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Abstract

To assess thermal and kinetic influences on atomoigility and mineral
(neo)crystallization, clumped-isotope abundancesatsite and dolomite were measured
alongside dolomite cation ordering and U-Pb dategss metamorphic grade within the
c. 35-30 Ma Alta stock contact metamorphic aurddtah, USA. Averagés; values of
dolomite inside the metamorphic aureole reflectittoeking temperature of dolomite
(300-350 °C) during cooling from peak temperaturi@slomiteAs7 values outside the
metamorphic aureole record a temperature of ~160&CGhe talc isograd, dolomitte;7
values abruptly change, corresponding to a deci&ast80 °C over <50 m in the down-
temperature direction. This observed step in daki; values does not correlate with
cation ordering in dolomite or U-Pb dates, neitifavhich correlate well with
metamorphic grade. The short distance over whidbinite A47 values change indicates
strong temperature sensitivity in the kinetics oliodnite clumped-isotope reordering, and
is consistent with a wide range of clumped-isotagequilibration modeling results. We
hypothesize that clumped-isotope reordering in mdi® precedes more extensive
recrystallization or metamorphic reaction, suclhasformation of talc. Dolomite U-Pb
analyses from inside and outside the metamorphiEoéeipopulate a single discordia ~60
Myr younger than depositional age (Mississippiaagording resetting in response to
some older post-depositional, but pre-metamorplocgss.

1. Introduction

Intrusion of magma into the near-surface (<15 knmyimnment produces
localized heating and alteration (contact metamisrphof upper-crustal rocks. Efforts
to characterize the development of contact metamogureoles have traditionally
focused on high-temperature (>400 °C) alterationglving precise mapping of the
distribution of metamorphic products, geothermogbtised on cation or stable isotope
exchange, and/or numerical modeliegy, Goldschmidt, 1911; Burnham, 1959; Kerrick,
1974; Masch & Heuss-ARbichler, 1991; Ferry, 199886b; Nabelek, 2007, 2009). The
focus on high-temperature regions of metamorphieaas has partly related to
difficulties in quantifying low-temperature (<40CY alterations. Clumped-isotope

geothermometry is a relatively new technique tlifgrs insight into such low-
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temperature signatures, allowing a more completensruction of thermal histories,
spatially and temporally, associated with contaetamorphism (Ferry et al., 2011;
Lloyd et al., 2017; Ryb et al., 2017).

The contact metamorphic aureole surrounding amiggétrusion is generally
defined by isograds (surfaces of constant metanphde) observed in the field,
which are characterized by up-grade first occumeasfcan index mineral (minerals whose
limited stability with respect to pressure and tenapure make them useful for indicating
degree of metamorphism). In contact metamorphisograds have traditionally been
treated as markers of equilibrium pressure and ¢eatpre P—T) conditions,
representing preserved reaction fronts that prapdgavay from the intrusion as its heat
and fluids were transferred to surrounding rocBach utilitarian approaches to studying
metamorphic reactions have yielded great insidiot dnivers of metamorphism,
including on the importance of fluid fluxes in cartate systemse(g, Ferry, 1986).
However, in regions that experienced extensivel finfiltration, permeability structure
can significantly influence metamorphic reactioag)( Cook & Bowman, 2000).
Furthermore, advances in understanding of non-egiuin conditions for metamorphic
reactions indicate that the attainment of pressamestemperatures necessary for
equilibrium mineral crystallization (in a rock witll the appropriate reactants) only
partially fulfills the requirement for an index-nairal-forming metamorphic reaction to
occur. Index mineral formation also requires nattten and growth, both of which can
be inhibited by inefficient component exchangeg( Carlson, 2002, 2006; Pattison &
Tinkham, 2009; Pattison et al., 2011; George & &sic2020).

Studies into disequilibrium and partial equilibriummetamorphic settings have
focused on evidence from mineral growth patterogymosition, differing morphologies,
and zonation in minerals, particularly in garnefcéuse its low elemental diffusivities
and refractory nature allows for preservation dhdg lost during (re)crystallization of
other minerals (Carlson, 2002; Ague & Carlson, 28#ear & Pattison, 2017; Beno et
al., 2020). Carbonates are notoriously susceptibédteration (Morse, 1983; Moore,
1989), meaning that records of processes involgisgquilibrium or partial equilibrium
in carbonates can be difficult to discern. Ina&hsence of refractory minerals, changes

within the carbonate matrix can provide insighoiatterations that are otherwise cryptic.
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Changes in carbonate clumped-isotope abundancesaana solid-state, closed-system
mobility of C and O atoms. Changes to carbonated da&®es could indicate open-system
processes (gain/loss of U or Pb) or closed-sysemmystallization (re-distribution of U
and Pb within the sample). Observations from lotiimped isotopes and U-Pb data
may offer insight into (re)crystallization histasieopen- versus closed-system behavior,
and disequilibrium or partial equilibrium in carladas.

Carbonate clumped-isotope geothermometry and kinabidels of solid-state
reordering have proven valuable in reconstructimgrhal histories related to shallow
crustal burial €¢.g, Henkes et al., 2014; Stolper & Eiler, 2015; loaci& Niemi, 2019)
and have recently been applied to study the eft#dtsn-grade metamorphism (Lloyd et
al., 2017; Ryb et al., 2017). In this study we cadbonate clumped isotopes to
investigate possible kinetic controls on metamaphof silica-bearing carbonates in the
Alta stock metamorphic aureole, Wasatch regiontahlUUSA. The metamorphic
aureole surrounding the Alta stock records a cornblermal history, involving
significant advection of fluid and an unexpectepiiglonged duration of
(re)crystallization (Cook & Bowman, 1994; Bowmaraét 1994; Cook et al., 1997,
Bowman et al., 2009; Stearns et al., 2020). Westigate the thermal signatures
recorded by carbon, oxygen, and clumped isotopealaite and dolomite of the Alta
contact metamorphic aureole, and the extent tolwtliemped isotopes are able to
capture upper-crustal thermal histories. Usinggitsgained from carbonate clumped-
isotope geothermometry, U-Pb dating of carbonaig dolomite cation ordering, we
discuss potential kinetic requirements for indexianal-forming metamorphic reactions.
At Alta, we focus these efforts on the talc isognablere abrupt changes in clumped-

isotope values are observed.

1.1. Geologic background

The Wasatch Intrusive Belt (WIB) in North-centraid hosts sedimentary rocks
deposited during the Precambrian and Paleozoioxtbig subsequently buried (Baker et
al., 1966; Cook & Bowman, 1994). Crustal thickenassociated with the Sevier
orogeny was followed by a series of igneous intnusiduring the mid/late Paleogene.

The eastern intrusions are oldest and shallowsdtjding the Valeo, Glencoe, Ontario,
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Flagstaff, Pine Creek, Mayflower, and Park Prerstecks (Constenius, 1998; Vogel et
al., 2001; Armstrong et al., 2003). Continuing imesd, intrusions become
progressively younger and deeper; the granodichitie stock (35-30 Ma) partially
intruded the older, granodioritic Clayton Peak kt(igaker et al., 1966; Cook &
Bowman, 1994; Armstrong et al., 2003; Stearns.e28P0). The Little Cottonwood
stock, a granitoid body, is the youngest (36—25 Ma) deepest-emplaced (6—11 km)
WIB intrusion (Crittenden et al., 1965; Parry & Bry 1986; John, 1989; Armstrong et
al., 2003; Stearns et al., 2020). Rederditu U-Pb zircon and titanite geochronology
data from the Alta stock and its inner aureole ssgthe Alta stock experienced
prolonged, episodic hydrothermal activity (30—23)Meat overlapped emplacement of
the Little Cottonwood stock (Stearns et al., 2020pnstraining the timing of these
thermal events is an active area of research.

