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Abstract

Talc occurs as massive, economic deposits in upper amphibolite facies marbles of Archean age
in southwestern Montana. Previous workers have demonstrated that the talc is a replacement of the
marble that resulted from interaction with a large volume of faif@ (SMOW) values for
dolomite and calcite range from 20-25%. for the unaltered Archean marbles to as little as 8-10%o in
the talc deposits, suggesting that the metasomatic fluids ha¥owalues. In contrasdC
values for calcite and dolomite are similar for all samples (-2 to +2%. PDB). Therefore, it is likely
that the metasomatic fluids were oxygen-rich and carbon-poor, namely water-rich apdaC.O
A CO,-poor fluid is also indicated b4**C (calcite-graphite) values (3.6-5.3%o), which appear
little altered from values expected for upper amphibolite facies marbles, and by the occurrence of
the mineral assemblage talc+calcitér/**Ar age spectra for hornblende, phlogopite, and biotite
record cooling at 1.72 Ga from a regional thermal eVét**Ar age spectra of fine-grained
muscovite associated with the talc date talc formation at 1.36 Ga. The Ar data limit the temperature
of talc crystallization to below ~38G, the biotite closure temperature for Ar diffusion. If the
metasomatic fluid was seawater (0%o), then the carbonate oxygen data require a minimum
temperature of 27C for talc formation. Oxygerd{?0 = 4.7 to 8.8 %o) and hydrogen (D/H = -

49.9 to -57.6 SMOW) isotope data for the talc are consistent with’e8R00C metasomatic fluid
derived from seawater, based on theoretical models of the fractionation of oxygen and hydrogen
between talc and water. Regional, northwest-trending faults associated with the extension that
formed the Belt Basin in the Middle Proterozoic may have provided channels for seawater to
circulate in continental crust and to react with marble, forming talc at depths of 5-10 km.

Keywords: talc, oxygen, carbon, hydrogen, argon, isotopes, Proterozoic, metasomatic,
dolomite, calcite, graphite, chlorite, Montana

Copyright © 1998 by the Mineralogical Society of America



Brady et al. Geological Materials Research v.l, n2, p.2

Introduction

Talc has been mined in southwest Montana for over fifty years (Olson, 1976) and several
major talc mines were in operation in the 1990’s. Olson (1976) and Berg (1979) described and
catalogued some 50 talc occurrences in the Ruby and nearby Gravelly, Snow Crest, Owl Creek,
Highland, and Tobacco Root ranges. Mining of talc in the area is economic because of the very
high purity and large extent of the deposits. Ore zones that are virtually 100% talc can be traced for
several hundred meters along strike. The talc deposits are confined stratigraphically to marble units
in an Archean metasedimentary sequence and previous workers (Okuma, 1971; Garihan, 1973;
Olson, 1976; Berg, 1979; Anderson et al., 1990) have concluded that the talc formed by a
metasomatic replacement of the marble. The scale of the talc occurrences, the significant chemical
difference between pure talc and the Archean marble host, and the small number of minerals
present in most samples suggest that a large scale fluid flow system led to the formation of the
deposits. In this paper we present new petrologic, geochemical, and geochronological data that
constrain the physical conditions and timing of talc formation. We believe our data support a model
of talc formation as a result of circulation of seawater through continental crust along faults during
a Middle Proterozoic extensional event.

Regional geology

The Ruby Mountains are one of a group of Archean-cored, block-faulted mountain ranges that
dominate southwest Montana. A structurally complex region of Paleozoic and Mesozoic rocks
occupies the relatively inaccessible northern portion of the range, but most of the Ruby Mountains
are highly-deformed Archean metasedimentary and metaigneous rocks (Figure 1). Geologic maps
are available for much of the range due to the careful work of Okuma (1971), Garihan (1973),
Tysdal (1976), Karasevich et £.981), and James (1990). Most of the talc occurs in the western
half of the Ruby Range in marbles of the Christensen Ranch Metasedimentary Suite (James,
1990), which also includes quartzofeldspathic gneiss, sillimanite schist, banded iron formation,
and anthophyllite gneiss. East of the metasedimentary sequence is a thick quartzofeldspathic gneiss
("Dillon Granite Gneiss") that has been described as an intrusive rock by many, but the protolith of
this gneiss is a matter of debate (Karasevich et al., 1981). Still farther east is a possibly older suite
of metamorphic rocks that is generally lacking in marbles and, therefore, lacking in talc deposits.
Serpentinized ultramafic rocks occur among the "older gneisses" in the southeastern part of the
range, but are not spatially associated with the major talc deposits (Desmarais, 1981).

Geochronology and metamorphism

The Archean rocks were deformed and metamorphosed to upper amphibolite facies conditions,
probably at one or more of the following times: 3.3, 2.7, 2.4 or 1.8 Ga (see below). Based on
mineral assemblage thermobarometry, Dahl (1979, 1980) determined that peak metamorphic
conditions were 675745°C and 0.5-0.8 GPa. We observed migmatite zones in some gneisses,
that we interpret as evidence for partial melting during metamorphism. The marbles developed a
coarse texture and the mineral assemblage calcite-diopside-forsterite-phlogopite-graphite. Many of
the Archean metamorphic rocks of the Ruby and nearby ranges have a patchy overprint of
greenschist facies mineral assemblages. Whether this retrograde metamorphic overprint developed
during cooling from upper amphibolite conditions or during some later period of regional heating
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is not yet known. Because they observed talc replacing the greenschist minerals serpentine and
tremolite, Anderson et al. (1990) believe that the greenschist overprint predates the talc deposits.

The upper amphibolite facies metamorphism has long been believed to have occurred at about
2.7 Ga. This age is based on Rb-Sr dating of gneiss samples from the Ruby Range by James and
Hedge (1980) and from the Tobacco Root Mountains by Mueller and Cordua (1976) and is
consistent with ages determined for Archean rocks in nearby ranges of the Wyoming Province
(Wooden et al., 1988). However, recently Mueller and Mogk (personal communication) have
found detrital zircons in similar metasedimentary rocks of the adjacent Tobacco Root Mountains
that have metamorphic (overgrowth) ages of 3.3 Ga and core (detrital?) ages of up to 3.9 Ga.
Krogh and Hess (1997) have dated a metamorphic zircon from the Tobacco Root mountains at 2.4
Ga, which is consistent with the U-Pb systematics of zircons found in the 75 Ma Tobacco Root
batholith by Mueller et al. (1997). O'Neill et al. (1988) have reported ages of 1.8 Ga for zircon
which they believe grew during an upper amphibolite facies metamorphism of the Highland
Mountains northwest of the Ruby Range. Giletti (1966) obtained K-Ar and Rb-Sr ages of 1.4 to
1.7 Ga on minerals and rocks of the Ruby Range and concluded that there was a 1.6 Ga
Proterozoic thermal event that reset the isotopic clocks. Although Giletti analyzed fresh rocks,
James (1990) and others have postulated that the 1.6 Ga date coincides with the widespread
development of scattered greenschist facies mineral assemblages. A number of workers have also
suggested that talc formation was associated with this thermal event (for example, Berg, 1979).
Brady et al. (1994) and Kovaric et al. (1996) ref¥u/**Ar ages of 1.7 Ga for hornblende and
biotite from the Tobacco Root Mountains northeast of the Ruby Range. If the Ruby Range also
experienced upper amphibolite facies conditions at 1.7-1.8 Ga, then perhaps Giletti's 1.6 Ga K-Ar
ages mark cooling from a 1.7 Ga metamorphism.

