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Fluid flow during low-δ18O skarn formation: insights

from Empire Mountain, Mineral King, Sierra Nevada

Evan Joseph Ramos, M.S.

The University of Texas at Austin, 2017

Supervisors: Jaime D. Barnes, Marc A. Hesse

A two-dimensional numerical simulation of oxygen isotope transport in the shal-

low crust has been developed to examine the mechanisms of fluid flow during the

formation of skarns. The Empire Mountain skarn in Mineral King, Sierra Nevada –

the motivation of this study – has recently been identified as a low-δ18O skarn and

interpreted as indicating the presence surface fluids during the onset of its forma-

tion (D'Errico et al., 2012). Rapid and sporadic changes in δ18O values within a

single garnet have been interpreted as alternation between meteoric and magmatic

fluid during garnet growth. D'Errico et al. (2012) conclude that multiple events

of hydrofracturing of existing rock created transient, high-permeability conduits in

the shallow crust, providing a low-resistance pathway for surface fluids to reach

skarn-forming depths (∼2-5 km). However, hydrofracturing typically occurs during

retrograde metamorphic conditions which conflicts with the hypothesized prograde
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hydrofracturing during the incipient formation of the Empire Mountain skarn. Given

this discrepancy, the objectives of this study are twofold: to explore mechanisms that

can explain (1) the existence of meteoric δ18O signatures at skarn-forming depths

and (2) the rapid and sporadic changes in fluid δ18O values throughout skarn for-

mation.

Numerical simulations reveal three ways in which a meteoric fluid signa-

ture can exist at skarn-forming depths during the onset of skarn formation: (1)

convection-driven drawdown of surface waters in uniform, high permeability coun-

try rock; (2) existence of a large permeability contrast in the surrounding rock (e.g.,

extensional faults) that entrains surface water to depth; and (3) existence of pore

fluids in isotopic equilibrium with 18O-depleted minerals prior to the magmatic in-

trusion. Possibilities (1) and (2) are difficult to substantiate given limited knowledge

of the once overlying stratigraphy whereas the third provides the simplest explana-

tion. Large fluctuations in fluid oxygen isotope compositions are observed in all

three scenarios. In our model, the largest fluctuations in δ18O values occur while

garnet is thermodynamically stable, in areas nearest to the magmatic body, and

downstream relative to the topography-driven flow field. However, low δ18O and

δ13C values of carbonates at Empire Mountain indicate infiltration-driven fluid flow

during metamorphism, likely caused by the ductile collapse of carbonate pore space

followed by brecciation. Ultimately, even though there exist scenarios that demon-

strably show the occurrence of low-δ18O skarns, future simulations must include

rock deformation (i.e., ductile closure of pore space and hydrofracturing) and min-

eral reactions to gain further insight to how low-δ18O skarns incorporate fluids with

meteoric oxygen isotope signatures.
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Chapter 1

Introduction

Magmatic hydrothermal systems at active margins are thought to be responsible

for significant fluxes of CO2 into the atmosphere (e.g. Aarnes et al., 2010; Lee

et al., 2013; Nabelek et al., 2014; Lee and Lackey, 2015). Yet, CO2 production

from metamorphic reactions is poorly constrained in global carbon cycle models

and widely thought to be underestimated in these models (e.g. Kelemen and Man-

ning, 2015). Contact metamorphism and contemporaneous metasomatic alteration

of sedimentary rocks by shallowly-emplaced magmatic bodies – one of the many

processes in the shallow crust that results in the release of CO2 and other volatiles

– form an assemblage of calc-silicate minerals known as a skarn (e.g. Meinert et al.,

2005). These calc-silicate minerals form in characteristic regions distally away from

the plutonic body, demonstrating the reactive transport occurring in the fluid-rock

medium throughout skarn formation (Korzhinskii, 1959; Thompson, 1970; Dipple

and Gerdes, 1998). The formation of skarns involves open-system processes, mean-

ing both the source of fluid and the mechanisms that drive fluid flow can vary

throughout skarn formation. Ultimately, the fluid chemistry and fluid flow path will

dictate the extent to which metamorphic reactions occur and thus the amount of

volatile production that occurs. The inextricable link between fluid source and flow
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mechanism has been explored extensively in shallow hydrothermal environments

(e.g. Norton and Taylor, 1979; Nabelek et al., 1984; Barton and Hanson, 1989;

Hanson, 1995; Hayba and Ingebritsen, 1997; Cui et al., 2001, 2002; Roselle et al.,

2003). However, previous work has shown that abrupt transitions in fluid sources

can occur during skarn formation and particularly that meteoric fluids can reach

skarn-forming depths during the beginning of skarn formation (e.g. Jamtveit et al.,

1994; Crowe et al., 2001; D'Errico et al., 2012). Therefore, there is an increased

need to revisit the fundamental mechanisms that drive fluid flow in contact meta-

morphic environments as well as the geochemical proxies used to interpret the fluid

flow history during skarn formation.

The oxygen isotope compositions of both fluid inclusions and mineral phases

are commonly used to identify fluid sources and the thermodynamic conditions in

which they formed. During the formation of skarns, the oxygen isotope transport

history of the system is chiefly dictated by the stable isotope composition of the fluid

and how it exchanges with the solids through which it flows. Although measure-

ments of stable isotope composition of fluid inclusions directly yields information

regarding fluid chemistry at one point during a skarn-forming event (Roedder, 1984),

many studies have focused on using mineral stable isotope compositions as tracers

of fluids and fluid-rock interaction throughout the entire process. Of the many skarn

minerals that form, garnet is typically the first to crystallize (Bowman, 1998b) and

thus captures the oxygen isotope composition of fluids involved during the onset

of skarn formation. As garnet grows spherically outward, it records and preserves

the progressive changes in fluid source under elevated metamorphic conditions (e.g.

Clechenko and Valley, 2003). Spatially correlated in-situ δ18O values of individual

garnet crystals have demonstrated how the fluid source changes from the onset of

skarn formation until cessation (Jamtveit et al., 1993, 1994; Crowe et al., 2001; Page

et al., 2010; D'Errico et al., 2012).
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The Empire Mountain skarn system of the central Sierra Nevada batholith

is a well-studied low-δ18O skarn whose thermodynamic and geochemical history are

well-constrained (e.g. Busby-Spera and Saleeby, 1987; D'Errico, 2011; D'Errico

et al., 2012), making it an excellent candidate for investigating changes in fluid

sources during skarn formation. Notably, its oxygen isotope record suggests dra-

matic changes in fluid sources during garnet growth and challenges our present

understanding of fluid flow in magmatic hydrothermal systems (D'Errico et al.,

2012; Crowe et al., 2001). Traditionally, it is thought that skarn minerals crystallize

when magmatic fluids infiltrate carbonate rocks and dominate the fluid budget of

the system at the onset of skarn formation (Jamtveit et al., 1994; Meinert et al.,

2005). Thus, one should expect the oxygen isotope composition in the cores of the

garnet to indicate growth during interaction with a magmatic fluid. However, in

situ oxygen isotope measurements of individual garnet crystals from garnetites at

Empire Mountain reveal 18O depleted cores with late-stage isotopic enrichments of

18O towards the rims. The isotopic depletion in the cores of the garnets indicates

meteoric fluid involvement at the onset of skarn formation and 18O enrichment

indicates an abrupt change in fluid source to a magmatic fluid source. D'Errico

et al. (2012) postulate that the release of overpressured pore fluids in response to

the intrusion caused brecciation; this is petrographically observed at both outcrop

scale and in hand sample. The brecciation would form high-permeability pathways

in the shallow crust and thus allow surface fluids to reach skarn-forming depths.

However, brecciation seldom occurs in shallow contact aureoles and typically occurs

during the retrograde cooling of the magmatic body (Hanson, 1995; Yardley, 2009).

This suggests that brecciation of existing rock likely does not provide large-scale

high-permeability regions to form during prograde skarn formation. Ultimately, the

juxtaposing arguments between low-δ18O skarn formation and fluid flow mechanisms

in a hydrothermal environment leaves ample room for investigation. The primary
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and associated secondary questions that this work addresses in detail include:

1. How does fluid with a low-δ18O composition get to skarn-forming depths prior

or during skarn formation?

(a) What is the extent of isotopic equilibrium in a shallow crustal hydrologic

setting prior to skarn formation and how is that determined?

(b) Does brecciation need to be invoked for surface-derived fluids to reach

skarn-forming depths or are there other fundamental mechanisms or char-

acteristics of hydrothermal fluid flow that can allow for this to occur?

2. Can garnet be thermodynamically stable in the presence of meteoric fluid?

(a) If so, where in space and when during skarn formation does this occur?

In order to best answer these questions, both empirical observations and numeri-

cal simulations are utilized. The empirical observations come from stable isotope

measurements and petrographic observations of rocks in the greater skarn-forming

environment. Stable isotope measurements of carbonates from the Empire Mountain

skarn will allow for determination of how fluid sources involved during formation and

the nature of fluid flow in the surrounding country rock. Petrographic observations

of skarns and outcrop characterizations are used to identify processes operating as

the skarns formed, mineral growth relationships, and a qualitative understanding

of the thermodynamic history of the skarn. In addition to empirical and qualita-

tive observations, numerical simulation through a finite volume method are utilized.

The numerical modeling techniques serve to simulate the skarn-forming environment

based upon the conservation equations that dictate skarn formation. Notably, the

conservation of mass and momentum equations will be approximated numerically

and solved in tandem with the conservation of enthalpy and stable isotope transport

equations in order determine how physical fluid flow, temperature, and fluid oxygen

4



isotope values vary through time. Numerical models and empirical observations will

be compared and contrasted in order to best understand the processes that formed

the Empire Mountain skarn system.
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Chapter 2

Geologic Background

The Sierra Nevada batholith (SNB) is a Mesozoic-aged series of granitic plutons that

formed as a result of the subduction of the Farallon plate beneath North America

during the Cordilleran orogeny. The intrusions were emplaced into diverse crustal

components, demonstrated by the west-to-east variability in bulk rock chemistry

and major and trace element concentrations (Kistler, 1990; Bateman, 1992). Recent

studies suggest magmatic lulls and discontinuous emplacement histories of magmatic

bodies during the formation of the SNB at large (Klemetti et al., 2014). Further,

the western SNB, unlike the eastern SNB, experienced massive crustal contamina-

tion and experienced substantial melting and mobilization of accreted oceanic and

volcanic arc rocks, partially due to its proximity to the trench (Lackey et al., 2008).

Regardless of the geochemical and temporal complications that occur throughout the

formation of the SNB, the Empire Mountain intrusion and its associated skarn have

well-constrained pressure-temperature and geochemical histories (D'Errico, 2011;

D'Errico et al., 2012), permitting a thorough understanding of its fluid flow history.

Part of the greater western SNB and Mineral King Pendant, the Empire

Mountain pluton was emplaced around ∼109 Ma during Early Cretaceous subduc-

tion (Coney and Reynolds, 1977; D'Errico, 2011). Over the time in which it was
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emplaced and subsequently cooled, the Empire Mountain quartz diorite intruded in-

terlayered Triassic and Jurassic-aged metaigneous and metasedimentary units, pro-

ducing massive skarn deposits consisting of garnetite and minor clinopyroxenite in

distal zones (Fig. 2.1; Busby-Spera and Saleeby, 1987). The garnetites outcrop

directly adjacent and stratigraphically above the quartz diorite pluton. There are

multiple generations of garnet, both as cavity-filling euhedral crystals and as cross-

cutting vein fill (Fig. 2.2). Moving distally outward, the calc-silicate assemblages –

primarily composed of clinopyroxene – are volumetrically the largest component of

the skarn. Cross-cutting the garnetites and other calc-silicate assemblages are veins

of epidote, quartz, and occasionally calcite, typically associated with retrograde

metasomatism and cooling of the exoskarn (Meinert et al., 2005). The volume of

calc-silicate rock around the Empire Mountain intrusion suggests a substantial in-

put of magmatic fluid into the surrounding pendant rocks. Further, outcrops of

wollastonite within this calc-silicate assemblages emphasizes both the substantial

silicification of carbonate rocks by the magmatic fluids and the significant amounts

of decarbonation that occurred as a result. Marble pods outcrop amongst the calc-

silicate assemblages and are assumed to represent original, unaltered marine car-

bonates. The nearby Coyote Peak pluton was emplaced ∼10 Myr after the Empire

Mountain pluton and lacks skarn deposits although it intrudes the same pendant

(Sisson and Moore, 2013), suggesting that all of the calc-silicates formed in response

to the Empire Mountain intrusion. Thus, all geochemical and petrographic obser-

vations made of the skarn deposits are solely associated with the emplacement of

the Empire Mountain pluton.

In modeling crustal fluid flow, there are certain variables of the Empire Moun-

tain skarn system that are important: (1) the depth at which the intrusion was

emplaced; (2) the longevity of the magmatic body that produced the skarn; and (3)

the paleo-stratigraphy prior to skarn formation. Skarns typically form 2-5 km be-
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Figure 2.1: Geologic map of the Empire Mountain skarn and the greater Mineral
King Pendant after Sisson and Moore (2013). Note the vertically-dipping units on
the A to A′ transect. The gray region superimposed on the California (CA) map
is the Sierra Nevada batholith, labeled “SNB”. Red colors are skarn deposits and
light blue are unaltered marbles. The legend at the bottom indicates the color of
the corresponding stratigraphic unit. Dark purple and navy blue units are a late
granitic intrusive and a hornblende gabbro, respectively.
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Figure 2.2: Garnetite from the summit of Empire Mountain. Each photograph
emphasizes the different modes of garnet growth with dashed lines accentuating
boundaries between features. a) Late, dark-colored garnetite breccia with euhedral,
sharp-edged beige garnet crystals. b) Late, beige-colored garnetite growing in veins
exhibiting brecciated textures. c) Sample 16ER8A: early, euhedral green garnet
with cross-cutting veins of late, beige-colored garnet
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neath the surface and formation depth depends on the temperature of the magmatic

body as it ascends to cooler, shallower crust (Meinert et al., 2005). Temperature-

corrected Al-in-hornblende barometry following (Anderson, 1996) yields a ∼3.3 km

paleo-depth of the Empire Mountain intrusion (D'Errico et al., 2012). Alongside the

constrained shallow depth, Ti-in-zircon thermometry of magmatic zircons records

high crystallization temperatures of 850 - 930 ◦C, evidence which supports the abil-

ity of the quartz diorite to adiabatically ascend to shallow crustal depths (D'Errico,

2011). As for the longevity of the magmatic body, existing studies report concordant

U-Pb crystallization ages of magmatic zircons spanning 109 Ma to 105 Ma (Busby-

Spera, 1983; Sisson and Moore, 2013). This suggests a maximum timespan of 4 Myr

over which the Empire Mountain quartz diorite cooled, but at present, its cooling

rate is unknown. Geochronology of exoskarn grossulars and andradites could bring

insight to the dynamics of the magmatic cooling but current geochronological meth-

ods have not yet been able to resolve Mesozoic-aged garnets at resolutions associated

with assumed garnet crystallization rates during skarn formation (Gevedon et al.,

2016). Nevertheless, studies have purported that igneous plutons typically cool to

ambient temperatures after tens of thousands of years, but upwards of 800 kyr in

low-permeability crust (e.g. Cathles, 1977; Norton and Taylor, 1979; Ghiorso and

Perchuk, 1991; Cathles et al., 1997). Of the listed conditions, the paleo-stratigraphy

will control the flow paths of subsurface fluids in accordance with Darcy’s law (see

Section 3.2 for further discussion). The permeability, orientation, and mineral com-

position of each stratigraphic unit will influence the rate of fluid flow and the degree

of oxygen isotope exchange between fluid and solid. Permeability, especially among

the rock types found in the Mineral King pendant, varies over several orders of

magnitude and depends on their depositional histories (Smyth and Sharp, 2006; see

Section 3 for further discussion). Marine carbonates and other sedimentary units

found at Empire Mountain may even undergo ductile deformation or hydrofracturing
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in response to the dramatic increases in temperature from the magmatic intrusion

(e.g. Yardley and Balashov, 1998; Holness and Graham, 1995; Yardley, 2009; see

Section 5 for further discussion). Nonetheless, assuming Darcian flow, the units

with the highest permeability will likely entrain the most fluid and the resulting

flow field will be largely controlled by the permeability contrast among the different

stratigraphic units.