Eastward tilting and subsequent late Oligocenaésgnt exhumation of the
region to the east of the Wasatch Fault (axis t@fti@n ~25 km to the east) has resulted
in subaerial exposure of the WIB intrusions (Wekei& Axen, 1988; Armstrong et al.,
2003; Ehlers et al., 2003; Friedrich et al., 200Bhe pre-intrusive Alta—Grizzly thrust
fault extends south of the Alta stock, and is asged with repetition of carbonate units
within the study area (Baker et al., 1966; Cook &Bnan, 1994; Fig. 1a—b). The
majority of the southern portion of the metamorpdniceole affected Cambrian and
Mississippian carbonate rocks (Baker et al., 195k & Bowman, 1994, 2000; Cook et
al., 1997).

Extensive study of the region has focused on adohrgshe spatial and temporal
complexity of the thermal history surrounding thikasstock, including the magnitude
and direction of fluid flow during contact metambigm and associated fluid-driven
reactions (Bowman et al., 1994; Cook & Bowman, 1Z®800; Ferry, 1994; Cook et al.,
1997; Woodford et al., 2001; Bowman et al., 2008a81s et al., 2020). Metamorphism
resulted in an isograd sequence of: talc (Tc, 360-°€, farthest from the stock),
tremolite (Tr, 410-450 °C), forsterite (Fo, ~490),°€@inohumite (Chm), and periclase
(Per, ~580 °C, nearest the stock) (Moore & Kerrk¥76; Cook & Bowman, 1994). The

distribution of metamorphic isograds within thedstarea is shown in Fig. 1b.
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In the periclase, forsterite, and tremolite zomedex minerals are widely
distributed although abundances vary with straigr@horizon. Within the talc zone,
the presence or absence of talc is more spateslyicted and highly bedding-specific
(Cook & Bowman, 1994, 2000). Talc occurs primanilyeaction rinds around chert
nodules in specific bedding planes, but beddinggdawith unreacted chert nodules also
occur (Cook & Bowman, 2000). Bedding control oa gresence or absence of index
minerals has been taken to suggest that fluidiafibn was stratigraphically controlled
(Woodford, 1995; Cook & Bowman, 2000).

2. Materials and Methods
2.1. Samples and materials

This study focuses on Mississippian carbonate ro€kise southern portion of the
metamorphic aureole. We preferentially samplebaaates within the Deseret (Md,
Upper Mississippian) and Gardison (Mg, Lower Misgipian) Formations, along a
north—south transect extending ~3.5 km from thelsa edge of the Alta stock, and in
the western footwall of the Alta—Grizzly thrust fa(Fig. 1a). Two samples, AS17-33
and AS17-73vere collected from the Fitchville (Mf, Lower Missippian) Formation
and Maxfield Limestone (m, Middle Cambrian), respectively, stratigraphichlelow
the Deseret and Gardison Limestones (Fig. 1b; THblédigh-grade alterations at Alta
are well documented, including evidence for extemdluid infiltration, changes to
oxygen isotopic compositions, and varying crystatphologies (Moore & Kerrick,
1976; Cook & Bowman, 1994; 2000; Cook et al., 199&no et al., 2020). However
down-grade alterations are more cryptic when miogreal based evidence for
metamorphism is lacking(g, in talc-absent beds at the talc isograd). Thepsag
strategy in this study was designed to evaluategdsin clumped-isotope abundances
associated with thermal perturbation, but in theealse of macroscopic evidence of clear
metamorphic reaction or fluid alteration. Therefaampling targeted unaltered,
massive dolostone, when possible, avoiding areabwibus recrystallization. The
exceptions are samples AS17-68g, dolostone takem fbm the reaction rind of a chert
nodule (Fig. 2); AS17-73, dolostone taken <10cmmfiebedding layer with abundant
forsterite (Fig. S1); and AS17-74, calcitic marlmleontact with the Alta stock. For all
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analyses, small (~1 cm) pieces were taken fronetafglO cm) hand samples, avoiding

any prominent veins.

2.2. Carbonate stable and clumped-isotope analysis
2.2.1. Carbonate clumped-isotope geothermometrigdracind
Carbonate clumped-isotope geothermometry is basékeoisotopic exchange

reaction:
X13CI8060, + X12C1605 « X13C03 + X12C800; (2)

where X represents a catiang, Ca, Mg). The equilibrium constant for Eq. (1) is
temperature dependent; slight overabundance afdahbly-isotopically-substituted
isotopologue (clumped isotope; containing bt and*®0) on the left side of Eq. (1) is
energetically favored. This overabundance isiraddb the abundance of clumped
isotopes expected from a stochastic distributionatéirally occurring3C and*®0O, and
the magnitude of the preference scales with tenyrera A full explanation of the
thermodynamic basis for preference of clumped [se¢as not provided here, and the
reader is referred to Eiler and Schauble (2004 n§\& al. (2004), Ghosh et al. (2006),
and Schauble et al. (2006) for detailed explanation

The clumped-isotope composition of carbonate issmesl by isotope ratio mass
spectrometry of C&gas produced from acid digestion of the carbon@&bonate

clumped-isotope enrichment above stochastic (rafd®rels is expressed as:

A47 :\‘(RTZ—]_}—[RA%E—].]_(RTLZ_ ]JX].OOO 2)
R R R

whereR" is the abundance ratio of the heavy isotopoloduaassi divided by the
common isotopologue (mass 44), and the asterisétdem random distribution of
isotopes among all isotopologues (Affek & EilerQa.

In the absence of any type of thermal perturbai@og, shallow crustal burial,

contact metamorphism, shear heating, lightningestrithe clumped-isotope abundance
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of carbonate minerals records the temperatureeolfattt crystallization event. However,
solid-state diffusion and isotopic exchange allbe tlumped-isotope abundance of
minerals to re-equilibrate partially or completetyresponse to heating (Dennis &
Schrag, 2010; Passey & Henkes, 2012; Stolper & Ei@15; Staudigel & Swart, 2016;
Lloyd et al., 2017; Brenner et al., 2018; Chenle2®19). This process is referred to as
solid-state clumped-isotope bond reordering. Tieeipe mechanism of reordering is not
well known, but it must involve the breaking antbrening of C and O bonds within
carbonate groups of neighboring crystal latticess(Passey & Henkes, 2012; Henkes et
al., 2014; Stolper & Eiler, 2015; Brenner et a018), with the extent of reordering
dependent on temperature and duration of the tHgrentrbation. In other words,
carbonates are in thermal equilibrium, and fullgroered, given sufficient time at a
given temperature; for example, calcite held at0~40 is only completely reordered
after ~16 yr (Brenner et al., 2018; see Fig. 7). Howeveerein scenarios where
temperature varies temporallgy.g, burial and exhumation), solid-state reorderingy ma
drive clumped-isotope abundances towards thermadignequilibrium. In a
metamorphic scenario, equilibrium may be attaingdng prograde or early retrograde
processes. Sustained decrease in ambient temgedaiting retrograde processes will
eventually render clumped-isotopes to be effegtiirmmobile. In this case, the
measured isotopic composition records some appaggsiibrium'blocking temperatute
which is dependent on cooling rate and is analogtise concept d€losure
temperaturan thermochronology (Dodson, 1973; Ferry et @12, Passey & Henkes,
2012). The apparent equilibrium blocking tempemata higher for dolomitic than
calcitic marbles—300-350 °C versus 150-200 °C getbgely, for cooling rates of $0
10°°C/Myr (Eiler, 2011; Ferry et al., 2011; Passey &rikes, 2012; Lloyd et al., 2017;
Ryb et al., 2017), suggesting more sluggish clurvipetbpe re-equilibration kinetics for

dolomite than calcite.

