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Abstract

The metasedimentary rocks of the Haimanta Group in the upper Sutlej Valley, NW India,
record an extensive history of Himalayan deformation and metamorphism. Situated beneath the
low-grade metasediments of the Tethyan Sedimentary sequence in the hanging wall of the South
Tibetan detachment system (STDS), these poly-deformed rocks record Eocene—Oligocene burial
metamorphism, crustal thickening and shortening, decompression and mid-crustal melting in
the early Miocene, and exhumation along extensional shear zones related to the orogen-parallel
exhumation of the Leo Pargil dome (LPD). Low-pressure assemblages (cordierite + sillimanite
+ quartz) overgrow Barrovian porphyroblasts in Haimanta Group rocks in the NE portion of
Sutlej Valley. Detailed petrography on samples collected near the dome indicates a gradient in
the intensity of the low-pressure overprint in the Haimanta Group that increases with proximity
to the LPD, suggesting that exhumation of this portion of the Haimanta Group was coupled with
exhumation of the dome. Quantitative thermobarometry and pressure-temperature-time-deforma-
tion (P-7-t-D) path modeling suggests that Haimanta Group schists proximal to the LPD record
near-isothermal decompression from peak conditions similar to published thermobarometric es-
timates for the LPD. Combined with previously reported age limits for peak burial, these results
indicate that this portion of the Haimanta Group was initially exhumed from mid-crustal depths
at a rate similar to the Haimanta Group rocks to the SW that do not show a low-pressure over-
print on Barrovian assemblages, although their respective retrograde P-T paths show markedly
different trajectories. The results indicate that the transition from moderately sloped to steep ret-
rograde P-T paths within the Haimanta Group is gradational and does not coincide with a tecton-
ic boundary, and orogen-parallel extension along the Leo Pargil shear zone likely contributed to
the differences in the P-T histories of these rocks. I present new U-Th-Pb geochronologic results
of monazite that place maximum age limits on the development of the crenulation cleavage (S,)
at ~31 Ma and the development of low-pressure overgrowths on Barrovian porphyroblasts at ~27

Ma. The P-T-t-D analyses of the Haimanta Group schists may yield implications for orogen-par-

il



allel dome exhumation and the evolution of the hanging wall rocks of the STDS in this portion of

the Himalaya.
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Project overview

The following document is presented as a manuscript that will be submitted to a peer-re-
viewed journal for publication. My main contributions to this manuscript are: 1) conducting
fieldwork (including measuring and recording structural measurements) and sample collection,
2) conducting the electron microprobe analyses for thermobarometric calculations and in-situ
monazite dating, 3) performing thermobarometric calculations for estimates of peak metamor-
phic conditions and pseudosection modeling, 4) creating the illustrations, and 5) writing the

manuscript.

Purpose of the study

The main objectives of this study are to: 1) characterize the pressure-tempera-
ture-time-deformation (P-T-t-D) evolution of the Haimanta Group rocks near the Leo Pargil
dome (LPD) in northwest India, including the relative timing relationships between porphy-
roblast growth and tectonic fabric development; 2) constrain portions of the P-7-¢-D paths via
in-situ U-Th-Pb monazite dating; and 3) characterize the boundary between the rocks of the
Haimanta Group and those of the LPD in the northeast portion of Sutlej Valley. Petrographic,
geochemical, and geochronologic methods were employed to analyze samples from the Haiman-
ta Group in the central and northeast Sutlej Valley. The resulting data from these analyses permit
evaluation of the processes of crustal shortening, burial metamorphism, and exhumation that

occurred in this portion of the Himalaya.

Overview of methods

Sample collection took place along a SW-NE transect in the upper Sutlej Valley during

the spring of 2013. Samples selected for analysis were chosen from ~29 pelitic schist, leucogran-



ite, and quartz vein material samples collected in 2013 as well as a suite of >200 pelitic schist
and leucogranite samples collected by M. Jessup in the summer of 2009. Detailed structural mea-
surements were taken across the transect in order to characterize the history of deformation in the
region, a detailed review of which is presented in Jessup et al. (2014, in review). Thermobaro-
metric and geochronologic methods were applied to representative samples from each portion of
the transect in order to characterize the P-7-¢-d of the Haimanta Group, especially with respect to

exhumation of the LPD. Details of these methods are included within each chapter.

P-T estimates

Representative samples from the garnet- and staurolite-kyanite-grade rocks in the
Haimanta Group were selected for thermobarometric analyses. Petrographic analyses of these
samples were used to evaluate the relationship between phases such as garnet, staurolite, pla-
gioclase, biotite, and muscovite that were factored into the P-T calculation. Mineral composi-
tions were measured on a Cameca SX-100 electron microprobe (EMP) housed at the University
of Tennessee. X-ray compositional maps of garnet porphyroblasts were conducted to determine
zonation patterns of Mg, Fe, Ca, and Mn and were combined with quantitative point transects
across each grain to interpret the conditions associated with garnet growth. Compositional anal-
yses were also conducted for other phases such as staurolite, plagioclase, biotite, and muscovite
to determine the presence of any compositional heterogeneities among grains across the thin
section. P-T estimates for peak metamorphic conditions were calculated from the compositional
data using the THERMOCALC 3.33 thermobarometric software (Powell & Holland, 1998) in the
average P-T mode. Activity coefficients for each phase were calculated using the AX software.
The results of these calculations yield estimates of P-T conditions at peak metamorphic tempera-

tures.

In order to fully characterize the burial and exhumation histories of the stauro-



lite-kyanite-grade rocks in the central and NE portions of Sutlej Valley, P-T paths were con-
structed for these rocks using pseudosection modeling. This method requires calculation of the
bulk composition of a sample, which was performed by combining compositional data from each
phase with a point counting modal analysis across the entire thin section. The results of these
calculations predict the mineral assemblages that should be stable at particular P-7 conditions.
Petrographic evidence of the assemblages in equilibrium and the reactions recorded in the sample
allow for the interpretation of a P-T path undergone by the sample. The Perplex 6.6.8 software
package (Connolly, 2009; updated in 2011) was used for pseudosection calculation using the
Holland and Powell (1998) thermodynamic dataset (updated in 2004, ipO4ver.dat). The Perplex
software also allows for the modeling of the change in chemical composition of a particular
phase (e.g. Mn content in garnet) as well as the change in modal percentage of a particular phase
throughout P-T space for a given bulk composition. These results are often contoured and over-
lain on a pseudosection and can be combined with compositional data obtained on the EMP and
petrographic analyses to assist in P-T path interpretation. For clarity, the results of these methods
in this study have been plotted using a simple Matlab script available for download on the Per-

plex website.

In-situ monazite geochronology

U-Th-Pb monazite geochronologic methods were applied to the samples that were select-
ed for psuedosection calculation to place timing constraints on portions of the interpreted P-T
paths for these rocks. Integrating these data with the P-T estimates places limits on the timing
of prograde metamorphism and the onset of decompression. U-Th-Pb geochronology involves
the radioactive decay of 2*U, 23U, and ***Th to *°°Pb, **’Pb, and 2*Pb, respectively. This method
is ideal for minerals that contain an abundance of these isotopes such as monazite, which incor-

porates large amounts of U and Th, has high retentivity of Pb, and has a relatively high closure



temperature (e.g. Parrish, 1990; Kohn & Malloy, 2004). The ratios of these isotopes were used to
calculate the age at which monazite crystallized in these samples based on the following equa-

tions (Jaffey, et al., 1971; Dicken, 2005):

(206Pb / 238U ) — ek2381 -1 (1)
(207Pb / 235U ) — ek235 t_ 1 (2)
(208Pb / 232Th ) — elZ32t _ 1 (3)

where A is a decay constant and t is the half-life of decay, assuming a closed system. Potential
causes of discordance are Pb loss during heating, the presence of common Pb, and/or age domain

mixing during acquisition of the analyses.

U-Th-Pb analyses from the staurolite-kyanite-grade samples used for pseudosection
calculation provides estimates of the timing of monazite crystallization during metamorphism.
Performing the analyses in-situ allows for relating monazite growth to metamorphic reactions
that occurred in the sample as well as the growth of phases such as garnet, which was used for
P-T estimate calculation. In metapelitic rocks at amphibolite-grade conditions, Y content in
monazite has been shown to be controlled by garnet in the absence of xenotime and by xenotime
in the absence of garnet (e.g. Spear & Pyle, 2010), as garnet sequesters the majority of Y during
growth. Relatively high-Y domains in monazite grains may therefore be related to garnet break-
down reactions (e.g. Foster et al., 2002). /n-situ monazite analysis also permits placing limits on
the timing of fabric development in these samples. U-Th-Pb analyses of monazite grains were
conducted on the laser ablation inductively coupled mass spectrometer (LA-ICPMS) at the Uni-

versity of California, Santa Barbara.



Chapter 1: Introduction

Records of crustal-scale processes often manifest in grain-scale features in metamorphic
rocks. These features include, among others: inclusion trail geometries in poikiloblastic minerals
(e.g. Vernon, 1978; Bell & Rubenach, 1982; Williams, 1994), chemical zonation in porphyro-
blasts (e.g. Spear et al., 1984; Ganguly et al., 2000; Caddick et al., 2010), and reaction textures
around metamorphic minerals (e.g. Gier¢ et al., 2011; White & Powell, 2011). Medium- to high-
grade pelitic schist is especially useful in this regard because they frequently contain many of
these features as well as a record of the mechanical processes (e.g. tectonic foliation formation,
shearing) that may accompany metamorphism (e.g. Simpson & Schmid, 1983). The formation
of regional metamorphic terranes often coincides with progressive deformation, as the burial of
rocks to the depths required for metamorphism involves mass movement on a crustal scale (e.g.
England & Thompson, 1984). The Himalaya offer the opportunity to study the relationships be-
tween deformation and metamorphism in an active orogenic setting, and near-perfect exposure of
the metamorphic core of the orogen makes it an ideal locale to study mountain-building process-

es and the evolution of metamorphism during orogeny.

The Himalayan orogen is the focus of numerous studies investigating the metamorphic
and mechanical responses to burial and exhumation during orogeny (e.g. Windley, 1983; Searle
et al., 1987; Vannay & Grasemann, 2001; Beaumont et al., 2001), and these studies have provid-
ed a framework for the creation of tectonic reconstruction models for the Himalaya (e.g. Nelson
et al, 1996; Beaumont et al., 2001; Grujic et al., 1996, 2002; Vannay et al., 2004). Of particular
interest to earth scientists has been the evolution of the metamorphic core of the Himalaya, the
Greater Himalayan Sequence (GHS), which occurs in the hanging wall of the Main Central
thrust (MCT) and below the normal faults of the South Tibetan detachment system (STDS). Pres-
sure-temperature (P-7) and geochronologic studies of the unit support the interpretation that the

MCT and STDS were simultaneously active during the Miocene (e.g. Hodges et al., 1992; Dézes



et al., 1999; Godin et al., 2001), which led to the tectonic exhumation of the GHS. From these
results, numerous models for the extrusion of the GHS have been proposed, including south-di-
rected ductile flow (i.e. “channel flow”; Beaumont et al., 2001; Godin et al., 2006) and extrusion
as an orogenic wedge (dubbed “general shear extrusion” by Vannay & Grasemann, 2001). The
deformed gneisses of the GHS also occur in the hinterland of the orogen as a series of isolated
domes collectively known as the North Himalayan gneiss domes (e.g. Burg et al., 1994; Chen et
al., 1990; Lee et al., 2004; Larson et al., 2010). P-T and thermochronologic analyses on the GHS
gneisses and the overlying schists of the Tethyan Sedimentary sequence (TSS) (e.g. Lee et al.,
2000; Quigley et al., 2006) have led to numerous hypotheses for the exhumation of these domes.
For example, the Kangmar dome in southern Tibet is proposed to have formed via purely con-
tractional mechanisms (Burg et al., 1984), orogen-perpendicular extensional mechanisms a 1a the
metamorphic core complexes of the North American Cordillera (Chen et al., 1990), or a combi-

nation of the two (Lee et al., 2000).

