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Figure 3. (a): Typical low-grade siliceous dolomite with
resistant quartz layers. (b): Quartz boudon with tremolite
surrounding it in a carbonate matrix, at station 4. (c):
Photomicrograph depicting a standard fine-grained dolo-
mite and quartz marble in plane light (10-DL-04d). (d):
Photomicrograph depicting a tremolite-bearing sample in
crossed polars (10-DL-25a). (e): Backscattered image of a
calcite grain surrounded by dolomite, calcite, and phlogo-
pite (10-DL-25a). (f): Backscattered image of a calcite
grain surrounded by tremolite, talc, chlorite and dolomite
(10-DL-04d). Some portions of the calcite have exsolution
blebs of dolomite.

the strike and dip of layering as well as the trend and
plunge of fold axes (Fig. 4b). Structural data were
compiled using Rick Allmendinger’s Stereonet pro-
gram (www.geo.cornell.edu/geology/faculty/RWA/
programs.html). Thirty-three samples were collected
from eighteen locations throughout the mapped
marble units. Thin sections prepared from these
samples were stained with a dilute hydrochloric acid
and alizarin red solution to distinguish calcite from
dolomite. Nine thin sections were selected for pol-
ishing and were carbon coated for Scanning Electron
Microscope (SEM) study. Back-scattered electron
images were obtained on the FEI Quanta 200 SEM

at Mount Holyoke College, which is equipped with
an Edax Genesis X-Ray Detector System. Mineral
analyses were done with a dead time of 30-40%, an
amp time of 100 micro seconds, count rate between
1000-2000 counts per second, and a counting time of
approximately 100-200 live seconds. Stable isotope
analyses were obtained on the automated carbonate
device at the University of Massachusetts Amherst in
the Department of Geosciences.

Figure 4. (a): An equal area projection showing the
orientations of layering and fold axes from 27 stations
throughout the study area. Open circles are minor fold
axes (N=99). Closed circles represent poles to layering
(N=81). (b): What typical folds look like in the field.

RESULTS

Petrography and SEM analyses establish that mineral
assemblages in marble samples vary from outcrop

to outcrop, but the majority consist of dolomite and
quartz with minor calcite and muscovite or phlogo-
pite. Other less common accessory minerals found
in some samples are one or more of the following:
tremolite, talc, chlorite, potassium feldspar, pyrite,
goethite after pyrite, graphite, hematite, magnetite,
pyrrhotite, and sphalerite. Grain sizes in thin sections
range from 5 to 250 microns in length.

Calcite-dolomite geothermometry was applied to
seven samples taken from five locations through-
out the study area that contained both dolomite and
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calcite. The formulation of Anovitz and Essene
(1987) was used and the reported results rounded to
the nearest 5°C (Figs. 1 and 5). The absolute uncer-
tainty in the temperature calculation is conceivably
around 50°C, but the relative uncertainty is likely to
be about +/- 25°C. The Mg content of calcite was
measured in 0.01 increments and varies from ~0.01
to ~0.08 X(Mg). Figure 5 shows examples of the
X-ray spectra collected on the SEM. The calcite in
sample DL10-11b has a lower Mg than sample DL10-
4d, thus giving an overall lower temperature (Fig. 5).
For most samples, the Mg content of multiple calcite
grains was averaged to give the final calculated tem-
perature. Station 4 (the furthest east) has the overall
hottest temperature at 625°C, while stations 19 and
25 (in the central and western parts of the study area)
gave the overall lowest temperatures at about 200°C.

DL10-11b loc 4 CALCITE
X(Mg) =0.03
T=~445C

DL10-4d loc 1 CALCITE
X(Mg) =0.07
T=~600°C

.| Higher Mg
=higherT

Lower Mg
N =lowerT
1 re

Figure 5. Examples of EDS analyses of calcite-dolomite
thermometry. Calcite in sample DL10-11b has lower Mg
than calcite in sample DL10-4d, thus giving an overall
lower temperature for station 11.

Analyses of tremolite in samples DL10-11b and
DL10-4d showed compositions to be essentially end-
member tremolite with very little Fe and Al and no
measurable Na. Also, chlorite in sample DL10-04c
was analyzed and found to be Al-rich with high Mg/
Fe, apparently Al-clinochlore variety.

Results of the structural analysis show that layering
generally strikes NNE-SSW but shows a full range of
dips (Fig. 4a). Fold axes are scattered but generally
trend NNE and plunge shallowly to moderately, or
they trend SW and plunge moderately.

The stable isotope results show very little variation
in 813C values of dolomite samples, from —0.01 to

-3.51%o (Fig. 2). Oxygen isotope values show greater
variation with 8'*0O values ranging from 14.47 to
22.61%o. The three types of samples analyzed for
isotopic data were dol + qtz; dol + qtz + cal; and dol +
qtz + cal + tr (Fig. 2).