The structural orientation of stratigraphic units also controls the distribution

of crustal fluids and the ability of surface fluid to get to depth. The metaigneous

and metasedimentary pendant rocks at Empire Mountain are notable in that their

dip is near-vertical (Sisson and Moore, 2013). The presence of vertically-dipping

permeable rock provides surface fluids the shortest path to get to depth, regardless

of the topography that induces the flow prior to skarn formation. However, overlying

stratigraphy has been entirely eroded away and thus little is known regarding the

vertical extent of the structures prior to the formation of the skarn. The existing

structures and stratigraphic sections of the locality are ultimately used to infer the

paleo-stratigraphy and topography.

Lastly, the compositional variation among the pendant rocks will affect the

fluid oxygen isotope signature. In areas most adjacent to the magmatic body, the

metasedimentary units are low-grade phyllites whereas the metaigneous units con-

tain both Triassic and Jurassic-aged rhyolites and dacites. Marine carbonates com-

prise a significant portion of the pendant. All of these units are thought to have

lithified in a shallow marine environment (Busby-Spera and Saleeby, 1987). Marine

carbonates and extrusive igneous rocks have distinct oxygen isotope compositions;

δ18O values for marine carbonates range from 15-25 h whereas values for extrusive

igneous rocks range from 5 - 10 h (Sharp, 2007). The distinct difference in oxygen

isotope signatures between carbonates and igneous rocks allows us to fingerprint

sources of fluid or flow directions (Valley, 1986). The fluids will experience different
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degrees of isotopic exchange simply based on the type of rock in which they flow and

constraining a paleo-stratigraphy permits a robust understanding of flow patterns

prior to and during skarn formation.

In total, fluid flow rates, temperature, and oxygen isotope compositions of

minerals determine how fluid oxygen isotope signatures change in space and time

(e.g. Baumgartner and Ferry, 1991; Bowman et al., 1994; Baumgartner and Valley,

2001). The three components of the skarn-forming environment at Empire Mountain

are emphasized because these characteristics most significantly influence the rate

of fluid flow, the transfer of energy, and the transfer of oxygen isotopes between

fluid and surrounding solid. Given its well-constrained physical environment and

geochemical history, Empire Mountain provides an ideal environment to investigate

fundamental fluid flow processes during skarn formation.
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A

B

Empire Mt. summit

Empire Mt. summit

Figure 2.3: Oblique views of sample locations at Empire Mountain. Note: some
samples are co-located and thus sample names are not included (see Tables 4.1.1 and
4.1.1 for all sample names and locations for carbonates and garnets, respectively). a)
Sample locations and names for all carbonates analytzed in this study. b) Samples
locations and names for all garnets analyzed in this study.
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Chapter 3

Methods

3.1 Stable isotope geochemistry

Geochemical analyses of garnets and carbonates that remain after skarn formation

yield us insight to the nature of fluid flow during the skarn-forming processes. Specif-

ically, garnets were analyzed for their oxygen isotope composition and carbonates

were analyzed for both their stable carbon and oxygen isotope compositions. These

isotope ratios are used to determine the fluid flow mechanisms and sources of fluid

involved during skarn formation.

This study contains a compilation of recently gathered data and data from

D'Errico (2011) and D'Errico et al. (2012) in order to have a more thorough un-

derstanding of the formation of the Empire Mountain skarn. The new carbonate

samples are largely comprised of altered marbles distributed throughout the Mineral

King pendant, some more pure than others (Table 4.1.2). Site 1 follows a transect

of impure marbles perpendicular to a contact from the quartz diorite intrusion (Fig.

2.3, samples A-H). All other samples in the Mineral King pendant show varying

degrees of impurity. Samples at the Empire Mountain summit (sites 9 and 10) are

retrograde occurrences of calcite, typically in association with quartz. Most of the
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previously documented samples show minimal alteration (D'Errico, 2011; D'Errico

et al., 2012). The new garnet samples come from the Empire Mountain summit.

These samples are very similar to those of D'Errico (2011) and D'Errico et al. (2012)

petrographically (Table 4.1.2). Altogether, these samples record different stages of

the skarn-forming process of which are represented in their carbon and oxygen iso-

tope compositions.

3.1.1 Carbonate preparation and measurement

Portions of sampled carbonates were removed depending on their size and optical

homogeneity. Parts of large, visually homogeneous samples were cut with a water

saw. Contrarily, pieces of small samples that were either softer or visually more

heterogeneous were selectively removed with tweezers. Once removed, all aliquots

were powdered in a diamonite mortar and pestle to grain sizes <63 µm in diameter

(No. 230 mesh). Of the powdered sample, ∼1 mg of powder is separated from the

bulk powder and then handpicked using a binocular microscope to remove unwanted

material, such as mineral grains or weathered portions.

Carbonate isotope data that are reported includes previously gathered data

in D'Errico (2011) and D'Errico et al. (2012) and data from samples collected in July

of 2016. The stable carbon and oxygen isotope ratios of newly collected carbonates

were measured at the University of Texas at Austin using a Thermo Scientific Gas-

Bench II connected to a ThermoElectron MAT 253 isotope ratio mass spectrometer.

All samples were placed in capped exetainer glass vials and flushed with helium. Af-

terwards, 103% anhydrous phosphoric acid was injected into each septum-capped

container and allowed to react with samples for 2 hours at 60 ◦C. The liberated

CO2 gas is then measured in continuous flow mode (Spötl and Vennemann, 2003).

Samples were measured alongside calcite standards NBS-18 and NBS-19 and cal-

ibrated to their values (NBS-18: δ18O = -23.0h VPDB, δ13C = -5.0h VPDB;
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NBS-19: δ18O = -2.3h VPDB, δ13C = 1.95h VPDB). In-house Iceland spar and

UTM calcite standards were also measured. The precision of calcite standards dur-

ing the time in which measurements were taken is ±0.07h for carbon and ±0.23h

for oxygen, comparable to the long-term precision of standards for both carbon and

oxygen of ±0.1h. Oxygen and stable carbon isotope ratios are reported relative to

VSMOW and VPDB, respectively.

3.1.2 Garnet preparation and measurement

All garnet samples were prepared for bulk oxygen isotope analysis via laser fluori-

nation following Sharp (1990). Roughly 2 mg of sample was removed from cores

and rims of individual garnets. Portions of large samples were cut with a water saw

or simply nicked off with the pestle. Portions of smaller samples were cut with a

rotary Dremel tool for a more localized cut. All aliquots were lightly crushed in a

diamonite mortar and pestle to grain sizes >297 µm in diameter (No. 50 mesh) and

handpicked to remove optically different garnet grains and unwanted mineral grains.

Once to a uniform grain size, the samples are treated in 4 molar hydrochloric acid

in glass beakers at room temperature for 60 minutes to remove residual carbonate.

Garnet isotope data in this study includes previously measured data from

(D'Errico, 2011) and samples collected during July of 2016. The oxygen isotope

composition of the garnets were measured at the University of Texas at Austin with

a ThermoElectron MAT 253 isotope ratio mass spectrometer. Garnet samples are

loaded into a chamber and individually fluorinated with a CO2 laser in BrF5 fol-

lowing (Sharp, 1990). Oxygen gas is liberated following laser fluorination and then

cleansed through cryogenic U-tubes before being measured on the mass spectrome-

ter. Both the UWG garnet standard (Valley et al., 1995) and in-house Lausanne-1

quartz standard were measured before and after the measurement of unknowns. The

precision and accuracy during the time of the run is ±0.05h, smaller than the long-
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term precision for oxygen isotope of ±0.1h. Oxygen isotope ratios are reported

relative to VSMOW and calibrated to NBS-28 standard (δ18O = 9.65h VSMOW).

3.2 Numerical modeling

Skarn formation involves the transfer of mass – in the form of fluid and oxygen

isotopes – and heat between the crystallizing magmatic body, surrounding country

rock, and the fluid in which it flows. In simulating the formation of skarns, there are

three fundamental conservation equations that must be considered: the conservation

of mass, the conservation of momentum, and the conservation of enthalpy. Finite

volume approximations of each conservation equation are solved in tandem to ensure

self-consistency. The ultimate goal of the numerical model is to determine how

temperatures and fluid oxygen isotope compositions change in areas nearest to a

magmatic intrusion through time.

3.2.1 Conservation of mass and momentum: fluid flow

The continuity equation for mass conservation is described as

∂ (φρf )

∂t
+∇ · (ρfq) = Γf , (3.1)

where φ is the volume fraction of fluid (porosity), ρf is fluid density [kg · m−3], q

is the volumetric flow density, hereon termed the Darcy flux [m3 · m−2 · s−1], and

Γf is a volumetric source/sink of fluid mass [kg · m−3 · s−1]. The solid medium is

assumed to be static and thus φ is constant. The fluid is assumed to be pure water

and thus ρf is solely a function of pressure and temperature. In our simulations,

Γf accounts for the magmatic fluid produced by the cooling pluton. Mafic magmas,

much like the Empire Mountain quartz diorite, produce around 0.3 weight percent

water following complete crystallization (Walther and Orville, 1982; Candela, 1991).
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Following Bear (2013), the Darcy flux q is related to pressure p and gravity forces

by

q = −κ(φ)

µ
(∇pf + ρfgẑ) (3.2)

where κ is the permeability [m2], µ is the fluid kinematic viscosity [Pa · s], g is

the acceleration due to gravity [m · s−2], and ẑ = ∇z represents the normal unit

vector pointing in the upward vertical direction. Permeability is related to porosity

following Walder and Nur (1984) such that

κ = κ0

(
φn − φnmin
φn0 − φnmin

)
. (3.3)

The permeability-porosity scaling relationship is similar to a Kozeny-Carmen rela-

tionship in that the medium is approximated as packed spheres. Integer n is usually

equal to 3 for porous media flow but equals 2 during channel flow, particularly in

faults (Walder and Nur, 1984). All relevant values of associated variables can be

found in Table (3.2.4).

Substituting Equation (3.2) into Equation (3.1), we get the full conservation

of mass/momentum equation shown as

∂ (φρf )

∂t
+∇ ·

(
−ρf

κ

µ
(∇pf + ρfgẑ)

)
= Γf . (3.4)

This is ultimately simplified as pertains to the numerical simulation of Empire Moun-

tain. Our simulations account for magmatic fluid production but the amount is neg-

ligible with respect to the fluid budget of the greater skarn-forming environment.

The volume of the Empire Mountain intrusion takes up ∼ 9.2% of the entire modeled

domain (see Section 4 for further discussion). Further, by assuming interconnected

pore spaces and neglecting metamorphic reactions, we treat Equation (3.4) as a
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Boussinesq approximation where

∇ ·
(
−κ
µ

(∇pf + ρfgẑ)

)
= 0. (3.5)

The conservation of mass and momentum thus yields fluid pressures and Darcy

fluxes. Fluid pressures are used to update pressure-dependent variables whereas

Darcy fluxes are incorporated into the conservation of enthalpy equation and the

conservation of mass equation for oxygen isotope exchange.

3.2.2 Conservation of enthalpy

The conservation of enthalpy equation allows us to understand how heat is trans-

ferred in the skarn-forming environment. Enthalpy is the conserved quantity but

in the case of single-phase fluid flow, almost all enthalpy-related terms are canceled

from the conservation equation, resulting in an advection-diffusion equation of this

form:

¯ρcp
∂T

∂t
+∇ ·

[
ρfcp,fqT − k̄∇T

]
= ΓH − ρfhf,0 (∇ · q) . (3.6)

See Table (3.2.4) for descriptions of all variables introduced in Equation (3.6). The

·̄ notation indicates mixed fluid-rock properties which can be approximated as a

weighted average of fluid and rock properties in the limit of small porosity (Carslaw

and Jaeger, 1959). The divergence term on the left-hand side (LHS) of Equation

(3.6) describes the two modes of heat flux in the skarn-forming environment: advec-

tion and diffusion. The advective term [W ·m−2], the left term associated with q, de-

scribes the heat transfer the occurs as a result of the fluid flowing through the porous

medium and largely depends on the magnitude and direction of the Darcy fluxes.

This term tends to dominate in high-permeability environments where Darcy fluxes

tend to be larger (e.g. Hanson, 1995; Hayba and Ingebritsen, 1997). The relatively
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high specific heat of fluid, cp,f [J · kg−1· K−1], tends to enhance the temperature

perturbation during advection. In contrast, the diffusive term [W · m−2] describes

how heat is conducted through a mixed fluid-rock medium and chiefly depends on

gradients in temperature. This term tends to dominate at early times during skarn

formation as there exists the largest temperature gradients immediately after the

pluton is emplaced.

Variables on the right-hand side (RHS) account for sources of heat that ex-

ist within the skarn-forming environment. Volumetric sources/sinks of heat in the

simulations, ΓH [W · m−3], accounts for the latent heat of crystallization associated

with the phase transition of the pluton from melt to solid. Typical ∆H values asso-

ciated with the latent heat of crystallization of a felsic melt is ∼190 kJ · kg−1, which

is released incrementally from its emplacement temperature to an experimentally-

derived solidus temperature of 750 ◦C (Hanson, 1995). ∆H also contains sources

that represent crustal radiogenic heat input but the overall contribution of heat is

relatively negligible (e.g. 2 µW·m−3; Rudnick and Gao, 2003). The last term on the

RHS contains the divergence of the Darcy flux. This term means that if there is a

fluid source in the conservation of mass equation, then the input of that fluid within

the domain will contribute to the change in enthalpy of the system. The subtraction

of this term mitigates overcompensation of the enthalpy change brought forth by

the fluid source because that information is already contained within the advection

term. This is neglected under the assumption of a divergence-free fluid under the

Boussinesq approximation (Eq. 3.5).

Heat transfer varies system-wide and the modes of heat transfer can be com-

partmentalized into two end-member regimes: (1) heat flow associated with regional

fluid flow; (2) heat transfer from a cooling pluton. Domenico and Palciauskas (1973)

explored regional heat transfer during fluid flow by introducing a modified thermal
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Péclet number described as

Petopo =
ρ2fcp,fκgB∆h

2µk̄L
(3.7)

where the numerator represents advective heat transfer brought forth by topogra-

phy driven flow and the denominator represents conductive (diffusive) heat transfer

throughout the region (see Table 3.2.4 for variable descriptions). When Petopo � 1,

advection dominates conduction whereas when Petopo � 1, conduction dominates

advection. For realistic permeability values of limestone country rock (κ = 8×10−17

m2, computed using Eq. 3.3 and values listed in Table 3.2.4 ) and regional topo-

graphic relief (∆h = 0.1H = 500m), Petopo ≈ 0.06, showing that conductive heat

flow dominates advective heat flow. This is largely in agreement with Cathles (1977)

and Hanson (1995) where it is shown that advective cooling of plutons occurs in re-

gions of very high permeability.