2.2.2. Carbonate stable isotope analytical methods
Samples were analyzed in the Stable Isotope LatgréfIL) and the
Isotopologue Paleosciences Laboratory (IPL), bothe@University of Michigan. Prior

to acid digestion and analysis, all samples weansled and powdered with an agate
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mortar and pestle. Samples were analyzed in th&$8hg a customized off-line vacuum
line for CQ» gas extraction and purification of all standamd anknowns, following the
procedure of Defliese et al. (2015). Briefly, sé@spwere digested in phosphoric acid
(105 wt%, 90 °C) and the produced £§as was passed through two stages of cryogenic
(-78 °C) purification, an Ag-wool getter, and ortage of Porapak Q (-20 °C)
purification. Purified samples were sealed in g@®ple vials for <12 hours prior to
isotopic analysis. Samples were then analyzed'f@, 5'3C, andA47 values on a
Thermo-Finnigan MAT253 dual inlet mass spectromegamples analyzed in the IPL
used an automated preparation device (Passey 2040) coupled to a Nu Perspective
IS mass spectrometer operating in a high-resolutiode (mAm ~3000). Briefly,
samples were reacted in a common acid bath (10eRP@90 °C), and the produced
CO, was purified by passage through multiple -78 °¢bgenic traps, an Ag-wool getter,
and a -20 °C gas chromatography column (Porapa) for admittance into the mass
spectrometer.

Samples witl»98% dolomite or calcite, as measured by X-ray ddffion (XRD),
were treated as monomineralic. For samples wittechcalcite—dolomite composition,
pure calcite and pure dolomite components weratedlfollowing the offline stepped
acid digestion procedure of Lloyd et al. (2017)ieBy, samples were digested in
phosphoric acid (100%) at 25 °C for 24 hours, W@t collected in the first two hours
considered to have originated primarily from thieita component, and all gas produced
in the 22 hours after the calcite collection digeal. After 24 hours of reaction at 25 °C,
the sample was reacted at 50 °C for 24 hours an@ribduced gas collected was
considered to have originated primarily from théoddte component. All gas produced
from stepped acid digestions was analyzed on thBé\tspective IS mass spectrometer in
the IPL at the University of Michigan.

In both laboratories, heated and equilibrated gakesy with carbonate standards

were routinely analyzed during isotopic analyticals. All rawAs7 values were

calculated assuming tHe: . Ryguow, Ryswow and triple oxygen isotope slopeof

Brand et al. (2010), as recommended by Daéron &@l6), and were normalized to
heated gases (C@eated to 1000 °C) and equilibrated gases,(€fDilibrated with

water at 30 °C) using the carbon dioxide equilibriscale (CDES) of Dennis et al.
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(2011). AllA47 values are reported in Table 1 as both 90 °C (CIDES&cid digestion
following the recommendation of Bonifacie et al01Z) and 25 °C (CDES25) acid
digestion-equivalent values using the 90 °C veP&u%C correction of 0.0823%. or the 50
°C versus 25 °C correction of 0.0376%., each recontee by Defliese et al. (2015).
The supporting information contains comparisonvarages7 values from SIL and IPL
(Fig. S2; Table S2) and data for each replicatéyaisa(Table S1).

The choice of temperature calibration can changeéiculated apparent
clumped-isotope temperatures by tens of degred®itemperature range of interest for
this study (~150-400 °C). (Bonifacie et al., 20R@ssey & Henkes, 2012; Kluge et al.,
2015; Stolper & Eiler, 2015; Lloyd et al., 201 Hlowever, our interpretations focus on
relative down-grade differences in clumped-isottgmeperatures, rather than absolute
clumped-isotope temperature values, and are rangir influenced by these
uncertainties. Table 1 shows dolomite apparenpé&satiure calculated using both the
theoretical calibration based ab-initio calculations of Schauble et al. (2006) and the
high-temperature dolomite-specific experimentaibration of Bonifacie et al. (2017).
The two calibrations are in good agreement at |desperature, whereas at higher
temperature, the calibration of Bonifacie et aQ1(2) yields higher temperature estimates
(by ~10-50 °C). Therefore, figures, interpretasioand further reference to dolomite
calculated temperature is based onahenitio calculations of Schauble et al. (2006),
adding the acid fractionation factor of 0.176%. segjgd by Bonifacie et al. (2017).

2.3. Mineralogical composition analytical methods

Prior to isotopic analysis, powder XRD analysis \wadgormed on all samples to
confirm sample mineralogical composition for clurdpsotope analysis. XRD analysis
was done on a Philips PANalytical X'Pert X-ray difttometer at the Johns Hopkins
University (JHU). Samples were analyzed ove®a@nge of 20—70 degrees (Cuni
using a 45 kV and 40 mA beam, with a step size@2® (°29) and integration time of
7.14 seconds per step. Samples included caldtemite, and minor silicates. Samples
with >98% calcite or dolomite present were treated asomimeralic for clumped-
isotope analysis. Percentages of calcite and dt#dor mixed samples were calculated

using an internal calibration curve created frorokn mixtures of 100% dolomite and
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100% calcite, using the intensity of mais4reflection for calcite and dolomite (Tennant
& Berger, 1957).

The ideal dolomite structure has alternating calégyers of Mg and Ca, and
cation ordering within dolomite refers to the extdrat Ca and Mg are distributed into
the appropriate cation layer. The degree of catiearder can be estimated from the
XRD pattern intensity ratio forogs/d110 superlattice reflections, where the 015 refletion
represent the most intense ordering reflectionstla@d 10 reflections have meaxis
contributions and thus no ordering reflections (3atith & Graf, 1958; Reeder & Wenk,
1983; Kaczmarek & Sibley, 2007). The 006 refleasi@lso have no contribution to
ordering and can be used for estimating degreedafrimg (Reeder & Wenk, 1983;
Schultz-Gittler, 1986; Hammouda et al., 2011; Zudatt al., 2012); however, 006 is a
lower order basal reflection and thus not used.here

Energy dispersive X-ray spectra (EDS) and scanaliectron microscopy (SEM)
images were collected for all samples with U-PleslatPrior to analysis, all samples
were carbon coated. EDS and SEM images were tadlet JHU in the Materials
Characterization and Processing Core Facility @hermoFisher Scientific Helios G4
UC Focused lon Beam/Scanning Electron Microscopgpegd with an EDAX Octane
Elite EDS detector. All images and spectra wergiaied at 15 keV and a beam current

of 1.6 nA unless otherwise stated.