The Ruby Range is crosscut by a series of NW-trending faults that clearly offset the
Christensen Ranch Metasedimentary Suite (Figure 1). Faults with the same trend are common in
the surrounding ranges as well (for example, Vitaliano et al., 1979). Some of the talc deposits
appear to be associated with the NW-trending faults (Garihan, 1973) and their origin, therefore,
may post-date at least some of the movement along these faults. Schmidt and Garihan (1986) have
demonstrated repeated movement along these faults beginning in Middle Proterozoic time. Two
groups of unmetamorphosed diabase dikes, dated by Rb-Sr at 1.1 and 1.4 Ga (Wooden et al.,
1978), are widespread in the region. These dikes typically have a NW-trend and a few follow
directly the trace of NW-trending faults. Therefore, it appears that the diabase dikes post-date the
initiation of movement along the NW-trending faults. Regionally, these faults and the associated
diabase dikes have been attributed to the crustal extension that created the Belt Basin beginning at
about 1.4 Ga (Wooden et al., 1978; Schmidt and Garihan, 1986).

Constraints on talc formation

Previous work on Ruby Range talc by Okuma (1971), Garihan (1973, 1976), Olson (1976),
Berg (1979), Dahl (1979, 1980), and Anderson et al. (1990) established a number of important
constraints on the origin of the talc deposits. (1) Talc occurs only within the boundaries of highly-
folded and metamorphosed Precambrian marble units and not within nearby limestones of
Cambrian or younger age. Formation of the talc deposits is believed, therefore, to have occurred
during Precambrian time. (2) Some of the larger talc deposits are associated with structural features
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such as NW-trending regional faults and the hinge regions of major folds (Garihan, 1973; Okuma,
1971). Formation of the talc deposits is believed, therefore, to have occurred after the formation of
these folds and faults. (3) Mineral assemblages in metamorphic rocks near to, but not affected by,
talc formation record upper amphibolite facies conditions 6f €¥745C and pressures of 0.5-

0.8 GPa (Dahl, 1979, 1980). Observed talc-carbonate assemblages are not compatible with these
conditions, so the talc must have crystallized at lower temperatures after the peak metamorphic
conditions were attained. (4) Although the marbles near the talc occurrences are principally
dolomite, in some cases the same marble layers at a distance from the talc occurrences are largely
calcite (Anderson et al., 1990). Based on this finding, Anderson et al. (1990) proposed that
formation of the talc deposits began with the hydrothermal dolomitization of largely calcite

marbles. A similar concentration of dolomite in the vicinity of talc deposits in marble was observed
in Bavaria by Stettner (1959). (5) Significant metasomatism is required to transform a largely
calcite marble to a massive, monomineralic talc body. The scale (tens of meters across strike) and
monomineralic character of the talc deposits require a fluid-dominated chemical system to
accomplish the evident mass transfer (Korzhinskii, 1970). (6) Gneisses interbedded with talc-
replaced marbles have been largely altered to chlorite (clinochlore). The effect of the metasomatic
fluids depended to some extent on the protolith.

Talc samples
Field observations

During the summer of 1990 we sampled extensively a number of talc deposits in the Ruby
Range for petrologic and geochemical study using Olson’s (1976) and Berg’s (1979) reports and
maps by James (1990), Anderson (1987), J.F. Childs (unpublished map), and D. Van Alstine
(unpublished map) as field guides. No new mapping was undertaken. Field and laboratory data
were collected for eight of the talc occurrences shown on Figure 1. Particularly detailed studies
were completed on the Regal-Keystone mine and on the American Chemet mine. Our field
observations were largely consistent with those of previous workers. Talc occurs as veins and
pods within and as massive replacements of folded marble layers. In most cases, there is no
obvious control on the location of the talc visible in the field, except that it is within the marble.
Whatever the plumbing plan may have been for the metasomatic fluids, it was certainly complex
(Figure 2). We were particularly puzzled by the seemingly unconnected pods of talc, some of
which may be cross sections of fluid-flow channels. In a few instances, talc appeared to be more
abundant along the boundaries of the marble with adjacent units, as if the layer boundaries
provided good fluid pathways.

Talc has replaced dolomite with little apparent change in volume. In some cases bedding in the
marble can be traced across talc veins without obvious deflection. Based on textures such as these,
Anderson et al. (1990) argue for a constant volume process in a rigid crust above the brittle/ductile
transition. Pseudomorphs of polycrystalline talc after single crystals of dolomite can be found
(Figures 3, 4). In thin section the talc textures are complex, but talc consuming dolomite is the
most common observation (Figures 5-7). Sharp contacts between talc and carbonate are common.
Talc replaces carbonate crystals along cross-cutting veins and along simple or irregular contacts
that may be boundaries to larger veins. Although the carbonate in most talc rocks is dolomite,
some contain calcite as well. Textures consistent with late calcite (post-dolomite) and textures
consistent with early calcite (pre-dolomite) were observed. Talc crystals vary in size from a few
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microns or less to several millimeters. We could find no consistent pattern for the occurrence of
coarse- versus fine-grained talc crystals. In many cases, coarse talc was separated from carbonate
by fine-grained talc, but this is not always the case. We believe that the coarse talc crystals were
not the result of some initial marble texture, but rather due to variations in nucleation, growth, or
coarsening during talc formation. See Anderson et al. (1990) for additional petrographic details

and photomicrographs.

Mineral assemblages and reactions

Typical mineral assemblages of the talc deposits include talc, talc+dolomite, talc+calcite,
talc+chlorite, talc+calcite+quartz, and talc+calcite+chlorite+quartz. At least one location has the
assemblage talc+tremolite+calcite. “Fibrous talc” and large (several cm) talc pseudomorphs of
tremolite were found at several locations, notably the Smith-Dillon mine, but overall tremolite and
tremolite pseudomorphs are rare. Chlorite is present in many of the talc samples. The color of the
rock is a rough indicator of the proportion of chlorite, with pure talc rocks being a pale green and
chlorite-rich talc rocks being a darker green. In many cases, the chlorite occurs as pseudomorphs
of silicate minerals such as phlogopite that were present in the original marble. There is clear
textural evidence that chlorite is being replaced by talc in some samples (Figure 8).