In contrast, heat transfer in areas immediately adjacent to the magmatic

intrusion will experience varying degrees of advective and conductive heat transfer

and its thermal Péclet number is shown as

Pepluton =
¯ρcpκ∆ρfgBpluton

φµk̄
(3.8)

where

∆ρf = ρf (1− αT∆T ). (3.9)

Equation (3.8) assumes that no other fluid properties change in response to maxi-

mum temperature disparity, ∆T , except fluid density. Equation (3.9) reflects that

assumption in that the fluid density changes as a function of thermal expansion

wherein αT [K−1] represents the thermal coefficient of expansion for pure water.

For a maximum temperature range (∆T ) of 880 K and fluid coefficient of thermal
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expansion (αT ) of 10−3 K−1, Pepluton ≈ 26 which means that advective heat trans-

fer dominates conductive heat transfer. Although conduction is enhanced by the

large temperature gradient that exists immediately after pluton emplacement, the

enhanced fluid flow due to changes in fluid density responds more strongly than

conduction through the solid-fluid composite. The introduction of dimensionless

numbers are meant to demonstrate that dominant modes of heat transfer vary in

space. Temporally, these modes will also vary. Section (4) illustrates how the com-

petition of advection and conduction occurs through space and time.

Ultimately, the conservation of enthalpy equation yields the temperature of

the subsurface. These temperatures will be used to update fluid properties and cal-

culate isotope exchange constants that will affect the conservation of mass equation

associated to oxygen isotope transport.

3.2.3 Conservation of mass: oxygen isotope transport

The conservation of mass for oxygen isotope transport contains two major com-

ponents: (1) a partial differential equation (PDE) which describes how the oxy-

gen isotope composition of the fluid changes and isotopes are transferred in the

skarn-forming environment and (2) an ordinary differential equation (ODE) which

describes how the oxygen isotope composition of the solid composite changes kinet-

ically in response to the changes in the fluid oxygen isotope composition. The PDE

takes the form of an advection-diffusion equation (e.g. Baumgartner and Ferry,

1991; Bowman et al., 1994; Criss, 1999; Baumgartner and Valley, 2001; Cui et al.,

2002):

∂

∂t

[
φρfRf + (1− φ)

M∑
m=1

ϕmρmνm,ORm

]
+ · · ·

∇ ·
[
qρfRf −

φ

τ
ρfDO∇Rf

]
= ΓRs (3.10)
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where

Ri =

(
18O
16O

)
i

. (3.11)

and subscript f denotes a fluid phase (i.e. water), m denotes a mineral phase, and

i denotes phase i (i.e. water or mineral). Isotope ratios are presented in δ notation

where, for example, fluid δ values for oxygen isotopes are presented as

δ18Of =
Rf −Rstd
Rstd

× 1000. (3.12)

Units of δ-values are in per-mil (h).

The time derivative contains the total moles of 18O in fluid-solid domain

normalized to the total moles of 16O. The total 18O abundance of the solid composite

is the weighted average of the 18O molar concentrations of the solids that comprise

the medium. The divergence term on the LHS of Equation (3.10) describes two

ways in which oxygen isotopes are transported in the skarn-forming environment:

advection and diffusion. The advective term, once again associated with q, describes

how oxygen isotopes are transported with the physical flowing fluid. At the scale of

the regional hydrologic system (km-scale) and skarn formation (< 100 m), advective

transport of oxygen isotopes in the fluid should be the dominant mode of transport.

The diffusive term depends upon the gradient in fluid oxygen isotope composition

as well as the diffusion constant. Oxygen isotope diffusion within the pore volume of

fluid is negligible on spatial scales (> 50µm) and temperatures (< 575◦C) associated

with skarn formation (Farver, 2010). The RHS contains the source term ΓRs [mol ·

m−3·s−1] which accounts for strictly sources of oxygen isotopes brought forth by an

external fluid. This source term scales with Γf such that

ΓRs =
Rs
Rstd

Γf (3.13)
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where Rstd is the oxygen isotope ratio of a known standard. Since ΓH is negligible

for divergence-free fluid flow, ΓRs will also play an insignificant role in the exchange

of oxygen isotope during skarn formation.

The ordinary differential equation for the change in the oxygen isotope com-

position of the mineral composite is shown as

∂Rm
∂t

=
rmĀm
νm,o

[
αm−fRf −Rm

]
(3.14)

where, at isotopic equilibrium,

αm−f =
Rm
Rf

. (3.15)

The fractionation factor between mineral (m) and fluid (f), αm−f , can also be found

as a function of temperature such that

1000lnα = A
106

T 2
+B. (3.16)

The constants A and B are experimentally, empirically, or theoretically-derived and

vary depending on the phases that are undergoing isotope exchange (see Table 3.2.4

for a list of utilized constants). Nevertheless, if the fractionation factors in Equation

(3.14) and (3.16) are not equal, the time derivative of Rm is non-zero and thus the

oxygen isotope ratio of mineral m will change. The rate of the change will also

depend on the kinetic reaction term rm [mol2· m−2· s−1] which follows an Arrhenius

relationship:

rm = A0Āmexp

(
− Ea
RT

)
. (3.17)

The variable Ām [m2· mole−1] represents the effective surface area in which the

oxygen isotope exchange takes place and depends upon the region in which the
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exchange is taking place (i.e. along a fault, at the pluton-country rock contact,

within the country rock; see Table 3.2.4 for pertinent values).

Equation (3.14) can be substituted into Equation (3.10) to remove the time

derivative associated with Rm. This equation then takes on the form

φρf
∂Rf
∂t

+∇ ·
[
qρfRf −

φ

τ
ρfDO∇Rf

]
=

ΓRs − (1− φ)

M∑
m=1

rmϕmρmνm,oĀm
[
αm−fRf −Rm

]
. (3.18)

In our model, there are two central factors that control how oxygen iso-

topes are transported throughout the system: (1) temperature and (2) the physical

motion of fluid. Temperature controls the reaction rates and fractionation factors

associated with fluid-solid isotope exchange whereas fluid advection controls the

physical transportation of a fluid with an isotope signature. Diffusion of oxygen in

the pore space is negligible on length scales associated with regional fluid flow and

skarn formation (> 100m) since DO = 10−12 (Farver, 2010); it will not be explored

further. We investigate the roles of that temperature and the physical motion of

fluid. The relationship between reactions and advection are explored further by the

introduction of a Damköhler number, wherein

Dam =
rm,cĀmxc

qc
. (3.19)

Dam � 1 constitutes the isotope exchange reaction dominating advective isotope

transport whereas Dam � 1 constitutes advective isotope transport dominating

isotope exchange reactions. Subscript c denotes a characteristic value and acts as

a reference value. Similar to the conservation of enthalpy formulation, the two

domains that will be explored for isotope transport are (1) over the regional flow

field and (2) in areas immediately adjacent to the magmatic body. For the regional
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flow field, the characteristic scaling terms are

qc =
κρfg

µ

rm,c = A0exp

(
− Ea
RT̄

)
xc = H

(3.20)

where T̄ [K] is average crustal temperature prior to the emplacement of the pluton

(T̄ = 345K) and H [m] is the depth of the modeled domain. The characteristic

scaling terms for areas immediately adjacent to the magmatic body are

qc =
κ∆ρfg

µ

rm,c = A0exp

(
− Ea
RTmax

)
xc = Hpluton

(3.21)

where Tmax [K] represents the maximum temperature that typical skarn rocks ex-

perience (Tmax = 773K) and Hpluton [m] is the vertical height of the pluton. ∆ρf

[kg · m−3] follows the same form as Equation (3.9) except ∆T = Tmax − T̄ . As

a result, Dam for regional fluid flow is ∼ 0.05 whereas Dam for areas in contact

with the pluton is ∼ 38. This shows that in the region flow field, physical fluid flow

will be the dominant mode of oxygen isotope transport whereas in areas near the

pluton immediately after emplacement, isotope exchange reactions between phases

will be the dominant mode of isotope transport. The competition between advective

and reactive transport of oxygen isotopes varies spatially and temporally. The time

variations will largely be understood in our numerical simulations.

Solving for fluid pressures, Darcy fluxes, and temperatures, allows us to

understand how the oxygen isotope composition of fluid changes through space and

time. Of particular interest, we will explore the oxygen isotope composition of
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fluids in areas near (< 100 m) the magmatic body. Assuming equilibrium exchange

between fluid (water) and garnet, we can relate the changes in δ18O values of fluid

with δ18O values of garnet. Based off the temperatures in this region, we can infer

time frames of garnet stability and thus explore the oxygen isotope composition of

the fluid and garnet during this time frame.

3.2.4 Numerical modeling techniques

In order to approximate the above conservation equations, a finite volume method

is employed which couples physical fluid flow with heat transport and oxygen iso-

tope transport. The models simulate the conservation equations for 100 kyr after

emplacement. We define a two dimensional (2D) cross-section of the skarn-forming

environment in a uniform Cartesian grid (50 × 200 grid cells). Intensive properties,

such as temperature, pressure, and fluid oxygen isotope ratios, are approximated

at cell centers whereas extensive properties, such as Darcy fluxes, harmonically-

averaged inter-cell permeability and porosity are approximated at cell faces. The

iterative solver uses constant time steps throughout the simulations. All presented

models utilize characteristic assumptions, those of which are listed and justified

below:

1. Fluid density is assumed constant except in the conservation of mass/momentum

equations for physical fluid flow

• Fluid density is held constant in all other portions of the numerical model

except the conservation of mass/momentum equations for fluid flow to

demonstrate the maximum potential buoyancy-driven flow. Our end-

member simulations have many high-permeability lithologic and strati-

graphic units and thus buoyancy-driven flow should be a dominant driver

in the flow field (Hanson, 1995). Fluid density is updated following the

steam tables of Burnham et al. (1969) (Fig. 3.1).
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2. A fully-saturated porous medium without metamorphic fluid input

• Although Spear (1995) illustrates the prevalence of metamorphic fluids

in the geologic record and Hanson (1995) indicates the need for more

research on metamorphic fluids and their roles in metamorphic environ-

ments, our reasons for ignoring their occurrence are from in situ oxygen

isotope measurements of garnets from Empire Mountain do not indicate

the prevalence of metamorphic fluids (D'Errico et al., 2012).

3. Constant porosity and permeability values throughout the simulation

• We impose a static medium with fully interconnected pore spaces and

thus permeability and porosity remain constant.

4. A 10,000-year time frame [tinj ] of magmatic fluid injection and latent heat of

crystallization input

• For a magmatic body of the size of the Empire Mountain quartz diorite,

the average length of time for the grid cells to reach subsolidus temper-

atures (< 750◦C) after emplacement is around 10,000 years (Cui et al.,

2002). It is assumed that all latent heat of crystallization and magmatic

fluid injection occurs while undergoing its phase transition from melt to

solid (Candela, 1991; Podladchikov and Wickham, 1994; Hanson, 1995).

5. Constant material properties and mineral compositions for lithologic units

(i.e., no mineral dissolution or precipiation reactions)

• Mineral reactions both a dramatic effect on the volume change (e.g. Yard-

ley and Balashov, 1998) and thus flow of fluids during skarn formation

(e.g. Nabelek et al., 2014). Our model explores first-order isotope trans-

port mechanisms without mineral reactions to test the working hypoth-
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esis from D'Errico et al. (2012) for the mechanisms operating during the

formation of the Empire Mountain skarn.

f

100 200 300 400 500 600 700 800 900 1000
Temperature [°C]

200

400

600

800

1000

Pr
es

su
re

 [M
Pa

]

0

200

400

600

800

1000

1200
kg  m-3

100 200 300 400 500 600 700 800
Temperature [°C]

20

40

60

80

100

Pr
es

su
re

 [M
Pa

]

0
2
4
6
8
10
12
14
16

x10-4Pa  s

0

0
0

0

ρ

μ ·

·

Figure 3.1: Steam tables for pure water after Burnham et al. (1969) and Haar (1984).
In all models, both fluid density and dynamic viscosity are updated based on fluid
pressure and temperature.

In addition to the listed assumptions, boundary conditions (BC) and initial

conditions (IC) are employed to approximate the coupled conservation equations

(Fig. 3.2; Table 3.2.4). For the conservation of mass and momentum equations

for fluid flow, a constant pressure boundary condition (Dirichlet condition) is im-

posed at the uppermost boundary of the 2D domain. A gradient in the water

table on the uppermost surface induces subsurface fluid flow. Many studies (e.g.
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Figure 3.2: i) Schematic of imposed boundary conditions for all of the coupled
conservation equations. Colors of text and lines indicate the conservation equation
that boundary conditions are associated with. ii) Initial linear geothermal gradient
imposed for the crustal package.

Hayba and Ingebritsen, 1997; Roselle et al., 2003) assume the location of the ig-

neous body to be along the central axis of a vertical volcanic conduit and thus

place the magmatic body beneath the area of highest topography. However, the

paleo-topography of the region is unknown so a simple linear gradient is imposed.

This boundary condition is constant through time. Additionally, there are ”no-flow”

boundary conditions (∇ · q = 0; Neumann condition) on the left and right vertical

boundaries in the 2D domain. These boundary conditions are constrant through

time. For the conservation of enthalpy equation, there are two prescribed boundary

conditions. At the uppermost boundary, a constant temperature boundary exists in

regions where there is downward-flowing fluid. The location of the boundary con-

dition will change through time as subsurface fluid flow changes through time, but

the imposed surface temperature will remain constant (Tsurf = 25◦C). Excluding

the cells which contain the magmatic body, a constant basal heat flux qb (Neumann

condition; qb = 0.05W·m−2) is imposed at the bottommost boundary. This heat flux
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is constant through time. Lastly, for the conservation of mass equation for oxygen

isotopes, one boundary condition is implemented. In regions of downward flow on

the uppermost boundary, a constant oxygen isotope ratio is imposed. The location

of the boundary condition will also change through time as subsurface fluid flow

changes. The imposed oxygen isotope ratio is that of a meteoric fluid (δf = −10h;

D'Errico et al., 2012).

Much like the boundary conditions, the initial conditions involve further

assumptions about the skarn-forming environment at its inception. For the conser-

vation of mass and momentum, it is assumed that fluid pressure gradient caused by

topography is sole force responsible for subsurface porous media fluid flow. As for

the conservation of enthalpy, a linearly increasing geothermal gradient is imposed

in all regions excluding the magmatic intrusion. Every grid cell associated with

the pluton is given an initial temperature of 900 ◦C, based on temperatures docu-

mented for the emplacement of the Empire Mountain pluton (D'Errico, 2011). The

initial conditions for the conservation of mass for oxygen isotopes reflect the initial

conditions for the conservation of enthalpy equation. The initial oxygen isotope

composition of the fluid is that of which is in isotopic equilibrium at its given initial

temperature and mineral composition in the 2D domain following Equation (3.16).