2.4. U-Pb dating analytical methods

Samples were analyzed in the Tectonics, Metamoié&imlogy, and Orogenesis
(TeMPO) Laboratory at JHU. Rock fragments (~1 ¢ec@s) were analyzed in polished
epoxy mounts using a Teldyne-Cetac Analyte G2 IAErcimer laser ablation system,
with a double volume HelEx Il cell, coupled to agilknt 8900 quadrupole inductively-
coupled-plasma mass spectrometer (LA-ICP-MS) watlgas in the collision cell.
Samples were measured by spot analysis; each enedyssisted of a 30 s ablation at a
repetition rate of 10 Hz with a fluence of 2 Jfaand a square spot size of 180.
Analyte was carried from the laser to the masstsp@eter with He, using a 'squid’ for
signal smoothing. Masses 204, 206, 207, 208, &32 238 were measured with

integration times of 0.1 s. Data were processae@smmended by Roberts et al. (2017,
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2020). Baseline-subtraction and instrument dofrections were made with the
commercially-available lolite (v. 4) software, ugithe U-Pb Geochronology data
reduction scheme and the NIST612 glass standateegsimary reference material (re-
measured every 10 analyses). Following initiahgabcessing in lolite, a mass-bias
correction to thé3U/?%%Pb ratios of each analysis was made such thabwher |

intercepts of the Tera—Wasserburg discordia forltmestone secondary reference
materials, measured as unknowns, were accurat@gdeced: WC-1 (Roberts et al.,
2017; expected: 254.4 £ 6.4 Ma; measured: 252.8 Mg, 95% Confidence Interval
(C.1.) of lower intercepts) and Duff Brown Tank kstone (Hill et al., 2016; expected:
64.04 £ 0.67 Ma; measured: 64.59 £ 0.86 Ma). Tdweieacy of carbonate U-Pb dates
(probably ~ = 3% at 95% C.I.) is currently limitegl heterogeneity of available reference
materials, such as WC-1, which exhil#&5% scatter about best-fit discordia (Roberts
et al., 2017) as well as uncertainties surroundiffgrences in the ablation characteristics
of different carbonate materials (Roberts et &1,722 2020). This limitation in method
accuracy does not influence the results of thidystwhich are generally less precise than
the estimated accuracy of the method.

Measurement uncertainties are reported as 2s &imois used rather than
notation as recommended by Horstwood et al. (261.6yoid confusion with the
standard deviation), which comprises 2 standamt ¢8E) of the analysis with additional
uncertainty propagated from the spline fit usetblite to correct for machine drift.

Lower intercepts and initidP’PbP%Pb PO'PbP®Ph) of Tera—Wasserburg U-Pb
discordia were calculated using the linear regogsalgorithm of York (2004), as
implemented in IsoplotR (Vermeesch, 2018) and epented at 95% C.I. alongside the
number of analysed\j, mean square of the weighted deviaMS\{VD a measure of
scatter about the discordia; Wendt & Carl, 1994yl ‘@robability of fit' p: p >0.05
indicates data are indistinguishable, within uraieties, at 95% C.I.). The regression of
all dolomite data approximate a single discordid,vaith slight excess scatter, as
indicated byMSWD= 2.8 anch = 0. The reported 95% C.I. of the lower-intercaptes
were expanded by a factor dISWDto account for this overdispersion (Vermeesch,
2018).
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3. Results
3.1. Petrography and sample characterization

Sub-forsterite grade samples were mostly near-galestones, comprised of
fine-grained dolomite crystals with minor quartzalcite * pyrite. Grain sizes of these
samples do not vary with position in the contactale (Fig. 2). Demonstrably
metamorphic minerals such as tremolite and talganerally absent in the samples that
were collected (Fig. S3—S15), despite the presehappropriate reactants: dolomite +
quartz. An exception to this is the observatiotrate amounts of talc in one fine-
grained dolostone (AS17-68g; Fig. S11) collectext te a calcite—talc reaction rind
around a chert nodule (AS17-68w; Fig. S12) at #éheisograd.

Evidence for metamorphic reaction and metasomatistolostones within the
forsterite isograd is pervasive. These dolost@anegenerally coarser-grained than the
lower-grade dolostones, commonly contain demonistrabtamorphic minerals, such as
forsterite and spinel, and are mineralogically fegeneous down to the cm scale (Fig.
S1, S3, S14). However, fine-grained massive dofessimilar to those observed outside
the forsterite isograd are also present (Fig. 39 interplay of metamorphic and
metasomatic reaction is well illustrated by samfBd7-73, collected 0.5 km from the
Alta stock. This sample is oolitic dolostone takemm the Maxfield Limestone. The
outcrop consists of alternating bedding planes witlitic dolostone and forsterite-rich
dolostone (Fig. S1). Prolific calcite veins cragsihe dolostone; the contacts of these
veins and their host rock are characterized by d#oinforsterite and spinel (Fig. S3,
S14).

3.2. Stable isotopes of carbonates

Stable isotope data, mineralogy, and associatearappequilibrium temperatures
are summarized in Table 1. Uncertainty is repoate85% C.l. of replicate analyses
after Fernandez et al. (2017) or as for averages of multiple samples. Caldie
values within the metamorphic aureole vary sigatfitty, ranging from 0.296 + 0.005%o
(CDES90, 95% C.l.) at the contact (AS17-74) to B.42.010%. (CDES90, 95% C.I.)
0.5 km away from the stock (AS17-73), correspondangpparent equilibrium

temperatures Of(As7) = 2577 °C (95% C.1.) andL1Z7} °C (95% C.1.), respectively.

10
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TheA47 value of calcite from talc—calcite reaction rirsisrounding chert and dolomite
nodules 1.4 km from the Alta stock (AS17-68w) i3@5 + 0.029%. (CDES90, 95% C.1.),

recording a maximum temperatureTgfaz) = 1623? °C (95% C.L.).

Dolomite A47 values for samples outside the isograd-definecumetphic
aureole>1.6 km from the Alta stock, average 0.353 + 0.02@4&ES90, 10),
corresponding to an averageTlgfs;) = 158 + 25 °C (o). In contrast, théy7 values of
dolomitic samples <1.5 km from the Alta stock agm#icantly lower, averaging 0.260 +
0.037%0 (CDES90, &), corresponding to a high&(A47) of 342 + 83 °C (Io). Between
the talc and forsterite isograds, dolomite samatedine-grained and lack evidence for
prominent metamorphic reaction or metasomatism &g S10, S13). Within the
forsterite isograd, metamorphic reaction and metasism are more pervasive. There,
sample AS17-73 has the low@$\47) within the metamorphic aureole and contains a
prominent calcite vein with abundant elongate it crystals (Fig. S3). Excluding
sample AS17-73, average dolomili@s7) within 1.5 km of the stock is 367 + 45 °C (1
0). Within 1.5 km of the stock, calcite records,aerageT(As7) that is ~160 °C lower
thanT(A47) of dolomite.

Figure 3 compares results from the clumped-isoggmhermometry of this study
to the Cc—Do geothermometry results of Cook andmBaw (1994). Dolomite clumped-
isotope geothermometry of samples 0.7-1.5 km flwenAta stock, within the forsterite,
tremolite, and talc zones, yield temperatures withror of the second-order polynomial
fit to the Cc—Do Mg-solvus geothermometry resuft€ook and Bowman (1994; Fig. 3).
However, dolomite clumped-isotope geothermometryamhiples<0.5 km from the Alta

stock, from the middle of the forsterite zone tlglouhe periclase zone, yieldA47) =
1667;'-3817, °C (95% C.l.), significantly below the 485-575 °@aulated from the