Although talc can be produced or consumed by reactions involving dolomite and quartz or
tremolite, these reactions cannot have led to the formation of most of the talc in the Ruby Range
because neither quartz nor tremolite is common in the host marbles. We believe the talc formed by
reaction of calcite with aqueous solutions to produce first dolomite from the calcite, then talc from
the dolomite. We observed numerous oval quartz crystals in coarse dolomite marble at several
locations near talc bodies (Figure 9). The assemblage dolomite+quartz could not have survived
metamorphism to upper amphibolite facies conditions, so dolomite (or quartz) crystallization must
postdate this metamorphism. Reactions like the following are envisioned as being principally
responsible for the talc deposits:

2 CaCQ (Cal) + Md? (aq) = CaMg(CQ), (Dol) + Cd? (aq) (1)

3 CaMg(CQ), (Dol) + 3 Mg™ (aq) + 8 HSIO,-2 HO(aq) =
2 Mg,Si,0,,(OH), (Tlc)+ 3 C&” (ag) + 6 CQ+ 30 HO ()

Except for silica (Walther and Orville, 1983), we do not know the specific aqueous species
involved, but we think the important minerals are calcite, dolomite, and talc. Other silicate minerals
may participate where they occur, but their role is minor.

Anderson et al. (1990) calculated a volumetric water/rock value of at least 600, based on the
amount of silica needed to convert their average Ruby Range marble to pure talc. To convert a pure
calcite marble to talc would require minimum volumetric water-rock ratios two to three times
higher based on Walther and Orville's (1983) quartz solubility data and temperatures of 300-
400°C. Using the Mg content of modern seawater, a minimum volumetric water/rock value of 300-
400 is needed to convert calcite to dolomite and a volumetric water/rock value over 500 is needed
to convert calcite to talc. Unless fluid-rock equilibrium is attained at all times, the actual water/rock
values were probably much higher.
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Based on the observed mineral assemblages talc+calcite and talc+dolomite, important
constraints on the physical conditions can be obtained from experimental studies. Because both
water and carbon dioxide are involved in the talc-forming reactions, the mole fraction iof tG®
talc-forming fluids (principally HO- CG, fluids?) is as important as temperature and pressure.
Relevant chemical reactions, modeled with Berman's (1988) thermodynamic data set, are shown
as a function of temperature (T) and mole fraction of GQCOZ2)) in Figure 10 for a pressure of
0.2 GPa. Clear upper limits on temperature {€)@nd mole fraction of C{0.5) for the
assemblage talc+calcite are visible in Figure 10. Unfortunately, useful lower limits for either
temperature or mole fraction of C&re not apparent. Based on the large volume of fluid required
to form the talc deposits (see p.6), it is likely that the fluid had a low mole fraction,0ACDS5
GPa (not shown), the temperature limit to the assemblage talc+calcite approatGesvb@teas
the upper limit to the mole fraction of C@lls to 0.1. We do not have a good constraint on the
pressure of talc formation, but pressures as high as 0.5 GPa are inconsistent with the modest
temperatures and high volumes of fluid flow believed to be associated with talc formation.

“°Ar/ *Ar age spectra

Hornblende, biotite, and phlogopite were separated from marbles and amphibolites within and
adjacent to several talc depositar/**Ar age spectra (Figure 11) were collected for these samples
by Dan Lux at the University of Maine following the procedures of Lux et al. (1989). All of the
samples give total gas ages in the interval 1650-1750 Ma, consistent with the Proterozoic thermal
event identified by the K-Ar data of Giletti (1966), but considerably younger than the Rb-Sr ages
(2.7 Ga) of the upper amphibolite facies metamorphism determined by James and Hedge (1980).
Plateau ages for all samples are in the interval 1716-1764 Ma, with hornblende and phologopite
ages clustered at 1721 Ma. The mica ages are not consistently younger than the amphibole ages,
contrary to what is expected for simple regional cooling from minerals with such different closure
temperatures. Either the regional cooling was quite rapid or the samples have a thermal history
more complex than simple cooling (Hodges et al., 1994). Hornbféd&Ar age spectra from
the Tobacco Root mountains (Kovaric et al., 1996) give similar ages (1700 Ma).

For hornblende to give a plateau age of 1725 Ma, the hornblende crystals must have cooled
through the hornblende closure temperature of aboGC5@8cDougall and Harrison, 1988) at
that time. The observed mineral assemblage talc+calcite is not stabléGiebahy crustal
pressure. Therefore, the talc deposits must have foaftexd1 725 Ma. Because phlogopite and
biotite also both give plateau ages in the 1716-1764 Ma interval, it appears that the talc deposits
formed after these minerals were last cooled through their closure temperatures (&75-325
McDougall and Harrison, 1988). It is possible that the talc fordugshg the regional cooling at
1725 Ma, but other evidence suggests that it was formed more recently and is not related to
regional metamorphism.

If the talc formed after the Proterozoic thermal event, then it must have formed at temperatures
that were not high enough to reset the K-Ar clocks of biotite and phlogopite. Biotite closure
temperatures depend on the chemical composition of the biotite as well as the cooling rate and
crystal size, with phlogopite having the highest closure temperaturé€j3afd intermediate
biotites having lower closure temperatures (325*@%@McDougall and Harrison, 1988, p.151).
Therefore, thé°Ar/*°Ar data imply that the talc formed at temperatures below@5Sdterestingly,
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the“?Ar/**Ar data for biotites studied are the most disturbed, with two samples not defining plateau
ages. This may mean that the temperature of talc formation was close to the closure temperature of
biotite, but significantly below the closure temperatures of phlogopite and hornblende.

Quartzofeldspathic gneisses interbedded with talc-replaced marble are altered to magnesium-
rich chlorite (clinochlore). Biotite and feldspar in the gneisses are replaced first, yielding a chlorite
rock with quartz ribbons (see Anderson et al., 1990, Fig. 9). Further alteration of the gneisses can
produce a wholly chlorite rock, or a talc-chlorite rock (see Anderson et al., 1990, Fig. 10). With
still further alteration, the chlorite can be replaced by talc. In some cases, gneissic banding can be
traced from unaltered gneiss into chlorite bands surrounded by talc. In the transition zone, fine-
grained muscovite is also present and we believe from this and other textural evidence that the
muscovite was produced at the time of talc formation. Fine-grained({l@bmuscovite
separated from altered gneiss collected at the American Chemet mine gave Kovaric et al. (1996) a
“Ar/**Ar plateau age of 1363 Ma (Figure 12), which we believe dates the formation of the talc. A
1363 Ma age for the talc deposits is consistent with the field evidence, mentioned above, that links
some of the talc occurrences with Middle Proterozoic faulting.

