BP-03

Grt + Sill + Bi + Pl + Ksp + lIm + Qtz is the equilibrium mineral assemblage in BP-03.
This assemblage constrains the pressures and temperatures to 5.2 to 8.2 kbar and 750 to 810 °C
(Figure 28). Isopleths of almandine, Mg in biotite, and grossular were used to further constrain
the P-T of sample BP-03. Almandine isopleths range from Xge = 0.72-0.82, with the higher
composition correlating to lower pressures and temperatures. Xyg compositions of biotite range
from 0.28 to 0.54. The higher concentration of Mg correlates to higher temperatures, where
temperature has a much larger influence on Mg concentration. Grossular isopleths range from
Xca= 0.02-0.1 with higher concentrations corresponding to low pressures. Analysis of
microprobe data yields compositions of Xg. = 0.81 for almandine, Xug= 0.35 for biotite, and
Xwmn= 0.05 for grossular. Petrographic observations reveal that ilmenite is the only oxide in the
sample which agrees with the pseudosections prediction of ilmenite being the only stable oxide.
Overlapping isopleths constrain the peak P-T of this sample to 8.6 kbar and a temperature of 770
°C.

RC-01

The equilibrium mineral assemblage of RC-01 is Grt + Sill + Bi + Pl + Ksp + lim + Qtz,
with the garnet including a small component of andradite. The equilibrium mineral assemblage
was constrained to a pressure range of 6 to >10 kbar and a temperature range of 790 to 860 °C
(Figure 29). This range was refined through the use of almandine garnet, biotite, and grossular
garnet isopleths. Plagioclase isopleths were not used due to the low amount of plagioclase in the
sample (~ 2%). The almandine isopleths are more sensitive to changes in temperature resulting
in near vertical isopleths above 790 °C (Figure 29). The isopleths range from Xg.= 0.52 at higher
pressures and temperatures to Xge= 0.78 at lower pressures and temperatures. The isopleths are
absent in the lower left of the pseudosection where garnet is absent from the mineral
assemblages. Biotite also has nearly vertical isopleths above 790 °C resulting from the heavy
influence of temperature on biotite composition at higher temperatures. The isopleths are more
equally influenced by pressure and temperature at lower temperatures. The compositions of the
isopleths range from Xyg= 0.38 to Xug= 0.74, with higher Mg compositions correlating to higher

pressures and temperatures. Grossular garnet isopleths have more of a pressure influence than the
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biotite or almandine. The grossular isopleths range from Xc;=0.02 at lower pressures and higher
temperatures to Xc,=0.14 at higher pressures and lower temperatures.

The isopleth matching the core garnet compositions in RC-01 did not have an area of
overlap as the isopleths did in all of the other pseudosections. As a result the pressure and
temperatures were determined from the overlapping of the almandine and grossular garnet
isopleths only. Using only the garnet isopleth has resulted in a higher temperature than the rest
of the samples. The lack of overlap is due to the re-equilibration in RC-01 has caused diffusional
flattening in garnet composition. This resulted in biotite and garnet core compositions no longer
being in equilibrium with each other. This re-equilibration has, however, caused the garnet rim
and biotite compositions to be in equilibrium. The observation that the almandine rim
composition is in equilibrium with the biotite composition is interpreted to be the preservation of
retrograde metamorphism in the sample. However, isopleths for biotite, almandine garnet, and
grossular garnet were still run and placed on the same pseudosection. All of the isopleths were
within the stable mineral assemblage field. The pressure and temperature for metamorphism
were determined from the core compositions of Xg=0.64 for almandine, Xwuy=0.48 for biotite,
and Xc,=0.03 for grossular were used. This stability field also agrees with the observation that
ilmenite is the only stable oxide in the matrix. There is, however, rutile that occurs as inclusions.
The inclusions of rutile in the garnet are a result of the P-T path passing through the rutile
stability field before the sample equilibrated in the ilmenite stability field. This caused the matrix
rutile to become unstable and to be converted into ilmenite while the rutile inclusions were
shielded by the garnet allowing for the rutile in the garnet to remain. Overlapping isopleths

constrain the peak P-T of this sample to 8.6 kbar and a temperature of 840 °C.
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Figure 28. BP-03 pseudosection and isopleths of almandine garnet, grossular garnet, and biotite. Green areas
represent compositions from microprobe analysis. Field enclosed in thicker line is area of stable mineral
assemblage in rock sample. The green star is the area where all isopleths intersect.
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Figure 29. RC-01pseudosection and isopleth of almandine garnet, grossular garnet, and biotite. Green areas
represent compositions from microprobe analysis. Field enclosed in thicker line is area of stable mineral
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Figure 30. 2LNP-Ortho pseudosection and isopleths. Isopleths are of almandine garnet, anthophyllite, and
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2LNP-Ortho