Conversely, recent studies have shown the importance of orogen-parallel extension in
the evolution of the Himalaya and the unroofing of mid-crustal rocks (e.g. Coleman, 1996; Xu
et al., 2013). The Leo Pargil dome (LPD), located in NW India, differs from the North Hima-
layan gneiss domes in that it was exhumed by orogen-perpendicular normal faults (Thiede et al.,
2006), similar to the nearby Gurla Mandhata core complex (Murphy et al., 2002) and the Ama
Drime Massif (Jessup et al., 2008; Jessup & Cottle, 2010; Cottle et al., 2009). Although interpre-
tations for the mechanisms for exhumation of the LPD differ, the Karakorum fault is believed to
be responsible for the regional stress field that favors orogen-parallel extension (e.g. Thiede et
al., 2006; Hintersberger et al., 2010, 2011; Langille et al., 2014). The dome consists of a core of
migmatite and leucogranite bound by amphibolite-grade gneiss that is intruded by several gen-
erations of leucogranite dikes and sills (Langille et al., 2012). The LPD is bound on the west by

the Leo Pargil shear zone (LPSZ), a west-dipping zone with a dominant WNW-plunging min-



eral stretching lineation that indicates top-down-to-the-west displacement (Thiede et al., 2006;
Langille, et al., 2012). The LPSZ juxtaposes the mid-crustal gneisses of the LPD against the
overlying metasedimentary rocks of the TSS and the Haimanta Group (Langille et al., 2012). The
amphibolite-grade schists of the Haimanta Group are separated from the LPD along the southern

flank by a ~5-km-wide zone of leucogranite dikes and sills (Fig. 1).

Previous work on the LPD and the Haimanta Group schists consists of the low-tempera-
ture (< 350°C) exhumation history of the rocks in the footwall of the LPSZ (Thiede et al., 2006),
timing of mid-crustal partial melting and leucogranite crystallization (Leech, 2008; Lederer et
al., 2013), and P-T-¢-D (pressure-temperature-time-deformation) path calculations for the rocks
of the LPD (Langille et al., 2012) and the Haimanta Group away from the LPD (Chambers et al.,
2009; Jessup et al., in review). Although much of the metamorphic and structural history of the
LPD rocks has been deciphered, there is much to gain by studying the evolution of the Haimanta
Group. As such, this study attempts to fill in significant gaps in the P-7-¢-d constraints for the
Haimanta Group schist adjacent to the LPD. The metasedimentary rocks of the Haimanta Group
record burial to regional metamorphic depths as well as retrograde metamorphic reactions and
textures associated with emplacement of the LPD (Chambers et al., 2009; Langille et al., 2012).
Characterizing the relationship between the Haimanta Group and the LPD as well as quantifying
the P-T-t-d history of the rocks adjacent to the LPD permit the opportunity to document the dif-
ferences in P-T histories between the crenulated schist of the Haimanta Group and the rocks with

the Miocene overprint on Barrovian metamorphism.

Geologic background

The 2500-km-long Himalayan front represents the highest mountain chain in the world,
extending from the Indus River, Nanga Parbat in the NW to the Brahmaputra River, Namche

Barwa in the E (e.g. Gansser, 1980; Le Fort, 1975). North-directed collision of the Indian Plate



with the Asian Plate began in the late Cenozoic—estimates range from as late as > 62 Ma (e.g.
Hu et al., 2012) to later than ~35 Ma (e.g. Najman et al., 2010)—and the orogeny has accommo-
dated a significant amount of crustal shortening and thickening since. Early (Eocene to middle
Miocene) shortening was accommodated by the Main Central thrust (MCT), while more recent
deformation is restricted to thrust faults associated with the Main Boundary thrust towards the
foreland (Figure 1a). The Himalaya is divided into three lithotectonic units separated by major
fault systems (in order of increasing structural level): metasedimentary rocks of the Lesser Hi-
malayan Series (LHS), metamorphic and igneous rocks of the Greater Himalayan Series (GHS),
and the Tethyan Sedimentary Sequence (TSS), which consists of Upper Proterozoic to Eocene
passive Indian margin sediments with metamorphic grade ranging from unmetamorphosed to
amphibolite grade (Vannay et al., 2004). The LHS is bound at the bottom by the MBT and at the
top by the MCT, which juxtaposed the GHS on the LHS. The GHS is bound at the top by the
low-angle, normal displacement South Tibetan detachment system (STDS), which juxtaposes
TSS in the hanging wall on GHS in the footwall (Vannay and Grasemann, 2001; Vannay et al.,
2004). Movement along the STDS accommodated top-to-the-NE displacement and extrusion of
the metamorphic core of the Himalaya during the Miocene (e.g. Grujic et al., 1996, 2002; Searle
& Godin, 2003) as late as 10—-12 Ma (e.g. Edwards & Harrison, 1997).

In the central Himalaya, movement along the STDS was cross cut by shear zones and
faults that accommodated orogen-parallel extension and are kinematically linked with faults in
the Tibetan interior (e.g. Jessup et al, 2008; Jessup & Cottle, 2010). This E-W extension caused
the uplift of features that dissect the southern edge of the Tibetan Plateau (e.g. the Ama Drime
Massif) (Langille et al., 2010). The Gurla Mandhata core complex and the LPD, in the western
Himalaya, record orogen-parallel extension along NE-SW-oriented shear zones and faults (e.g.
the Gurla Mandhata detachment and the LPSZ) that are kinematically linked to dextral displace-

ment along the Karakorum fault (e.g. Thiede et al, 2006; Saylor et al., 2010; Murphy et al., 2002,



2009). The LPD is bound on the east by the Qusum detachment (Zhang et al., 2000), which

marks the western boundary of the Zhada basin (e.g. Saylor et al., 2010).

Geology of the upper Sutlej Valley

The Sutlej River in NW India, Himachal Pradesh, runs roughly NE-SW and exposes
the three lithotectonic units that comprise the Himalaya. In the southern end of the valley, the
migmatitic gneisses of the GHS occur above the low-grade metasedimentary rocks of the LHS
with the two units separated by mylonites of the MCT (Vannay & Grasemann, 2001). Detailed
structural and thermobarometric analysis of the GHS in the Sutlej Valley (Vannay & Grasemann,
2001) reveals that the unit features a pervasive NE-dipping foliation and an inverted metamor-
phic temperature gradient with staurolite-grade rocks at the base and migmatite-grade rocks at
the uppermost structural levels. The GHS is bound at the top by a thick section of mylonites
associated with top-down-to-the-north movement along the Sangla detachment, the local equiv-
alent of the STDS. Above the Sangla detachment, the Akpa granite occurs as an intrusion along
the base of the Haimanta Group (Frank et al., 1995), the local equivalent of the Everest Series
(e.g. Searle et al., 2003) and the Upper Bhimpedi Group in the Kathmandu Nappe (e.g. Yin,

2006), among others.

The Haimanta Group in Sutlej Valley consists of interlayered meta-pelites and -psam-
mites, much of which has undergone amphibolite-grade metamorphism (Chambers et al., 2009).
At the base near the Akpa granite, the unit features a penetrative, moderately NE-dipping foli-
ation (S, a crenulation cleavage), NE-plunging mineral stretching lineations, and folds featur-
ing consistently NW-SE-striking axial surfaces (Vannay & Grasemann, 2001). The rest of the
Haimanta Group section in Sutlej Valley was previously interpreted by Chambers et al. (2009) as
a meso-scale, broad synform with a NE-dipping axial surface; however, detailed structural anal-

ysis by Jessup et al. (in review) suggests that the structure in the Haimanta Group consists of a



Figure 1: Regional geologic map and cross section. (A) Digital elevation map (from SRTM) of the western
Himalaya modified from Lederer et al. (2013) and Langille et al. (2012). White area indicates location of
geologic map; (B) Simplified geologic map of the upper Sutlej Valley modified from Jessup et al. (in re-
view). Orange unit in NE portion of map area represents the paragneiss and leucogranite of the Leo Pargil
dome (LPD). A to A’ line denotes cross section location. Yellow dashed lines are metamorphic isograds; (C)
Cross section from A to A’. Colors correspond to those in (B).
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more complicated poly-deformational history with higher-frequency F, folds deforming the dom-
inant S, fabric. For a detailed structural review, see Jessup et al. (in review). The contact between
the Haimanta Group and the overlying low-grade, Ordovician to Jurassic metasedimentary rocks

of the TSS has been interpreted as an unconformity (Wiesmayr & Grasemann, 2002).

The pelitic schists of the Haimanta Group record Barrovian metamorphism beginning in
the Eocene (e.g. Chambers et al., 2009). The kyanite-grade rocks at the base of the section near
the Akpa granite were interpreted by Chambers et al. (2009) to have experienced peak metamor-
phic conditions of 640—660°C and 6—7 kbar. U-Pb monazite ages limit garnet growth between
>34 and 28 Ma, with maximum burial achieved by ~30 Ma (Chambers et al., 2009). From the
base, metamorphic grade decreases to the northeast, with biotite-grade rocks representing the
highest structural levels in the Haimanta Group near the village of Spello (Fig. 1). From the
biotite zone to the northeast, metamorphic grade increases through the garnet-in and staurolite-
and kyanite-in isograds to sillimanite-grade rocks at the confluence of the Sutlej and Spiti Riv-
ers, near the LPD (Jessup et al., in review). The sillimanite-grade rocks in the NE portion of the
Sutlej Valley are intruded by a swarm of cm- to m-scale leucogranite dikes and sills (Fig. 1) (e.g.
Langille et al., 2012; Lederer et al., 2013). The leucogranites are derived from partial melting
at mid-crustal depths and yield U-Pb monazite crystallization ages ranging from 30 to 18 Ma

(Lederer et al., 2013).

Decompression

In the NE portion of the Sutlej Valley, Barrovian porphyroblasts are consistently over-
printed by relatively lower-pressure assemblages with increasing intensity with proximity to the
LPD, in contrast to the Haimanta Group rocks to the SW, which feature little evidence of retro-
grade metamorphism. Samples LP09-144, LP13-21, LP09-143, LP13-23, and LP13-24 (listed

from SW to NE) exhibit a low-pressure overprint on Barrovian porphyroblasts (Fig. 2).
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Sample LP09-144 (31.7586 °N, 78.6311 °E) (Figs. 2a & 2b), collected east of the village
of Pooh (Fig. 1), is a staurolite-kyanite schist comprised of an anastomosing S, foliation that
warps around staurolite and kyanite porphyroblasts. Staurolite and kyanite occur as intergrowths
and isolated grains and feature linear and sigmoidal inclusion trails at an angle to the matrix
foliation, which is defined by interlayered mica and quartz domains. Staurolite and kyanite grains
are consistently overprinted by quartz and pinite, a common retrograde product of cordierite
breakdown reactions (e.g. Lal, 1969) (Figs. 2a & 2b). Most of the biotite in the sample is re-
placed by chlorite. The sample also contains minor amounts of muscovite, tourmaline, rutile, and

zircon.

Sample LP13-21 (31.7837 °N, 78.6370 °E) (Figs. 2¢ & 2d), collected ~2 km north of
LP09- 144 (Fig. 1), is a kyanite schist with kyanite porphyroblasts occurring with long axes
subparallelto an anastomosing S, foliation defined by quartz, biotite, and chlorite. Kyanite grains
are resorbed along their rims by cordierite and pinite (Figs. 2¢ & 2d). Cordierite is a common
low-pressure breakdown product of staurolite and kyanite (e.g. Brown & Earle, 1983). Much of
the biotite in this sample has been consumed by chlorite, and the rest of the sample consists of

quartz, feldspar, and muscovite with minor amounts of apatite and rutile.