DISCUSSION

The majority of samples taken from throughout the
marble units consist of fine-grained dolomite with a
variable amount of fine-grained quartz (Fig. 4c). Peak
metamorphic temperatures were significantly higher
at station 4 (~625°C), located northeast of Henrys
Lake, than other areas in this study (Fig. 1b). This lo-
cation also has abundant tremolite + calcite, which is
consistent with higher temperatures relative to dolo-
mite + quartz which are more typical elsewhere in the
study area. The only other location with tremolite +
calcite, location 11, also gives elevated temperatures
of ~490°C, which is higher than other temperature
estimates west of Henrys Lake.

Stable isotope data (Fig. 2d) show little variation in

8" C%o values, except for tremolite-bearing samples,
which have lower 8"*C%o values. The tremolite-
forming reaction, 5Dol + 8Qtz + H20 = Tr + 3Cc +
7CO,, shows that as tremolite forms, CO, is driven
off, lowering the "*C%o value of the rock. CO, es-
sentially leaves the rock, taking the heavy carbon with
it and leaving behind lighter carbon (Valley, 1986;
Bowman et al, 1994). Oxygen isotope compositions
show a much wider range than what one would expect
for a marine limestone formation. The variation in
oxygen isotope compositions, however, cannot be
explained by only CO2 removal. A typical decar-
bonation trend is shown in figure 2 (Valley, 1986).
Although the starting point of the decarbonation trend
is arbitrary, many of the 8'80%o values are too low for
the decarbonation trend to apply by itself. The range
in 8"*0%o values most likely reflects exchange with
external H O-rich fluid of meteoric or seawater origin.
It seems likely that this happened during metamor-
phism or pre-metamorphic diagenesis. Since 6'*0%o
values of some samples fall within the normal marine
carbonate range, marbles are most likely derived from
typical marine carbonates.

The deposition age of the dolomite units in this study
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are uncertain. They could be early Proterozoic or
late Archean, so one might ask if “normal marine”
isotopes prevailed so long in the past. Evidently
they did. Although local and global “excursions”
have occurred throughout earth history, the carbon
and oxygen isotopic composition of normal seawater
has remained fairly constant all the way back to the
Archean (Prokoph et al., 2008).

Dolomite and quartz bearing rocks, without tremolite,
have noticeably lower metamorphic temperatures
(~200°C). These rocks most likely reacted with either
meteoric or seawater after deposition. Tremolite-
bearing rocks are much hotter (~490-625°C), and
resulted in the alteration of 6'*O%o ratios. Tempera-
tures appear to be locally higher in these areas. There
is a noticeable consistency between the temperature
of metamorphism in these tremolite-bearing samples
at locations 4 and 11, and metamorphic grade deter-
mined from pelitic rocks in the same areas (Doyle,

2011).

My locations 27 and 6 are immediately adjacent to
mylonite zones studied by Walker (2011). Her rocks
adjacent to these localities are highly altered. Fold
axes at locations 27 and 6 are at a high angle to my-
lonitic lineations. Curiously, samples from locations
27 and 6 show no alteration of their oxygen isotope
compositions (both have 880 > 22%o), suggesting
that whatever process modified the oxygen isotopes in
marble samples is not related to deformation outside
the marble units. In addition, folds axes are widely
distributed throughout the marble units (Fig. 3a).

Calcite-dolomite thermometry results of the lowest
grade samples are likely to not be entirely accurate
because many of the calculations resulted in tem-
peratures of ~200°C (Fig. 1b), which is below what
is normally considered “metamorphic.” Applica-
tion of geothermometry to such low temperatures is
problematic and thus not entirely reliable. Very few
calcite-dolomite thermometry calculations have been
attempted with such low-grade marbles (Anovitz &
Essene, 1987). There may be kinetic barriers to equi-
librium, which would explain why thermometry is a
problem at low temperatures. Perhaps fluid inclusion
thermometry could be applied to these rocks to better
understand their thermal history.

CONCLUSION

More work is needed in the study region to establish
the details of events that took place during the Big
Sky orogeny that affected these marble units. How-
ever, we now know that tremolite-bearing samples are
relatively rare, and that dolomite-quartz assemblages
are common. Metamorphic temperature is higher
east of Henrys Lake and lower to the west. Tremolite
occurrences are associated with higher temperatures.
Carbon isotope values in dolomite marble regions
show little to no alteration, but oxygen isotopes sug-
gest some kind of alteration event. The tremolite-
forming reaction has caused an alteration in carbon
and oxygen isotope values explained by the removal
of CO2.
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