The stable mineral assemblage of Grt+ Opx + Bi + Ath + Pl + llm + Ru + Qtz was
constrained to pressures of 7.4->10.0 kbar and temperatures 600-810 °C. P-T conditions were
further constrained using compositional isopleths of almandine, anthophyllite, and anorthite
(Figure 30). The almandine isopleths are more sensitive to changes in pressure causing a more
vertical trend in each isopleth, which ranges from X, of 0.58 at higher temperatures to Xge of
0.68 at lower temperatures. The anthophyllite isopleths are more equally affected by both
pressure and temperature and increase in Xyg With increasing pressure and temperature. The
plagioclase is equally affected by both pressure and temperature, which results in isopleths
increasing in Xge With increasing temperature and decreasing pressure. The pseudosection and
petrographic observations both have ilmenite and rutile stable in the equilibrium assemblage.
Petrographic observations reveal that there is a greater amount of rutile occurring as garnet
inclusions than occurring in the matrix. This is due to the P-T path approaching rutile a stability
field where rutile is no longer stable. This caused a majority of the matrix rutile to become
unstable and caused the rutile to become resorbed and converted to ilmenite. This conversion of
rutile to ilmenite also increased the amount of matrix ilmenite in the sample. Overlapping
isopleths constrain the peak P-T of this sample to of 9.5 kbar and temperature of 780 °C

determined.

0G-02

The equilibrium mineral assemblage of Grt + Bi + Hbl + Pl + lIm + Qtz was used to
constrain the pressure and temperature to a range of 6.9-11.5 kbar and <600-860 °C in OG-02.
Compositional isopleths of almandine, grossular, and amphibole were used to further constrain
the pressures and temperatures (Figure 31). The almandine isopleths are predominantly
horizontal and range from 0.52 at higher pressures to 0.70 at lower pressures. The grossular
isopleths have a slope close to one with the lowest concentrations of Xc, at lower pressures and
temperatures and higher concentrations at higher P-T. The X, concentrations of amphibole
follow the same pattern as the biotite isopleths. llmenite occurs in both the matrix and as
inclusions in garnet which agrees with the pseudosection, however, there are also rutile
inclusions in garnet in the sample. These garnet inclusions are not reflected in the pseudosection.

This is due to the P-T path passing through the rutile stability field before stabilizing at a
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pressure and temperate where rutile is not stable. This cause the matrix rutile to be resorbed and
converted to ilmenite while the rutile inclusions on garnet where protected by the garnet. The
isopleth do not completely overlap in this sample due to retrograde flattening of the almandine
and grossular isopleths. They are, however, all within close proximity to each other with in the
equilibrium assemblage. Averaging the compositions determined from microprobe analysis of
almandine Xg.= 0.60, grossular Xc,= 0.22, and amphibole Xg.= 0.58 constrain the peak P-T of
this sample to pressure of 9.4 kbar and temperature of 790 °C.

Discussion

Gneiss Dome Comparison

In order to be classified as a gneiss dome, the metamorphic rocks of the southern HM
should follow certain defining criteria, and they are: (1) an overall domal shape, (2) an outward
dip of foliation, (3) the inclusion of partial melt (leucosome) in the rocks, and (4) an increase in
metamorphic grade towards the center of the dome (Dusel-Bacon and Foster, 1983).

The southern HM contain a large anticline that trends perpendicular to the leucocratic
core, and observations from this study indicate an overall outward dip of foliation on the flanks
of the study area. Outward dipping flanks and a large anticline in the study area agree with the
gneiss dome hypothesis, however, there are many locations inward from the edges of the study
area where measurements show that foliation dips towards the center of the area. The inward
dips are part of smaller anticlines and synclines north and south of the large anticline. The
occurrence of these smaller anticlines and synclines suggest that the metamorphic rocks of the
southern HM are not contained in one large-scale dome but a series of plunging anticlines and
synclines.

