.
This point i1s evaluated further in Fig. 6, where
the correction to the measured ***Pb /***Pb ratio
is plotted as a function of measured ***Pb/?**Pb
ratio. For most analyses the correction does not
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significantly exceed the analytical error; there-
fore, no correction for common Pb is made, and
its contribution is not considered to significantly
compromise the reported results. Several workers
have stressed the effect of excess initial > Th on
206ph—238U ages [13,15,23]. For SW-121 mon-
azites analysed by TIMS (Table 1), the 2°Pb-2*U
age is <4 Ma greater than the >Pb->**U age
[19]. It is therefore assumed that the *"’Pb /% Pb
ages reported here are unlikely to be in error by
more than (SIMS) analytical precision as a result
of this effect. As monazites usually show a high
degree of concordance in the U-Pb system it is
assumed that calculated 2"’Pb /?°Pb ratios pro-
vide good estimates of age, although in the ab-
sence of precise U/Pb ratio measurements this
cannot be considered to be unequivocal.

5.2. Age structures of monazite grains

In the single large monazite grain (Sample
DW-9; Fig. 1b) a clear relation exists between

Table 4
SIMS data for zoned monazite (DW-9A)

27Pb /2% Pb and details of the grain morphology
and structure. The rim of the grain shows a
lamellar zoning with zones of Th-enrichment (1-3
pwm wide), and corresponding variations in Pb
(Fig. 2). 1t also preserves the oldest age in the
grain, close to the age obtained for the inclusions
in the garnet (Table 2), and the age of presumed
metamorphic zircons (ca. 2810 Ma) in SW-121
[19]. The zoned rim of the monazite is likely to
record an age closest to the thermal maximum
seen by this sample. Even at the high tempera-
tures estimated for peak metamorphism (800°C)
survival of chemical gradients attest to the very
limited diffusive homogenisation of Pb that has
occurred in this region of the grain.

The *’Pb /?*Pb ages of the core of the grain
appear to have been reset. Given the presence of
a high Th overgrowth, with a *’Pb /?"*Pb age of
2535 4+ 10 Ma, and the appearance of only partial
homogenisation in the major elements (Fig. 1),
interpretation of the intermediate apparent age

GRAIN DATE-NUMBER 207pp,200py, 208py,200py, 206py,204py 207pp/206pp age
site 1: core

10-05-9,11 0.1812 +0.0004 4942 +0.013 9900 + 400 2663 +4

10-06-02,4 0.1827 + 0.0007 4409+ 0010 14800 + 500 2677+ 6

10-07-06,8 0.1818 + 0.0011 4440+ 0.024 14300 + 700 2669 + 10
site 2: rim

10-06-06 0.1816 + 0.0008 5364 +0.017 2667+ 7
site 3: rim

10-06-07,8 0.1871 + 0.0008 5916 +0.021 8500 + 500 2717 +7
site 4. high Th rim

10-07-02,4 0.1666 + 0.0006 5774 +0.029 9000 + 300 2523 +6

10-07-10 0.1688 +0.0006  5.750 +0.032 2545+ 6
site 5: lamellar zone, inclusion

10-07-12,14 0.1954 +0.0013 7.289+0.032 3500 + 100 2788 + 11

10-09-02,5 0.1954 +0.0011 7.005 +0.028 4600 + 100 2788+ 9
site 6. adjacent to lamellar zone

10-09-07 0.1884 + 0.0007 5.101 + 0.017 2728+ 6

10-09-08,10 0.1886 + 0.0006 4.822 +0.024 4200 + 100 2730+ 6

Errors as for Table 3.
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Fig. 6. 27Pb/?®Pb versus 2°Pb/?**Pb for all data where
both ratios were measured. No correlation is observed, as
would be expected if common Pb were present. The curved
line shows the influence of common lead with 27Pb /2% Pb ~
1.0, on a sample with true 207Pb/mbe = (.18, as a function
of 2°Pb/2%Pb ratios. The lowest measured 2%9Pb/2%*Pb
(3500) results in a 2Y’Pb/2Pb correction of approximately
2%, which is larger than the typical analytical uncertainty
(0.5%). However, typical 2°°Pb/2*Pb result in corrections
less than analytical error.

recorded in the core of the grain is not straight-
forward. Either the core was completely reset at
ca. 2666 + 8 Ma, or it was partially reset later,
possibly at the time (2535 + 10 Ma) of the high
Th overgrowth. Several lines of evidence support
complete re-equilibration at ca. 2665 Ma. First,
this age is reproduced at two different sites in the
core, with different 2®Pb /?%Pb ratios (4.4-5.4)
corresponding to different Th /U ratios. Second,
this age is in remarkably good agreement with the
age determined for groundmass monazites by
TIMS and SIMS from SW-121. Finally, this age is
also close to the zircon age (2670 + 13 Ma) deter-
mined on the syntectonic Bridger Batholith [11],
the major lithologic component of the central and
northern Wind River Range [24].