Stable isotopes

Oxygen, carbon, and hydrogen isotopic compositions were determined for samples of calcite,
dolomite, talc, and graphite as appropriate from the Ruby Range talc deposits (Larson, 1991;
Vasquez, 1991). Carbonate and talc samples were taken from rock samples with a dental drill. The
carbonate was identified as calcite or dolomite by staining the chip with alizarin red or by reactivity
tests using dilute hydrochloric acid. Graphite was separated from the other minerals by floatation
in water. Carbonate minerals were analyzed®®@mand*C contents at the Dartmouth College
stable isotope laboratory by the conventional technique of McCrea (1950). Talc samples were
analyzed for®0O at Dartmouth in Ni reaction vessels by the Brfethod (Clayton and Mayeda,

1963). Talc samples were analyzed fgbtand D/H contents at Southern Methodist University by
Kurt Ferguson following the procedures of Bigeleisen et al. (1952) as described by Holdaway et
al. (1986). Graphite samples were oxidized with excess CuO according to the method outlined by
Stern et al. (1992), producing ¢@r °C analysis. All of the oxygen data are reported'33

(SMOW), all of the D/H data as D/H (SMOW), and all of the carbon dai&g@ (PDB) (O'Neil,

1986). Two or more analyses were performed for most samples. Data are shown in the figures as
the mean of the analyses for each sample. Error bars are the standard deviation from the mean.
Because analytical precision seems is for most samples, the large error bars for some samples are
believed to represent sample inhomogeneity rather than analytical error.

Carbonate minerals

5'®0 andd™C values for carbonate samples from the Regal-Keystone Mine are shown in
Figure 13. The same scale is used for RSB andd**C to emphasize the large variatiordifO
relative todC. Values o®'®0 range from those expected for marbles derived from marine
carbonates (20-25%o) (Valley, 1986; Criss, 1995) to values as low as 10-12%.. falti€s o
however, all fall within the range expected for marbles derived from marine carbonates (-2 to
+2%o) (Keith and Weber, 1964). We interpret the dramatic change of cald@i@to be the
result of exchange with the metasomatic fluids that formed the talc. Furthermore, these fluids must
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have had low'®O values. We believe the near constandy*# indicates that the metasomatic

fluids were rich in oxygen and poor in carbon, namely water-rich fluids that contained very little
CQ,. A water-rich fluid in excess (high fluid to rock ratio) has the capacity to cl@f@ef the
carbonate because of the large quantity of oxygen in the fluid relative to the quantity of oxygen in
the rock. If the fluid has only a small amount of C€ven with a high fluid to rock ratio, the

guantity of carbon in a marble may greatly exceed the quantity of carbon available in the fluid. If
the fluid did contain a large amount of C@e absence of significant chang®#C would

require the unlikely case of an altering fluid already in isotopic equilibrium with the original
marble. A water-rich fluid is also consistent with the presence of the mineral assemblage
talc+calcite at low temperature, as noted above.

Althoughd*C is very similar for all samples in Figure 13, samples with lower valu&$®f
also tend to have slightly lower valuesdoiC. This variation is consistent with loss of 6y
decarbonation of dolomite or calcite during talc formation, S@otopically heavier in both
carbon and oxygen than either calcite or dolomite, so decarbonation reactions would reduce both
5'®0 andd™C in the remaining carbonate (Raleigh distillation). Raleigh distillation can account for
only a small part of the changedfO, however, because so much oxygen remains in the rock
(Valley, 1986).

5'®0 andd™*C for carbonate samples from the American Chemet Mine are shown in Figure 14.
These data show the same trends as those in Figure 13, but there is more scatter and several of the
samples are less homogeneous. Most of the samples labeled calcite also contain some dolomite.
Although we expected that the marbles that were all dolomite would have seen the most fluid and,
therefore, would have the lowastO values, we have not been able to make this correlation.
Interestingly, the cluster of 5 points with the highe&D values are all calcite marble samples
collected on strike several hundred meters from the talc body. Perhaps more systematic sampling
of marble as a function of distance from the talc mines would reveal further trends.

Al of our 5'%0 andd"*C data for carbonate samples from the Ruby Range talc localities are
shown in Figure 15 and are tabulated in Table 1. Regional trends are similar to those of the Regal-
Keystone Mine (Figure 13), if not as sharply delineated. Isotopically similar, water-rich fluids
apparently circulated through marbles at localities across the Ruby Range and lowered carbonate
5'%0 values to as low as 8-10%.. Based on the calcite-water and dolomitedf@téactionation
data of Friedman and O’Neil (1977, summarized here as Figure 16), the Ruby Range oxygen data
for carbonates place constraints on the temperature and/or isotopic composition of the talc-forming
fluids. (1) The talc-forming fluid cannot be undiluted magmatic watéD(=6-14%o.) because at
the temperatures permitted for the assemblage talc + calcite®(4Btagmatic water alone could
not lower dolomited™®0 to 9%o.. (2) If the talc-forming fluid was seawat&t’Q =0%o), then
oxygen exchange with dolomite must have occurred at temperataigdeast275 ¢20)°C. At
lower temperatures (larger fractionation factors), reaction with seawater could not have reduced the
dolomited'0 values to as little as 9%.. This assumes, of course, that Proterozoic seawater was
isotopically similar to modern seawater (Muehlenbachs, 1986). (3) If the talc-forming fluid was
like modern meteoric wated'fO = -20 to 0%.), then the minimum temperature of talc formation is
less restricted and could be substantially lower. However, for reasonable temperatures (100 to
300°C) any meteoric fluids involved must have D values greater than -10%o, which is
heavy for modern unreacted meteoric fluids, unless isotopic equilibrium between carbonate and
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fluid is not approached.

The oxygen isotopic composition of the carbonates does not place tight constraints on the
guantity of water necessary to produce the talc deposits. Because there is almost as much oxygen
per ni of hot water as there is pef of rock, a volumetric water/rock value as low as 2 to 4 could
produce the lowering @®O observed for most samples from typical high grade marble values.

Talc

Oxygen isotope data were also collected for several samples of talc (Table 2). Ob%@rved
values are in the range of 4.7-8.8%.. Most of these values are unusually low for silicate minerals in
a high grade marble (Valley, 1986) and we believe they reflect equilibration with talc-forming
fluids at low temperatures. To our knowledge, there are no experimental calibrations of talc-water
80 fractionation. However, published estimateA'8D (talc-water) based on two different
models agree quite well, as shown in Figure 17 (Savin and Lee, 1988; Zheng, 1993). If the
models are correct, then the t&l%0 data place important constraints on the temperature and/or
composition of the fluid that are similar to constraints from the carbéli&telata. (1) If the talc-
forming fluid was seawated'tO =0%o), then the alteration must have occurred at temperatures of
at least275 ¢20)°C. Reaction at lower temperatures (larger fractionation factors) could not have
produced talc of 4.7%.. (2) If meteoric water was involved, it would have been rather &&avy (
> -10%o), if isotopic equilibrium between talc and fluid was approached. Both of these
"constraints" must be viewed with caution becaus@&tf@ (talc-water) curves are theoretical.
However, these results are quite similar to those for the carbonate data.

TheA™O0 (talc-water) models of Savin and Lee (1988) and Zheng (1993) can be combined
with theA™O (calcite-water) and'®0O (dolomite-water) calibrations of Friedman and O'Neil
(1977) to definé\'®O (talc-calcite) and™®O (talc-dolomite) geothermometers. Two of the talc
samples analyzed (ACL-RK-001a and JBB-AC-30) also contained doldiiie(talc-dolomite)
for these samples are shown in Figure 18 along with the calcifd@dtalc-dolomite)
geothermometer. Temperatures suggested by these data are neither consistent nor geologically
reasonable. Although tHg®0 (talc-dolomite) geothermometer is theoretical, we interpret these
data as an indication that talc and dolomite were not in isotopic equilibrium. This is consistent with
the large range @'®O values observed for both talc and carbonate.