The metamorphic rocks in the southern HM do contain partial melt, which agrees with
the gneiss dome hypothesis. Three pelitic samples, OG-03, 20G-12, and BP-03, contain between
4-7% leucosome, with RC-01 containing two to three times as much at 15%. These low
percentages are most likely due to melt loss during metamorphism. This melt loss caused
rotation of biotite in RC-01, but no traces can be observed in any other sample. A leucosome
content of 4-7% is lower than the 10-40% in the core that Teyssier and Whitney (2002) suggest

is necessary for gneiss dome formation, however, since these samples are not located in the core,
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and have suffered melt loss, the low leucosome content does not eliminate the gneiss dome
hypothesis.

Pseudosections were constructed from six samples to determine if there is a systematic
decrease in pressures and temperatures from the core to the flanks of the metamorphic rocks in
the southern HM; a criterion required for the gneiss dome hypothesis to be valid. Metamorphic
conditions determined from the pseudosections for the six samples indicate that pressures and
temperatures range from 8.6 to 9.6 kbar and 750 to 840 °C in the southern HM with the higher
pressures and temperatures occurring farther from the hypothesized center of the dome. These
findings agree with the observation of Gerwin (2006) in which she used mineral assemblages
from petrographic data and determined that higher pressures and temperatures were found farther
from the hypothesized center of the dome, which is inverse from the definition of a gneiss dome.
However, the lack of significant variation in pressures and temperatures from this study means
that these data are not statically meaningful as all of the pressures and temperatures are the same
within error. Although the pressures and temperatures do not vary enough to distinguish any
spatial trends which confirm or rule out the gneiss dome hypothesis; this lack of spatial
variability does not support the gneiss dome hypothesis. If the southern HM were in fact a gneiss
dome then a distinguishable trend of decreasing pressure and temperature from core to the rim

should be apparent.

Conditions and Nature of Metamorphism

Four metapelite samples were collected for petrographic observation and microprobe
analysis; two (20G-12 and OG-03) from the mylonitic biotite gneiss unit, one (BP-03) from the
garnet-rich gneiss and schist unit, and one (RC-01) from the garnet-biotite gneiss unit (O’Neill et
al., 1996). Petrographic observation of 20G-12 indicates that the P-T path passed through the
kyanite stability field before entering the sillimanite stability field, which is evidenced by a few
grains of remnant kyanite, a grain of kyanite with sillimanite rims, and sillimanite pseudomorphs
of kyanite (Figure 32). This observation is confirmed by the pseudosection of 20G-12 in which
the compositional isopleths converge just above the kyanite-out reaction. Since in nature these
lines are not sharp as they appear on the pseudosection, this allowed for the sillimanite to start
replacing the kyanite rapidly with just a small drop in pressure, which would have occurred as

the area was being exhumed due to denudation. None of the other pelite samples contained
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kyanite, as either relict grains or pseudomorphs, which was confirmed by pseudosections
predicting peak metamorphic conditions in the sillimanite stability field. Field and petrographic
observations reveal that all of the pelite samples reached temperatures that were sufficient to
partially melt the rocks. Petrographic analysis of the samples revealed the majority of the
leucosome is comprised of microcline, and there is a complete lack of muscovite in all samples.
The appearance of K-feldspar and lack of muscovite indicate that the samples have completely
undergone the reaction Mu + Pl + Qtz - Sill + K-feldspar + melt, which confines the minimum
temperature for metamorphism of the samples to 600 °C (Spears, 1993). However, the
pseudosections suggest that for bulk rock compositions from samples in this study the muscovite
out reaction is closer to 750 °C at the pressure experienced during metamorphism in the southern
HM. Using the temperatures determined from the pseudosections, a more accurate minimum
temperature 750 °C is found for the southern HM. Although all of the samples share a lack of
muscovite, the amount of leucosome differs in each. The observed melt content for the pelite
samples is ~15% in RC-01, 7% in 20G-12, 5% in OG-03 and 4% in BP-03. The same pattern
that is seen in melt content is almost mirrored in the temperatures determined from the
constructed pseudosections, with RC-01 experiencing the highest temperatures during
metamorphism and OG-03 the lowest, with 20G-12 and BP-03 having experienced the second
and third highest temperatures during metamorphism suggesting the relative leucosome content
can be used to indicate decreasing temperatures in the southern HM.