The modal mineralogy of the surrounding rock does not change through time.
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Symbol Description Value Units

pf Fluid pressure −− Pa
φ Volume fraction of pore space −− m3· m−3

φ0 Reference volume fraction of pore space 0.005 m3· m−3

φmin Reference volume fraction of pore space 10−4 m3· m−3

n Integer 2,3 −−
τ Tortuosity of flow path

√
2 m · m−1

ρf Mass density of water 1000 kg · m−3

q Darcy flux −− m3· m−2· s−1

κ Permeability −− m2

µ Kinematic fluid viscosity 8.9 × 10−4 Pa · s
g Acceleration due to gravity 9.81 kg · m−3

ẑ Vertical Cartesian unit vector −− −−
B Depth of 2D modeled region 5 km
Bpluton Length of pluton in z-direction 2 km
L Width of 2D modeled region 10 km
∆h Topographic relief 0.5 km
Γf Volumetric source/sink of fluid −− kg · m−3· s−1

Table 3.1: Variables associated with the conservation of mass and momentum equa-
tions

Symbol Description Value Units

T Temperature −− K
cp,f Fluid constant-pressure heat capacity 1046 J · kg−1· K−1

¯ρcp Mixed fluid-solid specific heat capacity 2.53 × 106 J · m−3· K−1

k̄ Mixed fluid-solid thermal conductivity 2.06 W · m−1· K−1

αT Fluid coefficient of thermal expansion 10−3 K−1

ΓH Volumetric source/sink of heat −− W· m−3

Table 3.2: Variables associated with the conservation of enthalpy equations
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Symbol Description Value Units

ρm Oxygen mass density of mineral m −− mol · m−3

νm,o Stoichiometric coefficient of oxygen for mineral m −− mol · mol−1

Rf
18O to 16O ratio of water −− mol · m−3 / mol · m−3

Rm
18O to 16O ratio of mineral m −− mol · m−3 / mol · m−3

Rs
18O to 16O ratio of source s −− mol · m−3 / mol · m−3

Rstd
18O to 16O ratio of standard −− mol · m−3 / mol · m−3

ϕm Volume fraction of mineral m in solid composite −− m3· m−3

DO Diffusivity of oxygen 10−12 m 2· s−1

R Gas constant 8.3145 J · mol−1· K−1

αm−f Fractionation factor between water and mineral m −− −−
ΓRs

Volumetric source of Rs −− mol · m−3· s−1

Table 3.3: Variables associated with the conservation of mass equation for oxygen
isotope exchange

Symbol Description Value Units

ρfgh(x) Hydrostatic fluid pressure due to topography −− Pa
Ts Surface temperature 298 K
Tp,i Magmatic emplacement temperature 1173 K
qb Basal heat flux 0.05 W · m−2

∆Hp Latent heat of crystallization 190 kJ · K−1

δ18Osurf Oxygen isotope composition of surface fluid -10 h VSMOW

Table 3.4: Description of Dirichlet (constant value) and Neumann (constant flux)
boundary conditions for the conservation equations. Dirichlet boundary conditions
are in units of the conserved quantity whereas Neumann boundary conditions are
in units of the conserved quantity per unit area per unit time.

33



Variable Units Cal Dol Qtz An40 Source(s)

A −− 2.78 3.14 3.86 7.00 1, 2, 3, 5
B −− -2.89 0.00 -3.41 -3.25 1, 2, 3, 5
Ea J·mol−1 2.72×104 4.56×104 4.60×104 8.45×104 4
A0 mol·m−2·s−1 2.60×10−5 1.11×10−3 3.46×10−2 3.10×10−2 4
Ām m2·mol−1 1.00×10−5 1.00×10−5 1.00×10−5 1.00×10−5 6
νm,o −− 3 6 2 8 −−
Xm mol·mol−1 0.48 0.52 0.53 0.46 −−
δ18O h VSMOW 22 25 4 9 7

Table 3.5: Isotope exchange parameters for the model for mineral-fluid kinetic,
equilibrium exchange, and average oxygen isotope compositions of corresponding
mineral phases. Corresponding references: 1Northrop and Clayton (1966), 2O’Neil
and Taylor (1967), 3O’Neil et al. (1969), 4Cole and Ohmoto (1986), 5Clayton et al.
(1989), 6Person et al. (2007), 7Sharp (2007).

Unit XCal XDol XQtz XAn40 φ

Limestone 0.75 0.25 0.00 0.00 0.0100
Fault 0.30 0.00 0.70 0.00 0.0500
Metarhyolite 0.00 0.00 0.30 0.70 0.0300
Metadacite 0.00 0.00 0.35 0.65 0.0200
Phyllite 0.25 0.25 0.50 0.00 0.0010
Quartz diorite 0.00 0.00 0.35 0.65 0.0025

Table 3.6: Modal mineralogy and porosity of corresponding units in models. Note:
since metamorphic fluids are excluded during simulations, no hydrous phases are
included in any of the units.
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Chapter 4

Results

4.1 Stable isotope geochemistry

4.1.1 Carbonate δ13C and δ18O

Measurements of oxygen and stable carbon isotope ratios of carbonates reveal a

broad range of compositions, indicating varying degrees of contact metamorphism

and metasomatic alteration (Table 4.1.1; Fig. 2.3A). δ18O values range from 2.66h

(sample 16ER 1G) to 21.95h (sample 11MK-8) and δ13C values range from -7.51h

(sample 16ER 10C) to 2.81h (sample 11MK-8). It can be inferred that 11MK-8

compositionally represents the original, unaltered marine carbonates of the Mineral

King pendant. Unaltered carbonates exhibit a range in oxygen and carbon isotope

compositions (see Sharp, 2007) but typically have the highest δ18O and δ13C values

of all terrestrial materials and thus represent the upper bounds for the observed

δ18O and δ13C values in this study. Increasing degrees of contact metamorphism

and metasomatic alteration by external fluids directly correlates with increasing

depletion of 18O and 13C in carbonates (Fig. 4.2-4.4). Valley (1986) lists numerous

ways in which carbonates become more depleted in 18O and 13C, many of which

are hard to separately identify with stable isotope measurements. The lowest δ18O
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and δ13C values come from calcite associated with retrograde epidote and quartz.

Nonetheless, both contact metamorphism and metasomatic act in concert and have

the same effect on the stable isotope composition of carbonates.
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Figure 4.1: Map view of Empire Mountain with a superimposed geologic map after
Sisson and Moore (2013). Open circles denote the location of sampled carbonates.
Note: multiple samples were collected at some outcrops and thus share identical
coordinates.

Figure (4.4) shows two distinct arrays of carbonates from Empire Mountain:

(1) ones that vary minimally in δ13C with several per mil variability in δ18O and

(2) others that vary minimally in δ18O with large variability in δ13C. The pink and

blue shaded regions constrain the range of δ18O and δ13C values for each array. As

such, the data indicate that the infiltration of external fluids, whether magmatic or
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Figure 4.2: Map view of Empire Mountain with superimposed δ18O values of car-
bonates. Open circles denote the location of sampled carbonates. Heat contour map
generated via 2D inverse density weighted interpolation. Note: the oxygen isotope
composition of samples with the same coordinates are averaged prior to interpola-
tion. Boundaries defined by the minimum and maximum latitudes and longitudes
of all samples. The Empire Mountain summit is traced in a dashed line (use 4.1 for
further reference).

meteoric-derived, is the primary mechanism of fluid flow in this environment (see

Section 5 for further discussion). Importantly, there is a distinct spatial correlation

in both δ18O and δ13C values with respect to the Empire Mountain quartz diorite

(Fig. 4.2 and 4.3). Areas closest to the magmatic body experience the largest

decrease in δ18O and δ13C values from their initial compositions. However, there

is a discrepancy between the carbon and oxygen isotope records. The most altered

37



OOO

O

O

O

O

O

O

O

O

O

OO

O

O

O

118°34'0"W

118°34'0"W

118°34'30"W

118°34'30"W

118°35'0"W

118°35'0"W

118°35'30"W

118°35'30"W

118°36'0"W

118°36'0"W

36°28'30"N

36°28'0"N

36°27'30"N

36°27'0"N

0 0.5 1 1.5 20.25
Kilometers

36°28'30"N

36°28'0"N

36°27'30"N

36°27'0"N

-7.5 2.8
δ13C (VPBD)

Emp. Mt Summit

Figure 4.3: Map view of Empire Mountain with superimposed δ13C values of car-
bonates. Open circles denote the location of sampled carbonates. Heat contour map
generated via 2D inverse density weighted interpolation. Note: the carbon isotope
composition of samples with the same coordinates are averaged prior to interpola-
tion. Boundaries defined by the minimum and maximum latitudes and longitudes
of all samples. The Empire Mountain summit is traced in a dashed line (use 4.1 for
further reference).

samples with respect to δ13C outcrop in a northeast-southwest orientation, over

both the intrusion and pendant rocks. Contrarily, the oxygen isotope composition

of the more distal pendant rocks show a significant depletion whereas carbonates

immediately adjacent to the Empire Mountain pluton show values consistent with

magmatic fluid oxygen isotope compositions. The spatial decoupling of δ13C and

δ18O ultimately reveal the nature of fluid flow, isotope exchange, and decarbonation
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Figure 4.4: δ13C vs. δ18O for all carbonates from the Mineral King pendant. Both
newly gathered data and data from previous studies are included. The boxed re-
gion, after Valley (1986) and Sharp (2007), represents the average compositional
range of magmatic phases. Two regimes of carbonate are shown: minimally altered
carbonates and altered carbonates. See Table (4.1.1) for the complete data set.

during skarn formation.

4.1.2 Garnet δ18O

Garnet δ18O values show a range of values, from −2.4h to 3.0h (Table 4.1.2). The

newly acquired data from this study are largely in agreement with existing data from

D'Errico (2011) and D'Errico et al. (2012) and do not extend the range of observed

oxygen isotope values. Previous work has shown there are two distinct populations of
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Name Latitude Longitude Description δ18O [hVSMOW] δ13C [hVPDB] Source

16ER 1A 36◦27’35.0” N 11834’57.0” W marble abut to pluton 6.1 -3.0 **
16ER 1B 36◦27’35.0” N 11834’57.0” W marble abut to 1A 4.8 -1.3 **
16ER 1D 36◦27’34.7” N 11834’59.0” W marble abut to 1B 9.5 1.3 **
16ER 1E 36◦27’35.0” N 11834’59.9” W marble abut to 1D 7.3 -1.6 **
16ER 1F 36◦27’35.0” N 11834’59.9” W marble abut to 1E 6.6 -0.8 **
16ER 1G 36◦27’35.0” N 11834’59.9” W marble abut to 1F 2.7 -2.5 **
16ER 1H 36◦27’35.0” N 11834’59.9” W calcite abut to 1H 4.3 -5.6 **
16ER 2A 36◦27’29.8” N 11835’13.3” W impure limestone 5.8 -6.2 **
16ER 3A 36◦27’22.8” N 11835’14.0” W impure, medium-grained marble 14.2 0.4 **
16ER 5C 36◦27’56.0” N 11835’07.0” W carbonate in metasedimentary unit 4.2 -2.5 **
16ER 5D 36◦27’56.0” N 11835’07.0” W carbonate abut to metavolcanics 4.3 -1.6 **
16ER 6F1 36◦27’42.0” N 11835’02.2” W marble abut to exoskarn 4.3 -1.6 **
16ER 6F3 36◦27’42.0” N 11835’02.2” W marble abut to exoskarn 5.1 -2.2 **
16ER 9A 36◦28’02.0” N 11834’40.0” W retrograde calcite in vein 7.4 -6.2 **
16ER 10C 36◦28’03.0” N 11834’39.0” W retrograde calcite in quartz vein 7.9 -7.5 **
16ER 11A 36◦27’12.0” N 11834’17.0” W marble lens south Emp Mt 9.9 0.8 **
11MK-3 36◦27’0.41” N 11835’30.3” W marble 17.4 1.6 xx
11MK-5 36◦28’02.6” N 11834’55.4” W marble 17.9 1.5 xx
11MK-7 36◦27’15.5” N 11835’31.2” W marble 12.7 1.7 xx
11MK-7A 36◦27’15.5” N 11835’31.2” W marble 13.1 1.9 xx
11MK-8 36◦27’15.5” N 11835’31.2” W marble 22.0 2.8 xx
11MK-10 36◦27’14.0” N 11835’37.7” W marble 15.4 1.6 xx
10MD14.1 36◦27’47.2” N 11834’59.5” W retrograde calcite 5.4 -6.8 oo
10MD14.2 36◦27’47.2” N 11834’59.5” W retrograde calcite 5.2 -7.1 oo
10MD36.1 36◦27’56.1” N 11834’51.4” W calcite near exoskarn 5.0 -2.9 oo
10MD36.2 36◦27’57.1” N 11834’55.0” W calcite near exoskarn 5.9 -4.0 oo

Table 4.1: Carbon and oxygen isotope data for all carbonates. Sources: ∗∗This
study, ooD'Errico (2011), xxD'Errico et al. (2012).

garnet in occurrence at Empire Mountain: an early, red garnet population and a late,

beige garnet population (D'Errico, 2011). The oxygen isotope values of the early

population tend to be less than zero whereas the late population tend to be greater

than zero. In categorizing the newly acquired samples based upon color, there is less

of a correlation in occurrence with oxygen isotope composition. The green garnets

show values encompass the entire range of observed δ18O values with most > 1h.

The lowest observed δ18O value comes from sample 16ER8B. Red garnets show a

similar range of values, from −1.6h to 2.2h. These findings, although meager,

highlight the disparity between the garnetite at the summit of Empire Mountain

and those that outcrop elsewhere (see Section 5 for further discussion).

40



Name Latitude Longitude Description δ18O [hVSMOW] Source

16ER8B 36◦27’59.9” N 118◦34’41.0” W early, green garnet -2.4 **
16ER9B (rim) 36◦28’02.0” N 118◦34’40.0” W red garnetite rim -1.6 **
16ER9B (core) 36◦28’02.0” N 118◦34’40.0” W green garnetite core 2.2 **
16ER9C1 36◦28’02.0” N 118◦34’40.0” W red garnet in quartz vein -1.3 **
16ER9C2 36◦28’02.0” N 118◦34’40.0” W euhedral, green garnet 1.5 **
16ER9D1 36◦28’02.0” N 118◦34’40.0” W red, brecciated garnet 3.0 **
16ER9D2 36◦28’02.0” N 118◦34’40.0” W red, brecciated garnet 0.5 **
16ER10A1 36◦28’03.0” N 118◦34’39.0” W red, brecciated garnet -1.1 **
16ER10A2 36◦28’03.0” N 118◦34’39.0” W green, brecciated garnet 1.4 **
16EMPA −− −− red garnet porphyroblast 2.3 **
1 (beige) 36◦28’06.7” N 118◦34’46.6” W massive red garnetite 2.4 xx
1 (red) 36◦28’06.7” N 118◦34’46.6” W massive red garnetite -0.2 xx
2 (beige) 36◦28’06.7” N 118◦34’45.7” W massive red garnetite 2.5 xx
2 (red) 36◦28’06.7” N 118◦34’45.7” W massive red garnetite -1.3 xx
27 (beige) 36◦28’06.7” N 118◦34’46.8” W vein garnet from xenolith 2.9 xx
27 (red) 36◦28’06.7” N 118◦34’46.8” W vein garnet from xenolith 1.0 xx
31 (rim) 36◦28’05.3” N 118◦34’47.0” W large garnet in quartz vein 2.3 xx
31 (core) 36◦28’05.3” N 118◦34’47.0” W large garnet in quartz vein -0.3 xx
32 (rim) 36◦28’05.3” N 118◦34’47.0” W large garnet in quartz vein 2.5 xx
32 (core) 36◦28’05.3” N 118◦34’47.0” W large garnet in quartz vein -0.5 xx
35 (red) 36◦27’59.9” N 118◦34’46.0” W garnet from lower pendant -1.8 xx
36A (beige) 36◦28’01.5” N 118◦34’51.4” W garnet from lower pendant 1.9 xx
36B (beige) 36◦28’03.7” N 118◦34’55.0” W garnet from lower pendant 2.6 xx
12 (beige) 36◦28’02.6” N 118◦34’55.4” W garnet vug fill 0.5 xx
12 (red) 36◦28’02.6” N 118◦34’55.4” W garnet vug fill -0.2 xx
11MK9B (red) 36◦27’36.5” N 118◦34’57.0” W garnetite 0.8 xx
11MK13A (red) 36◦27’34.2” N 118◦34’57.1” W garnetite -1.3 xx
11MK13C (beige) 36◦27’34.2” N 118◦34’57.1” W garnet-pyroxene skarn 1.3 xx
10MD31 (grs/beige) 36◦28’12.0” N 118◦34’48.0” W large garnet in quartz vein 2.3 oo
10MD31 (andr/red) 36◦28’12.0” N 118◦34’48.0” W large garnet in quartz vein -0.3 oo
10MD32 (andr/red) 36◦28’12.0” N 118◦34’48.0” W large garnet in quartz vein -0.5 oo
Emp-1 (grs/beige) 36◦28’12.0” N 118◦34’48.0” W garnetite 2.4 oo
Emp-1 (andr/red) 36◦28’12.0” N 118◦34’48.0” W garnetite -0.2 oo
10MD12 (andr/red) 36◦28’12.0” N 118◦34’48.0” W clinopyroxenite garnet 0.1 oo
10MD27 (grs/beige) 36◦28’12.0” N 118◦34’48.0” W late vein garnet 2.9 oo
10MD27 (andr/red) 36◦28’12.0” N 118◦34’48.0” W early vein garnet 1.0 oo
10MD35 (andr/red) 36◦28’12.0” N 118◦34’48.0” W garnetite -1.8 oo
10MD36A (grs/beige) 36◦28’12.0” N 118◦34’48.0” W garnetite 1.9 oo
10MD36B (grs/beige) 36◦28’12.0” N 118◦34’48.0” W garnetite 2.6 oo

Table 4.2: Oxygen isotope data for all garnets. Sources: ∗∗This study, ooD'Errico
(2011) ,xxD'Errico et al. (2012).
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Figure 4.5: δ18O values for all garnets from the Mineral King pendant. Both newly
gathered data and data from previous studies are included. Diamonds represent
individual measurements for each sample. See Table (4.1.2) for the complete data
set.