Preservation of older ages and primary lamel-
lar zoning along the rim of the monazite grain
indicates that the mechanism of resetting in the
core is unlikely to be one of simple volume diffu-
sion. If resetting occurred through recrystallisa-
tion, it must have occurred on a sub-grain scale,
while preserving approximately the original crys-

tallographic orientation, because there is no ap-
parent change in extinction position across the
grain. Black et al. [25] arrived at similar conclu-
sions concerning the nature of recrystallisation of
monazites from the Napier Complex using TEM.
These authors noted that the monazite grains
were composed entirely of ca. 100 A crystalline
domains, which although non-metamict arose
from radiation damage. Because the age of the
core of the monazite grain studied here is only
~ 100 Ma younger than the undisturbed portion
of the grain, the amount of radiation damage
over this interval would have been small. It seems
unlikely that resetting of the age in this case
results from radiation damage.

5.3. Relation of inclusions to garnet growth and
closure

The SIMS analyses of monazite inclusions in
garnet (Table 3) preserve the oldest ages where
they are remote from fractures. In these cases the
ages are similar to the age found for the remnant
zoned rim of the large single monazite grain (Fig.
1b). On the other hand, where the inclusions are
located within or adjacent to the fractures their
ages are similar to the ‘recrystallised’ core of the
large monazite grain. Several observations lead to
the conclusion that the monazites in the garnets
in SW-121 are metamorphic and likely grew at
the same time as the garnets. First, there is a
clear association of monazites with garnet in these
samples [21]); 75% of all monazite grains occur in
garnet although garnet comprises less than 15%
of the rock. Second, the monazite inclusions show
no textural or chemical evidence for resorption or
overgrowths as would be expected if they were
detrital and had been exposed to low grade meta-
morphic conditions where monazite may be un-
stable. Instead, they are typical in size (<50
pm), morphology (round to tabular with aspect
ratio less than 2), and chemistry to monazites
from other upper amphibolite grade terranes
[(13,15,21,27]. Third, the age range of the mon-
azite inclusions overlaps the concordia U-Pb age
of two zircons analysed by TIMS [19] which have
a rounded, football-shaped, morphology indica-
tive of metamorphic origin.
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These SIMS measurements on monazite inclu-
stons also shed some light on the TIMS U-Pb
measurements on garnets. Fission track distribu-
tions and stepwise dissolution experiments on
garnets in SW-121 demonstrate that monazite
dominates the U budget of the garnet and con-
trols the U-Pb age obtained on bulk garnets [19].
These results suggest that it is access of some of
these monazite inclusions to fractures in the gar-
net, and their consequent resetting, that results in
the variation in U-Pb ages between different
aliquots of SW-121 garnets analysed by TIMS
[19]. All of the TIMS U-Pb garnet ages and
nearly all of the SIMS 2"Pb /**Pb ages on mon-
azite inclusions are older than the TIMS Sm-Nd
garnet-matrix isochron age of 2598 + 12 Ma [19].
Garnet U-Pb ages are consistently older than
matrix monazite age and garnet-matrix Sm-Nd
age in upper amphibolite and granulite facies
rocks [5,16,28]. In order to ascribe this observa-
tion to lower diffusivity of Pb relative to Nd, the
relationship needs to be demonstrated on garnets
where the monazite contribution to the Pb-budget
is demonstrably smali.

The preservation of old **’Pb/*Pb ages in
monazite inclusions most probably arises from
the armouring property of large garnet porphy-
roblasts. With negligible Pb to exchange, garnet
armours the monazite, enabling the U-Pb system
in the inclusions to remain closed. To the extent
that the U budgets of almandine-pyrope garnets
are dominated by monazite inclusions, this pro-
cess may be a general one.