Sample LP09-143 (31.7835 °N, 78.6365 °E) (Figs. 2e & 2f), collected ~300 m north of
LP13-21 (Fig. 1), is a staurolite schist with large (sub-cm-scale) staurolite porphyroblasts with
linear inclusion trails that are roughly continuous with the matrix foliation comprised of quartz,
feldspar, and mats of biotite. As this sample was unoriented when collected, it is difficult to make
interpretations regarding relative timing of staurolite growth with respect to foliation develop-
ment. Staurolite grains are consistently overgrown by cordierite, only a minor amount of which
has broken down to pinite (Figs. 2e & 2f). The biotite in this sample is intact and has not under-
gone breakdown to chlorite. This sample also contains minor amounts of muscovite, ilmenite,

and rutile.
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Figure 2: Representative photomicrographs and field photo of Haimanta Group samples in the NE portion
of Sutlej Valley. Note that, from top to bottom, locations of photos move progressively northeast towards
the Leo Pargil dome, and the extent of the low-pressure overprint on Barrovian porphyroblasts increases
from sample LP09-144 to the northeast. (A) & (B): Kyanite porphyroblast from sample LP09-144 show-
ing overgrowth of quartz and pinite along rim in plane-polarized (A) and cross-polarized (B) light; (C) &
(D): Kyanite porphyroblast from sample LP13-21 showing cordierite and pinite overgrowths along rim in
plane-polarized (C) and cross-polarized (D) light; (E) & (F): Staurolite porphyroblast in sample LP09-143
with cordierite and pinite overgrowths along rim in plane-polarized (E) and cross-polarized (F) light; (G):
Field photo from outcrop where sample LP13-23 was taken. View is vertical down on S, plane showing
staurolite porphyroblast (or possible remnants thereof) intergrown with tourmaline with cordierite over-
growth along rim. Schematic diagram illustrates this relationship; (H): Plane-polarized light photomicro-
graph of sample LP13-23 showing cordierite and tourmaline “aggregates” (see text), possibly remnants of
Barrovian porphyroblasts; (I): Plane-polarized light photomicrograph of resorbed kyanite porphyroblasts
consumed by a quartz- and cordierite-forming reaction in sample LP13-24; (J) Plane-polarized light pho-
tomicrograph of resorbed kyanite porphyroblast consumed by quartz-, cordierite-, and sillimanite-forming
reactions in sample LP13-24, near the Leo Pargil dome.
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Flgure 2 (contmued) 7

Sample LP13-23 (31.7963 °N, 78.6386 °E) (Figs. 2g & 2h), collected ~300 m south of
theconfluence of the Sutlej and Spiti Rivers (Fig. 1), is a tourmaline-cordierite schist consisting
of aggregates of intergrown tourmaline and cordierite in a foliated matrix of biotite, quartz, and
feldspar. Originally identified as staurolite with a cordierite-sillimanite reaction rim when collect-
ed in the field (Fig. 2g), the aggregates of tourmaline and cordierite in this sample are interpreted
as cordierite growth from a pelitic assemblage of staurolite and/or kyanite, all of which has react-

ed out. This sample also contains minor amounts of sillimanite, muscovite, and ilmenite.

Sample LP13-24 (31.7965 °N, 78.6371 °E) (Figs. 2i & 2j), collected within ~50 m of
LP13-23, is a kyanite-cordierite schist with kyanite porphyroblasts featuring sigmoidal inclusion
trails in a foliated matrix defined by quartz, feldspar, and mats of biotite. Kyanite is metastable
and shows evidence for breakdown to cordierite. Cordierite occurs as both a breakdown prod-
uct along kyanite rims (Fig. 2i) and as isolated porphyroblasts. This sample also contains minor

amounts of muscovite, rutile, and zircon.
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Chapter 2: Thermobarometry

Samples

Four samples that best represent the P-7-#-D history of Haimanta Group rocks were cho-
sen for thermobarometric and geochronologic analyses from two suites of samples: 1) 29 pelitic
schist, leucogranite, and quartz vein material samples collected in 2013; and 2) >200 pelitic
schist and leucogranite samples collected by M. Jessup in 2009. Three pelitic samples (LP13-

11, LP13-14, and LP13-15) from the 2013 suite collected near the village of Pooh were chosen
because they feature Barrovian porphyroblasts that record the P-7-¢-D history of the Haimanta
Group without any overprinting associated with emplacement of the LPD. One pelitic sample
(LP09-11) from the 2009 suite collected to the NE of Pooh was selected because it features
Barrovian porphyroblasts that are partially overprinted by relatively lower-pressure assemblages
associated with top-down-to-the-west shearing and decompression related to emplacement of the

LPD.

Sample LP13-11 (31.7464° N, 78.5745° E) is a pelitic schist that was collected within the
garnet zone rocks south of the village of Pooh (Fig. 1). Euhedral garnet porphyroblasts preserve
a relict fabric in the form of linear inclusion trails (S,) and occur in a foliated matrix defined by
mats of biotite and muscovite and domains of quartz and albite (S,) (Fig. 3a). Chlorite is rare but
occurs as a retrograde breakdown product of biotite and along C’ bands that offset the dominant
S, matrix foliation. Garnet porphyroblasts are fractured and contain inclusions of quartz, albite,
apatite, and ilmenite. Accessory ilmenite, apatite, and zircon occur throughout the matrix. Quartz
exhibits undulose extinction and sub-grains. Minor amounts of kyanite occur in the matrix, but
textural analysis and P-T estimates (see P-T Estimates section) support the interpretation that this

sample is from the garnet zone.

Sample LP13-14 (31.7570° N, 78.5977° E) is a pelitic schist comprised of euhedral stau-
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Figure 3: Plane-polarized light photomicrographs of garnet-zone samples. (A) Garnet porphyroblasts in
sample LP13-11 show overgrowth of an early fabric, S , in a foliated matrix; (B) Garnet porphyroblasts in
sample LP13-15 show a similar overgrowth to (A).

rolite and kyanite porphyroblasts that was collected in the transition zone between garnet- and
staurolite-kyanite-grade rocks east of Pooh (Fig. 1). The dominant matrix foliation consists of a
crenulation cleavage (S,) defined by interlayered mats of muscovite and biotite (Fig 4a). Inclu-
sion trail geometry supports the interpretation that kyanite—and, to a lesser extent, staurolite—
overgrows the crenulation cleavage, S, (Fig. 4b). Crenulation limbs (S,) are comprised of inter-
layered biotite, muscovite, and chlorite as well as domains of albite and quartz. Individual biotite
grains also occur at high angles to the matrix foliation. Kyanite and staurolite contain inclusions
of quartz, albite, muscovite, ilmenite, monazite, and apatite. Garnet is rare but is occluded by
kyanite and is partially replaced by chlorite (Fig. 4c). Accessory amounts of ilmenite, rutile,
zircon, monazite and xenotime occur throughout the matrix. Quartz exhibits undulose extinction,

sub-grains, and lobate grain boundaries.

Sample LP13-15 (31.7557° N, 78.6006° E) is a pelitic schist that was collected ~200 m
east of LP13-14 (Fig. 1) in the transition zone between garnet- and kyanite-grade rocks. Euhe-
dral garnet porphyroblasts occur in a matrix defined by interlayered biotite and muscovite and

domains of quartz and albite (S,; 234°, 14° SE) and preserve a relict fabric (S)) in the form of

18



Figure 4: Plane-polarized light photomicrographs of staurolite-kyanite grade samples. (A) Mosaic of sam-
ple LP13-14 showing dominant crenulation cleavage (S,) fabric. Staurolite overgrows a partially-developed
S,; (B) Kyanite overgrowth of a fully developed S, fabric in sample LP13-14; (C) Garnet occluded by
kyanite and subsequently resorbed by chlorite in sample LP13-14; (D) Staurolite with sigmoidal inclusion
trails suggesting syntectonic top-down-to-the-west growth in sample LP09-11; (E) Pinite overgrowths on
staurolite in sample LP09-11.
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inclusion trails (Fig. 3b). Inclusions in garnet consist of quartz, albite, ilmenite, and apatite. Pres-
sure shadows comprised of quartz, albite, and biotite occur around garnet porphyroblasts. Minor
amounts of ilmenite, rutile, and zircon occur throughout the matrix. Chlorite occurs mainly as a

breakdown product of biotite. Quartz exhibits undulose extinction and lobate grain boundaries.

Sample LP09-11 (31.7606° N, 78.6358° E) was collected in the staurolite-kyanite zone
NE of Pooh near the LPD (Fig. 1). This sample is a pelitic schist comprised of staurolite and
kyanite porphyroblasts in a foliated matrix of biotite, muscovite, quartz, and plagioclase (S,;
168°, 46° SE). Kyanite occurs as both an intergrowth with staurolite and as an inclusion in
staurolite. Staurolite porphyroblasts contain sigmoidal inclusion trails of quartz, biotite, apatite,
and monazite (Fig.4d). Small amounts of chlorite, ilmenite, and rutile also occur throughout the
matrix. Staurolite and kyanite are partially overgrown by quartz, albite, cordierite, and pinite
(a common retrograde alteration product of cordierite breakdown; Lal, 1969) (Fig. 4e). Quartz

exhibits undulose extinction and lobate grain boundaries.

Methodology

The quantitative chemical compositional analyses necessary for thermobarometric calcu-
lations were performed on a Cameca SX-100 electron microprobe (EMP) analyzer at the Uni-
versity of Tennessee. Real-time, qualitative assessment of the phases present in each sample was
done using a PGT Si (Li) detector energy-dispersive spectrometer (EDS) as well as back-scatter
electron (BSE) imaging. To determine the nature of compositional zoning in garnet porphyro-
blasts, quantitative point transects and X-ray compositional maps using wavelength-dispersive
spectrometry of Mg, Ca, Mn, and Fe of select grains were conducted at 15 kV and 30 nA with
a step size of 3 um step size and 100 ms dwell time. Point analyses of phases such as staurolite,
biotite, muscovite, and chlorite were conducted at 15 kV and 20 nA with a spot size of 1 um. Pla-

gioclase was analyzed under the same conditions, but at 10 kV. Point analyses were conducted
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on these phases both near and away from garnet porphyroblasts to determine any compositional
heterogeneities among the respective phases throughout the sample. Both natural and synthetic

compounds were used to check standards prior to analyses.

Thermobarometric calculations were performed using the Holland and Powell (1998)
software THERMOCALC v.3.33 in average P-T mode. Activity coefficients for each phase and
their respective endmembers were calculated with the AX software. Calculations were conducted
in order to obtain P-T estimates at peak metamorphic temperatures using the fc-ds535.¢xt dataset

of Holland and Powell (1998).

In order to more fully characterize the P-T history of the staurolite-kyanite grade samples
(LP13-14 & LP09-11), P-T pseudosections were calculated using the free-energy minimizations
of the Perplex 6.6.8 software package from Connolly (2009; updated in 2011). Bulk composi-
tions for each sample were calculated by combining EMP compositional analyses for each phase
with point counting modal analyses across the entire thin sections to quantify the percentage of
each phase present (Tables 1 & 2). EMP analyses revealed no zonation or heterogeneities across
the samples, so the average composition of each phase was used to calculate each bulk composi-

tion.

Although more simplified systems are often appropriate for metapelites, the P-T pseudo-
sections were calculated using the MnNCKFMASTH system so as to account for the full range
of components acting within the rock mass. BSE imaging revealed the absence of magnetite in
each sample, so Fe*" was not measured. The Holland and Powell (1998) thermodynamic data-
set (updated in 2004; hpO4ver.dat) was employed for gridded minimizations. Calculations were
undertaken with no saturated components or phases. The CORK equation of state for H,O (Hol-
land & Powell, 1998) was used. Solution models for complex phases such as garnet, biotite,
staurolite, chlorite, muscovite, feldspar and cordierite were taken from Fuhrman and Lindsey

(1988), Holland and Powell (1998), Holland et al. (1998), Powell and Holland (1999), White et
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Table 1: LP13-14 modal analysis and bulk composition used for pseudosection calculation. Mol % nor-
malized to 100. See Table 1A for mineral compositions.