4.1.3 Numerical models

Three different skarn-forming environments were explored in detail: (1) magmatic

emplacement into a uniform limestone medium; (2) magmatic emplacement into a

uniform limestone medium with a high angle normal fault running through the cen-

tral portion of the cross-section; (3) magmatic emplacement of the Empire Mountain

quartz diorite into a realistic cross section of the Mineral King pendant.

Uniform medium

Figures (4.6 - 4.9) illustrate the model outputs for the scenario involving emplace-

ment into a uniform limestone medium. Two dimensional analyses of δ18Om and

δ18Of alongside one dimensional analyses of δ18Of for six particular locations in

space are investigated. At t = 0 (Fig 4.6), we see δ18Of increase with depth as
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crustal temperatures increase with depth. The increase in δ18Of is concomitant

with decreases in δ18Om near the contact with the intrusion and the country rock.

Increases in temperature enhances isotope exchange between the 18O-enriched lime-

stone and 18O-depleted fluid, reduces isotopic fractionation between fluid and solid,

and results in more positive δ18Of values. The decreases in δ18Om are more muted

than δ18Of because it is a rock-buffered system (i.e. small porosity; see Table 3.2.4).

The stream function shows preferential fluid flow around the low-permeability intru-

sion, but a roughly uniform distribution of crustal fluids in the surrounding country

rock prior to skarn formation. Fluid in the igneous body shows a uniform δ18O value

for the entire region is initially at the same temperature of emplacement. As op-

posed to isotopic exchange with calcite and dolomite, magmatic fluid is undergoing

isotopic exchange with a solid composed of quartz and feldspar and its δ18O values

will reflect that. Nonetheless, fluid exchange with carbonates will be the dominant

exchange in the system simply in terms of fluid budget.

As time elapses, heat from the igneous intrusion is conducted into the sur-

rounding country rock and the fluid that flows through it (Figs. 4.7 and 4.8). These

dramatic increases in temperature result in more positive δ18Of values. The fluid

itself becomes much more buoyant due to increased crustal temperatures and within

1000 years after emplacement, convection cells form upstream and downstream of

the topography-driven flow field. Buoyant fluids rise dominantly along the central

axis of the magmatic body and denser surface fluids replace those that are expelled

upward. The convective, downward flow occurs faster than isotope exchange with

the country rock (i.e. Dam � 1) which permits 18O-depleted surface fluids, out

of equilibrium with the surrounding solid, to reach skarn-forming depth. The con-

vection cell further downstream relative to the topography-driven flow field persists

longer than its upstream counterpart because downward-flowing fluids on the right

portion of the domain weaken the vigor of the convection. As a result, the δ18Of
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values upstream reflect meteoric signatures whereas the δ18Of values within the

persistent convection cell are retain a magmatic fluid isotope signature. The δ18Om

remain unchanged away from the pluton while areas near the pluton progressively

decrease as more heat is transferred from the magmatic body to its surroundings.

The most negative occurrences occur at the base of the magmatic body and tend

towards the areas upstream relative to the topography-driven flow field, as enhanced

fluid flow will accentuate the decrease in δ18Om values. As the pluton cools, the

rate of conductive heat transfer from the pluton to its surroundings decreases and

crustal fluids become more dense. This ultimately weakens convection and the flow

field restores to its original topography-driven flow field. Interestingly so, even as

crustal temperatures return back to the original geotherm gradient, δ18Of values

>10 h remain in the downstream convection cell. The evolution of this scenario

through time shows the dramatic spatial disparity in fluid oxygen isotope composite

controlled largely by the external flow field.

Points A-F around the pluton further illustrate the spatial dependence (Fig.

4.9). At all locations, they reach their maximum temperature within 2-3 kyr after

emplacement, likely due to the dramatic thermal gradients imposed at the start

of the simulation. Immediately upon reaching maximum temperatures, all points

undergo decreases in temperature at similar rates. If fluid flow was not permitted

in this simulation, one would expect the changes in δ18Of to reflect solely the con-

ductive cooling of the pluton. Points A, E, and F most closely show this process

where increases in temperature correlate with increases in δ18Of values. Notably,

these areas are downstream relative to the topography-driven flow field and are less

perturbed by the flow of surface fluids. Points B, C, and D, however, have much

different δ18Of -time relationships than points A, E, and F. Their difference can

again be attributed to their spatial relationship to the flow of surface fluids into

the skarn-forming environment. Points B, C, and D show significant fluctuations in
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δ18Of , most as large as 10 h and within the first 40 kyr of skarn formation. The

observed negative excursions can be attributed to the enhanced drawdown of fluids

with meteoric signatures to skarn-forming depths. Importantly, all upstream points

show garnet stability contemporaneous with negative δ18Of values, supporting the

possibility of garnets growing in the presence of fluids with a meteoric oxygen isotope

signature. Point C meets the criteria for garnet stability in the presence of fluids

with a meteoric signature for the longest period of time, with points D and B show-

ing progressive decreases in this time. This progressive decrease effectively traces

the upward-flowing meteoric fluid on the rightmost portion of the magmatic body.

These findings underscore the importance of spatially correlating oxygen isotope

compositions even in environments where heat transfer occurs relatively uniformly.

Uniform medium with high-angle normal fault

The second scenario, wherein a high-angle normal fault extends through the central

portion of the domain (45◦ angle, 7 km long) has very similar attributes to the first

scenario. At t = 0 (Fig. 4.10), the δ18Of values in the country rock show the same

increase with depth, corresponding to the geothermal gradient. It differs with the

first scenario in that the fault has a different permeability and mineral composition

than the surrounding country rock. The permeability of the fault is two orders of

magnitude higher than the surrounding rock and is composed of minerals that are

typically have lower δ18O values than marine carbonates, such as quartz. The higher

permeability results in the entrainment of crustal fluids within the fault and higher

Darcy fluxes than in the surrounding medium. The mineral composition of the

faults results in fluids having more negative δ18O values than fluids in the country

rock and remains nearly unchanged throughout the simulation. Surprisingly, as

time elapses and skarn formation begins, the system evolves very similarly to the
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Figure 4.6: Initial δ18Of and δ18Om values for an intrusion in a uniform medium.
The computed stream function prior to skarn formation is included in the δ18Of plot.
The rectangle at the bottom-center is the modeled magmatic body with points A-F
as discrete locations near the magmatic body.
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Figure 4.7: δ18Of values and δ18Om at 30 kyr for an intrusion in a uniform medium.
δ18Of plot includes a superimposed vector field showing flow vectors for subsurface
fluids. The rectangle at the bottom-center is the modeled magmatic body with
points A-F as discrete locations near the magmatic body.
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Figure 4.8: δ18Of values and δ18Om at late time for an intrusion in a uniform
medium. δ18Of plot includes a superimposed vector field showing flow vectors for
subsurface fluids. The rectangle at the bottom-center is the modeled magmatic
body with points A-F as discrete locations near the magmatic body.
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for points A - F, 50 m from the magmatic body in a uniform medium. Gray boxes
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setting without the fault (Figs. 4.11 and 4.12). At very early time, the fault focuses

surface fluids towards the magmatic body. However, as fluids buoyantly respond

to the steep thermal gradients brought forth by the intrusion, convection begins

to develop which counteracts the fault-enhanced downward flow. In fact, the fault

begins to entrain fluids with magmatic oxygen isotope signatures upward away from

the magmatic body. Only at later times, when the pluton has significantly cooled,

does the fault act to draw down surface fluids. Convection cells form similarly to the

former scenario but vary slightly due to the region of high permeability represented

by the fault. This causes the downstream convection cell to encompass are larger

area whereas the upstream convection cell encompasses a smaller area. Regardless

of the changes in flow path, the thermal history of the skarn-forming environment

is very similar to the former scenario. Maximum crustal temperatures are reached

very early on and the pluton cools primarily due to conduction.

Points A-F show similar trends to the former scenario (Fig. 4.13). Down-

stream locations show δ18Of values responding primarily to changes in temperature

with only minor deviations due to the presence of 18O-depleted minerals in the fault.

Points B, C, and D all show advection-dominated isotope transport as the upstream

convection cell develops. There are subtle difference in the faulted setting than in

the setting without the fault as brought to attention by the difference in garnet

stability time frames. Since the fault increases the Darcy fluxes of fluid in the sub-

surface, advective cooling of the pluton happens more significantly. The resulting

time frame of garnet stability decreases as the pluton is able to cool much more

efficiently. The coincidence of negative δ18Of values and potential garnet stability

still occurs and only in regions up-flow relative to the topography-driven flow field.

However, the time frame is more narrow for points B, C, and D and is likely the

result of the more efficient cooling of the magmatic body. This simulation serves

to emphasize the control that buoyancy-driven flow has on the evolution of δ18Of
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values, even in settings with heterogeneous permeability structures.

Empire Mountain

Unlike the previous two scenarios, the realistic environment corresponding to the

Empire Mountain skarn shows more complex δ18Of changes in space and through

time. Whereas the previous two scenarios could be split into two distinct regions

corresponding to the topography-driven flow field, the stratigraphic units are doubly

identifiable in both their mineral composition and flow behavior. Figure (4.14)

shows both distinct stratigraphic units with different δ18Of values and isolated,

near-surface hydrologic systems. The δ18Om values at t = 0 accentuate the different

straigraphic units. The difference in δ18Of is attributed to the varying mineral

compositions of adjacent units, where units with negative δ18Of values are composed

of metaigneous assemblages and units with positive δ18Of are composed of carbonate

assemblages. The metarhyolite and metadacite units are characteristically more

porous and permeable than adjacent phyllite and limestone layers and thus contain

the vast majority of fluids in the flow system (Table 3.2.4). The juxtaposition

of stratigraphic units, both with respect to physical attributes and geochemical

attributes, defines how δ18Of evolves spatially and temporally.

As is the case for the previous simulation, efficient conductive cooling of

the igneous body results in the development of convection cells not too long after

emplacement. Notably, three distinct convection cells develop and are found in

the regions that entrained the most fluid prior to skarn formation (Figs. 4.15 and

4.16). The downstream convection cells, located in the limestone and metarhyolite

units, persist throughout skarn formation. Interestingly, the convection cell in the

limestone unit allows magmatic δ18Of values to persist whereas the convection cell

in the metarhyolite units allows meteoric δ18Of values to persist. The significant

juxtaposition in δ18Of values (as much as 30h over a few km) occurs primarily

51



δ18O�uid

δ18Omineral

t = 0.00 kyr

A B

C

D

E

F

A B

C

D

E

F

-25

-20

-15

-10

-5

0

5

10

A B

C

D

E

F

A B

C

D

E

F

4

6

8

10

12

14

16

18

20

22

24

‰

2000 4000 6000 8000
Distance [m]

0

1000

2000

3000

4000

El
ev

at
io

n 
[m

]

0 10000

5000

‰

2000 4000 6000 8000
Distance [m]

0

1000

2000

3000

4000

El
ev

at
io

n 
[m

]

0 10000

5000

Figure 4.10: Initial δ18Of and δ18Om values for an intrusion in a uniform medium
with a high angle normal fault. The computed stream function prior to skarn for-
mation is included in the δ18Of plot. The rectangle at the bottom-center is the
modeled magmatic body with points A-F as discrete locations near the magmatic
body.
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Figure 4.11: δ18Of values and δ18Om at 30 kyr for an intrusion in a uniform medium
with a high angle normal fault. δ18Of plot includes a superimposed vector field
showing flow vectors for subsurface fluids. The rectangle at the bottom-center is
the modeled magmatic body with points A-F as discrete locations near the magmatic
body.
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Figure 4.12: δ18Of values and δ18Om at late time for an intrusion in a uniform
medium with a high angle normal fault. δ18Of plot includes a superimposed vector
field showing flow vectors for subsurface fluids. The rectangle at the bottom-center is
the modeled magmatic body with points A-F as discrete locations near the magmatic
body.
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Figure 4.13: Temperature vs. time, δ18Of vs. time, and δ18Ogarnet vs. time plots for
points A - F, 50 m from the magmatic body in a uniform medium with a high angle
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because a thin, impermeable phyllite layer separates the two convection cells. Had

the phyllite layer not existed, the δ18Of signatures would likely homogenize into

one large convection cell with an average δ18Of value. The upstream convection cell

has difficulty persisting because of the downward replenishment of external fluids

and the slight variability in permeability between adjacent units. As a result, the

imposed surface δ18Of value propagates efficiently to depth, much before t = 30 kyr.

The δ18Om values agree with the two previous scenarios in that the most depletion in

18O occurs in areas nears to the magmatic body and towards the base of the domain.

Points C and D experience the largest decreases in δ18Om because of their proximity

to the high-permeability metadacite units; surface fluids reach skarn-forming depths

quickly and thus enhance the decrease in δ18Om values through time as more surface

fluids flush through the system.

Points A-F, contrarily to previous simulations, show much more variability

in how their δ18Of values change through time (Fig. 4.17). All six locations show

the same qualitative changes in temperature, where maximum temperatures are

reached within 3000 years of the emplacement and then they progressively cool back

towards the original geothermal gradient. However, the temperature drops more

steeply than in previous scenarios. The time frames of garnet stability highlight

this, where in all locations, the garnet stability is roughly 20 kyr shorter than in

corresponding locations in the previous simulations. This occurs solely because

high-permeability units entrain fluids to depth earlier on the in the development of

the hydrothermal system and thus allows the pluton to cool more efficiently. Areas

upstream (points B, C, and D) cool much more quickly than their downstream

counterparts because of their proximity to the down-flowing surface waters and high-

permeability stratigraphic units. Areas downstream (points A, E, and F) also cool

more quickly than in previous situations because of the influence of the enhanced

Darcy fluxes and thus more prevalent advective cooling of the magmatic body.
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Similar to previous scenarios, there is spatial variability in how δ18Of values

change in space. However, there seems to be slightly uniform behavior during early

times. For points A-F, immediately after emplacement, the δ18Of values in those

locations become significantly more positive, as much as 6h. This increase in δ18Of

corresponds to the initial positive heat transfer from the magmatic body to its

surroundings, resulting in less oxygen isotope fractionation and thus higher δ18Of

values. Following this, all six points experience dramatic decreases in δ18Of , likely

due the onset of buoyancy-driven fluid flow and the enhanced advection of low

δ18Of fluids from high-permeability metarhyolite units towards the magmatic body.