Five talc samples analyzed f8D were also analyzed for D/H. Observed D/H values range
from -49.9 to -57.6 %o (SMOW, Table 2). We know of no experimental or theoretical hydrogen
isotope fractionation factors f&D/H (talc-water) with which to interpret these data. Suzuoki and
Epstein (1976) published hydrogen isotope fractionation curves for several other OH-bearing
minerals in the range of 400-8%Dbased on experimental data. They conclude that hydrogen
isotopic fractionation is a function of temperature and the molar fraction of octahedrally-
coordinated cations (Al, Mg, Fe) in the crystal, due to bonding of the OH groups to octahedral
sites. If this is true for talc, then a fractionation factor for talc-water might be similar to Suzuoki
and Epstein’s experimentally derived fractionation factor for muscovite-water because of the
structural similarities between muscovite and talc.
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Extrapolating the Suzuoki and Epstein (1976) hydrogen geothermometer for muscovite-water
from its experimental range (40 850C) to lower temperatures and using it to evaluate the talc
D/H data, we find the hydrogen isotope data are consistent with a model of talc formation from
seawater (SMOW) at temperatures of 2800°C. Because of the uncertainty in the fractionation
model, the hydrogen data do not presently provide a strong constraint on the composition of the
talc-forming fluid.

Graphite

Carbon isotopic data were collected for graphite from several samples in which the carbonate
was analyzed (Table 3). To help interpret these data'iGgcalcite-graphite) geothermometer of
Dunn and Valley (1992) is shown in Figure 19. Also shown is a nidé@l(dolomite-graphite)
geothermometer calculated by subtracting the Sheppard and Schwartz (1970) equ&tién for
(dolomite-calcite) from Dunn and Valley’s equation #9fC (calcite-graphite). Observed values of
A™C (calcite-graphite) anti**C (dolomite-graphite) appear to record temperatures between 600
and 700C. Based on evidence already discussed, these temperatures are clearly too high for the
talc-forming event. The calculated temperatures are more appropriate for the Archean upper
amphibole facies metamorphism, if a bit low, and imply little or no reequilibration of the carbon
isotopes among these minerals during talc formation. Graphite is notoriously refractory, so it is
perhaps not surprising that valueStC for graphite in marbles completely altered to massive talc
rocks are similar t6"°C values for graphite in unaltered marbles. However, replacement of calcite
by dolomite probably would change the carbo®&@ values and, therefor&'*C (carbonate-
graphite), if the metasomatic fluid were £@h. We believe thé*C data provide additional
evidence that the fluid was carbon-poor (water-rich).

Discussion

Seawater is known to be an effective agent for Mg-metasomatism in the formation of dolomite
(e.g. Whitaker et al., 1994), especially at high temperatures (Morrow and Abercrombie, 1994;
Usdowski, 1994), and in the hydrothermal alteration of oceanic crust (Seyfried and Bischoff,
1979). Other rocks in the Ruby Range are not especially Mg-rich, so it is unlikely that meteoric
water could be sufficiently enriched in Mg by nearby rocks to convert a calcite marble to talc.
Seawater may have been available in the region at the time of talc formation (1360 Ma) due to the
nearby faulting and continental flooding associated with the opening of the Belt Basin (McMannis,
1963). Anderson et al. (1990) suggested seawater as a possible source for the fluid that produced
the Ruby Range talc deposits and proposed Belt Basin rifting as a mechanism to supply the
seawater. We believe our isotopic data offer strong evidence in favor of seawater as the talc-
forming fluid and support the Anderson et al. (1990) model connecting talc formation to the Belt
Basin opening.

Talc is apparently forming today in the Gulf of California and elsewhere by direct precipitation
from marine hydrothermal fluids. Londsdale et al. (1980) describe ledges of talc that they observed
and sampled on a submersible dive near a spreading axis in the Guaymas Basin. Their isotopic
data for talc §°0 = 5.3(3)%o, D/H = -38.0%. SMOW) and their calculated temperature of
formation (280C) are remarkably close to the isotopic data we observed and formation temperature
we calculated for talc in Montana. Costa et al. (1980) describe “bedded sedimentary talc” adjacent
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to ancient sea-floor hydrothermal vents in Archean greenstone belts in Quebec. The measured
oxygen isotopic values for the bedded t&léd = 5.2 to 6.6%o) also are similar to the Montana

values. That modern and Archean marine hydrothermal fluids can precipitate talc with oxygen and
hydrogen isotopic values that match the Ruby Range talc clearly supports the idea that seawater is a
plausible metasomatic fluid for making talc in the Ruby Range.

Based on isotopic data, deep (>10km) circulation of seawater has been suggested by Wickham
and Taylor (1987) as coinciding with a Hercynian rifting event in the Pyrenees. Their oxygen and
carbon isotope data on carbonates (their Figure 9) show trends similar to those we observed for the
Ruby Range (Figure 15). Our Ar data show that the Ruby Range talc formed at the time (1360 Ma)
that the Belt Basin was developing due to continental rifting. Perhaps circulation of seawater along
faults in continental crust is common in rift environments. Active faulting might facilitate fluid
circulation by “seismic pumping” (Sibson et al., 1975). Elevated heat flow in a rift environment
may have provided the elevated temperatures needed to produce talc at depths attainable by
circulating seawater.

Summary

A plausible model for talc formation in SW Montana begins with upper amphibolite facies
metamorphism of an Archean rock package that contains limestones. Geochronological data
require at least two regional metamorphic events: one at 2.7-3.1 Ga and another at 1.7-1.8 Ga. We
know that at least one metamorphic event was at upper amphibolite facies condititias (650
750°C, 0.8-1.0 GPa) and that the 1.7-1.8 Ga event was at temperatures in exce$8.0A625
about 1.4 Ga, SW Montana underwent extension that produced faults with a NW trend (in today’s
coordinate system) and was intruded by a swarm of basalt dikes, also with a NW trend. Extension
and resulting crustal thinning allowed the ocean to transgress onto the continental margin.
Seawater penetrated the crust along some of the normal faults to depths (5-10 km?) at which the
temperature was between 2%Mhd 350C. Heating of the seawater by the anomalous crustal
geotherm caused the water to rise and led to the development of a large-scale circulation of
seawater. Circulation of the fluid was influenced by faults, folds, and contacts between marble and
gneiss. Where the heated seawater came into contact with calcite marble, the marble was first
dolomitized and then converted to talc. Where the heated seawater came into contact with
guartzofeldspathic gneiss, feldspar in the gneiss was first altered to fine-grained muscovite and
then converted to chlorite. Chemical effects of the fluid were principally to add Mg, *3D &hd
to remove Ca, Al, C, D?O. Sufficient fluid passed certain areas to completely overwhelm the
buffering capacity of the minerals in the rocks, making this a fluid-dominated environment.
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Table 1. Carbonate isotope data.