Cc—Do geothermometry data of Cook and Bowman (1984guably the most striking
feature of Fig. 3 is an abrupt changd{A47) (~180 °C decrease, away from the Alta
stock) at a distance from the Alta stock of 1.5-Kir6 This break in clumped-isotope
temperature occurs over a relatively confined gspatea (<50 m) and, interestingly,

coincides with the position of the talc isograd.
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Calcite and dolomit&'3C andd'®0 values from this study are in agreement with
previous studies (Cook et al., 1997; Bowman e8I09). Dolomite samples beyond the
talc isograd$1.6 km from the Alta stock) show little variatioma'3C or '80 values,
averaging 2.53 + 0.57%o0 (VPDB,d) and 29.27 * 2.24%. (VSMOW, @), respectively
(Fig. 4a—b). Both calcite and dolomite sampleinitl.0 km of the Alta stock show
variability in 3'°C andd'®0 values. Samples located 0.7 and 1.0 km fronAttzestock
(AS17-33 and AS17-39, respectively) are relatidgypleted in°C, whereas samples
located 0.2, 0.4, and 0.5 km from the Alta stock{&-36, AS17-37b, and AS17-73,
respectively) are relatively enrichedfiC (Fig. 4a). Both calcite and dolomite show a
poorly correlated linear trend {R 0.03 and 0.32, respectively) of increasing dépien
180 in the up-temperature direction, toward the Attack (Fig. 4b). However, there is no
statistical difference in dolomi®?®0 values across the talc isograd. Overall, calcite
samples are more depleted in bbb and*®0 than dolomitic samples at the same
location, which is expected for calcite—dolomitaclionation; at thermodynamic
equilibrium, dolomited*3C andd'0 values are higher than coexisting calcite (Scleaub
et al., 2006; Horita, 2014; Lloyd et al., 2017)ol@mite 3*%0 andA47 values and'3C
andd!®0 values are decoupled, whereas calcite shows pasitive correlations for both
00 andAs7 values (R = 0.46) andb**C andd*®O values (R= 0.40; Fig. 4c—d). The
sample most depleted in bdfi€ and'®0 is the calcite at the Alta stock contact (AS17-
74). The largest difference betwe®AC andd'®O values of dolomite and calcite is at 1.4
km from the Alta stock, where calcite (from talcabieg reaction rinds surrounding
chert) and dolomite differ id'3C andd'®0 values by 2.3%. and 7.4%o., respectively (Fig.
4; Table 1). Figure 2a—c shows photographs oftateatules with and without talc

reaction rinds.

3.3. Dolomite cation ordering
Sample mineralogy and dolomite cation orderingreperted in Table 1. The

degree of dolomite cation ordering was found natdwelate with metamorphic

temperature, dolomit&'€0 values, 047 values (Fig. S16b—c).
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3.4. U-Pb dating of carbonates

Figure 5 shows a Tera—Wasserburg diagram for tHebUsetope data obtained
for calcite and dolomite. Eight fine-grained, neare, massive dolostones—collected
from outside the contact aureole to just within fibvsterite isograd—were analyzed
(AS17-24, AS17-26, AS17-28, AS17-29, AS17-39, AZH7-AS17-68g, and AS17-70;
see Fig. 1b and Table 1 for sample locations afwiriration). As described above, these
samples lack evidence for metamorphic reactione@asomatism. One calcite—talc
reaction rind around a chert nodule at the talgrisd (AS17-68w) was also dated. The
calcite—talc reaction rind yielded relatively ggrsloping discordia with large
uncertainty (31.1 £ 42.2 Ma, 95% C.I.; MSWD = 1p5; 0.074N = 20), consistent with
the interpretation that these reaction rinds formagel, during contact metamorphism and
associated hydrothermal activity at Alta (Steartnal.e¢ 2020). However, the date is too
uncertain to interpret more specifically, and wendb discuss it further.

Data from all dolomite samples—including AS17-6@fjich contains trace talc
and was collected adjacent to the dated calcite+¢alction rind (AS17-68w)—populate
a single discordia, with lower intercept of 264.45%1 Ma ISWD= 2.8,p=0,N =
160). Any possible correlation with metamorphiadg or clumped-isotope abundances
is smaller than can be distinguished within theeutainties of the measurements. This
date is significantly younger than the Late Misgig&n depositional age for the original
marine carbonates of the Deseret and Gardison FomsgBaker et al., 1966), but
significantly older than emplacement of the Altacktand associated

metamorphism/metasomatism (36—23 Ma; Stearns, &040).

4. Discussion
4.1. Possible explanations for the break in dolonetclumped-isotope data

Here we explore possible explanations for the @atbrd80 °C change in apparent
temperature observed in the dolondiig data at the talc isograd. Such a sharp thermal
gradient is inconsistent with most conductive addeative fluid heating models for
contact metamorphisne g, Cook & Bowman, 1997). The change in dolondie

values is therefore interpreted to represent gral@mt' thermal break, possibly relating
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to differential fluid flow, metamorphic recrystaétion, and/or the kinetics of atomic

mobility in the dolomite crystal structure.

4.1.1. Is the abrupt change in dolomite values a result of differential fluid flow?

In metasomatism dominated by porous flow and aasetifluid advection, the
break in dolomite\47 values could relate to flow patterns in the oaigneole, perhaps
recording 'fluid leakage' from the systeach,(Cook & Bowman, 2000). However, in the
field, there are no indications of faulting, dikesconformities, confining layers, or other
structural/lithological changes that could accdontleakage' coincident with the
observed change in dolomifg; values. In addition, the massive dolostone sasnple
targeted for this study generally lack evidencenfietasomatic recrystallization. Thus,
an explanation for the pattern of dolomite values based solely on differential flow is

improbable.

4.1.2. Does the step in dolom#e; values mark a metamorphic recrystallization front?
A change in crystal size, texture, or fabric, oy ather indicator of
(re)crystallization between dolomites recordinghhésnd low temperatum; values
could help explain the transition M7 values ~1.5 km from the Alta stock. Static
recrystallization should result in grain coarseramg could more effectively (more
completely) alter th&'®0, d3'3C andA47 composition of the mineral than by
intracrystalline diffusional exchange. However, oliserved no systematic difference in
carbonate fabric or grain size in thin sectionthefmeasured fine-grained dolostones
relative to their position inside or outside thetaxt aureole (Fig. 2). There was minor
evidence of 'hairline’ veins filled with secondasicite crystals in some samples, but
these were avoided in dolomite clumped-isotopeysmal In contrast, sample AS17-73
from within the forsterite isograd shows clear evide for metamorphic reaction and
metasomatism (Fig. S1, S3, S14) and records diltiloever T(A47) when compared to
the overall step-pattern of the dolomite data. tésefore exclude this sample from our

interpretations.
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Depleted3C andd'®0 values in calcite could indicate open-system tieavith
infiltrating fluids (Fig. 4c—d). However, simil@&vidence that might suggest fluid—rock
interactions in the massive dolomites we targetedhis study is lacking. This suggests
closed-system, solid-state reordering of doloitevalues occurred. Correlative
changes if\s7 andd'®0 values o047 values and cation ordering would suggest dolomite
recrystallization (Veillard et al., 2019). Howeysuch correlations were not observed
(Fig. 4d, S15c). Finally, dolomite U-Pb dates shmapparent variation with distance
from the stock of\47 values (Fig. 5) as might be expected if the saspiere variably
recrystallized. From these lines of evidence, waat interpret the step w7 values to

be indicative of a metamorphic recrystallizatioonf.