Three regimes for how δ18Of values evolve for each of the six points after this steep

decrease become apparent, the three associated with each face of the magmatic

body. Points A and B, at the top surface, show relatively steady decreases in δ18Of

through time. Point A has δ18Of values associated with magmatic fluids and it

remains that way due to the convection cell that develops within the limestone unit.

Point B differs because it is more proximal to the high-permeability, 18O-depleted

metarhyolite unit and thus express negative δ18Of values much before 10 kyr after

magmatic emplacement. Points E and F, near the left surface, follow a downward

trajectory in δ18Of that follows the cooling magmatic body. Their values remain

in the magmatic δ18Of range because of its proximity to the convection cell within

the limestone unit. However, their values are lower than points A and B because

scant amount of low-δ18O fluid are drawn along the lower boundary of the domain

towards the left face of the magmatic body due to the convection. Points C and D,

near the right surface, have nearly identical δ18Of vs. time plots wherein after 10

kyr, their δ18Of value remains at -10h, corresponding to the imposed δ18Of value

for meteoric water at the topmost boundary of the domain. This observation likely

means that on the right side of the domain, surface fluids overwhelm the skarn fluid

budget as early as 10 kyr after. Although the system is much more stratigraphically
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heterogeneous, the upstream points (B, C, and D) are the only points that show

garnet stability coinciding with meteoric δ18Of signatures. At early times, the

δ18Of is likely associated with equilibrated pore fluids within the metarhyolitic unit

whereas as time elapses, the δ18Of value is likely associated with downward flowing

surface fluids. The time frame of coincidence is ∼40 kyr for all upstream points,

significantly shorter than the same points in previous scenarios. The nuances of

the δ18Of changes in space and time may be different for the Empire Mountain

simulation, but these results further emphasize the significant spatial variability in

δ18Of even when heat transfer operates similar to more homogeneous settings.
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Figure 4.14: Initial δ18Of and δ18Om values for the emplacement of the Empire
Mountain quartz diorite into the Mineral King pendant. The computed stream
function prior to skarn formation is included in the δ18Of plot. The rectangle at the
bottom-center is the modeled magmatic body with points A-F as discrete locations
near the magmatic body.
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Figure 4.15: δ18Of values and δ18Om at 30 kyr for the emplacement of the Empire
Mountain quartz diorite into the Mineral King pendant. δ18Of plot includes a
superimposed vector field showing flow vectors for subsurface fluids. The rectangle
at the bottom-center is the modeled magmatic body with points A-F as discrete
locations near the magmatic body.
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Figure 4.16: δ18Of values and δ18Om at late time for the emplacement of the Empire
Mountain quartz diorite into the Mineral King pendant. δ18Of plot includes a
superimposed vector field showing flow vectors for subsurface fluids. The rectangle
at the bottom-center is the modeled magmatic body with points A-F as discrete
locations near the magmatic body.
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Figure 4.17: Temperature vs. time, δ18Of vs. time, and δ18Ogarnet vs. time plots for
points A - F, 50 m from the Empire Mountain quartz diorite. Gray boxes indicate
regions in which garnet is thermodynamically stable.
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Chapter 5

Discussion

5.1 Variations in fluid sources and the role of decarbon-

ation

Geochemical observations and simulations from Section 4 highlight the variation in

fluid sources and amount of decarbonation during skarn formation. Each means of

observation accentuates various processes that occur as a result of contact meta-

morphism and metasomatic alteration of the pendant rocks at Empire Mountain.

Oxygen isotope ratios of garnets are interpreted as direct proxies of fluid sources

involved during skarn formation. In contrast, oxygen and stable carbon isotope ra-

tios of carbonate assemblages are interpreted as proxies of flow mechanisms, spatial

extents of hydrothermal fluid flow at Empire Mountain, and ultimately amounts of

decarbonation due to skarn formation. Additionally, the way in which these data

are depicted allow for further insight to the nature of fluid flow at Empire Mountain.

Two-dimensional depictions of oxygen and stable carbon isotope values of carbonates

trace fluid flow paths, expose spatial extents of infiltration-driven metamorphism,

and the extent of decarbonation due to metamorphism whereas one-dimensional

representation of their isotope values describe the mode of isotope exchange and
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fluid flow. The numerical simulations, both of simplified settings and of Empire

Mountain, are meant to validate the geochemical record and emphasize the spatial

and temporal variations in fluid source during skarn formation. Altogether, these

findings corroborate the posed hypothesis of D'Errico et al. (2012) which attributes

the occurrence of low-δ18O skarn values to infiltration-driven metamorphism over

broad length scales. Further, they highlight the degree of decarbonation that oc-

curred during skarn formation and the potential role this decarbonation has on the

δ13C and δ18O values of minerals in this environment.

For this hydrothermal environment, there are three potential fluid sources

that can be involved: (1) meteoric fluid; (2) magmatic fluid; and (3) metamor-

phic fluid. Of the three, meteoric fluids and metamorphic fluids tend to dominate

the overall fluid budget (Hanson, 1995). In most settings, metamorphic fluids can

play a significant role during contact metamorphism, especially if the igneous body

intrudes rocks comprised hydrous minerals (Hanson, 1995). However, pendant car-

bonates and metasedimentary units at Empire Mountain contain little to no hydrous

phases. Although the metarhyolite units contain hydrous phases Busby-Spera and

Saleeby (1987), δ18O values of skarn minerals at Empire Mountain do not indicate

a substantial role of metamorphic fluids during skarn formation (D'Errico, 2011;

D'Errico et al., 2012). The primary fluids involved in the formation of skarn min-

erals are magmatic and meteoric fluids. Bowman (1998a) underscores the roles of

magmatic and meteoric fluids in the formation of skarns where magmatic fluids are

involved during prograde metamorphism and meteoric fluids are involved during ret-

rograde metamorphism. Thus, meteoric and magmatic fluids should be the primary

sources of fluid during skarn formation at Empire Mountain.

Interestingly, the δ13C values of both magmatic and meteoric fluids are both

isotopically negative and are both tens of permil less than the δ13C values of marine

carbonates (Sharp, 2007). Thus, regardless of the metamorphic conditions in which
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the skarn is forming, the interaction of carbonates with either magmatic or mete-

oric fluids should similarly lower δ13C values of carbonates. The degree with which

the carbonates are isotopically altered, in comparison to unaltered carbonate δ13C

values at Empire Mountain, should reveal the spatial extent of regional fluid flow

during skarn formation. Given the limited data set and assumptions regarding the

style of interpolation, the contour map suggests a minimum area of pervasive fluid

infiltration of 1 km2, in agreement with the size of regions in which we see δ18Om

depletion in all three numerical simulations (Fig. 4.8, 4.12, 4.16). The pockets of

carbonates with positive δ13C values corroborates the evidence of 13C-depleted fluid

infiltration because 13C-enriched and 13C-depleted carbonates, equidistant from the

intrusion, likely experienced similar thermal histories and thus variations in δ13C

values are a result of isotopic exchange with external fluids. The area over which

hydrothermal activity persists at Empire Mountain is similar with other studies of

fluid flow during skarn formation (Nabelek et al., 1984; Bowman et al., 1985; Cui

et al., 2001, 2002, 2003). Notably, the spatial extent of the fluid flow correlates with

the stratigraphy of the greater hydrothermal environment, wherein the most 13C

depletion occurs in high-permeability regions. The 2D interpolation of δ13C values

(Figs. 4.1 and 4.3) reveals that regions that experienced pervasive fluid flow during

skarn formation extend concentrically about the intrusion with the most marked de-

pletion occurring along a northeast-southwest vector through the Empire Mountain

summit. Focused fluid flow in high-permeability stratigraphic units consequently

lowers the overall fluid budget in adjacent units of lower permeability. The focused

flow of fluid likely substantiates the occurrence the pockets of carbonates sharply

contrasting low-δ13C carbonates. Although the paleo-topography is unconstrained

for Empire Mountain, the near-vertical dipping units eliminate the likelihood that

the lateral movement of fluid brought forth by topography primarily controls the

distribution of observed δ13C values within the pendant.
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Unlike δ13C values, δ18O values of carbonates reveal potential fluid sources

involved in the hydrothermal system. The 2D interpolation of carbonate δ18O val-

ues qualitatively disagree with δ13C values. The carbonates with the lowest δ18O

values are located southwest of the intrusion nearby the high-permeability metaig-

neous units, indicating areas of enhanced fluid infiltration. However, areas of 18O

depletion primarily mirror the strike of the stratigraphic units. Carbonates in the

high-permeability units have δ18O values near 4 h whereas those near the magmatic

intrusion have higher values near 10 h. The breakdown of hydrous phases could in-

troduce metamorphic fluid into the skarn-forming environment and can potentially

explain the difference in δ18O values of carbonates within the minimally-altered

regime of Figure (4.4) (see Valley, 1986 for further explanation) Yet, there is no

petrographic evidence of such reactions occurring. Thus, the likely explanation for

the several per-mil difference in δ18O values is a result of different fluid sources

taking part in the hydrothermal system.

The occurrence of higher fluid δ18O (10 - 15h) values closest to the intrusion

and lower fluid δ18O (-5 to -10h) values in more distal units suggests magmatic fluids

dominated near the pluton and meteoric fluids dominated away from the pluton

(Figs. 4.6-4.17). The massive garnetites outcropping directly above the intrusion

corroborates the magmatic δ18O values above the pluton since the garnet likely

crystallized from a magmatic fluid (D'Errico et al., 2012, Fig. 1). Model results

(Figs. 4.14 - 4.17) further corroborate this evidence by showing the persistence of

magmatic δ18O signatures above the intrusion throughout skarn formation. This

upward flow of fluid indirectly accounts for the low-δ18O carbonate values. All

simulations (Figs. 4.6 - 4.17) show the enhanced infiltration of surface fluids from

the buoyant rise of fluid yet the high-permeability stratigraphic units adjacent to the

magmatic body doubly enhances the downward flow of meteoric fluids. The observed

low-δ18O values in proximity to high permeability units supports the likelihood of
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surface fluids infiltrating to skarn-forming depths during skarn formation.

Overall, the decoupled behavior of stable carbon and oxygen isotopes during

skarn formation, as made apparent by the 2D interpolations, allows us to separately

discern both fluid source and flow mechanism during skarn formation. Importantly,

most studies regarding skarn formation suggest magmatic fluid dominance early

and subsequent meteoric recharge when the pluton cools (see Meinert et al., 2005).

However, on a broad, regional scale, these carbonate isotope compositions show

spatial variability in fluid source and the persistence of this variation during the

skarn-forming event.

Alongside interpretations from the 2D distribution of carbonate δ18O and

δ13C values, exploration of the relationship between δ18O and δ13C values exposes

more information regarding the fluid flow history of the Empire Mountain skarn.

Jamtveit et al. (1992) categorize 1D flow regimes within a 2D hydrothermal en-

vironment and use plots of δ18O versus δ13C to identify potential flow regimes in

which these data may apply. Under the assumption of 1D, uni-directional fluid

flow, Jamtveit et al. (1992) suggest three styles of fluid flow that can be inferred

by δ13C versus δ18O: (1) pure infiltration constrained to one layer with no lateral

fluid flow; (2) thorough mixing between adjacent layers; and (3) fluid flow in one

layer with lateral diffusion. The sharpness of the front defined by the curve in

δ13C-δ18O space defines the degree to which these three processes are occurring. As

Figure (4.4) illustrates, there are two distinct populations of carbonates: those of

which are 18O-depleted and those of which are 13C-enriched. Generally, the 18O-

depleted regime indicates large isotopic alteration by external fluids whereas the

13C-enriched regime indicates little isotopic alteration and thus little exchange with

external fluids. There is a slight curvature that connects these two arrays in Carte-

sian space, which Jamtveit et al. (1992) would attribute to transverse diffusion of

isotopes into an adjacent layer. However, these data are a synthesis of all carbonate
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isotope data that broadly and spatially encompass most of the Empire Mountain

skarn. Nevertheless, it is difficult to assess and hard to justify whether diffusion

operates significantly on a regional scale. Oxygen isotope diffusion in solid and fluid

phases also dominates on much smaller length scales, given its values on order of

10−10 m2·s−1 (Cook et al., 1997; Person et al., 2007), and its signal is undoubtedly

muted on km-scale observations. One dimensional analyses are inherently flawed

but in connecting carbonate δ13C-δ18O plots to their 2D representations, a candid

perspective on the nature of hydrothermal fluid flow can ensue.

Of the many modes of fluid flow and isotope exchange, hydrological disper-

sion could explain the regional-scale distribution of δ13C and δ18O values. Dispersion

scales proportionately with both Darcy fluxes and the spatial heterogeneity in phys-

ical properties of lithologic units; importantly, it imparts effects on stable isotope

distributions similar to diffusion (Dipple and Gerdes, 1998; Ingebritsen and Sanford,

1999; Bear, 2013). The km-scale over which fluid flow occurs at Empire Mountain

and the substantial heterogeneity in rock type throughout the pendant supports the

possibility of significant dispersion of isotope fronts occurring. Model results for

simulations of Empire Mountain do not directly account for dispersion since Darcy

fluxes are typically low throughout the modeled time (upwards of 10−8 m·s−1) and

each lithologic unit is given constant and uniform properties. Thus, the distribution

of fluids and their δ18O values in the model do not illustrate effects of dispersion.

A more feasible explanation for the two regimes of carbonates in δ13C-δ18O

space is due to advective infiltration of meteoric and magmatic fluids. Under most

slowly-evolving metamorphic environments with low water-rock ratios, the stable

isotope composition of minerals are buffered and fluid flow should not be the primary

control isotope transport (e.g., Valley, 1986; Bowman et al., 1994; Baumgartner

and Valley, 2001; Sharp, 2007). However, skarns, in general, and Empire Mountain,

in particular, exhibit high fluid-rock ratios with formation over geologically short
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timescales, wherein significant alteration of existing rock by external fluids can occur.

The high emplacement temperatures of the intrusion and the shallowness of the

emplacement depth at Empire Mountain support the likelihood vigorous fluid release

from the pluton and coeval enhanced meteoric fluid flow (Hayba and Ingebritsen,

1997). The high-velocity fluid flow augments disequilibrium exchange of oxygen

and carbon isotopes between fluid and surrounding country rock and thus 13C and

18O depletion of carbonates. These findings are important for they corroborate

the working hypothesis of principal infiltration-driven metamorphism at Empire

Mountain (D'Errico et al., 2012), but through different methods of interrogation.

Broader sampling of pendant rocks could potentially yield better insight to modes

of fluid flow in this environment, but at present, the data suggest infiltration-driven

metamorphism of the country rock.