3°C  d°C (%) 570 370 (%)

Sample (%)  Averge (+10) (%0) Average (x10)
PDB PDB SMOW SMOW
ACL-RK-001Aal Dol -0.50 -0.4(1) 20.00 19.8(2)
ACL-RK-001Aa2 Dol -0.38 19.90
ACL-RK-001Aa Dol -0.36 19.58
ACL-RK-002A Dol -0.65 -0.7(1) 19.40 19.3(1)
ACL-RK-002B Dol -0.71 19.20
ACL-RK-003A Dol -0.38 -0.4(1) 19.50 19.4(1)
ACL-RK-003B Dol -0.39 19.30
ACL-RK-007B1 Dol -0.79 -0.9(1) 17.10 17.1(1)
ACL-RK-007B2 Dol -0.90 17.10
ACL-RK-012F1 Dol  -1.63 -1.7(1) 11.00 11.1(1)
ACL-RK-012F2 Dol -1.66 11.10
ACL-RK-014D1 Dol -1.74 -1.8(1) 10.20 10.3(1)
ACL-RK-014D2 Dol -1.86 10.40
ACL-RK-015A1 Dol -0.73 -0.8(1) 14.80 15.0(3)
ACL-RK-015A2 Dol -0.79 15.20
ACL-RK-18A1 Dol -0.86 -0.9(1) 18.40 18.4(1)
ACL-RK-18A2 Dol -0.89 18.30
ACL-RK-18B1 Cal -1.61 -1.6(1) 15.20 15.2(1)
ACL-RK-18B2 Cal -1.59 15.20
ACL-RK-18C1 Cal -1.44 -1.5(1) 14.90 14.9(1)
ACL-RK-18C2 Cal -1.49 14.90
ACL-RK-20A1 Cal -1.70 -1.7(2) 14.20 14.2(1)
ACL-RK-20A2 Cal -1.69 14.20
ACL-RK-22B1 Dol -1.80 -1.8(1) 10.30 10.5(2)
ACL-RK-22B2 Dol -1.79 10.60
ACL-RK-026A Dol -1.25 -1.3(1) 10.60 10.6(1)
ACL-RK-026B Dol -1.29 10.50
ACL-RK-028A Cal -0.61 -0.6(1) 22.90 22.8(2)
ACL-RK-028B Cal -0.66 22.60
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3°C  d°C (%) 570 370 (%)

Sample (%)  Averge (+10) (%0) Average (x10)
PDB PDB SMOW SMOW
ACL-RK-029A Cal -1.71 -1.7(1) 17.70 17.9(2)
ACL-RK-029B Cal -1.69 18.00
ACL-RK-31D1 Dol -0.86 -1.0(2) 12.10 12.1(1)
ACL-RK-31D2 Dol -1.19 12.10
ACL-RK-31F1 Dol -1.25 -1.3(1) 17.50 17.5(1)
ACL-RK-31F2 Dol -1.31 17.40
ACL-RK-33C1 Dol -1.03 -1.1(1) 12.50 12.2(5)
ACL-RK-33C2 Dol -1.09 11.80
ACL-RK-034A Dol -0.21 -0.3(1) 21.10 21.1(2)
ACL-RK-034B Dol -0.39 21.10
ACL-RK-036A1 Dol 0.86 1.0(3) 21.70 22.2(6)
ACL-RK-036A2 Dol 1.21 22.60
ACL-RK-037B1 Dol 0.35 0.3(1) 23.10 23.2(1)
ACL-RK-037B2 Dol 0.33 23.20
AMV-RK-4A Cal -0.96 -0.9(1) 19.37 19.5(2)
AMV-RK-4B Cal -0.88 19.58
AMV-RK-6A Dol -2.06 -1.6(4) 11.81 10.9(8)
AMV-RK-6B Dol -1.29 10.30
AMV-RK-6C Dol -1.40 10.60
AMV-RK-10A Cal -2.57 -2.7(1) 10.91 10.9(1)
AMV-RK-10B Cal -2.74 10.94
AMV-RK-12A1 Dol -0.40 -0.4(1) 19.62 19.7(1)
AMV-RK-12A2 Dol -0.34 19.72
AMV-AC-1A Cal -2.33 -2.4(1) 8.37 8.3(1)
AMV-AC-1B Cal -2.49 8.29
AMV-AC-10A Cal -1.56 -1.5(1) 15.37 15.1(5)
AMV-AC-10B Cal -1.51 14.72
AMV-AC-22A Dol -1.56 -1.4(4) 9.50 10.1(9)
AMV-AC-22B Dol -0.99 9.65
AMV-AC-22C Dol -1.64 11.18
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3°C  d°C (%) 570 370 (%)

Sample (%)  Averge (+10) (%0) Average (x10)
PDB PDB SMOW SMOW

AMV-AC-31CA Cal -4.80 -5.0(3) 16.85 18.1(1.8)

AMV-AC-31CB Cal -5.22 19.39

AMV-AC-32A Dol -1.38 -1.3(2) 9.76 9.7(1)

AMV-AC-32B Dol -1.13 9.57

AMV-AC-38A Dol -1.62 -1.8(2) 8.87 9.3(7)

AMV-AC-38B Dol -1.91 9.80

AMV-AC-41A Dol -1.28 -1.2(1) 9.24 9.5(3)

AMV-AC-41B Dol -1.17 9.65

AMV-AC-43A Dol -3.93 -3.3(9) 15.41 16.6(1.6)

AMV-AC-43B Dol -2.57 17.68

JTC-AC-1B1 Cal -2.16 -1.9(4) 22.55 22.7(1)

JTC-AC-1B2 Cal -1.57 22.76

JTC-AC-1D1 Cal -0.34 -0.3(1) 22.35 22.4(1)

JTC-AC-1D2 Cal -0.34 22.38

JTC-AC-1E1 Cal -0.84 -0.8(1) 20.00 20.1(2)

JTC-AC-1E2 Cal -0.81 20.23

JTC-AC-2A1 Cal -1.01 -1.0(1) 22.53 22.5(1)

JTC-AC-2A2 Cal -1.06 22.50

JTC-AC-3A -1.67 -1.7(1) 11.70 11.6(2)

JTC-AC-3B -1.76 11.40

JBB-AC-25A Cal -0.65 0.0(9) 13.40 13.1(4)

JBB-AC-25B Cal 0.72 12.80

JBB-AC-27A Dol -0.38 -0.4(1) 22.70 22.6(1)

JBB-AC-27B Dol -0.47 22.50

JBB-AC-30B Dol -1.01 -1.0(1) 9.82 9.8(1)

JBB-AC-30A Dol -1.01 9.82

JBB-AC-37A Dol -1.02 -1.0(1) 9.48 9.5(1)

JBB-AC-37B Dol -1.05 9.57

JBB-AC-41A Dol 9.11 9.2(1)

JBB-AC-41B Dol 9.29
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3°C  d°C (%) 370 370 (%)

Sample (%)  Averge (+10) (%0) Average (x10)
PDB PDB SMOW SMOW

JBB-AC-62B Dol -0.47 -0.5(1) 13.10 13.0(1)