Modal Analysis
Phase Count Percent
Plagioclase 141 13.4
Biotite 351 33.3
Chlorite 55 5.2
Garnet 5 0.5
Ilmenite 5 0.5
Kyanite 86 8.2
Muscovite 265 25.1
Quartz 88 8.3
Rutile 3 0.3
Staurolite 55 5.2
Total 1054 100
Bulk Composition
8i0; TiO; AlO; FeO MnO MgO Ca0O Na0 KO H0 Total
wt. % 47.07 1.14 28.03 745 0.10 532 032 1.97 477 2.80 98.97
mol % 5045 091 17.67 6.66 0.09 8.55 0.37 204 326 10.00 7100.00

Table 2: LP09-11 modal analysis and bulk composition used for pseudosection calculation. Mol % nor-
malized to 100. See Table 1A for mineral compositions.

Modal Analysis
Phase Count Percent
Plagioclase 38 3.8
Biotite 328 33.1
Chlorite 52 5.2
Cordierite 7 0.7
Ilmenite 5 0.5
Kyanite 54 5.5
Muscovite 65 6.5
Quartz 309 31.2
Rutile 2 0.2
Staurolite 132 13.4
Total 991 100
Bulk Composition
Si0; TiO; ALOs; FeO MnO MgO CaO Na;O0 KO H0 Total
wt. % 5598 1.13 2175 7.83 0.07 532  0.04 0.67 343 2.11 98.33
mol% 5949 090 13.60 6.93 0.06 8.48 0.04 0.69 232 749 100.00
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al. (2000), and Coggon and Holland (2002). High-resolution contouring of the changes in modal
proportions of specific phases and the chemical composition of garnet throughout P-7 space was
achieved through functions implemented in the Perplex 6.6.8 software package and outlined in
Caddick and Thompson (2008). These results were plotted using a simple Matlab script available

for download from the Perplex website.

P-T estimates

Compositional X-ray maps of garnet from sample LP13-11 show a decrease in X pess from
core to rim with a thin (~10 um) inflection along the rim (Fig. 5a), likely the result of late period
of retrograde net transfer (Kohn & Spear, 2000). Quartz inclusions in the core of garnet in this
sample define a linear pattern that can be interpreted as an overgrowth of an early tectonic fabric.
Electron microprobe results indicate that biotite, muscovite, and plagioclase near garnet and in
the matrix show little compositional variation. The near-rim composition of garnet was com-
bined with averaged compositions of biotite near garnet and muscovite and plagioclase data from
throughout the matrix to calculate peak metamorphic conditions (Table 3). These data yield an

estimate of 530 + 23°C and 7.3 £+ 0.9 kbar for garnet-grade rocks (Table 4).

Garnet from sample LP13-15 exhibits a slight decrease in XSpess from core to rim with a
~20 um resorption rim (Fig 5b) that records retrograde net transfer (Kohn & Spear, 2000). Linear
quartz and plagioclase inclusions in garnet from this sample can be interpreted as an overgrowth
of an early tectonic fabric. Biotite near garnet and muscovite and plagioclase located through-
out the matrix exhibit little compositional variation, so electron microprobe analyses from these
phases were averaged for thermobarometric calculations. The near-rim composition of garnet
was combined with these average compositions (Table 3) to calculate peak metamorphic condi-

tions. These data yield an estimate of 527 & 22°C and 7.5 + 0.9 kbar (Table 4).
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Figure 5: Garnet composition plots. Back-scatter electron (BSE) images, Mn Ka compositional maps, and
point transect profiles for garnet grains in samples (A) LP13-11 and (B) LP13-15.

P-T evolution

A P-T pseudosection was calculated for the bulk composition of sample LP13-14 to
model the P-T path for the growth of garnet, staurolite and kyanite present in the sample (Ta-
ble 2; Fig. 6). Garnet, staurolite, and kyanite are stable in the assemblage at peak metamorphic
conditions of 610 + 31°C and 7.7 + 1.2 kbar, as defined by the white area in Figure 6. Textural
evidence of garnet occluded by kyanite (Fig. 4c) supports the interpretation of garnet growth
before kyanite growth. Evidence of kyanite overgrowth of a fully developed crenulation cleav-
age S, (Fig.4b) and inclusion trails in staurolite that indicate overgrowth of only a partially
developed S, fabric (Fig. 4a) suggests staurolite growth preceded that of kyanite. The constraints

on peak metamorphic conditions are corroborated by the results of modeling the modal propor-
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Table 3: Compositional data used in thermobarometric calculations. Values separated into wt. % and number of cations. Numbers in parentheses
indicate the number of points averaged for each phase. Values of N/A indicate composition was not measured.

Garnet Garnet

near-rim Biotite Plagioclase  Muscovite near-rim Biotite Plagioclase  Muscovite
LPI3-11 (39) 27 (22) LPI3-15 21 (23) (11)
Si0, 37.49 36.32 60.16 47.40 SiO2 37.38 35.44 61.85 46.83
TiO; 0.03 1.58 N/A 0.41 TiO; 0.05 1.72 N/A 0.49
AlLOs 21.23 19.35 25.14 35.75 ALOs 21.25 19.15 22.90 35.49
FeO 32.32 17.31 0.19 0.94 FeO 31.56 18.79 0.31 1.22
MnO 1.33 0.04 N/A 0.01 MnO 3.00 0.20 N/A 0.01
MgO 2.84 11.38 0.04 0.69 MgO 2.64 10.34 0.02 1.10
CaO 5.21 0.04 6.61 0.02 CaO 4.96 0.06 5.31 0.01
Na,O 0 0.18 7.79 1.01 Na,O 0.01 0.15 8.50 0.92
K>O N/A 8.20 0.1 8.85 K>O N/A 9.16 0.07 9.39
> 100.45 99.07 100.03 99.67 > 100.93 98.99 98.96 100.04
Cations Cations
Si 2.99 5.45 2.68 6.24 Si 2.98 5.39 2.63 6.18
Ti 0 0.18 N/A 0.04 Ti 0.01 0.20 N/A 0.05
Al 1.99 3.42 1.32 5.55 Al 1.99 343 1.28 5.52
Fe 2.15 2.17 0.01 0.10 Fe 2.10 2.39 0.01 0.13
Mn 0.09 0.01 N/A 0 Mn 0.20 0.03 N/A 0.00
Mg 0.34 2.55 0 0.14 Mg 0.31 2.34 0.20 0.22
Ca 0.44 0.01 0.32 0 Ca 0.42 0.01 0.27 0.00
Na 0 0.05 0.67 0.26 Na 0.00 0.04 0.63 0.24
K N/A 1.69 0.01 1.49 K N/A 1.78 0.06 1.58
> 8.01 19.53 5.00 17.82 > 8.02 19.61 5.08 13.92
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Table 4: P-T estimates for peak Barrovian metamorphic conditions.

No. Peak Depth
Sample T (°C) P (kbar) Assemblage Removed Cor. Fit Rxn (km)
LP13-11" 530+23 7309 grt + bt + mu + ab + qtz cel, fcel 0.81 0.62 5 27
LP13-15" 527+22 7.5%09 grt + bt + mu + ab + qtz fcel 0.79 0.86 5 28
LP13-14* 610+31 7.7+1.2 st+ky+bt+mu+ab+chl+qtz N/A N/A N/A N/A 29
LP09-11¢ 630+20F 7.8+1.1F  st+ky+bt+mu-+ab+qtz N/A N/A N/A N/A 29

*Calculated using THERMOCALC in average P-T mode.
®Calculated from pseudosection modeling.
BThese conditions were followed by a drop to 578 + 28 °C and 4.9 + 0.7 kbar

Peak depths calculated assuming a lithostatic pressure gradient of 3.7 km kbar™.

THERMOCALC output legend: Cor.---correlation coefficient; No. Rxn---number of reactions used for P-T'
estimate.
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Figure 6: P-T pseudosection calculated for sample LP13-14. The white area represents the interpreted peak
assemblage in this sample. Interpreted P-T path denoted by black arrow. Aluminosilicate triple point in
bold. (B-D) contoured abundances of garnet, biotite, and staurolite, respectively. (E) contoured garnet Fe/
(Fe+Mg) composition. Subplots (B-E) were calculated in Perplex 6.6.8 and plotted in Matlab.
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Figure 6 (continued).

tions of garnet, biotite, and staurolite (Figs. 6b-d), which match closely with the modal analysis
across the sample. Attempts to model the latest portion of the prograde path using garnet com-
position proved difficult, as most of the garnet has been resorbed in this sample. Also, although
the modeled Fe / (Fe+Mg) values for garnet (Fig. 6¢) agree well with analyzed garnet rims in
this sample, thermal modification of the garnet compositional profile cannot be ruled out. The
early portion of the interpreted retrograde P-T path features a decrease in the modal proportion
of garnet (Fig. 6b) and a transition into chlorite-bearing stability fields, consistent with textural
evidence of chlorite growth at the expense of garnet. Conversely, modal abundances of biotite
and staurolite are predicted to be maintained or increase immediately following peak conditions
before decreasing at lower temperatures and pressures. The latter portion of the retrograde path
is interpreted using two main criteria: 1) the absence of resorption textures on staurolite porphy-
roblasts, namely overgrowths of cordierite, a common product of staurolite breakdown at lower
pressures in pelitic assemblages (e.g. Martignole & Nantel, 1982); and 2) the absence of silli-
manite in the sample, which is interpreted as the rock not experiencing sillimanite growth condi-

tions rather than kyanite metastability in the sillimanite stability field. The lack of decompression
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textures on Barrovian porphyroblasts as well as any unambiguous shear sense indicators in the
sample suggests that this portion of the Haimanta Group was not proximal enough to the LPD

during emplacement to record any modification to its burial history.

The calculated pseudosection for sample LP09-11 shows the interpreted P-7 path for the
staurolite-kyanite-grade rocks from the Haimanta Group in the NE portion of the upper Sutlej
Valley (Fig. 7). Staurolite and kyanite are stable together in the assemblage at peak conditions
of 630 + 20°C and 7.8 + 1.1 kbar, as defined by the white area in Figure 7a. The modeled pseu-
dosection shows garnet growth along with staurolite and kyanite at peak conditions; however,
since there is no garnet present in the sample or in the surrounding rocks, all garnet is assumed to
have reacted out. Quartz, plagioclase, and muscovite inclusions in staurolite define a sigmoidal
pattern that can be interpreted as syntectonic rotation and staurolite growth and/or an overgrowth
of a crenulation. Staurolite and kyanite are overgrown by cordierite, most of which has altered to
pinite (Fig. 4e), a common retrograde product of cordierite composed of muscovite and chlorite
(Lal, 1969). Therefore, the early portion of the modeled retrograde P-T path crosses the cord-
ierite-in reaction line and defines a path of near-isothermal decompression to 578 + 28°C and
4.9 + 0.7 kbar, shown in white in Fig. 7a. Both the sigmoidal inclusion trails in staurolite and
the cordierite overgrowths on staurolite and kyanite indicate growth during top-down-to-the-
west shearing. With decompression came an appreciable decrease in the calculated proportion
of staurolite (Figs 7b & 7¢), which is consistent with textural evidence of cordierite growth at
the expense of staurolite. The modeled retrograde P-T path for this sample is markedly different
from that of LP13-14, as mineral compositions and textures in sample LP09-11 indicate a dis-
tinct drop in pressure at a relatively stable temperature. The proximity of this sample to the LPD
indicates that the rocks in this portion of the Haimanta Group record modification to their burial
histories from dome emplacement. The aforementioned reaction textures as well as evidence for

top-down-to-the-west shearing in this sample support this interpretation.
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Figure 7: P-T pseudosection calculated for sample LP09-11. The white areas represent the interpreted as-
semblages from this sample. P-T path denoted by black arrow. Aluminosilicate triple point in bold. (B-C)
contoured abundances of cordierite and staurolite, respectively. Subplots (B) and (C) were calculated in

Perplex 6.6.8 and plotted in Matlab.
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Chapter 3: In-situ monazite geochronology

Monazite [(LREE, Th) PO4] is a common accessory mineral in igneous and metamorphic
rocks. High U and Th concentrations as well as high retentivity of radiogenic Pb in monazite
(e.g. Parrish, 1990; Kohn & Malloy, 2004) make it an ideal mineral for U-Th-Pb geochronology.
X-ray mapping of metamorphic monazite reveals that monazite can grow compositional domains
that often reflect age domains (e.g. Zhu et al., 1997, 1999; Foster et al., 2000; Kohn et al., 2005).
Advancements in geochronologic methods allow for the dating of monazite in-situ, which can be
used to delimit periods of porphyroblast growth (e.g. Williams & Jercinovic, 2002; Chambers et
al., 2009) and, where monazite is interpreted to grow along a foliation, timing of fabric develop-
ment (e.g. Williams et al., 1999, 2007; Williams & Jercinovic, 2002, 2007). Zoning patterns for
U, Th, and Y in monazite may form distinct domains that can be related to metamorphic reac-
tions that occurr during monazite growth (e.g. DeWolf et al, 1993; Kohn et al., 2005; Williams
et al., 2007). Y zoning in monazite has been tied to garnet and xenotime growth and breakdown;
Spear and Pyle (2010) demonstrated that monazite growth is controlled by garnet in the absence
of xenotime and by xenotime in the absence of garnet, and high-Y domains can develop in
monazite via either garnet and/or allanite (which sequester most of the bulk Y in rocks at inter-
mediate pressures) breakdown, dissolution of earlier monazite grains and subsequent reprecipita-

tion along monazite rims (e.g. Seydoux-Guillaume et al., 2002), or a combination of the two.