4.1.3. Is the step in dolomitk; values due to temperature-sensitive clumped-igotop
solid-state reordering kinetics?

Given the lack of evidence for a metasomatic orametrphic recrystallization
front affecting our samples, we suggest that thetmppmbable explanation for the abrupt
change in dolomit&47 values at the talc isograd relates to clumpeddbEoteordering
kinetics. Dolomite clumped-isotope geothermometgy be extremely sensitive to
temperature. High activation energy for C and @apic mobilization prevents
clumped-isotope reordering in rocks that closelyrapch, but do not exceed, some
temperature threshold. This threshold behavioheas repeatedly observed in
laboratory-based solid-state reordering studieguodntrolled heating conditions
(Passey & Henkes, 2012; Henkes et al., 2014; Stéifgsler, 2015; Brenner et al., 2018;
Lloyd et al., 2018). The apparently narrow temparrange (<50 °C) over which
dolomite/A47 values change at Alta is consistent with the 'enafure threshold' effect
implicit in the concept of a blocking temperatumad represents an energetic requirement
for the reaction to proceed. At temperatures greaan the blocking temperature, C and
O isotopes are sufficiently mobile that reordermmag occur; however, at temperatures
below the blocking temperature, these isotopegffeetively immobile. Once this
energetic requirement is met, rapid reordering pragress by defect/vacancy migration
(Passey & Henkes, 2012; Henkes et al., 2014), cistson of clumped isotopes into
neighboring singly-substituted isotopologues (Stolg Eiler, 2015), or some other
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cryptic mechanism(s). Moreover, reaction progsgumped-isotope reordering is a
function of both temperature and time, which, gittea right temperature—time
combinations, could act to accentuate further tep shange observed in dolomite
clumped isotopes. The apparent blocking tempezattidolomitic marbles is estimated
to be 300—350 °C for cooling rates of 1 °C/kyr flyeat al., 2011; Lloyd et al., 2017,
2018). This agrees with the average dolomite agpaquilibrium temperatures for
samples inside the talc isograd (342 + 83 °G) &nd the temperature at the talc isograd
(350-400 °C: Ferry, 1994; Cook & Bowman, 1994, Cebkl., 1997; Fig. 3), where the
abrupt change in dolomit®7 values occurs.

Furthermore, dolomit&(A47) values are decoupled from the presence/absence of
talc within the talc zone. Talc-absent horizonsudt record loweiT(A47) if solid-state
mobilization of C and O in dolomite, altering dolibenclumped-isotope abundances, is
due to recrystallization in association with thief@rming reaction. However, this was

not observed. Horizons within the talc zone, hwit talc (sample AS17-68g) and

without talc (AS17-24), recor@(As7) within error, 3787 °C (95% C.1.) and3897, °C

51

(95% C.1.), respectively (Table 1). This obsematsuggests dolomite clumped-isotope
reordering is independent of talc neocrystallizatio

There are two plausible explanations for the aveféfys7) of 158 + 25 °C (Io)
recorded by all dolomitic samples beyond the tsbgrad. First, samples greater than 1.6
km from the Alta stock may not preserve thermahaigres from the metamorphic event,
but instead record prior (re)crystallization at 82€. This could represent a background
burial temperature of 5-5.5 km for a geothermatignat of 30 °C/km, which is
consistent with burial depth findings of previotisdies of the Alta stock (Bryant and
Nichols, 1990; Bryant, 1992). Dolomite beyond tale isograd might not have
experienced sufficient heating (in magnitude oration) to allow clumped-isotope
reordering. An alternative explanation is that p® beyond the talc isograd do not
record equilibrium temperatures, but rather weilg partially reordered during stock

emplacement. The possibility of partial reorderimgxplored in Sections 4.2 and 4.3.

4.2. Solid-state clumped-isotope reordering kinetimodeling
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In light of the above observations and interprete, we investigate to what
extent thermal and kinetic modeling can reprodaeeaibrupt change in dolomifa;
values observed at the talc isograd, ~1.5 km fimenAita stock (supporting information
S1-2). The thermal model follows two-dimensior#al)) conduction with heat
advection by fluid flow (after Cook et al., 199A)e acknowledge that the thermal
history of the Alta stock is more complicated tlasingle emplacement event and
subsequent, passive cooling; instead, possiblywimgincremental magma
emplacement (and associated thermal pulses), apoévremplacement hydrothermal
activity (Stearns et al., 2020). Three differdningped-isotope reordering kinetic models
were applied to two thermal histories, extractesrfithe thermal model using different
initial starting temperatures (160 °C and 100 °@hglthe sampling transect). The two
thermal histories—based on 5-5.5 km burial deptitisMi, 1961; John, 1989) and 30
°C/km geothermal gradient (Wilson, 1961; Kohler729Parry & Bruhn, 1986; Mayo &
Loucks, 1995) (160 °C), and on the minimum tempeeascenario of Cook & Bowman
(1994) (100 °C)—result in a plausible range of temagures for the talc isograd (350—
400 °C; see Fig. 3) given uncertainties in fluiadrgmsition and pressure. The clumped-
isotope reordering kinetic models include: 1) tseyxmlo-first-order model of Passey and
Henkes (2012); 2) the transient-defect/equilibridefect model of Henkes et al. (2014);
and 3) the exchange—diffusion model of Stolper &iher (2015). All models use the
dolomite kinetic parameters of Lloyd et al. (2018he reader is referred to supporting
information S1-2 for detailed information aboutsbeéhermal and kinetic models.

Figure 6 shows modeleth; values with distance from the Alta stock for vaso
cooling times (following intrusion of the Alta stgcbetween 5,000 yr and 500,000 yr,
for each of the kinetic models and initial (pre-éagement) temperature conditions (160
°C and 100 °C). The most striking finding from thermal and kinetic model
simulations is that all clumped-isotope kinetic rasdmplemented produce step-like
transitions in dolomités7 values, similar to the observed patteri @47) (Fig. 6a—c,g—

i). Furthermore, the break in dolomi; values is preserved throughout the exhumation
history for all kinetic models (Fig. 6d—f,j—I). Thstepped feature thus appears to be a
natural consequence of the temporal evolution ethiermal pulse, and illustrates the

temperature sensitivity (threshold behavior) ofmgbed-isotope reordering kinetics. The
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exchange-diffusion model of Stolper and Eiler (20d4&hieves the best fit to the data.
Also of note is that the exchange—diffusion modelpts partially reordered dolomite
A47 values at lower metamorphic grade than the talgraed (Fig. 6f,1). This suggests
dolomiteA47 values beyond the talc isograd might record paatiaration associated
with metamorphism, rather than earlier (re)crystation at burial temperatures of ~160
°C.

The kinetic models fail to exactly reproduce finakervedrl(A47) within the inner
aureole, underestimating observations (Fig. 6d)f@nd the majority of kinetic models
do not spatially align with the observed break atodhite As7 values (Fig. 6a—c,g—i).
These disparities may arise from incomplete knogdeaf the thermal history before,
during, and after the metamorphic event, inaccesaii kinetic reordering models and
parameters, and/or error in the—T calibration. For example, the single-pulse
conductive thermal models do not capture the coxitylef the temperature history at
Alta, which is not well constrained (Stearns et 2020), and the kinetic models are
hindered by limited data and increased error aasetiwith down-temperature
extrapolation of experimental data (Bonifacie et2017; Lloyd et al., 2018). In order to
explainT(A47) >350 °C within the metamorphic aureole, publiskertic parameters
require cooling rates of 10-100 °C/yr (Lloyd et 8D18), which are geologically
unreasonable for Alta. We used a Monte-Carlo aggrdo determine kinetic parameters
that result in near-perfect fits between model jatéahs and the entire observé(i\s7)
profile (see supporting information S2; Fig. S2125dut these kinetic parameters are
significantly outside of experimentally determinedues. We therefore emphasize that
the important finding from these models is not ecpge reproduction of the down-grade
pattern of clumped-isotope variation in dolomitagsunding the Alta stock, but rather
the recognition of fundamental threshold behawvidhie progress of clumped-isotope

reordering in carbonates.
4.3. Kinetic drivers of metamorphic mineral forming reactions

4.3.1. Interpretation of carbonate clumped-isot&peetics and implications for the

formation of talc
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Here we discuss factors influencing talc crystatiiazn and growth, the talc
isograd at the Alta stock, and insights gained foliserved changes in dolomite;
values at Alta. From the observations of this gtuee hypothesize: 1) dolomite
clumped-isotope reordering appears to be one diipteikinetic processes that is linked
to, but precedes, talc neocrystallization; andi@gtic inhibitions to nucleation and
growth may be responsible for the presence or @leseitalc in the talc zone at Alta.