RC-01 shares the same stable mineral assemblage of Grt + Sill + Bi + Pl + Ksp + IIm +
Qtz as OG-03 and BP-03. However, the presence of an andradite component in the garnet,
blocky sillimanite, quartz with undulose extinction and minor amounts of biotite at high angles
to the main direction of foliation help distinguish it from other samples. Biotite at high angles to
the main direction of foliation, along with a flat garnet zoning profile elucidates that the
Rochester Creek area experienced temperatures above 700 °C (Tracy et al., 1976; Woodsworth,
1977; Yardley, 1977; Carlson & Schwarze, 1997). This time elevated above 700 °C allowed for
the Rochester Creek area to lose the majority of its leucosome and become a restite. The melt
lost could then have caused some of the biotite to become reoriented by the migration of the

melt, or the offset biotite could represent a back reaction of melt during cooling.
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Figure 32. Black arrow indicates P-T evolution of the southern Highland Mountains on a generic P-T
diagram. Green rectangle represents M1 P-T estimate of the Tobacco Root Mountains. Green and white
striped rectangle represents M2 P-T estimate of the Tobacco Root Mountains. Blue hexagon represents
P-T estimate of the Ruby Range. Dashed lines indicates inferred path. Red dotted line is H20 out liquid
in transition zone off pelitic samples. Blue dashed line represents pressures and temperatures at which
muscovite is no longer stable and the reaction muscovite + quartz --> potassium feldspar +
aluminosilicate occurs in pelitic samples. Conditions in which rutile is no longer stable below for pelitic
samples is expressed by the solid orange line. The thicker solid black line is the conditions above which
sillimanite goes to kyanite for pelitic samples. The field with diagonal lines is the orthopyroxene
stability filed for the amphibolite sample. Purple dashed line represents conditions in which rutile is no
longer stable below for mafic samples. The solid green line represents the upper temperatures stability
in which orthoamphibole is stable. TRM data modified from Cheney et al. (2004), RR data modified
from Ravna (2000) and Dahl (1980).

Two mafic samples, OG-02 and 2LNP-Ortho, were collected from the southern HM. OG-
02 is an amphibolite collected from the garnet-rich gneiss and schist unit in O’Neill’s Gulch.

2LNP-Ortho, an orthoamphibolite, was collected from the quartz-feldspar-biotite gneiss unit
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(X(A)gf) in lower Nez Perce Hollow. Garnet in these samples have a retrograde rim and many
inclusions of plagioclase, quartz, and rutile, indicating garnet growth lasted through the duration
of metamorphism. Both samples have rutile inclusions in garnet with 2LNP-Ortho having a few
(< 1%) rutile grains in the matrix. The higher percentage of rutile in garnet than the matrix
indicates that the sample reached pressures high enough to produce rutile and then decreased. In
0G-02 the pressure decreased below the rutile stability field, which caused the rutile inclusions
in garnet to be preserved while the matrix rutile was resorbed and converted to ilmenite.
However, the compositional isopleths on the OG-02 pseudosection place the peak metamorphic
assemblage well below the rutile stability field and do not reflect this early stage of rutile growth.
The lack of matrix rutile in the samples can be used as a proxy for a maximum pressure in the
mafic samples. In OG-02, this limits peak metamorphic pressures to less than 11.5 kbar. The
small amount of rutile in the matrix indicates that the stable mineral assemblage formed just
above the rutile-in line which occurs at ~9.1 kbar at a temperature of 780 °C for 2LNP-Ortho. In
2LNP-Ortho, a maximum temperature can be estimated using the equation of anthophyllite >
enstatite + quartz + H,O which occurs slightly above 750 °C (Duncan, 1976). This gives a
maximum temperature slightly above 750 °C due to the presence of anthophyllite with small
amounts of enstatite (1%). If the temperature had greatly exceeded 750 °C, then the percentage
of enstatite would have increased due to the reaction. However, when the pseudosection is used
to determine a peak metamorphic temperature a peak temperature of 780 °C is found.
Petrographic analysis and phase equilibria models reveal that the metamorphic rocks of
the southern HM evolved along a clockwise P-T path that passed through the kyanite and
sillimanite stability fields. The presence of a few remnant kyanite grains and sillimanite
pseudomorphs after kyanite in 20G-12 indicate that the path passed through the kyanite field
before equilibrating in the sillimanite field. A clockwise P-T path is also evidenced by the
retrograde garnet rims, which indicate re-equilibration of garnet during decompression. The
occurrence of retrograde garnet rims in all of the pelite samples indicates that all these samples
experienced a similar clockwise P-T path. The abundant sillimanite, melt, and flat garnet zoning
profiles indicate that the samples spent prolonged time in the sillimanite field above the solidus.
The path of the pelitic rocks is further constrained by the presence of K-feldspar in all samples
indicating that temperatures reached the muscovite-out reaction of Mu + Pl + Qtz - Sill + K-