This study uses split-stream laser ablation inductively coupled plasma mass spectrometry
(LA-ICPMS). U-Th-Pb monazite geochronology is combined with REE geochemistry to delim-
it Barrovian porphyroblast growth and tectonic fabric development in the Haimanta Group. As
monazite also sequesters LREE, trace element abundances can be used to infer the chemical con-
ditions during monazite crystallization (e.g. Corrie & Kohn, 2008; Kohn et al., 2005; Williams
et al., 1999, 2007; Stepanov et al., 2012). Previous geochronologic studies of this portion of the

Haimanta Group (e.g. Chambers et al., 2009; Langille et al., 2012) did not report REE abundanc-
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es for monazite, although a detailed analysis of monazite growth in the leucogranites of the LPD

can be seen in Lederer et al. (2013).

Methodology

Two pelitic schist samples that were chosen for P-T pseudosection calculation, LP13-14
and LP09-11, were selected for geochronologic analysis. These samples are representative of the
staurolite-kyanite-grade rocks of the Haimanta Group in the NE portion of Sutlej Valley that re-
cord Oligocene Barrovian metamorphism. LP09-11 also exhibits the low-pressure metamorphic
overprint on Barrovian porphyroblasts that affected rocks of the Haimanta Group that are prox-
imal to the LPD. Metamorphic monazite grains were located using the methodology outlined in
Williams and Jercinovic (2002). X-ray compositional maps for Ce (La) of the entire thin section
were collected using stage scan mapping conducted at 20 keV and 100 nA with a 33 um step size
and 30 ms dwell time on a Cameca SX-100 EMP analyzer at the University of Tennessee. For
spatial reference, the Ce maps were overlain on Al (Ka) X-ray maps of the entire thin section.
This method allows all monazite grains of at least ~10 um diameter to be located and placed
in a textural context. ~15 monazite grains from each sample were selected for analysis. X-ray
compositional maps of Y (La), U (Ma), Th (La), and Ce (La), conducted at 25 kV and 40 nA
with a 0.3 pm step size and 100 ms dwell time, were obtained for selected monazite grains. As
compositional zoning often reflects age domains (e.g. Foster et al., 2000, 2002; Zhu et al., 1997;
Schmitz & Bowring, 2000), compositional X-ray maps of individual grains allow the opportu-
nity to assess which zone(s) to analyze as well as interpret metamorphic reactions that occurred
during metamorphism (e.g. Foster et al., 2002; Cottle et al., 2009a; Spear & Pyle, 2010). Analy-
sis spots for LA-ICPMS were chosen from the X-ray compositional maps, with preference given

to discrete compositional domains, especially with respect to U and Y.
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Results

Concordia diagrams plotted using Isoplot v2.4 (Ludwig, 2000) and normalized REE dis-

tributions for monazite in samples LP13-14 and LP09-11 (Fig. 8). REE abundances for monazite

are normalized to McDonough and Sun (1995) chondrite composition.
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Figure 8: 2Pb/»Th concordia and REE distribution plots for Haimanta Group monazite. (A) & (B):
Concordia diagrams for U-Th-Pb analyses of LP13-14 and LP09-11 monazite, respectively; (C) & (D):
normalized REE abundances for LP13-14 and LP09-11 monazite, respectively. REE values normalized to
McDonough and Sun (1995). All data obtained from LA-ICPMS analyses. See Table 3A for a summary of
monazite isoptopic data.
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Figure 9: Representative zoning patterns for LP13-14 and LP09-11 monazite. Compositional X-ray maps
for each grain are U Ma and Y La. Values for white dots on compositional X-ray maps show absolute abun-
dances (in ppm) for respective elements. Colors correspond to those in Figure 8.

LPI13-14

Compositional X-ray maps for monazite grains from sample LP13-14 (Figs. 9a & 9b)
generally exhibit patchy Th zonation, though several matrix grains (e.g. mnz 31 and mnz_34)
exhibit low-Th cores with Th concentrations that increase radially towards the rim (Fig. 2A). Y
zoning across nearly all of the grains consists of homogeneous high-Y cores. High-Y domains
along monazite rims occur in several grains and coincide with a relative increase in U content.
Monazite grains in this sample contain low-U cores (~2000 ppm U; Th/U ratios ranging from

9-14) with several grains exhibiting wide (1020 um) high-U domains (> 3000 ppm U; Th/U
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Figure 10: Probability density and weighted average age plots for LP13-14 and LP09-11 monazite. All
plots report 2°Pb/**Th ages. Colors correspond to those in Figures 8 and 9.

ratios of 6—7) that are localized along some portions of the grains (Figs. 9a & 9b). In general,

LP13-14 monazite grains contain low abundances of light REE (La, Ce, Pr, Nd, Sm) and high

abundances of heavy REE (Gd, Dy) relative to sample LP09-11 (Fig. 8c).

Analysis of the LP13-14 monazite grains with homogeneous high-Y cores yields ages

that represent semi-continuous growth from 33 to 29 Ma (MSWD 5.3) (Figs. 10a & 10b). Sev-

eral grains (e.g. mnz_ 5, mnz 32, mnz 34) feature high-U rims that are interpreted to represent

a later generation of monazite and yield ages between 29 and 27 Ma (MSWD 0.86) (Figs. 9b

& 10a). The high-U rim domains in mnz_31 and mnz 32 also coincide with an increase in Y

content and are interpreted to have grown along the penetrative crenulation cleavage (S,) in the

sample. Analyses of these domains yield ages of 31.2 £ 0.9 Ma (mnz_31) and 27.8 £ 0.8 Ma

(mnz_32), which suggests that the crenulation cleavage developed prior to ~31 Ma. The excess



Y (+ U) along monazite rims that began growing ~31 Ma may signal the onset of garnet and/

or allanite breakdown in this sample (e.g. Kohn et al., 2005), dissolution of earlier monazite
and subsequent reprecipitation along high-Y domains (e.g. Seydoux-Guillaume et al., 2002), or
a combination of the two. The high-U rim analyses consistently plot below the concordia (Fig.
8a), suggesting *Pb loss. *Pb/**Th ages do not consider *Pb, however, so these ages are not
affected (e.g. Langille et al, 2012). Only one monazite inclusion in staurolite (mnz_1) was large
enough to analyze; the grain exhibits a homogeneous high-Y core with no other discrete com-
positional domains and yielded an age of 30.3 + 0.8 Ma. Several monazite inclusions in kyanite
were analyzed. Ages from these grains spans the entire spectrum of ages from this sample (Fig.
10b), with the youngest age (27.6 + 0.8 Ma) belonging to a high-U and -Y rim domain and the

oldest age (32.5 + 0.9 Ma) belonging to a homogeneous-Y core (Fig. 2A).

LP09-11

Compositional X-ray maps for monazite grains in sample LP09-11 exhibit slightly dif-
ferent zoning patterns than monazite grains from LP13-14. Th zoning, although patchy in some
grains, occurs as high Th cores and relatively low Th mantles and rims (e.g. mnz_1, mnz_8,
mnz_15) (Fig. 2A). Y generally exhibits patchy zonation, although several grains (e.g. mnz_15,
mnz_18) feature low-Y cores and high-Y rims. U zoning in LP09-11 monazite grains mimics
that of sample LP13-14, with low-U cores and mantles with some grains exhibiting high-U rims
that coincide with high-Y domains. Monazite grains in this sample are generally enriched in
light REE (La, Ce, Pr, Nd, Sm) and depleted in heavy REE (Gd, Dy) relative to sample LP13-14
(Fig.8d). Th/U ratios range from 10 (in high-Th cores) to 3 (along high-U rims).

Analyses of LP09-11 monazite grains with patchy Y cores indicate semi-continuous
monazite growth from 35 to 31 Ma (seen in the stair-stepping weighted averages of Fig. 10d).

Similar to LP13-14 monazite, high-U rim domains (that correspond to both Y-enriched and
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Y-depleted domains) yield consistently younger ages (28 to 30 Ma) than low-U, patchy Y cores
and mantles (Figs. 2c & 2d). In addition, Th zoning patterns in LP09-11 monazite grains reflect
monazite formation from a single metamorphic reaction during prograde metamorphism (e.g.
Kohn & Malloy, 2004). Therefore, the calculated ages from patchy Y cores are interpreted to
represent a single generation of monazite growth from 35 to 31 Ma in this sample, with high U
rim domains on several grains representing a second generation of crystallization following the
breakdown of P- and REE-bearing phases [e.g. muscovite and chlorite (Kohn & Malloy, 2004;
Chambers et al., 2009)]. Similar to LP13-14 monazite analyses, the youngest ages from this sam-
ple consistently plot below the concordia (Fig. 8b), suggesting *°Pb loss. As *®*Pb/*Th ages do
not consider *Pb (e.g. Langille et al., 2012), these ages are not affected. One monazite inclusion
along a resorbed staurolite rim was analyzed and yielded an age of 34.5 £ 0.9 Ma. No monazite
inclusions in kyanite were large enough for analysis. Several analyzed monazite grains located in
or near pinite + quartz overgrowths on staurolite porphyroblasts yielded ages that span the entire

range (35 to 28 Ma) for this sample (Table 3A).
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Chapter 4: Discussion

Deformation and metamorphism in the Haimanta Group

Figure 11 is a simplified illustration of the sequence of deformation and metamorphism
in this portion of the Haimanta Group. Relative timing relationships of porphyroblast growth,
deformation events, and fabric development in this portion of the Haimanta Group are summa-
rized in Figure 12. Where possible, in situ U-Th-Pb ages of monazite grains were also applied to
delimit the timing of phase growth and fabric development. Although the deformation events de-
scribed below are noted as separate events (e.g. D, D,, etc.), we interpret the sequence of defor-
mation in the Haimanta Group as one protracted period of NE-SW-directed shortening, and the
transitions between deformation events may or may not coincide with changes in tectonic setting
(e.g. NE-SW extension along the STDS, orogen-parallel extension along the LPSZ, etc.). Dis-
crete deformation event notation is used simply to describe the transposition of distinct tectonic
fabrics onto one another. For a comprehensive analysis of the deformation events experienced in

this portion of the Haimanta Group, see Jessup et al. (in review).