Importantly, during the silicification of carbonate rocks, one must under-

stand the role that decarbonation has on the perceived stable isotope record of the

minerals in the skarn-forming environment. Previous studies have shown that there

is a limit to the amount of oxygen you can remove from a system via decarbonation

reactions since the products of these reactions are silicate minerals, ultimately se-

questering oxygen (e.g. Valley, 1986). This preferential sequestration of oxygen over

carbon during decarbonation is exemplified in the δ18O and δ13C values of carbon-

ates, where the δ18O values asymptotically reach the “calc-silicate limit” whereas

δ13C values sharply decrease. Interestingly, the flow of external fluids through the

contact aureole enhances these decarbonation reactions. T-XCO2 diagrams from

Bowman (1998a) show that decarbonation occurs in low XCO2 conditions and tem-

peratures in excess of 400 ◦C, those of which occur when meteoric fluids are plumbed

through the skarn-forming environment while the pluton is still transferring thermal

energy to its surroundings. Model results, notably the temperature contours for all

simulations at points C and D (Figs. 4.9, 4.13, 4.17) show the flow of surface waters
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to skarn-forming depths concomitant with temperatures in excess of 400 ◦C. Since

both the interaction with externally-derived fluids and the release of CO2 act in

concert to reduce the δ13C and δ18O values of carbonates during skarn formation,

deciphering which of these processes causes the observed trends in δ13C and δ18O

values is an arduous task. Upon examination, some of the δ18O values of carbon-

ates at Empire Mountain are less than the lower limit for the igneous end-member

compositional range, which may suggest further fluid infiltration after the carbonate

has already undergone some form of metamorphism, be it decarbonation or previ-

ous fluid infiltration. Alternatively, some of the carbonate is simply reprecipitated

or neo-precipitated and not bound by calc-silicate limitations, which justifies the

observed low δ13C and δ18O values. Nevertheless, given the sheer volume of skarn

that exists (Fig. 2.1) and the occurrence of wollastonite, the formation of the Em-

pire Mountain skarn produced significant amounts of CO2. This decarbonation is

reflected in the δ13C and δ18O values of carbonates associated with the intrusion of

the Empire Mountain quartz diorite. Future work should focus on the individual

degrees with which decarbonation and fluid-mineral isotope exchange are responsi-

ble for the observed δ13C and δ18O values of altered carbonates in skarn-forming

environments.

5.2 Involvement of low-δ18O pore fluids and surface flu-

ids during skarn formation

The low δ18O values of skarn garnet have been posited to occur during the formation

of high-permeability fractures by overpressured fluids. The high emplacement tem-

peratures of the intrusion and the shallowness of the emplacement depth support

the likelihood of vigorous fluid release from the pluton and coeval overpressurization

of existing fluids in the regional flow system (Hayba and Ingebritsen, 1997). This
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brecciation is observed on multiple scales. Within the massive garnetite, significant

garnet growth occurs amorphously in veinlets that exist within a groundmass of

euhedral garnet crystals (Fig. 2.2). Centimeter-wide quartz veins accentuate the

the brittle failure occurring in the shallow crustal package (see Fig. 1 of D'Errico

et al., 2012). Inferred pressure-temperature conditions from petrologic and geo-

chemical measurements, bolstered by petrographic observations of the exoskarn,

offers valid evidence of pervasive hydrofracturing. Figure 2.2 and data illustrated

in Figure 4.5 shows a preponderance of garnets with negative δ18O values in as-

sociation with the hydrofracturing that occurred within the garnetite unit. Yet,

the observed low-δ18O garnets where not shown to be directly correlated with the

formation of these high-permeability regions and thus correlation does not necessar-

ily mean causation. Upon exploration of skarn formation excluding brecciation, all

three simulations (Figs. 4.6-4.17) show 18O-depleted fluids can get to skarn-forming

depths. Furthermore, the occurrence of fluids with meteoric signatures coincides

with thermodynamically stable garnet. However, these findings are limited by the

assumptions utilized in our models and are explored further in Section 5.4.

Across all simulations, enhanced downward flow of surface fluids during con-

vection is observed. The high Darcy fluxes and even distribution of fluid throughout

the model domain suggest region-wide (∼10 km) oxygen isotope disequilibrium be-

tween fluid and surrounding solid. The kinetic dispersion of the meteoric isotope

signature acts at rates faster than the conductive cooling of the pluton which ul-

timately manifests itself as the coincidence of low-δ18Of and garnet stability. The

primary control on both the development of convection and the enhanced kinetic

dispersion of isotope fronts is the permeability of surrounding rocks. Pendant rocks,

most notably carbonates, have hugely variable permeability and are susceptible to

ductile and brittle deformation at pressures and temperatures associated with skarn

formation (Holness and Graham, 1995; Yardley and Balashov, 1998). However, if
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the imposed permeability for the pendant rocks is representative of typical pendant

rocks (Rosenberg and Spera, 1990; Smyth and Sharp, 2006; κ ≥ 10−16m2 or more),

convection may be a hugely important process that many have not considered as

a defining flow mechanism in the formation of low-δ18O skarns. The persistence of

convection throughout the simulation reinforces the likelihood of this mode of fluid

flow dictating isotope transport. Additional characterization of the stratigraphy

at low-δ18O skarns needs to be done in order to further accept the plausibility of

convection in these environments.

Nevertheless, at Empire Mountain, the existence of felsic metavolcanic units

provides a simpler argument for how low-δ18O fluids can exist at depth. At tem-

peratures in the shallow crust and given the fractionation factors for oxygen isotope

exchange between fluid and felsic minerals (e.g. quartz and plagioclase), fluids in

isotope equilibrium with the felsic mineral assemblages will have meteoric δ18Of

signatures (Fig. 4.14). Notwithstanding, the quantity of pore fluids that exists with

negative δ18O values at the depth of skarn formation is largely uncertain. Assuming

that the pore spaces of all lithologic units are filled with fluid in isotope equilibrium

with the surrounding rock, ∼ 30% of all fluid has a negative δ18O value. During the

initial skarn-forming conditions, intense buoyant flow of fluid causes these low-δ18O

fluids to flow inward towards the magmatic body and become immediately available

in proximal regions around the skarn for a short time interval (Figs. 4.14-4.17, areas

C and D). Similar to carbonates, metaigneous units can show orders of magnitude

variability in permeability and can change rapidly from its initial lithification to the

time of skarn formation (Rosenberg and Spera, 1990; Smyth and Sharp, 2006). Per-

meability of metaigneous and metsedimentary rocks typically decreases over several

orders of magnitude with depth, in response to changes in temperature and pressure

with depth (e.g. Manning and Ingebritsen, 1999), which likely decreases the amount

of this equilibrated pore fluid at depth. Although difficult to prove, the occurrence

72



of garnet with this pre-existing fluid is plausible for areas in the immediate vicinity

of these units: a possibility previous studies did not explore.

5.3 Fluctuations in δ18Of without brecciation

D'Errico et al. (2012) report in situ measurements of oxygen isotope ratios wherein

negative δ18O exist during the onset of garnet crystallization with ∼ 4h fluctuations

and stepwise increases in δ18O values as the garnet grows outward. The study

hypothesizes that the low-δ18O garnets form as the result of brecciation, wherein

high permeability regions can form and draw 18O-depleted fluids from near the

surface skarn forming depths. In all three simulations, including one of Empire

Mountain, large (> 5h) fluctuations in δ18Of are observed at the six discrete points

around the intrusion. Importantly, these simulations suggest that brecciation, or

other processes which increase the permeability of lithologic units, need not be

invoked to describe the observed fluctuations in fluid δ18O. These findings are further

substantiated in that low δ18O fluids and several permil fluctuations occur while

garnet is thermodynamically stable, translating to garnets with low δ18O values

and fluctuations qualitatively similar to those of ones presented in D'Errico et al.

(2012). Although the model results and measured δ18O values of garnets from

Empire Mountain are qualitatively similar, the quantitative similarity in the two is

tenuous.

Largely, the disparity in model results and measured δ18Ogarnet values is

greatest for these three reasons: (1) the fluctuation of garnet δ18O values that

the models report is not equal to those of D'Errico et al. (2012) and typically

greater than the range of values from this study and from D'Errico (2011); (2)

areas which have meteoric δ18O fluid signatures do not show the same δ18Ogarnet

fluctuation as the data show; (3) the areas I selected around the magmatic body do

not capture the fluctuation that the garnets record. Points A-F for the simulation of
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Empire Mountain (Fig. 4.17) show varying degrees of δ18Ogarnet fluctuation through

time. Points A and B, atop the magmatic body, show 6h and 14h fluctuations in

δ18Ogarnet, respectively. However, points A and B show a net magmatic-to-meteoric

trend in δ18O values through time, that of which is not recorded by garnets at

Empire Mountain. Points C and D, upstream of the topography-driven flow field

and adjacent to high-permeability metavolcanic units, experience early fluctuations

in δ18Ogarnet; Point C shows a maximum δ18Ogarnet fluctuation 6h within the first

10 kyr of garnet stability whereas point D shows a maximum δ18Ogarnet fluctuation

of 3h over that same time frame. However, the recharge of surface fluids to depth,

as demonstrated by the asymptotic approach of the δ18Of value to the one imposed

at the surface, ceases δ18Ogarnet fluctuations. Points E and F, on the left side

of the magmatic body and downstream of the topography-driven flow field, show

temporally similar fluctuations in δ18Ogarnet values. They both show large δ18Ogarnet

decreases right around 5 kyr after the simulation starts, followed by steep increases

in δ18Ogarnet in the next 15 kyr. Point F only shows a maximal 3h fluctuation in

δ18Ogarnet over the time frame of garnet stability and the δ18Ogarnet do not reach

negative values over the same time frame. Point E, however, matches the observed

fluctuations and range of δ18Ogarnet values best of all points about the magmatic

body. The 6h δ18Ogarnet fluctuations, with values matching the -3 to 3h range

of observed δ18Ogarnet values. Importantly, the δ18Of values show the appropriate

meteoric-to-magmatic trend over the same 15 kyr time period (δ18Of ∈ [0, 8]h),

corroborating the fluctuation with the purported change in fluid source. Overall,

the six points illustrate the disparity in δ18Ogarnet changes that occur around the

Empire Mountain quartz diorite.

In relating the model δ18Ogarnet values to the observed values of garnets at

Empire Mountain, I propose two possible scenarios which explain the similarities

and discrepancies in the data they present: (1) the measured garnets grew spatially
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with respect to the intrusion similar to that of point E from Figures (4.14-4.17); (2)

garnet growth was punctuated at various points in time and capture distinct δ18Of

values. Point E represents a location at the lower contact between the intrusion and

downstream relative to the background flow field. The relative orientation of the

massive garnetite deposits above the quartz diorite intrusion (see Fig. (2.1) would,

however, put it categorically at points similar to A and B. Thus, the possibility of the

Empire Mountain garnetites outcropping in an area similar to E is unlikely. Further

paleostratigraphic reconstruction of the area would be needed to conclusively rule

out first option, nonetheless.

However, the second option provides simpler explanation. Under the as-

sumption that the garnetite does outcrop above the uppermost extent of the Empire

Mountain quartz diorite, points A and B in the simulation would best represent the

environment in which these garnets formed. As demonstrated previously, points A

and B do experience large fluctuations in δ18Ogarnet but none of which match the

meteoric-to-magmatic trend through time. However, point B does exhibit a range

of δ18Ogarnet values while garnet is thermodynamically stable that are in agreement

with the existing oxygen isotope data. The grouping of garnets from D'Errico (2011)

show discrete populations of garnets that either grew in the presence of a fluid with

a magmatic signature or a fluid with a meteoric signature. If this happens to be

the actual reason for the observed δ18Ogarnet values, this suggests that the different

garnet populations grew over very short time scales, some as small as 2 kyr. Di-

rect geochronological constraints of these garnets and advances in the precision of

these measurements would ultimately allow us to determine whether or not these

garnets grew over such a narrow time frame (see Section 5.4 for further discussion of

geochronological techniques). Nevertheless, given the spatial constraints of the gar-

netite deposits and petrographic observations of garnet growth at Empire Mountain

(Fig. 2.2), the periodic growth of unique garnet populations in presence of a varying
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δ18Of field provides a plausible explanation for the discrepancy between the data

and simulations. However, there is obvious evidence at Empire Mountain for the

occurrence of brecciation (Fig. 2.2). Thus, although brecciation is not necessary to

create the fluctuations in δ18O values, superimposed brecciation events could create

some of the isotopic shifts.

5.4 Model limitations and future research directions

Isotope equilibrium prior to skarn formation

This study, as well as numerous others (e.g. Bowman et al., 1994; Cook et al., 1997;

Cui et al., 2001, 2002; Roselle et al., 2003; Person et al., 2007), assume that the

fluid isotope composition prior to skarn formation is that of which is in equilibrium

with minerals in which it resides. For areas of average shallow crustal permeability

(κ = 5× 10−16 m2), we have shown using Equation (3.19) that it has a Damkøhler

number of ∼ 0.05. This suggests that the rate of isotope exchange between fluid

and surrounding solid occurs much quicker than does advective isotope transport,

supporting the assumption of isotope equilibrium. However, these assumptions fails

under two conditions: (1) in areas of high permeability, such as along a fault and

(2) over longer timescales. Faults are upwards of three orders of magnitude more

permeable than the rocks in which they exist (Evans et al., 1997). An increase in

permeability of that order would result a three order of magnitude increase in Darcy

fluxes, which would dramatically increase the advective cooling of the surrounding

rock. In terms of Damkøhler numbers, an increase in qc and a decrease in T would

result in Dam � 1, implying that advective isotope transport overwhelms solid-

fluid isotope exchange and thus disequilibrium fluid isotope values exist. The effects

of focused fluid flow and advective cooling along the fault would manifest itself in

a less pronounced fashion in the surrounding rock; these rocks will consequently
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experience decreases in temperatures and decreases in Darcy fluxes. The degree

of fluid isotope disequilibrium in the surrounding rock is likely a function of its

perpendicular distance from the fault, where distance is inversely proportional to

degree of isotope disequilibrium.

The timescale over which the flow field exists in the subsurface also influences

the equilibrium status of fluids in the subsurface. Longer time intervals of mete-

oric input of surface fluids into a fluid-saturated subsurface will result in increased

amounts of fluid out of isotopic equilibrium with the solid in which it flows. Bowman

et al. (1994) show that under equilibrium exchange conditions, wherein the fluid iso-

tope signature is allowed to advect and diffuse and the medium isotope composition

is completely buffered, the fluid input signature will ultimately propagate through

the entire medium. The time frame over which this fluid flow occurs is unknown and

the controls on the subsurface flow, such as topography, change through time. In

most circumstances, the assumption of isotope equilibrium is permissible. However,

future studies must consider the permeability of the lithologic units and the time

frame over which the fluid flow system has existed.

Exclusion of solid deformation

For simplicity, the presented models excluded changes in porosity of the medium

and thus excludes deformation of the medium. Most deformation that occurs hap-

pens via these three processes: (1) mineral dissolution and precipitation; (2) brittle

fracturing due to fluid overpressurization; and (3) ductile fracturing due to changes

in pressure. Mineral dissolution and precipitation changes the permeability and

porosity of rocks chiefly because minerals have different crystal habits and densi-

ties. Particularly, the dissolution of carbonates and the precipitation of calc-silicates

during skarn formation yields large changes in permeability and porosity because

calc-silicates and carbonates have much different physical attributes and large de-
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volatilization (CO2 release) occurs during the breakdown of carbonates. Growth of

euhedral garnets in vugs at Empire Mountain suggest massive production of CO2

and thus significant changes in the physical properties of the medium during skarn

formation. The void-forming devolitization reactions occurring contemporaneously

with void-filling calc-silicate crystallization should produce interesting fluid flow pat-

terns, that of which is hard to predict analytically. Recent studies have began to

include metamorphic reactions in two dimensional models of contact metamorphism

which show both enhancement and dampening of fluid flow based upon spatial vari-

ation in thermodynamic states around the intrusion (Cui et al., 2003; Aarnes et al.,

2010; Nabelek et al., 2014). A more robust model of stable isotope transport would

ultimately include these metamorphic reactions and the various feedbacks these re-

actions have on mass transfer during skarn formation.

Whereas the metamorphic production and consumption of phases is mostly

associated magmatic fluid input, both brittle and ductile deformation can be at-

tributed to the transfer of thermal energy from the intrusion to its surroundings.