feldspar + melt. The mineral assemblages, along with the pressures and temperatures determined
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from pseudosections, places peak metamorphism in the upper amphibolite to lower granulite
facies above the muscovite-out isograd (750 °C). The area then experienced decompression,
likely due to unroofing.

The clockwise P-T path is apparent in the mafic samples with rutile inclusions in garnet
with little-to-no matrix rutile and retrograde garnet rim compositions indicating pressure
decrease with little temperature change. This clockwise P-T path, with a decrease in pressure and
little change in temperature, is consistent with isothermal decompression due to rapid uplift via
unroofing that was experienced in the TRM (Cheney et al., 2004; Harms et al., 2006).

Regional Context
The southern HM, TRM, RR, and northern GR all share a similar metamorphic sequence

of rocks which record a metamorphic event with a clockwise P-T loop around 1.8 Ga. This
metamorphic event is called the Big Sky orogeny and was likely the result of the collision
between the Wyoming Province and the Medicine Hat block (Harms et al., 2004). Prior to the
collision sediments where shed off the Wyoming Craton into an epicontinental sea (Harms et al.,
2004). As the collision of the Big Sky orogeny occurred the sediments and basement rocks in the
epicontinental sea were buried to different depth beneath an overriding terrane. These basement
rocks and sediments now make up what Harms et al. (2004) refers to as the ductiley deformed
metamorphic core of the Big Sky orogeny. When the pressure and temperature estimates from
the TRM and RR are overlain on the P-T path of the southern HM a trend emerges that may
indicate the presence of a metamorphic field gradient where the metamorphic rocks record the P-
T conditions of burial which represents a more complete regional P-T path of the Big Sky
orogeny (Figure 32). This metamorphic field gradient is observed when both the distance from
Giletti’s line and the P-T conditions of the four mountain ranges are compared. This comparison
reveals a trend of decreasing pressure and temperature towards Giletti’s line. This trend suggests
that the HM and TRM represent the core of the Big Sky orogeny while the RR and northern GR
are the flanks of the Big Sky orogeny core.

Although the southern HM, TRM, RR, and northern GR are located in the core of the Big
Sky orogeny, differences in the pressures and temperatures at each mountain range suggest
different burial depths within the metamorphic core. Of the four mountain ranges, the
metamorphic rocks of the TRM experienced the highest grade of metamorphism (granulite
facies) with pressures above 10 kbar and temperatures above 800 °C (Cheney et al., 2004). The
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southern HM experienced similar pressures and temperatures to those observed in the TRM, with
the maximum pressure recorded in a garnet-kyanite-biotite gneiss of 9.6 kbar and a maximum
temperature of 850 °C in a garnet-sillimanite-biotite gneiss. The similar pressures with lower
temperatures in the TRM may be due to the SPMS being faulted into place after the injection of
the basaltic material that makes up the MMDS. The faulting of the colder SPMS into place
would have cooled the TRM, which had been heated from the emplacement of the hot basaltic
material. However, this cooling caused by the emplacement of a colder suite of rock did not
occur in the southern HM, which allowed the southern HM to become hotter while experiencing
similar pressures.

During the Big Sky orogeny, the northern GR experienced significantly lower pressures
and temperatures than the other three mountain ranges with maximum pressure and temperature
around the andalusite-kyanite-sillimanite triple point (Gerwin, 2006). In contrast to the northern
GR, the metamorphic rocks of the south and central GR do not record a metamorphic event
during the Big Sky orogeny.