Burial to regional metamorphic depths (D,) followed from the north-directed collision
of India with the southern margin of Asia (e.g. Searle et al., 1987; Hodges, 2000) and led to the
formation of an early tectonic foliation, S,. Mats composed of biotite and muscovite separated
by quartzofeldspathic domains delineate the S, foliation in the biotite zone in the central portion
of Sutlej Valley (Figs. 1 & 11), and these are interpreted as syn-D, growth of biotite and musco-
vite to define an axial planar surface to F, folds (Fig. 12). At higher temperatures, garnet growth
began after development of S , as evidenced by linear inclusion trails in garnet porphyroblasts
that are at high angles to the matrix foliation (Figs. 3 & 5) (e.g. Chambers et al., 2009; Langille

et al., 2012; Jessup et al., in review).

Development of the crenulation cleavage (S,)—the pervasive fabric in the Haimanta
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Figure 11: Schematic illustration of deformation and metamorphism in the Haimanta Group. For simplici-
ty, viewing direction is to the NW. D, burial metamorphism and muscovite and biotite growth followed by
protracted NE-SW shortening (D, & D,) and staurolite and kyanite growth at higher temperatures. Thick
black arrows denote generalized principal stress orientations.

Group—began during the final stages of garnet growth, which is interpreted by linear S inclu-

sion trails in garnet cores and sigmoidal inclusion trails along garnet rims in the central portion

of the transect that mimic the crenulated S, foliation in the matrix (Chambers et al., 2009; Jessup

et al., in review). These observations support the interpretation of garnet growth beginning after

cessation of D and continuing through the early stages of crenulation cleavage development, D,
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(Figs. 11 & 12). The S, foliation formed as an axial planar cleavage of F, folds, which consistent-

ly plunge SE in this portion of the transect (Fig. 1) (Jessup et al., in review).

The staurolite isograd (Fig. 1b) coincides with the first appearance of kyanite. Petro-
graphic evidence suggests that these phases grew after the onset of D, deformation, as poikio-
blastic grains of staurolite and kyanite consistently feature sigmoidal inclusion trails that mimic
the pervasive F, crenulation cleavage, suggesting overgrowth of S.. In sample LP13-14, inclusion
trails along staurolite rims define a partially developed crenulation cleavage while inclusion trails
in kyanite cores define the fully developed crenulation cleavage parallel to that of the matrix

(Figs. 4a & 11), which suggests that staurolite growth preceded that of kyanite and began before
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the end of D, (Fig. 12). In sample LP13-14, kyanite occludes remnants of a resorbed garnet por-

phyroblast, which also suggests that kyanite was the latest phase to grow during D,.

U-Th-Pb monazite analyses indicate that monazite growth accompanied Barrovian
metamorphism. High-Y domains can grow on monazite as a result of the breakdown of garnet,
which sequesters the majority of bulk Y during growth (e.g. Kohn & Malloy, 2004); however,
the lack of garnet in samples LP13-14 and LP09-11 makes placing direct limits on garnet growth
in this portion of the Haimanta Group difficult. 2**Pb/***Th ages from high-Y rim domains on
monazite—a potential product of garnet breakdown—presented in this study range from 27.6
+ 0.8 Ma to 31.2 + 0.7 Ma, which overlap with monazite ages for Barrovian metamorphism in
the Haimanta Group reported by Chambers et al. (2009) and Langille et al. (2012). The con-
straints on garnet growth in Figure 12 are from Chambers et al. (2009), who used Y content in
monazite inclusions in garnet and in the matrix to constrain the final increments of garnet growth
in the Haimanta Group in the southern portion of Sutlej Valley to ~ 28 Ma. 2**Pb/**Th monazite
ages indicate that high-Y cores began growing on monazite grains during prograde metamor-
phism—36 Ma in sample LP09-11 and 33 Ma in sample LP13-14. The breakdown of chlorite
and muscovite during the garnet-in reaction likely produced the P and REE necessary to form

monazite (Kohn & Malloy, 2004; Chambers et al., 2009).

In-situ monazite analysis allows for the dating of compositionally distinct domains of
monazite that grew along tectonic fabrics. In sample LP13-14, analyses of high-U and -Y do-
mains that appear to have grown parallel to mats of muscovite along the pervasive S, fabric yield
*%%Pb/**Th ages of 31.2 + 0.9 Ma (Fig. 9) and 27.8 + 0.8 Ma, which suggests that the S, fabric
was present by ~ 31 Ma (Fig. 12). Chambers et al. (2009) used analyses of monazite inclusions
in garnet and garnet inclusion trail geometry to conclude that peak burial and the onset of D,
in the Haimanta Group began at ~30 Ma, about 2 Ma later than our data suggest. The youngest

*%Pb/**Th ages of monazite in our samples that grew along the S, fabric (27-28 Ma) are used to
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interpret the continuation of high-U, -Y crystallization of monazite during D, in the Oligocene.
Analyses of monazite inclusions in kyanite yield **Pb/*Th ages that span the entire range of

ages in sample LP13-14 (Fig. 10b), and the youngest age (27 Ma, from a monazite inclusion in
a kyanite core) places a maximum age limit on the initiation of kyanite growth in the Haimanta

Group.

The final phase of deformation, D,, manifests as F, folds, which generally trend NW-SE
and rotate and fold the pervasive S, foliation in the Haimanta Group (Jessup et al., in review).
There is no unambiguous evidence that suggests the low-pressure overprint (cordierite + quartz +
sillimanite) present along the rims of Barrovian porphyroblasts in the NE portion of Sutlej Valley
(Fig. 2) coincided with D, deformation. Therefore, the relative timing relationship between cord-
ierite/sillimanite growth and D, (Figs. 11 & 12) is ambiguous and is only meant to portray that
both D, and cordierite (+ sillimanite) growth postdated Barrovian metamorphism. The youngest
208Pb/>2Th ages from monazite grains located outside resorbed staurolite rims and in corditerite/
pinite overgrowth zones in sample LP09-11 (~28 Ma) are interpreted as a maximum age limit for
the low-pressure overprint on Barrovian metamorphism in the Haimanta Group near the LPD.
The in-situ monazite analyses presented in this study feature a striking lack of the latest Oligo-
cene—early Miocene (26-23 Ma) 2*®Pb/**Th age signature presented by Langille et al. (2012) for
samples from this portion of the Haimanta Group and the LPSZ, which they used to interpret a
minimum age constraint for the onset of decompression. Decompression of the NE portion of
the Haimanta Group likely occurred during orogen-parallel extension and the subsequent exhu-
mation of the LPD and may have been accompanied by rotation and folding of the S, foliation.
Although there is no evidence in the samples presented in this study, Langille et al. (2012) docu-
mented kyanite as an inclusion in a staurolite porphyroblast with a cordierite rim in a sample col-
lected at the confluence of the Sutlej and Spiti Rivers (LP09-162 in Fig. 1), which suggests that

staurolite growth outlasted that of kyanite and continued until it was resorbed by low-pressure
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assemblages during decompression (Fig. 12). Evidence for the syntectonic, top-down-to-the-W
rotation and growth of staurolite (Fig. 4d) and the cordierite overgrowths on staurolite porphyro-
blasts (Fig. 4e) in sample LP09-11 suggests that decompression may have been synchronous with

D,, but more detailed sampling and petrography are needed.

P-T-t-d evolution of the Haimanta Group

The petrographic, geochemical, and geochronologic analyses were applied to the P-T
psuedosection modeling results for samples LP13-14 and LP09-11 (Figs. 6 & 7, respectively) in
order to characterize the P-7-t-D paths for this portion of the Haimanta Group. The results are
described below for the respective samples in order to highlight the different P-T histories for

rocks in the central portion of the Haimanta Group (LP13-14) and those near the LPD (LP09-11).

LP13-14

Prograde metamorphism in the Haimanta Group began in the Oligocene following the
crustal thickening and burial (D). After metamorphic biotite and muscovite growth along the S,
fabric, initiation of the garnet-in reaction resulted in the availability of P and REE that formed
monazite beginning at ~33 Ma. Petrographic evidence of garnet growth preceding that of stauro-
lite constrains the prograde P-T path to pressures above 6—7 kbar, as prograde staurolite growth
is predicted to precede or coincide with garnet growth around 5-6 kbar (Figs. 6b & 6d). Ana-
lyzed garnet core compositions contain Fe / (Fe+Mg) ratios around 0.82, indicating that either
garnet overstepped the garnet-forming reaction by ~50°C, or garnet compositions have under-
gone modification (e.g. Caddick et al., 2010). Garnet rims in this sample—which are resorbed
and, therefore, are interpreted not to represent the highest temperature of garnet growth preserved
in this sample—feature Fe / (Fe+Mg) ratios around 0.81. Initiation of staurolite growth postdated

the cessation of garnet growth (Fig. 12); therefore, the prograde P-T path is constrained above 8
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kb along the 0.81 Fe / (Fet+Mg) contour in Figure 6d and this point represents peak burial pres-
sure and the onset of D, that occurred before ~ 31 Ma. An appreciable increase in the volume
percentage of biotite and staurolite (Figs. 6¢ & 6d) accompanied an increase in temperature

after peak burial conditions, and the decrease in garnet volume percentage is consistent with the
modal analysis for this sample. The assemblage of st + ab + ky + bt + mu + grt + ru was stable at
peak metamorphic conditions of 610 + 31°C and 7.7 + 1.2 kbar as D, continued until the end of

prograde metamorphism.

Peak conditions were followed by a moderate drop in pressure and temperature similar
to those interpreted by Chambers et al. (2009) for the Haimanta Group in the southern portion
of Sutlej Valley. A significant decrease in the volume percentage of staurolite following peak
metamorphic conditions is predicted by the pseudosection modeling results (Fig. 6), but no
resorption of staurolite is present in this sample, which suggests that initial exhumation rates
were fast or that there was insufficient fluid present to drive staurolite-consuming retrograde
reactions (England & Thompson, 1984; Thompson & England, 1984). Petrographic evidence of
chlorite growth at the expense of biotite and garnet—as well as accessory amounts of ilmenite
growth on rutile—is the only evidence of retrograde metamorphism in this sample. Therefore,
the modeled retrograde path continues into chlorite- and ilmenite-bearing fields and is limited to
pressures above the sillimanite and andalusite stability fields based on the lack of those phases in
this sample. The interpreted P-7 path for LP13-14 is similar to that for the Haimanta Group rocks
to the south (Chambers et al., 2009), and is interpreted as the representative path followed by the

Haimanta Group rocks not affected by exhumation of the LPD.

LP09-11

The modeled P-T evolution of the Haimanta Group rocks near the LPD differs markedly

from that of the rocks to the SW. Monazite with relatively low Th cores and mantles began grow-

46



ing during prograde metamorphism at ~35 Ma. As there is no evidence for monazite replacement
of allanite in this sample (e.g. Bollinger & Janots, 2006) and it is assumed that the breakdown

of muscovite and chlorite during the garnet-in reaction produced the P and REE necessary for
monazite formation (e.g. Chambers et al., 2009), this age is interpreted as a minimum age limit
for the initiation of garnet growth in this sample. The lack of garnet—which is assumed to have
reacted out—in this sample makes modeling the prograde P-T path difficult; however, we hes-
itantly assign peak burial conditions above ~ 8 kbar and that the staurolite-in reaction (Fig. 7¢)
occurred below ~ 600°C, signaling the end of garnet growth and the start of D,. This is based on
the petrographic evidence for garnet growth preceding that of staurolite in nearby outcrops (as
well as throughout the staurolite-kyanite-grade rocks in the Haimanta Group). D, continued until
the end of prograde metamorphism, which ended with the assemblage of bt + chl + st + ab + gt +

ky + mu + ru stable at peak metamorphic conditions of 630 + 20°C and 7.8 + 1.1 kbar.