A major question is whether the spatial alignmdrthe talc isograd and the
abrupt change in dolomit® values is merely a coincidence, or indicates tiatbility
of C and O in dolomite (reflected by changes imgbed-isotope abundances) is a
limiting factor to the formation of talc. Equililim talc crystallization requires
appropriatd®>—T conditions, reactant availability, and kineticpésibility. Previous
studies indicate that appropri&eT conditions for the formation of talc were presantl
hypothesize that the occurrence of talc was rettitaited—specifically, infiltration of
H>O along more permeable beds was a primary contrédlo formation at Alta (Cook &
Bowman, 1994, 2000). However, assuming the presehkebO as a pore fluid in all
units, along with the observation of ubiquitousrtiaad disseminated quartz (Fig. 2, S5—
S15), at least minor talc should have formed irsathples of this study (Cook &
Bowman, 1994, 2000). We therefore explore the thggis that talc neocrystallization
was kinetically inhibited in our samples.

The breakdown of dolomite to calcite during theration of talc occursia the

reaction:

3D0 +4SiQ + H,0 = Tc + 3Cc +3CO  (3)

Distinct processes involved in this reaction magtude (introduction and) disassociation
of H2O, release of C&from dolomite, cation migration and reorderinghait dolomite,

Mg removal from dolomite, structural changes to¢hgbonate crystal lattice, and release
of SiG; from its precursor host phase (here, primarilyrphel hese reaction steps are
unlikely to occur simultaneously, and may not pesgras a linear sequence of events.
Furthermore, the kinetics and diffusional lengthies for each component may differ

markedly.
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Once the activation energy for clumped-isotopedenng is overcome (190-280
kJ/mol; Lloyd et al., 2018), the reordering procappears to proceed rapidly, as
indicated by the narrow temperature range over lwthie observed step in dolomile;
values occurs (threshold behavior). Based on gbdatolomite clumped-isotope
reordering in the absence of metamorphic mineralsyur samples, we suggest that this
kinetic barrier must be overcome prior to largergi scale reaction in the rocks, such as
talc neocrystallization. Chen et al. (2019) pabk#esimilar hypothesis—alteration to
clumped-isotope abundances occurring before religsttion—in association with the
aragonite to calcite phase transition.

We therefore hypothesize that mobility of C or @ lfoth) in dolomite (as
reflected by clumped-isotope reordering) is a lingtfactor to completion of the talc-
forming reaction (Eq. 3), and that the alignmenthaf step-like change in dolomita;

values with the talc isograd is not coincidentatidence supporting this includes: 1)
talc-bearing dolomite at the talc isogréi< 1, AS17-68g) is reordered (A7) = 378ﬁ§1
°C (95% C.1.); Fig. 2d—e, S11]; 2) talc-absent dale at the talc isogradN(= 1, AS17-
24) is also reordered(A47) = 3897, °C (95% C.l.); Fig. 2f—g, S5]; and 3) all dolomite

(N = 8, samples >1.5 from the Alta stock) that areraordered or partially reordered
lack talc [T(As7) ~ 160 °C; Table 1; Fig. S4, S6-8]. We suggest tie abrupt change in
dolomite clumped-isotope values represents a ikimszigrad'—e., a thermally-
controlled, isograd-like feature. This single-miadeékinetic isograd' is defined by an
abrupt, down-grade change in the degree of intesp&bpic ordering, and is unique in
that does not require the presence of other retactan

Furthermore, we hypothesize that the sporadic oenoe of talc at the talc
isograd, despite widespread appropriate bulk-rackpositions, potentially reflects
additional processes necessary for talc (neo)dliystizon that are kinetically inhibited
and may vary with lithology (see also George & Gz8¢2020). It is possible that
nucleation of talc at Alta required temperaturexcess of that required for equilibrium
talc crystallization, similar to the oversteppirfgloe garnet-in reaction suggested to be
necessary for nucleation of garnet porphyroblassme rocksg.g, Carlson, 2011;
Pattison et al., 2011; Spear et al., 2014; Speatgison, 2017). Even after the
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activation energy to C-O reordering is overcomie, ¢eystallization may continue to

have kinetic and/or reactant limitations.

4.3.2. Interpretation of combined clumped isotopd B—-Pb datasets in dolomite

The U-Pb dating of sedimentary carbonates isistits infancy, and the exact
processes that are recorded by U-Pb dates inethtfgeologic settings are not fully
understood. Given the sensitivity of carbonatearafs to diagenesis and
recrystallization, it is probable that U-Pb datésaybonate rocks will commonly be
reset from their original depositional age. Thd&Pb-dolomite dates presented here (c.
264 Ma) are homogeneous, substantially older tharmge of contact metamorphism (c.
35-30 Ma), and ~60 Myr younger than depositionakagf the Deseret and Gardison
Formations. The homogeneity of the dates, from awgkide the isograd-defined contact
aureole to the forsterite isograd (~500 °C), sugggéhst the dates were not strongly
affected by metamorphism. This interpretatioruighfer supported by the lack of
evidence for significant metamorphic reaction ie tated samples.

These observations have two implications for urtdeding U-Pb dolomite dates.
First, the diffusion of Pb and U was insufficieatrhodify the U-Pb dates of the samples
during metamorphism, at least up to the forstésibgrad (~500 °C), even though grain
size was relatively small (on the order of 100 um. a first order, this might indicate
Pb diffusivity in dolomite is likely lower than icalcite, for which 100 pm Pb zoning is
predicted to be significantly modified in rocks theach ~375-400 °C for 0.1-1 Myr
(Cherniak, 1997). A more precise empirical intetation of dolomite Pb diffusivity and
closure temperature is inhibited by the probablagexity of the Alta stock thermal
history (Stearns et al., 2020) and permeabilitycitire (Cook & Bowman, 2000), but
this qualitative observation is valuable in thauggests volume diffusion of Pb is
unlikely to be significant in the sedimentary andidtemperature metamorphic
environments to which U-Pb dolomite dating is mib&ly to be applied. Second, the
dolomites appear to have been pervasively ressbine post-depositional process. We
speculate that the c. 264 Ma date—approximatelygOyounger than deposition of the
original marine carbonate—might reflect the timofglolomitization, which requires

appreciable open-system reaction and recrystatizgand therefore opportunity to reset
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the U-Pb system). Alternatively, the date coufteot recrystallization associated with
further burial or change in fluid compositions atre point after initial dolomitization
occurred.

5. Summary and conclusions

Combining clumped-isotope geothermometry, U-Pmdatnd numerical
modeling along with published Cc-Do geothermomé@igok & Bowman, 1994), we
investigate the temperature recorded in rocks stadgeto contact metamorphism during
intrusion of the Alta Stock, Utah, USA. Change$%C andd*®0 composition for
calcite indicate interaction with magmatic fluidts agreement with previous studies
(Cook et al., 1997; Cook & Bowman, 2000).

Clumped-isotope geothermometry of dolomite sample§ km from the Alta
Stock records a consistent temperature of ~16@d@ntially corresponding to ambient
conditions at a burial depth of 5-5.5 km. At distas <1.5 km from the Alta Stock,

clumped-isotope geothermometry of dolomite sampdesrd contact-metamorphic
. . . . . +84 o
thermal signatures (post-metamorphic cooling), withaximumT (A7) of 4227 °C

(95% C.1.). An abrupt change in dolomfie¢; values occurs at the talc isograd (~1.5 km
from the Alta Stock), corresponding to a decreasgpparent equilibrium temperature of
~180 °C over a distance of <50 m in the down-teeoee direction. Two-dimensional
thermal modeling (with fluid advection) and clumpgedtope reordering kinetic
modeling are used to evaluate the origins of teped feature. Modeling results
indicate that such features are a natural resutteofiown-grade evolution of thermally-
activated C-O reordering in dolomites followingiaalete heating event, such as that
resulting from stock emplacement. Finally, factoffiencing metamorphic mineral-
forming reactions are explored, focusing on the isdgrad at Alta. We hypothesize that
mobility of C or O (or both) in dolomite (as indiea by solid-state clumped-isotope
reordering) may be a limiting factor for talc crgMization.