Yardley and Balashov (1998) discusses the ductile deformation that carbonates un-

dergo at depth in the crust and demonstrates the phenomena with an ordinary

differential equation for porosity change through time. It takes on the form

∂φ

∂t
= −A(φ)Pne exp

(
−Hφ

RT

)
− r∆Vs (5.1)

where the first term on the RHS describes ductile pore collapse as a function of effec-

tive pressure Pe and temperature and the second term describes changes in porosity

due to volume change during a metamorphic reaction. Modeled effective pressures

– the difference between fluid pressure and lithostatic pressure – for areas near the

pluton < 10 kyr after emplacement are ∼ 3×107 Pa. With the solid viscosity of lime-

stone A(φ), empirically related to porosity, and a maximum modeled temperature

in the exoskarn of 550 ◦C, the time for complete porosity closure is on the order of
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decades. In terms of skarn formation, the complete closure of pore spaces in the sur-

rounding carbonates should happen instantaneously after emplacement. Areas clos-

est to the intrusion will become impermeable with more distal portions undergoing

complete ductile closure soon thereafter, forming a zone of impermeability. Fournier

(1999) explains how ductile behavior occurs in rocks nearest to the intrusion and

precedes the ultimate brittle deformation (i.e. brecciation) of this ductilly-formed

impermeable zone. Brittle failure of rock occurs when there is enough porosity re-

duction and the resulting fluid pressure exceeds that of the lithostatic pressure and

tensile strength of the rock (Walder and Nur, 1984). From petrographic observation

of the garnetite at Empire Mountain across length scales (Fig. 2.2) to the observed

stable isotope geochemistry of altered carbonates (Figs. 4.2-4.4, fluid infiltration

was enhanced by the brittle failure of the ductilly-deformed country rock. In ex-

cluding brecciation from the simulations, the likely dispersion of fluid and its oxygen

isotope signature in space is excluded (Dipple, 1998; Marchildon and Dipple, 1998).

Brecciation would form stochastically distributed high-permeability zones, which

would manifest itself in the dispersion of δ18O values. Simply, the way δ18O fluid

values would change via brecciation is random, unpredictable, and variable in both

space and time. Thus, to a first-order, the exclusion of brecciation is warranted.

Notwithstanding, the occurrence of this oscillatory ductile and brittle failure will

be damped by the heterogeneity of the pendant rocks in which the intrusion is em-

placed. Because of the asymmetry in heat transfer in the system and contrast in

material properties between stratigraphic units, a uniform sealed zone around the

intrusion would be difficult to form. The exclusion of solid deformation also does

not deny the possibility of fluids with meteoric signatures existing in metaigneous

units prior to skarn formation. Nevertheless, a sounder model of skarn formation

should include possible deformation to ultimately yield a more accurate depiction

of the skarn-forming environment.
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Stratigraphic orientation of pendant rocks

Our findings underscore the primary control that the overlying stratigraphy in which

the pluton intrudes has on both fluid flow and oxygen isotope transport throughout

skarn formation. However, after ∼100 Myr of erosion, the intrusion and exoskarn are

exposed at the Earth’s surface and little is known about the overlying stratigraphy

in which fluid flowed during skarn formation. The strikes, dips, and unit thicknesses

of currently exposed pendant rocks are assumed constant to the assumed surface

of the region at the time of skarn formation, which is the best assumption. The

vertically dipping stratigraphy does extend throughout the Sierra Nevada batholith

(Clark, 1964), so the assumption is stratigraphic orientation is warranted. One

important assumption that is utilized in our models is that the protolith for all calc-

silicate units at Empire Mountain are pure limestone. Thus, a vast portion of the

modeled 2D domain is comprised of limestone yet little to no evidence exists of the

exact composition of pre-existing units in which the calc-silicates crystallized. These

calc-silicates show typical distal zonation in mineral composition and no obvious

disruptions in this progression, which would otherwise allow us to identify potential

heterogeneity within the protolith of the Empire Mountain skarn assemblages. The

assumption of pure limestone holds within the limits of our knowledge of the outcrop.

In a process that is inherently three-dimensional, fluid flow in a modeled

two dimensional cross-section may be oversimplified. Fortunately, the stratigraphic

units in the Mineral King pendant have roughly spatial uniformity over the range

of the inferred hydrological environment. Further, the strike of these units are near

perpendicular to the direction of crustal convergence with the altitude of the units

increasing in the direction of convergence. It can be inferred than that the imposed

topographic gradient is the simplest and most appropriate assumption one can make

for the topography-driven flow field at Empire Mountain.
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Lack of temporal constraints for formation of exoskarn

The basis and primary motivation for this study comes from in situ analyses of

oxygen isotope ratios in garnets at Empire Mountain. Garnet grows spherically

outward which means that oxygen isotope measurements along a transect from the

core of a crystal to its rim gives a qualitative time evolution of the fluid oxygen

isotope composition over the time of garnet growth. However, there is limited

knowledge of the time frame of garnet growth and rate at which individual garnet

crystals grow. Our model assumes that at a given P-T condition, garnet has the

possibility to crystallize. Figures 4.9, 4.13, and 4.17 present maximum time intervals

in which garnet may be thermodynamically stable under the assumption that there

is no pulses magmatism (discussed later in Section 5.4). However, garnet growth is

limited by the supply of magmatic fluid which contains fluid-mobile Fe2O3, Al2O3,

and SiO2 necessary for garnet growth (Bowman, 1998b; Meinert et al., 2005). Future

models should include metamorphic reactions to better gauge the thermodynamic

stability of garnet in a skarn-forming environment and the corresponding oxygen

isotope signature of the fluid coeval with growth.

The timing and rate of garnet growth is especially important at Empire

Mountain for there are multiple generations of garnet growth and several modes

of garnet growth within the greater outcrop of garnetite(D'Errico, 2011; D'Errico

et al., 2012). The narrow time frame in which these garnets are thought to crystallize

– with a maximum modeled length of hydrothermal activity for most skarn-forming

environments of 1 Myr (Cathles et al., 1997) – is on par with the resolution of most

geochronological techniques for Ca-rich garnet. Gevedon et al. (2016) has demon-

strated success with in situ U-Pb geochronology of andradite but the technique is

not yet refined to resolve rates for Cretaceous-aged andradite. Improvements in this

technique will ultimately permit spatial correlation of oxygen isotope compositions

of garnet with a timing of crystallization, allowing for further understanding of the
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fluid flow evolution during skarn formation.

Longevity of hydrothermal magmatic system

The longevity of the hydrothermal magmatic system is assumed in our model to last

for as long as it took for the intruded magmatic body to cool back to the ambient

geothermal gradient. Under this assumption, the intrusion undergoes a phase tran-

sition from melt to solid and then cools conductively. Flow of exsolved fluids in the

shallow crust from a cooling pluton can be focused in nature and typically occurs

during the phase transition from melt to solid (Candela, 1991; Podladchikov and

Wickham, 1994). The longevity of magmatic systems depend substantially on the

size of magmatic body and the permeability of the rock in which it intrudes but our

simulations and many previous studies have shown an average range of 100 - 800

kyr of activity (e.g. Cathles, 1977; Norton and Taylor, 1979; Cathles et al., 1997). A

complicating factor for the Empire Mountain quartz diorite is that there is a range

of zircon crystallization ages spanning 4 Myr (Sisson and Moore, 2013), which could

mean that the intrusion did not fully cool over 4 Myr. Klemetti et al. (2014) purports

pulses of magmatism within the greater Sierra Nevada batholith with much of their

evidence coming from zircons in metaigneous units in the Mineral King pendant.

Multiple pulses of magmatism, potentially caused by the replenishment of melt into

existing magmatic bodies from depth, would be expressed through multiple passes

of magmatic fluid and reheating of existing rock.

Although difficult to prove, quantitatively constraining multiple fluid pulses

would reinvigorate research across many different research disciplines. Direct geochronol-

ogy of exoskarn minerals, such as those mentioned previously, would aid in our in-

vestigation of these magmatic pulses. Much of the foundational work done involving

stable isotope geochemistry in metamorphic environments (e.g. Valley, 1986; Baum-

gartner and Ferry, 1991; Bowman et al., 1994; Baumgartner and Valley, 2001) has
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focused on the idea of ”single pass” of fluids in understanding how fluids affect the

stable isotope composition of mineral phases. The definitive observation of pulses

magmatism and associated fluid injection would catalyze further research on how

the periodic input of a fluids would manifest itself in the stable isotope composition

of the minerals in an epithermal magmatic system.

Assumption of pure water

In our models we assume the fluid involved in skarn formation is pure water. This is

largely a gross simplification of all fluids involved in this regional process for many

reasons. In assuming pure water, we exclude potential phase transitions of liquid

water to vapor, the possibility of mixed CO2-H2O fluids, and fluids with any salinity.

Each of the exclusions has its own set of effects on how fluids flow in the subsurface.

The exclusion of phase transitions of liquid water to vapor is usually a safe

assumption. Hayba and Ingebritsen (1997) show that boiling of liquid water in a

hydrothermal environment happens in especially shallow, high-permeability crust

yet for inconsequential periods of time. Roselle et al. (2003) further shows that

boiling should change the extent to which magmatic and meteoric fluids mix with

one another but their models show very little difference in the observed change in

δ18Of values as a result of boiling. At Empire Mountain, with an intrusion depth

of 3.3 km (D'Errico et al., 2012), boiling would likely have been suppressed or, at

most, transient (Fournier, 1999; Liebscher and Heinrich, 2007). Future work should

examine how the stable isotope signature of multiphase fluids with vapor and liquid

water changes during flow.

Unlike the exclusion of H2O phase changes, the omission of salinity or CO2

from models neglects important effects that it has on the hydromechanics of fluid

flow and phase stability, both of which appreciably affect oxygen isotope transport

during skarn formation. The salinity of a fluid can be attributed to the geologic set-
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ting of the fluid, where existing crustal fluids have the highest salinity and meteoric

fluids have the least (Liebscher and Heinrich, 2007). Importantly, the exclusion of

salinity in fluids dramatically under-represents the ability of fluids to flow through

deformable carbonates. As illustrated above, carbonates can undergo periods of duc-

tile deformation followed by brittle deformation. Holness and Graham (1995) show

that high fluid salinity correlates with flow along the grain boundaries in carbonates.

At Empire Mountain, carbon and oxygen isotope compositions of carbonates sug-

gest that infiltration-driven fluid flow was the dominant mode of carbonate isotope

alteration. If this observed pervasive fluid flow was driven by brittle deformation

during fluid overpressurization, then the fluid could have been high in salinity. Mag-

matic fluids – those of which incite brecciation upon exsolution form the magmatic

body (Fournier, 1999) – are typically low in salinity and become more concentrated

in dissolved solutes during boiling (Heinrich, 2005). Given the depth of skarn for-

mation and the improbability of vapor exsolution, high fluid salinity likely did not

cause brecciation and thus its exclusion from the model is warranted.

However, at average fluid salinity, high XCO2 values also permits pervasive

fluid flow (Holness and Graham, 1995). There is significant petrographic evidence

that suggests massive CO2 production, vug-filling garnet growth, minimal retro-

grade growth of carbonate, and the km-scale volumetric production of calc-silicates.

Thus, the measured carbonate δ18O and δ13C values, in tandem with petrographic

observations at Empire Mountain, likely suggest massive production and release of

CO2 during formation. The exclusion of CO2 as a fluid in our models is thus a sig-

nificant limitation and misrepresentation of Empire Mountain. CO2-rich fluids also

have different viscosity, density, and thermal conductivity than pure water, which

means that its inclusion in the models will produce results noticably different from

those presented above.

Overall, the exclusion of water phase changes, dissolved solutes, and CO2
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during flow each has distinct effects on the hydromechanics and correlative oxygen

isotope transport during skarn formation. However, each of these omissions affect

one another in some capacity. Models which include of these properties have been

the topic of current research (e.g. Weis et al., 2012, 2014; Weis, 2015) but the

focus has been on the formation of ore deposits. To best understand the formation

of low-δ18O skarns, future research should also explore the effect that the flow of

complex fluids have on the observed oxygen isotope composition of fluids in these

environments.
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Chapter 6

Conclusion

This study presents a two-dimensional numerical simulation of oxygen isotope trans-

port to understand how fluids flow in the shallow crust during skarn formation.

Alongside numerical simulations, the stable isotope composition of minerals from

Empire Mountain, Mineral King, Sierra Nevada – the skarn of particular interest

in this study – were measured to investigate the mechanisms of fluid flow and the

sources of fluid involved during skarn formation. The linkage between the numeri-

cal simulation and the geochemistry of the minerals was explored to test previous

hypotheses for how this skarn formed. At Empire Mountain, rapid and sporadic

changes in δ18O values of garnet have been interpreted as alternation between me-

teoric and magmatic fluid during garnet growth, where meteoric fluids are thought

to be present at the onset of skarn formation (D'Errico et al., 2012). D'Errico et al.

(2012) conclude that multiple events of hydrofracturing of existing rock created tran-

sient, high-permeability conduits in the shallow crust, providing a low-resistance

pathway for surface fluids to reach skarn-forming depths. However, many studies

suggest that magmatic fluids are involved during the onset of skarn formation and

thus magmatic fluid signatures should be recorded in the cores of garnets (Bowman,

1998b; Meinert et al., 2005). Given this discrepancy, the objectives of this study are

86



to explore mechanisms that can explain (1) the existence of meteoric δ18O signa-

tures at skarn-forming depths and (2) the rapid and sporadic changes in fluid δ18O

values throughout skarn formation.

Numerical simulations reveal three ways in which a meteoric fluid signa-

ture can exist at skarn-forming depths during the onset of skarn formation: (1)

convection-driven drawdown of surface waters in uniform, high permeability coun-

try rock; (2) existence of a large permeability contrast in the surrounding rock

(e.g., extensional faults or varying stratigraphic units) that entrains surface water

to depth; and (3) existence of pore fluids in isotopic equilibrium with 18O-depleted

minerals prior to the magmatic intrusion. The third scenario provides the simplest

explanation for how surface fluids can reach depth yet the first scenario controls the

long-term persistance of meteoric signatures to depth.

Without including brecciation, all three modeled scenarios demonstrate fluc-

tuations in δ18Of . The largest fluctuations in δ18O values occur while garnet is

thermodynamically stable, in areas nearest to the magmatic body, and downstream

relative to the topography-driven flow field. Given the strong spatial variability in

δ18Of in all simulations and observed range oxygen isotope compositions of garnets

from the Empire Mountain summit, punctuated and periodic growth of garnet best

fits these observations. Low δ18O and δ13C values of carbonates at Empire Moun-

tain indicate infiltration-driven fluid flow during metamorphism, likely caused by

the ductile collapse of carbonate pore space followed by brecciation. Medium defor-

mation suggested by the isotopic composition of carbonates and the petrographic

observations of garnet further substantiate the possibility of pulsed and periodic

growth of garnet in the presence of changing fluids.

Ultimately, in studying the formation of the Empire Mountain skarn, we are

trying to robustly constrain the CO2 production from metamorphic reactions. The

volumetric abundance of calc-silicate minerals, the ∼ 1km2 area in which pervasive
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fluid flow occurred, and the suggested short time frame in which garnet grew all

serve as evidence for massive production of CO2 over a geologically short time frame

(< 100 kyr). Recent studies have begun to model the transport of CO2 in contact

metamorphic settings in order to estimate the amounts and rates of CO2 production

that reaches the surface of the Earth (Aarnes et al., 2010; Nabelek et al., 2014). How

water flows in the shallow crust and how the permeability of the crust evolves during

skarn formation ultimately dictates how efficiently the metamorphic CO2 enters the

atmosphere of the Earth. With further development of oxygen isotope transport

models and its relation to the geochemical record, a more robust understanding of

metamorphic CO2 production can ensue.
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