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tion relative to Vienna Standard Mean Ocean Water
(VSMOW). The analyses were standardized against
the University of Wisconsin Gore Mountain garnet
standard (UWG-2, Valley et al., 1995).

SHRIMP-RG U-PB AND TI-IN-ZIRCON

Sensitive High Resolution lon Micro Probe Reverse
Geometry (SHRIMP-RG), analysis of the represen-
tative sample of Empire quartz diorite (10MD17)
yielded a single age population within error and com-
bine to give a weighted mean 2*°Pb/***U age of 108.5
+1.0 Ma (with MSWD = 1.8 and probability = 0.033).
This study also analyzed Ti-in-Zircon for the Empire
pluton sample and an estimate of emplacement tem-
perature was proposed based on the Ferry and Watson
(2007) calibration. The high Ti concentration (28 + 6
ppm) of zircons from the magnetite - bearing pluton
indicate likely magmatic temperatures of 874+23°C.
This temperature is the hottest Ti-in-zircon tempera-
ture yet reported from a Sierran granitoid (Fu et al.,
2008).

GARNET MORPHOLOGY AND CHEMISTRY

The massive Empire Mountain garnetite found in
the Mineral King roof pendant contains spectacular
zoned garnets. Back-scatted electron (BSE) images
and ion microprobe spot analyses reveal oscilla-

tory compositional zonation of variable thickness
(20 mm to 500 mm) (Fig. 5). These analyses reveal
that garnet composition is a binary mixture between
isotropic grossular-rich (Ca,Al Si,0,,) and anisotro-
pic andradite-rich (Ca,Fe,Si,0 ,) garnet phases, with
only minor almandine (Fe,Al,Si,O ,) and spessartine
(Mn,ALSi,0 ,) components (<0.06 and <0.08, re-
spectively) (Fig. 5B). Greyscale intensity is linearly
correlated to composition, with darker areas reflect-
ing grossular phase (Fig. 5C). The oscillatory zoning
and composition of these euhedral garnet crystals are
strikingly similar to those studied in other shallow
(2-3 km) contact aureole intrusion settings (Jamtveit
and Anderson, 1992).

The garnets morphological characteristics of Em-

pire Mountain suggest variable crystal growth rates
and system fluctuations (or departure) from equilib-
rium. Initial cellular growth of grossular-rich cores
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of Empire garnets implies high mineral growth rates
and low temperatures (Jamtveit and Anderson, 1992)
followed by slower epitaxial growth parallel to earlier
crystal surfaces. The sharp compositional disconti-
nuities recorded during garnet growth are thought to
occur due to the narrow range of aqueous solution
compositions in equilibrium with intermediate solid-
solution members (Prieto et al. 1997; 2009).

60 ISOTOPIC SIGNATURES OF THE SKARN
SYSTEM

Skarn minerals from different parts of the system
were sampled for 6'*0 analysis to determine the rela-
tive magmatic and meteoric components in hydrother-
mal fluids during the evolution of the skarn system.
Samples of andraditic garnet, grossular garnet, epi-
dote, calcite, and quartz were sampled, with the hope
that the relative timing of mineralization determined
by field relationships could provide context for the
changes in fluid composition. For reference, zircon
from the Empire quartz diorite display values of
above 6.0%o 6'*0, which is a good proxy value for
magmatic fluid.

8'80 data from zoned skarn garnet reveal early cores
of andraditic garnet have a meteoric signature (near
0%o 6'%0), while rims from the same crystals are
grossular-rich and indicate an increasing magmatic
component (2 - 3%o 8'*0). These values are signifi-
cantly below the expected 6'%0 values for garnet
precipitation in equilibrium magmatic fluids (above
4.0%o 6'0). Epidote and calcite values, which pre-
cipitate late in the system’s evolution, also display
strong meteoric fluid signatures for each mineral (3%o
and 5 - 7%o 8'%0, respectively).

SKARN EVOLUTION

Mineralization in the Empire Mountain skarn system
records two stages of metamorphism that were con-
trolled by the shallow (1-2 kbar) and hot (>800°C)
intrusion of the Empire quartz diorite. The proximal
garnet>clinopyroxene exoskarn is the most proximal
zone of classic skarn zoning, relative to the intrud-
ing pluton (Meinert et al., 2005). Since other more
distal zones (with increasing vertical distance from
the pluton, clinopyroxene>garnet, wollastonite, then
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unaltered marble), it is likely that most of the skarn
deposit has been eroded since formation.

The granoblastic andraditic cores observed in the gar-
netite pendant are evidence of the early crystallization
of this anhydrous calc-silicate mineral during pro-
grade metamorphism, while the more grossular-rich
rims and veins most likely filled in during a second
period of garnet growth during retrograde mineraliza-
tion. The initial formation of garnet and lesser diop-
side during prograde metamorphism likely promoted
permeability due to the strength of garnet (Meinert

et al., 2005), permitting the complete replacement
observed in the Empire Mountain pendant. Field
relationships suggest that this period of mineralization
was synchronous with a change from ductile to brittle
deformation, suggesting that even during prograde
metamorphism and intrusion, cooling of the system
was already taking place.

During retrograde mineralization in skarn systems
that are dominated by brittle deformation expected

in a cooling system, andradite is often overgrown by
quartz, calcite, magnetite and pyrite, whereas diopside
is replaced by actinolite, quartz and calcite (Meinert
et al., 2005). The observed tabular zones of abun-
dant hydrous skarn minerals (epidiote and actinolite),
quartz and calcite in the Empire pendant therefore are
hypothesized to represent retrograde mineralization
structurally controlled by faults, joints or intrusive
contacts.

Oxygen isotope data strongly indicate that both pro-
grade skarn mineralization and later retrograde min-
eralization were never in equilibrium with magmatic
fluids, but were instead in equilibrium with meteoric
fluids, completely unlike any major skarn system
worldwide (e.g., Einaudi and Burt, 1982; Meinert

et al., 2005). The 6"*0 values of Empire Mountain
skarns are highly unusual and only four other loca-
tions in the world report low 6'*0O values of primary
garnet minerals (Jamtveit and Hervig, 1994; Crowe
et al., 2001; Clechenko and Valley, 2003). In the
shallow (<10 km) intrusion of a massif anorthosite,
Clencheko and Valley (2003) document the distinct
morphology and (0.8 — 6.3%o) 680 values of Wills-
boro skarn garnets, and propose an open system in
which shallow circulation of meteoric water was
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dominant. The zoned Empire Mountain garnets are

a new low-6'30 locality and the first recognized in
the western U.S. These data support our hypothesis
that very hot crystallizing pluton was able to ascend
to shallow and therefore relatively cool crustal levels,
permitting the unusually early initiation of brittle de-
formation, which allowed the involvement of meteor-
ic fluids throughout the evolution of the hydrothermal
system, yielding the large garnetite skarn pendant at
Empire Mountain.
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