JBB-AC-62A Dol -0.50 12.90

AMV-CC-1A1 Dol -1.76 -1.5(3) 10.00 9.9(2)

AMV-CC-1A2 Dol -1.30 9.77

AMV-CC-1B1 Dol -0.95 -0.8(2) 17.91 18.6(9)

AMV-CC-1B2 Dol -0.67 19.19

AMV-CC-2A2 Dol -1.45 -1.45 9.61 9.61

AMV-CC-5C1 Dol -2.62 -2.7(1) 9.94 9.9(1)

AMV-CC-5C2 Dol -2.74 9.87

AMV-CC-6A Cal -0.93 -0.9(1) 13.62 14.6(1.4)

AMV-CC-6B Cal -0.93 15.56

JBB-CC-2A Cal -1.39 -1.28(0.16) 13.40 12.9(7)

JBB-CC-2B Cal -1.45 13.50

JBB-CC-2B Cal -1.15 12.11

JBB-CC-2A Cal -1.14 12.47

AMV-CR-2A Cal -2.44 -2.3(2) 17.96 18.3(5)

AMV-CR-2B Cal -2.20 18.59

AMV-CR-3A Dol -3.60 -3.3(4) 8.60 9.0(6)

AMV-CR-3B Dol -3.07 9.44

JTC-CR-1A Cal 1.10 0.8(5) 21.64 21.3(6)

JTC-CR-1B Cal 0.43 20.86

JTC-CR-1A1 Dol -2.33 -2.3(1) 16.10 16.1(1)

JTC-CR-1A2 Dol -2.29 16.10

JTC-CR-1B1 Cal 0.23 0.2(1) 18.29 16.4(2.7)

JTC-CR-1B2 Cal 0.08 14.53

AMV-MP-4A Cal -1.03 -1.1(1) 19.35 18.7(9)

AMV-MP-4B Cal -1.12 18.12

AMV-MP-6A Dol -0.07 -0.1(1) 19.55 19.8(3)

AMV-MP-6B Dol -0.07 19.94

AMV-MP-12A Cal -1.54 -1.4(2) 12.80 12.4(6)

AMV-MP-12B Cal -1.24 11.98
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dC O"C (%o) [©) 30 (%o)
Sample (%)  Averge (+10) (%0) Average (x10)
PDB PDB SMOW SMOW
AMV-MP-15A1 Dol 0.00 -0.1(1) 12.84 12.6(3)
AMV-MP-15A2 Dol -0.20 12.40
AMV-MP-15B1 Dol -1.12 -1.1(1) 11.28 11.8(7)
AMV-MP-15B2 Dol -1.12 12.32
AMV-SD-3A1 Dol -1.91 -1.5(6) 13.95 14.4(7)
AMV-SD-3A2 Dol -1.07 14.88
AMV-SD-4A Cal -1.29 -1.2(2) 15.56 14.6(1.3)
AMV-SD-4B Cal -1.03 13.69
AMV-SW-6A Dol -2.33 -1.9(6) 14.80 15.3(6)
AMV-SW-6B Dol -1.54 15.70
AMV-SW-11A2 Dol -3.67 -3.7(1) 9.59 9.7(2)
AMV-SW-11A3 Dol -3.69 9.83
AMV-SW-12C Dol -1.75 -2.4(9) 12.60 11.8(1.1)
AMV-SW-12D Dol -3.10 11.02
AMV-SW-14A Dol -1.26 -1.0(4) 11.83 12.9(1.5)
AMV-SW-14B Dol -0.66 13.96
AMV-SW-17B Dol -4.25 -4.1(2) 11.53 11.5(1)
AMV-SW-17C Dol -4.12 11.44
AMV-SW-17D Dol -3.91 11.58
JBB-SW-13B2 Dol -0.57 -0.6(1) 13.40 13.4(1)
JBB-SW-13B1 Dol -0.53 13.40
JBB-SC-8-11A Cal -3.79 -4.4(8) 17.80 17.5(4)
JBB-SC-8-11B Cal -4.97 17.20
Abbreviations
Cal Calcite MPM.P Prospect (Sec. 32)
Dol Dolomite RPRuby Peak Prospect
RK Regal-Keystone Mine SC Stone Creek Road
AC American Chemet Mine (Garihan, 1976, Stop 3)

CC Cottonwood Creek Prospect Sinith-Dillon Mine
(Berg, 1979, Prospect 13) S8weetwater Mine
CR Crescent Ranch Prospect SV Sweetwater View Mine
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Table 2.Oxygen and hydrogen isotope data for talc.

Wt.%  D/H (%) 70 (%) 070 (%)  ATO (%o)

Sample HO Talc Talc Dol Dol-Talc
SMOW SMOW SMOW

ACL-RK-001a 4.64 -57.6 8.8(8) 19.8(2) 11(1)
ACL-RK-019A 5.65 -54.9 6.3(2)

JBB-AC-30 5.30 -53.1 5.0(2) 9.8(2) 4.8(4)
JBB-AC-32 4.94 -49.9 5.6(2)

JBB-AC-56 4.7(2)

JBB-TCS8-1 4.89 -57.5 5.2(4)

RK - Regal-Keystone Mine, AC - American Chemet Mine, TC - Treasure Mine

Table 3.Carbon isotope data for graphite and carbonate.

5C (%)  3C (%)  A™C (%o)

Sample Graphite Carbonate Carb-Gr
PDB PDB

JBB-AC-25 Cal -5.0 -0.7 4.3
JBB-AC-37 Dol -4.6 -1.0 3.6
JBB-AC-41 Dol -5.0 -0.8 4.2
JBB-AC-62 Dol -1.8 -0.5 1.3
JBB-CC-2 Cal -5.0 -1.3(6) 3.7
JBB-SC8-7 Cal -9.7 -4.4(2) 5.3
JBB-SW-9 -4.6(5) absent

JBB-TC8-24 -3.8(2) absent

AC - American Chemet Mine

CC - Cottonwood Creek Prospect (Berg, 1979, Prospect 13)
SC - Stone Creek Road (Garihan, 1976, Stop 3)

SW - Sweetwater Mine

TC - Treasure Mine
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GENERALIZED GEOLOGY
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Figure 1. Generalized geologic map of the Ruby Range. Modified from Karasevich et al. (1981).

Talc localities are marked with two-letter abbreviations (see Table 1).
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Figure 2. Gray-green talc veins replacing rusty-colored, coarse-grained dolomite (Dol) in the
west wall of the Sweetwater Mine. Some talc veins are parallel to bedding, but many are cross-
cutting. The darker green sections contain chlorite (Chl). A hammer with a 12-inch-long handle is
in the center of the photo for scale.
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Figure 3. (a) Gray-green, massive talc pseudomorph of a coarse (7-9 cm) dolomite (Dol) crystal
collected near the Treasure Mine. Dolomite remains in the core of this crystal as can be seen in
Figure 3b. The scale is in inches. (b) Cream-colored dolomite remaining in the core of the gray-
green, massive talc pseudomorph shown in (a).