The SIMS results also yield insight into the
timing and cause of fracturing in the SW-121
garnets, Garnets often display fractures that radi-
ate away from inclusions, especially where they
are rich in U and Th. In the SW-121 garnets, the
fractures presumably developed at about the same
time as the monazite inclusions located within
them were isotopically reset, i.e., 2605-2675 Ma.
If experimental [26] and empirical [16,28] esti-
mates of the closure temperature for the Sm~Nd
system in garnet (ca. 600-650°C) are correct, these
garnets must have been cooled through this tem-
perature range at 2598 + 12 Ma, the Sm—-Nd age
determined for these garnets [19], suggesting that
the fractures were active at temperatures about

650°C. This is consistent with the observation that
garnets from SW-121 and other samples in the
Crescent Lake area have elevated Fe contents
along some fractures, indicative of retrograde
Fe-Mg exchange with biotite. The case against
volume diffusion being the operative process de-
termining the age distribution in monazite is
strengthened by the lack of correlation between
grain size and time of resetting. The largest inclu-
sion grain (ca. 100 wm; SW-121.3), which is clos-
est in size to the groundmass grains analyse by
TIMS (150-180 wm), records the youngest age.

5.4. A metamorphic chronology from monazites

The existence of several episodes of large scale
magmatism in the Wind River Range during the
Archean has been established [20]. The syntec-
tonic Bridger Batholith yields zircon ages of 2.67
Ga [11] and the Louis Lake and post-tectonic
Bear Ears plutons yield ages of 2.63 and 2.55 Ga,
respectively [20]. However, the temporal relation-
ship between magmatism and regional metamor-
phism of the country rock is unclear. If zircons
and monazite inclusions in garnets (2.77-2.82 Ga)
from sample SW-121 record prograde metamor-
phism, regional metamorphism must have pre-
ceded the emplacement of the Bridger Batholith
by at least 100 Ma. The only other evidence for
metamorphism at this time is from the central
Wind Rivers, ca. 2.85 Ga zircon cores from a
charnockite analysed by SIMS [11]. If the original
growth occurred at 2.77-2.82 Ga, this time may
be correlated with the peak conditions (800 -+
50°C; 8 + 1 kb) determined by Sharp and Essene
[1] using mineral inclusions in pelitic garnets.

Groundmass monazite U~Pb ages record a
later event which accompanied at least temporar-
ily the emplacement of the Bridger Batholith at
2.67 Ga. Based on the mottled textures and lack
of distinct lamellar zoning in the SW-121 mon-
azites, and the clear evidence for recrystallisation
in the DW-9A monazites, this was most likely a
time of resetting of pre-existing monazite rather
than growth of new monazite, although the latter
possibility cannot be ruled out. The Sm-Nd ages
on garnets record cooling through a closure tem-
perature of 600-650°C at 2598 + 12 Ma. An al-
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lanite age from an essentially undeformed peg-
matite of 2607 + 4 Ma indicates that deformation
ceased by this time, but that anatectic conditions
continued on a very localised scale [24].

6. Concluding remarks

The utility of SIMS techniques for the study of
Archean monazite 2’Pb/?**Pb chronology is
demonstrated by this study. The technique of in
situ analysis has the great advantage of being able
to relate the metamorphic phases which provide
age information to details of metamorphic tex-
tures and minerals.

Furthermore, in situ measurement of Pb iso-
tope ratios in monazite by SIMS should be a
useful tool in addressing questions related to the
pathways of fluid flow in metamorphic rocks and
the mechanisms of resetting of U-Pb isotope
systematics in minerals. The results obtained here
strongly suggest that monazite may be reset, not
by volume diffusion, but by fluid-mediated recrys-
tallisation. If further studies indicate this to be a
general phenomenon, it will add to the require-
ment for a reassessment of models of isotope
closure of minerals that are simply based on
volume diffusion. Analytical precisions obtained
correspond to age uncertainties of 4-5 Ma for
samples of Archean age. This precision obtained
with SIMS is within the thermal time constants
associated with regional metamorphism and may
eventually allow the determination of growth rates
of major phases which have occluded monazite
inclusions during their development. Thorough
studies of the major element chemistry coupled
with SIMS study of monazite may afford access to
a substantial part of the metamorphic history of
many ancient regional terranes.
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