Where the interpreted P-T paths differ the most is during D, and retrograde metamor-
phism, which is significant in this sample. Following peak metamorphic conditions, the modal
amount of staurolite decreases significantly (Fig. 7c), consistent with the petrographic evidence
of staurolite resorption portrayed in Figure 4. Any remaining garnet likely reacted out to form
biotite + chlorite during the early stages of D,, and staurolite and kyanite were consumed by
cordierite-forming reactions after ~28 Ma. Although the interpreted P-T path crosses into the sil-
limanite stability field, there is no sillimanite present in this sample, potentially because kyanite
was essentially “buffered” by the cordierite that had formed along its rim (Xia et al., 2009). Per-
plex pseudosection results for LP09-11 predict the retrograde assemblage of bt + chl + st + crd
+ ab + sil + mu + ru (white area in Fig. 7) to be stable at conditions of 578 +28°C and 4.9 = 0.7
kbar, delineating a retrograde path of near-isothermal decompression similar to that presented for

rocks of the LPD by Langille et al. (2012).
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Implications for exhumation of the Haimanta Group

Figure 13 provides a summary of the quantitative (thermobarometric calculation and P-T
pseudosection modeling) and qualitative (petrographic) interpretations for the P-7-¢-D evolution
of the metapelitic rocks in the central and NE portions of the Haimanta Group. From sample
LP09-11 towards the NE, a gradient in the intensity of the low-pressure overprint on Barrovian
assemblages occurs that increases with proximity to the LPD. Sample LP13-14 [and the rocks in
the southern portion of Sutlej Valley that Chambers et al. (2009) presented P-T paths for] rep-
resents the P-T evolution of Haimanta Group rocks not affected by the orogen-parallel exhuma-

tion of the LPD.

Cordierite is not an uncommon mineral in metapelitic rocks (e.g. Martignole & Nantel,
1982; Brown & Earl, 1983; Whittington et al., 1998; Norlander et al., 2002) and its occurrence
in and around gneiss domes in the Himalaya has been well documented (e.g. Zeitler et al., 1993;
Teyssier & Whitney, 2002; Whitney et al., 2004). At amphibolite-facies conditions, cordierite is
only stable below 5—6 kbar (e.g. Holland & Powell, 1998; White et al., 2007), consistent with
the cordierite-in reaction predicted by the pseudosection for sample LP09-11 (Fig. 7). The inter-
preted retrograde P-T path for sample LP09-11—for the segment immediately following peak
conditions of 630 + 20°C and 7.8 + 1.1 kbar—describes a path of near-isothermal decompression
across the cordierite-in reaction line to 578 + 28°C and 4.9 + 0.7 kbar. If a lithostatic pressure
gradient of 3.7 km kbar is applied to these conditions, the rocks in this portion of Sutlej Valley
describe a metamorphic field gradient of ~5°C km™ during the initial stages of decompression
from depths of 29—18 km. Chambers et al. (2009) estimated the initial exhumation rates for the
Haimanta Group rocks to the SW at ~ 1.33 mm year' from 30 to 13 Ma between peak burial
depths at 30 km and 7 km (samples 8 and 14 in Figure 1b)—equivalent to a metamorphic field
gradient of ~13°C km™ along a retrograde P-T path with similar geometry to that of sample

LP13-14 in Figure 6.
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Figure 13: Synoptic diagram of P-T evolution of Haimanta Group rocks near the LPD. Colors on cross
section correlate with those in Figure 1. P-T paths overlain on petrogenetic grid from Holland & Powell
(1998). (A) Moderately dipping retrograde P-T path for rocks in central portion of Sutlej Valley calculated
by pseudosection modeling for sample LP13-14; (B) thru (D) Haimanta Group rocks near LPD follow in-
creasingly steep retrograde P-T paths interpreted from intensity of low-pressure overprint on staurolite and
kyanite porphyroblasts and pseudosection modeling. P-T path in (D) modified from Langille et al. (2012)
for sample collected near the confluence of Sutlej and Spiti Rivers near the LPD.
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The transition in the Haimanta Group between the rocks in the SW and central portions
of Sutlej Valley and those in the NE coincides with the occurrence of leucogranite dikes and sills
associated with partial melting and emplacement of the LPD (Thiede et al., 2006; Langille et al.,
2012; Lederer et al., 2013) (Fig. 1). The dikes and sills range in size from cm- to m-scale and
some feature a tectonic fabric that mimics the foliation in the intruded Haimanta Group rocks,
suggesting pre-, syn-, and post-kinematic emplacement (Langille et al., 2012; Lederer et al.,
2013). For a detailed review of the timing of partial melting and metamorphism associated with
the leucogranite dikes and sills around the LPD, see Lederer at al. (2013). The positive slope of
the cordierite-in reaction line in P-T space (Figs. 7c & 13) implies that cordierite growth requires
an increase in temperature and/or a decrease in pressure (e.g. Pereira & Bea, 1994). Cordierite +
sillimanite overgrowths on Barrovian assemblages along the western flank of the LPD are at-
tributed to heat influx from leucogranite intrusion maintaining near-isothermal conditions during
the onset of exhumation before 23 Ma (Langille et al., 2012). Similarly, the leucogranite dikes
and sills that intrude the NE portion of the Haimanta Group in Sutlej Valley likely enabled cord-
ierite growth as temperatures remained above ~550°C during decompression to pressures below

5 kbar.

Another product of leucogranite intrusion in this portion of the Haimanta Group is the
potential weakening of the crust due to advection of molten material and increased heat at lower
pressures (e.g. Schulmann et al., 2002, 2008; Jamieson et al., 2011). Partial-melting—which can
significantly reduce the effective strength of the crust (e.g. Rosenberg & Handy, 2005)—in the
mid-to-lower crust between 23 and 18 Ma has been linked to strain localization along the LPSZ
(e.g. Langille et al., 2012, 2014) and the subsequent decompression melting and orogen-paral-
lel exhumation of the LPD. The LPSZ on the western flank of the LPD is comprised of stauro-
lite-kyanite schist and a ~700-m-thick section of sheared quartzite, marble, and leucogranite that

records the orogen-parallel, top-down-to-the-west exhumation of the LPD (e.g. Thiede et al.,
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2006; Langille et al., 2012, 2014). The high-strain LPSZ does not continue around the southern
margin of the dome (Fig. 1); however, we interpret the ~5-km-thick section of the Haimanta
Group intruded by leucogranite dikes in Sutlej Valley to have accommodated (a relatively minor
amount of) top-down-to-the-SW shear between the Haimanta Group and the LPD [the migmatit-
ic rocks of which Langille et al. (2012) hesitantly assigned to the GHS] during exhumation (Fig.
13). Although there is a lack of strong, unambiguous shear-sense indicators in this portion of the
Haimanta Group (Fig. 2), partial melting within the LPD and heat influx from leucogranite dike

intrusion likely weakened the crust sufficiently for strain localization.

This can be seen in the trajectory of retrograde P-T paths across this zone (Fig. 13).
Sample LP13-14, from the central portion of the Haimanta Group, followed a moderately sloped
P-T trajectory during exhumation (Fig. 13a). Beginning with sample LP09-11 and moving
NE towards the LPD, samples LP13-21, LP09-143, and LP09-162 (from Langille et al., 2012)
followed increasingly steep decompression P-T paths (Figs. 13b—d) as indicated by the intensity
of the low-pressure overprint on Barrovian metamorphism and pseudosection modeling results.
LP09-162 shows shear bands and strain shadows on albite that record top-down-to-the-SW
shearing, likely due to proximity to the LPD. Although the differences in the retrograde P-T
trajectories between the central and NE portion of the Haimanta Group are stark, the transition
between the two zones is gradational, as there is no obvious evidence for a tectonic boundary.
Similar to other localities in the Himalaya (e.g. the Gurla Mandhata core complex, the Ama
Drime massif), the majority of strain and displacement was accommodated along orogen-per-
pendicular shear zones and faults (e.g. Murphy et al., 2002; Jessup et al., 2008; Jessup & Cottle,
2010; Cottle et al., 2009). The proximity of the LPD to the Karakoram fault system (Fig. 1)
likely contributed to the tectonic setting that favored orogen-parallel extension (e.g. Thiede et al.,
2006; Hintersberger et al., 2010; 2011; Langille et al., , 2014) and the differential partitioning of

strain along the west- and southwest- margins of the LPD.

51



Summary and conclusions

Thermobarometric calculations for the Haimanta Group rocks in the hanging wall of the
STDS indicate that crustal thickening following the collision of India and Asia led to Barrovian
metamorphism above 600°C and 7 kbar at staurolite- and kyanite-grades. These conditions were
followed by exhumation along moderately sloped P-T paths for rocks in the SW and central por-
tions of Sutlej Valley. In contrast, the rocks to the NE near the LPD, experienced near-isothermal
decompression during the initial stages of exhumation, as low-pressure assemblages (cordierite +
sillimanite) overgrew Barrovian porphyroblasts. The gradient of the intensity of the low-pressure
overprint, shear sense indicators, and the steepness of retrograde P-T7 paths for Haimanta Group
rocks that increase with proximity to the LPD indicate that this zone describes a wide zone of
distributed top-down-to-the-SW shear that juxtaposes the Haimanta Group against the migma-
tites and gneisses of the LPD, which correlate to the GHS. This study also presents new in-situ
monazite geochronology results that place further constraints on porphyroblast growth and fabric

development within the Haimanta Group.

P-T pseudosection modeling is a powerful tool for geologists and allows for the interpre-
tation of the P-T evolution of rocks that are not ideal for conventional thermobarometric meth-
ods (e.g. rocks that lack garnet). This study shows that the differences in P-T paths followed by
rocks within the same unit (the Haimanta Group) have implications for the emplacement of the
LPD and the evolution of this portion of the Himalaya in general. Although this study serves to
fill in gaps in the thermobarometric and geochronologic data for this region, more detailed work
needs to be done. For example, in order to fully characterize the boundary between the LPD
and the Haimanta Group in Sutlej Valley, detailed sampling and thermobarometry across the
zone marked by leucogranite intrusion would serve to elucidate many of the questions this study
presents. Also, the low-temperature (< 350°C) exhumational history of these rocks (via e.g. Ar/

Ar thermochronology) would help to complete the P-T evolution of this portion of the Haimanta
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Group.
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Table 1A: Average mineral compositions.
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Table 1A.

Biotite Plagioclase Muscovite Garnet Staurolite Chlorite Cordierite Ilmenite
matrix inclusions near-rim

LPI13-11

Si0, 36.32 60.16 58.33 47.40 37.49 - - - -
TiO, 1.58 - - 0.41 0.03 - - - -
ALO; 19.35 25.14 25.24 35.75 21.23 - - - -
FeO 17.31 0.19 0.68 0.94 32.32 - - - -
MnO 0.04 - - 0.01 1.33 - - - -
MgO 11.38 0.04 0.01 0.69 2.84 - - - -
CaO 0.04 6.61 8.08 0.02 5.21 - - - -
Na,O 0.18 7.79 6.95 1.01 0 - - - -
K>,O 8.20 0.1 0.05 8.85 N/A - - - -
> 99.07 100.03 99.35 99.67 100.45 - - - -
Cations

Si 545 2.68 2.63 6.24 2.99 - - - -
Ti 0.18 - - 0.04 0 - - - -
Al 3.42 1.32 1.34 5.55 1.99 - - - -
Fe 2.17 0.01 0.03 0.10 2.15 - - - -
Mn 0.01 - - 0 0.09 - - - -
Mg 2.55 0 0 0.14 0.34 - - - -
Ca 0.01 0.32 0.39 0 0.44 - - - -
Na 0.05 0.67 0.61 0.26 0 - - - -
K 1.69 0.01 0 1.49 N/A - - - -
> 19.53 5.00 5.00 17.82 8.01 - - - -
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Table 1A (continued).