Copyright © 1998 by the Mineralogical Society of America



Brady et al. Geological Materials Research v.l,n.2, p.26

Figure 4. Photomicrograph in crossed polarized light of polycrystalline talc pseudomorphs of
dolomite rhombs in a sample from the American Chemet Mine. Nearly everything in the photo is
talc. The areas around the rhombs are dark because of a smaller grain size and small quantities of
other minerals.
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Figure 5. Photomicrograph in crossed polarized light of polycrystalline talc replacing a large
dolomite crystal in a sample from the Treasure Mine. Notice that boundaries of talc and dolomite
are commonly convex toward the dolomite.
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Figure 6. Photomicrograph in crossed polarized light of polycrystalline talc replacing dolomite.
The talc appears to be replacing dolomite along fractures as well as along its edges. The talc close
to the dolomite tends to be more fine-grained. Coarsening of the talc apparently occurs following
its initial growth by the dolomite-fluid reaction. This sample is from the Sweetwater View Mine.
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Figure 7. Photomicrograph in crossed polarized light of a large single crystal of dolomite with
polycrystalline talc apparently growing along dolomite cleavage planes. Textures such as these are
consistent with brittle behavior of dolomite during at least some of the talc event. This sample is
from the Treasure Mine.
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Figure 8. Photomicrograph in crossed polarized light of veins of polycrystalline talc replacing
polycrystalline chlorite (Chl). Chlorite replaces quartzofeldspathic gneisses that are interbedded
with marbles that have been altered to talc. Further contact with the talc forming fluids can
apparently lead to talc growth from chlorite. This sample is from the Treasure Mine.
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Figure 9. Photomicrograph in crossed polarized light of a single quartz grain in a dolomite
marble. The quartz crystal shows undulatory extinction. No reaction between the quartz and
surrounding dolomite is evident. If the quartz and dolomite were both present during upper
amphibolite facies metamorphism, the quartz and dolomite should have reacted to form diopside.
We believe this sample is consistent with dolomitization of calcite marbles as part of the talc-
forming events that postdate regional metamorphism. This sample is from the American Chemet
Mine.
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Figure 10. Stability of the assemblages talc (Tlc) + calcite (Cal) and talc + dolomite (Dol) are
shown on a T-¥,, diagram as calculated at 2 kb pressure by the thermodynamic model of Berman
(1988). At 2 kb, talc + calcite is limited to temperatures below abodC4&i0d below about 0.55

X coz Limiting reactions are shown involving the minerals tremolite (Tr), forsterite (Fo), antigorite
(Atg), quartz (Qtz), and magnesite (Mgs).
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Figure 11.Argon release spectra for several micas and a hornblende from the Ruby Range.
Apparent age in billions of years (Ga) is shown as a function of the cumulative perceritage of
released during heating steps. Sample numbers are keyed to the talc localities (see Table 1).

Sample Mineral Total Gas Age (Ma) Plateau Age (Ma)
RK-10 Hornblende 1640 1725%13)
RK-005 Phlogopite 1700 1723 (15)
SW-8 Phlogopite 1670 1716 ¢13)
RP-2 Biotite 1757 1764 £11)
RK-12 Biotite 1644 none
RK-023 Biotite 1659 none
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Figure 12.Argon age spectrum for a fine-grained muscovite sample from the American Chemet
mine. The muscovite occurs with chlorite in an altered gneiss sample interbedded with dolomite
that has been partially replaced by talc. Because the gneiss alteration is spatially and texturally
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associated with the talc deposits, we believe the muscovite age dates the talc formation.
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Figure 13.0xygen and carbon isotopic values for marble samples from the Regal-Keystone
Mine (Larson, 1991). Notice the great range in oxygen isotopic values and the small range in
carbon isotopic values. Dolomite points are for marble samples with little or no calcite. Calcite
points are for marbles that contain calcite, but may also contain dolomite. Error bars indicate the
range of values for multiple measurements of the same sample.
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Figure 14.0xygen and carbon isotopic values for carbonate samples from the American Chemet
Mine (Vasquez, 1991). Again, notice the great range in oxygen isotopic values and the smaller
range in carbon isotopic values. Dolomite points are for marble samples with little or no calcite.
Calcite points are for marbles that contain calcite, but may also contain dolomite. Error bars
indicate the range of values for multiple measurements of the same sample.
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Figure 15.0xygen and carbon isotopic values for carbonate samples from talc deposits across
the Ruby Range. All of the data are consistent with alteration by a water-rich fluid that lowered the
oxygen isotopic values of the carbonates, but left their carbon isotopic values relatively unchanged.
Dolomite points are for marble samples with little or no calcite. Calcite points are for marbles that
contain calcite, but may also contain dolomite. Error bars indicate the range of values for multiple
measurements of the same sample. Large error bars for some of the samples indicate that these
samples were inhomogeneous.
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Figure 16.Oxygen isotopic fractionation curve for calcite-water as determined by Friedman and
O'Neil (1977). Shown also is a calculated fractionation curve for dolomite-water, based on the
calcite water curve and data for dolomite-calcite fractionation (Friedman and O'Neil, 1977). Data
for the dolomite-calcite fractionation were obtained at temperatures abc¥e Bece the dashed

line at lower temperatures. If the talc deposits were formed by interaction with seawater

(3" O = 0), therminimum temperatures of talc formation can be obtained from the lowest
observed oxygen isotopic values of the carbonates. The lowest calcite values (blue) give minimum
temperatures of 22&. The lowest dolomite values (brown) give minimum temperatures 6€275
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Figure 17.Theoretical oxygen isotopic fractionation between talc and water are shown as a
function of temperature as calculated by Savin and Lee (1988) and Zheng (1993). The range of
observed'®O values for talc when compared with seawaté®(= 0) give a range of minimum

temperatures of talc formation as indicated by the dark band.
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Figure 18.0Oxygen isotope fractionation between talc and dolomite calculated as a function of
temperature from the (extrapolated) experimental data for dolomite of Friedman and O'Neil (1977)
and the theoretical models for talc of Savin and Lee (1988) and Zheng (1993). The intersections of
the talc-dolomite values for two samples with the theoretical curves are indicated by black squares.
The wide range of temperatures indicated by the two talc-dolomite data points are interpreted as
evidence that the talc and dolomite were not in isotopic equilibrium.
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Figure 19.The temperature variation of the carbon isotopic fractionation between calcite and
graphite as calibrated by Dunn and Valley (1992). Data from Table 3 for cabonate-graphite pairs

Temperature °C

are shown on the appropriate fractionation curve based od\tf@ifcarbonate-graphite) values.
Observed fractionation for Ruby Range samples appears to record upper amphibolite facies

temperatures even though the oxygen isotopes for the calcite samples have been reset at lower
temperatures. These data are consistent with our suggestion that the talc-forming fluid was poor in

CO, and rich in HO. One data point (JBB-AC-22) is not shown because itald@ value (1.3)
is beyond the range of the calibration and would yield unreasonably high temperatures.
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