The observation that the TRM consists of a supracrustal suite of rocks with an igneous
protolith with some of the highest pressure and temperature of the four mountains ranges
suggests that the metamorphic rocks of the TRM were stratigraphically lowest and therefore
experienced the deepest burial of the four mountain ranges. The similar pressures and
temperature experienced in the southern HM suggest that they may have shared a similar burial
depth, however, the occurrence of metamorphic rocks both with igneous and sedimentary
protoliths indicates that the protolith from the southern HM not only incorporated basement rock
(which is the case in the TRM) but also incorporated ocean floor sediments. While the lower two
metamorphic sequences of the RR have similar rock types to that of the TRM and southern HM,
the uppermost sequence consists of metapelite rocks, which includes dolomitic marble and
quartzite. The presence of significant dolomitic marble and quartzite suggests that the majority of
this upper sequence is metamorphosed ocean floor or passive margin sediments. This suggests all
of the protolith rocks of the RR were located at a passive margin, indicating that the RR lies
stratigraphically above the southern HM. P-T data from the RR also confirms this stratigraphic
position with pressures and temperatures slightly lower than those of the southern HM. The GR
occurs stratigraphically highest due to the fact that it records the lowest pressures and

temperatures of the four mountain ranges. When the pressure and temperature trends (which can
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be used as a proxy for depth) are evaluated in conjunction with the rock protoliths a pattern
emerges suggesting that the TRM, southern HM, RR, and northern GR, represents a nearly
continuous stratigraphic exposure of rocks from the metamorphic core of the Big Sky orogeny.
However, differences in retrograde mineral textures suggest that these mountains ranges have
distinct exhumation histories. In both the TRM and RR previous studies have found cordierite
coronas around garnet (Cheney et al., 2004; Dahl, 1979; Garihan, 1979), however, no cordierite
was observed in any samples from the southern HM. The presence of cordierite in both the TRM
and RR suggest that they both experienced isothermal decompression and were exhumed to
midcrustal levels resulting in retrograde cordierite growth. The lack of cordierite in the southern
HM is due to higher amounts of melt that formed in the rocks of the southern HM during
metamorphism. The higher amount of melt resulted in an increase in buoyancy and decrease in
viscosity leading to faster rates of exhumation for the metamorphic rocks of the southern HM
relative to metamorphic rocks in the other mountains ranges. This faster exhumation in the
southern HM caused the metamorphic rocks to be quenched before reaction textures and

minerals (i.e. cordierite) could form.

CONCLUSIONS

The southern HM contain a suite of upper amphibolite to lower granulite grade
metamorphic rocks that record a clockwise P-T path that reached the kyanite stability field
before decreasing in pressure due to unroofing and re-equilibration at lower pressures. All of the
metapelite units in the southern HM have the equilibrium mineral assemblage Grt + Ky/Sill + Bi
+ Pl + K-feldspar + IIm + Qtz and record pressures ranging from 8.6 to 9.6 kbar and
temperatures ranging from 750 to 840 °C in the mylonitic biotite gneiss unit to 8.6 kbar and 840
°C in the garnet-biotite gneiss unit. These pressures and temperatures are all within error of each
other and therefore do not show a spatial trend that confirms or contradicts the gneiss dome
hypothesis put forth by O’Neill et al. (1988). However, if the area does contain a gneiss dome
there should be a noticeable trend of decreasing pressures and temperatures with increasing
distance from the center of the dome. This lack of decreasing pressure and temperature suggests
that there is not a gneiss dome in the southern HM. The southern HM do, however, fit in well
with the overall trends of the TRM, RR, and northern GR, which experienced similar

metamorphic pressures and temperatures around the same time, corresponding with the Big Sky
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orogeny. This event had a principal strain of northeast-southwest which matches the trend of the
southern HM. During the Big Sky orogeny, pelitic rocks shed off the Wyoming Craton and
deposited in an epicontinental sea were caught in the collision of the Wyoming Craton with the
Medicine Hat block, causing increased pressures and temperature on the buried sediments which
resulted in metamorphism and folding of the sediments. The metamorphic rocks then
experienced isothermal decompression due to unroofing and equilibrated in the sillimanite

stability field. The southern HM were then exposed due to uplift during the Laramide orogeny.
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