Biotite Plagioclase Muscovite Garnet Staurolite Chlorite Cordierite Ilmenite
matrix inclusions near-rim

LP13-15

Si0, 35.44 61.85 59.14 46.83 37.38 - - - -
TiO, 1.72 - - 0.49 0.05 - - - -
ALO; 19.15 22.90 24.45 35.49 21.25 - - - -
FeO 18.79 0.31 0.49 1.22 31.56 - - - -
MnO 0.2 - - 0.01 3 - - - -
MgO 10.34 0.02 0.01 1.1 2.64 - - - -
CaO 0.06 5.31 7.32 0.01 4.96 - - - -
Na,O 0.15 8.5 7.38 0.92 0.01 - - - -
K>,O 9.16 0.07 0.06 9.39 - - - - -
> 98.99 98.96 98.85 100.04 100.93 - - - -
Cations

Si 5.39 2.63 2.68 6.18 2.98 - - - -
Ti 0.20 - - 0.05 0.01 - - - -
Al 3.43 1.28 1.30 5.52 1.99 - - - -
Fe 2.39 0.01 0.02 0.13 2.1 - - - -
Mn 0.03 - - 0 0.2 - - - -
Mg 2.34 0.2 0 0.22 0.31 - - - -
Ca 0.01 0.27 0.35 0 0.42 - - - -
Na 0.04 0.63 0.65 0.24 0 - - - -
K 1.78 0.06 0 1.58 - - - - -
> 19.61 5.08 5.00 17.92 8.02 - - - -
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Table 1A (continued).

Biotite Plagioclase Muscovite Garnet Staurolite Chlorite Cordierite Ilmenite
matrix inclusions near-rim

LP13-14
Si0, 36.56 65.61 - 46.77 37.32 27.77 25.32 - 0.04
TiO, 1.57 - - 0.41 0 0.71 0.12 - 52.63
ALO; 19.65 21.59 - 36.98 21.27 54.18 23.42 - 0.02
FeO 15.50 0.09 - 0.66 31.35 13.04 20.39 - 45.02
MnO 0.09 - - 0 5.72 0.33 0.18 - 1.66
MgO 12.32 0.01 - 0.49 3.91 2.06 18.18 - 0.23
CaO 0.01 2.31 - 0.02 0.91 0.01 0.01 - 0.01
Na,O 0.21 10.41 - 2.01 0.02 0.01 0.01 - 0
K>,O 8.73 0.07 - 7.33 - 0 0.02 - -
> 98.71 100.07 - 99.26 100.58 100.47 91.39 - 99.64
Cations
Si 545 2.88 - 6.15 2.98 3.83 4.08 - 0
Ti 0.18 - - 0.04 0 0.07 0.01 - 4.01
Al 3.45 1.12 - 5.72 2.01 8.81 4.45 - 0
Fe 1.94 0 - 0.07 2.09 1.51 2.75 - 3.81
Mn 0.01 - - 0 0.39 0.04 0.03 - 0.14
Mg 2.74 0 - 0.11 0.47 0.42 4.36 - 0.03
Ca 0 0.11 - 0 0.08 0 0 - 0
Na 0.06 0.89 - 0.51 0 0 0 - 0
K 1.66 0 - 1.23 - 0 0.01 - -
> 1951 5.00 - 17.82 8.02 16.69 19.68 - 7.99
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Table 1A (continued).

Biotite Plagioclase Muscovite Garnet Staurolite Chlorite Cordierite Ilmenite
matrix inclusions near-rim

LP09-11
Si0, 36.67 67.85 - 45.78 - 28.01 25.34 48.75 0.02
TiO, 1.71 - - 0.46 - 0.66 0.12 - 52.56
ALO; 19.94 20.29 - 36.65 - 54.68 23.46 33.89 0.02
FeO 14.67 0.04 - 0.65 - 12.48 20.16 8.44 45.49
MnO 0.06 - - 0.01 - 0.27 0.12 0.01 1.28
MgO 12.35 0 - 0.47 - 1.91 18.18 8.59 0.09
CaO 0.03 0.66 - 0 - 0.01 0.01 0 0
Na,O 0.34 11.26 - 1.96 - 0 0 0.04 0
K>,O 8.77 0.05 - 7.98 - 0 0.02 0 -
> 98.6 100.16 - 98.56 - 100.25 91.16 99.72 99.48
Cations
Si 545 2.96 - 6.09 - 3.85 4.08 4.93 0
Ti 0.19 - - 0.05 - 0.07 0.01 - 4.01
Al 3.50 1.04 - 5.75 - 8.86 4.46 4.06 0
Fe 1.83 0 - 0.07 - 1.44 2.72 0.73 3.86
Mn 0.01 - - 0 - 0.03 0.02 0 0.11
Mg 2.74 0 - 0.09 - 0.39 4.37 1.22 0.01
Ca 0.01 0.03 - 0 - 0 0 0 0
Na 0.10 0.95 - 0.51 - 0 0 0 0
K 1.66 0 - 1.36 - 0 0 0 -
> 19.49 4.99 - 17.92 - 16.65 19.67 10.94 7.99
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Figure 1A: LP13-14 and LP09-11 bulk chemistry and mineral composition AFM diagrams.
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Table 2A: Sample locations and orientations.

Sample Latitude Longitude Orientation  Surface
LP13-11 31.7464  78.5745 072/39 SE S
LP13-15 31.7557  78.6006 234/14 SE Sz
LP13-14 31.7570  78.5977 104/65 SW S
LP09-11 31.7606  78.6358 168/46 SW  n/a
LP09-144  31.7586 78.6311 350/44 SW  n/a
LP13-21 31.7837  78.637 111/64 NE S
LP09-143  31.7835 78.6365 n/a n/a
LP13-23 31.7963  78.6386 015/42NW S,
LP13-24 31.7965 78.6371 059/13NW S
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Figure 2A: Compositional maps of metamorphic monazite.
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Figure 2A.
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Figure 2A (continued).
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LP13-14 (cont.)

Figure 2A (continued).
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LP13-14 (cont.)
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Figure 2A (continued).
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LP13-14 (cont.)
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Figure 2A (continued).
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LP09-11 (cont.)

Figure 2A (continued).
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LP09-11 (cont.)

i 499
0

Figure 2A (continued).
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LP09-11 (cont.)

Figure 2A (continued).
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Table 3A: Monazite isotopic data.
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Table 3A.

Pb U Y Uncorrected isotopic ratios Uncorrected ages (Ma) Location®
Grain spot ppm ppm  ppm 206pp/238 l6%  ®Pb/*’Th 1o % 208ph/232Th 26 abs.
LP13-14

1 1 94 3162 13040 0.0049 1.9 0.0015 2.3 30.3 0.7 st
1 2 94 3029 12320 0.0049 2.0 0.0015 2.3 30.3 0.7 st
5 1 49 3662 8390 0.0036 2.6 0.0014 3.0 27.6 0.8 ky
5 2 52 1755 7300 0.0047 2.6 0.0016 2.9 32.5 0.9 ky
18 1 72 3650 10810 0.0045 2.2 0.0014 2.4 29.0 0.7 ky
18 2 96 4140 12460 0.0049 2.1 0.0015 2.5 30.7 0.8 ky
18 3 64 3310 10000 0.0048 2.1 0.0016 2.4 314 0.8 ky
20 1 81 3790 10920 0.0049 22 0.0015 2.5 31.0 0.8 ky
20 3 74 3877 11740 0.0048 2.1 0.0015 2.4 30.0 0.7 ky
20 4 70 3705 11400 0.0048 2.0 0.0015 2.4 30.1 0.7 ky
23 2 72 3028 10600 0.0050 2.0 0.0016 2.4 314 0.8 mx
23 3 65 2580 9560 0.0050 2.1 0.0016 2.5 31.8 0.8 mx
24 1 74 3150 10630 0.0049 2.1 0.0015 2.5 31.2 0.8 mx
24 2 78 3350 10460 0.0048 2.1 0.0015 2.5 31.0 0.8 mx
24 3 83 3590 10370 0.0046 2.4 0.0015 2.7 29.7 0.8 mx
28 2 101 4200 12950 0.0048 2.1 0.0015 2.3 30.1 0.7 mx
31 2 66 2274 10270 0.0050 2.1 0.0016 2.4 324 0.8 mx
31 3 76 2730 11000 0.0048 22 0.0015 2.5 31.2 0.8 mx
31 4 69 2201 10700 0.0049 2.0 0.0016 2.4 31.9 0.8 mx
31 5 79 2340 10560 0.0048 2.0 0.0016 2.5 32.0 0.8 mx
32 1 114 3065 12360 0.0048 1.9 0.0015 2.3 30.8 0.7 mx
32 2 96 2966 11210 0.0048 2.0 0.0015 2.3 31.2 0.7 mx
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Table 3A (continued).

Pb U Y Uncorrected isotopic ratios Uncorrected ages (Ma) Location®
lo
Grain spot ppm  ppm  ppm 206pp/28y % 28Pp/22Th 1o % 208pp/232Th 20 abs.
LP13-14 (continued)
32 3 84 4942 12110 0.0039 2.1 0.0014 2.4 27.8 0.7 mx
33 2 79 3456 11950 0.0048 2.0 0.0015 2.4 30.8 0.7 mx
33 3 92 3501 12720 0.0049 2.0 0.0016 2.4 31.6 0.7 mx
33 4 80 3436 12400 0.0049 2.0 0.0016 2.3 31.8 0.7 mx
34 1 74 2963 12010 0.0048 2.1 0.0016 2.5 32.0 0.8 mx
34 2 60 2428 10560 0.0048 2.0 0.0016 2.3 322 0.7 mx
34 3 71 3021 11740 0.0049 2.0 0.0016 2.4 32.0 0.8 mx
34 4 65 2916 10050 0.0048 2.0 0.0016 2.4 32.1 0.8 mx
34 5 54 3640 10030 0.0038 2.3 0.0014 2.6 28.3 0.7 mx
37 1 101 2830 11410 0.0049 2.1 0.0015 2.4 30.3 0.7 mx
37 2 108 2699 11920 0.0048 1.9 0.0015 2.3 29.3 0.7 mx
LP09-11
1 1 90 4700 203 0.0057 2.0 0.0017 2.4 35.0 0.9 og
1 2 88 3609 173 0.0054 2.1 0.0017 2.4 344 0.8 og
1 3 66 3836 116.6 0.0052 2.0 0.0016 2.3 333 0.8 og
1 4 73 3731 159 0.0053 22 0.0017 2.5 34.7 0.9 og
1 5 64 4650  62.5 0.0051 2.0 0.0016 2.4 333 0.8 og
1 6 67 4542 32.1 0.0050 1.9 0.0016 2.4 32.9 0.8 og
1 7 76 4067 166 0.0054 1.9 0.0017 2.3 34.5 0.8 og
7 1 79 5948 559 0.0048 2.1 0.0016 2.4 31.9 0.8 mx
7 2 67 6570  46.5 0.0046 2.2 0.0016 2.5 32.0 0.8 mx
10 1 56 6390  72.6 0.0041 2.0 0.0015 2.4 30.4 0.7 mx
11 1 95 5055 99 0.0049 2.4 0.0017 2.6 33.4 0.9 mx
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Table 3A (continued).

Pb U Y Uncorrected isotopic ratios Uncorrected ages (Ma) Location®
Grain spot ppm  ppm  ppm 206pp/238Yy 1o %  2%®Pb/*’Th 1o % 208pp/232Th 2 abs.
LP09-11(continued)
15 1 130 4116 207 0.0052 2.1 0.0017 2.4 34.5 0.8 st
18 1 62 5180 103.2 0.0050 2.0 0.0016 2.3 33.2 0.8 mx
19 1 52 7130 124 0.0038 22 0.0014 2.7 28.4 0.8 og
19 2 56 4610 135 0.0041 2.4 0.0015 2.6 29.5 0.8 og
19 3 79 2920 549 0.0053 24 0.0017 2.6 33.6 0.9 og
19 4 92 4200  56.6 0.0050 2.2 0.0016 2.5 32.0 0.8 og

ky: inclusion in kyanite; mx: matrix; og: inclusion in cordierite overgrowth; st: inclusion in staurolite.
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