Isograds are traditionally considered demarcatasregjuilibriumP—-T conditions
defined by index minerals produced by metamorpéagctions. Analogously, the change
in dolomite clumped-isotope abundances spatiaffiyagents a thermally-controlled

isograd-like feature around Alta stock, but whislpreserved within a single mineral,
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independent of reaction with other minerals. Idiadn to its potential role as a 'kinetic
isograd’, clumped-isotope reordering may offeretuldool for diagnosing kinetic

drivers of mineral-forming reactions, and potentislequilibrium metamorphic scenarios
in carbonates, in particular where other macrosc(id microscopic) evidence is

unavailable.
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Table 1.Average values a¥®0, 83C andAs47 for calcite and dolomite. Temperature
calculated from clumped-isotope geothermometry shewth additional sample
information.

Note: Reported uncertainty (x 95% C.1.) is the @bcpnt confidence level of all
replicates I{l) of a single sample.

* Mf = Fitchville Formation, Mdg = Deseret and Geah Formations, andm =
Maxfield Limestone.
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T Values are reported in the carbon dioxide equulib scale (CDES) after Dennis et al.
(2011), using both the 90 °C (CDES90) and 25 °CHEGSPb) acid fractionation
equivalent value.

T Temperature based on the universal calibrationdtzite and the high temperature
calibration for dolomite of Bonifacie et al. (2017)

§ Temperature based on #e initio theoretical calculations specific to calcite or
dolomite from Schauble et al. (2006).

|| Weight percent (wt. %) of either calcite or dulte determined by XRD analysis,
>98% one component unless otherwise stated.

# Ordering refers to cation ordering in dolomitéreated from the intensity ratio of
do15\d110 reference peaks, measure from XRD patterns.

Figure 1. a) Geologic map of the Alta stock and surrounding &meadified after Cook
and Bowman, 1994). Box indicates study area. Sms#rt shows location of the study
area within Utah. b) Details of study area inahgdsample locations (green stars) and
prominent faults. Dotted white lines indicate apgpmate location of isograds: Per is
periclase, Fo is forsterite, Tr is tremolite, ardig talc.

Figure 2. a—c) Photographs from the talc (Tc) isograd5«in from the Alta stock. a)
Chert nodule in dolostone with prominent Tc reactimd surrounding the chert nodule.
b) Same as (a) but Tc reaction rinds are absemt ¢teert nodules. c) Same as (b) but
chert nodule is significantly larger, dominating tleft portion of the photograph, and Tc
reaction rind appears to surround the dolostonatdalcat the center of the photograph.
d—i) Photomicrographs of fine-grained dolomite (ogross polarized (d,f,h) and planar
(e,q,i) light. d—e) Sample AS17-68g from horizoithwl'c, 1.4 km from Alta Stock,

T(A47) ~380 °C. f—g) Sample AS17-24 from horizon withda showing prominent
calcite (Cc), 1.5 km from Alta StocK(A47) ~390 °C. h-i) Sample AS17-65, 3.6 km
from Alta Stock,T(A47) ~160 °C. Py is pyrite. Scale bar in photomicagis is 50Qum.

Figure 3. Clumped-isotope geothermometry results of thidytnd calcite-dolomite
(Cc-Do) geothermometry results of Cook and Bowni&94) plotted as a function of
distance from the Alta stock. Open symbols repreSe-Do geothermometry data of
Cook and Bowman (1994). Closed symbols represdantped-isotope replicate
averages of this study; error bars represent 99%wfeplicate analyses. Clumped-
isotope data are plotted As; values in the 90 °C carbon dioxide equilibriumlsca
(CDES90) of Dennis et al. (2011) on the right ysax@ndT(A47) using the theoretical
temperature calibration of Schauble et al. (2006é&lcite and dolomite on the left y-
axis. Vertical dashed lines indicate the approxeatation of isograds. The black
dashed and dotted curves represent peak tempet@ideyr after initial pluton
emplacement as calculated by a 2-D thermal modé&lavi initial temperaturel{) of 160
°C and 100 °C, respectively, for the sampling teahs(see supporting information S1).

Figure 4. Calcite and dolomité'3C, 5'80, andA47 values from this study. Error bars
represent 95% C.1. for replicate analyses or am@lenthan symbol size if absent. a)
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O'3C values plotted as a function of distance fromAha stock. Symbols represent
replicate averages from this study. Vertical dddirvees indicate the approximate
location of isograds. b) Same as (a), budt8® values and including data from Cook et
al. (1997) as grey crosses. Calcite and dolomi®3€ andd'®0 compositions for
samples from this study and Cook et al. (1997)@ra®O andA47 values for samples
from this study. Open symbols represent data f@mok et al. (1997). Solid symbols
represent replicate averages from this study. r€dlbackground areas represent the
30 range for source fluids: marine and meteoric ngitiie), magmatic fluids (red),

and metamorphic fluids (yellow), after Ryb et &017; see Fig. 4) and Taylor (1974).

Figure 5. Tera—Wasserburg diagram for U-Pb data of cadrittdolomite; orange data
are calcite and blue data are dolomite. Calcgefa metamorphic reaction rind at the
talc isograd (AS17-68w) gives an imprecise Cenodate, consistent with the timing of
contact metamorphism and associated hydrotherrigltpa¢36—23 Ma; Stearns et al.,
2020). Dolomite dates are unambiguously older thatamorphism and are
indistinguishable across metamorphic grade, buyanager than the depositional age of
their precursor marine carbonate (Mississippia@talincertainties are plotted as 2s.
Uncertainty on the calcite date is 95% C.lI.; uraiaty on the dolomite date is 95% C.I.
expanded by a factor dMSWDto account for slight overdispersiod$WD= 2.8,p =

0; Vermeesch, 2018).

Figure 6. a—c) Measured dolomitk; values, plotted as a function of distance from the
Alta stock (symbols), compared to modeled values (curves) 5,000-500,000 yr after
stock emplacement for sampling transect initialgerature Ti) of 160 °C and Tc isograd
maximum temperaturd {ay of 400 °C, using the kinetic parameters for daterof

Lloyd et al. (2018): a) the pseudo-first-order raloof Passey and Henkes (2012); b) the
transient-defect model of Henkes et al. (2014); @rtthe exchange-diffusion model of
Stolper and Eiler (2015). Symbols represent refdiexerages. Error bars represent 95%
C.I. for replicate analyses or are smaller thanksylmsize if absent. Vertical dashed lines
indicate the approximate location of isograds.) d4ddeledT(A47) as a function of time
(logarithmic scale) after emplacement of the Atteck using the exhumation history of
Armstrong et al. (2003). Curves represent distaufiman the Alta stock of 0.05-6.5 km.
The dashed black curve represents the talc isograd.grey region in d—f and j—I
represents th&(As7) range of the metamorphic aureole. g-l) sam@-a$ excepfli =

100 °C andlmax= 350 °C. See supporting information S2 for modgspecifics.
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Tcisograd, horizon with Tc, T(A, ) ~380 °C
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207Pb/206pb

0.9

0.8

0.7

0.6

0.5

0.4

264.4£15.1 Ma
MWSD =2.8,p=0

N = 160 (20 analyses from each of 8 samples)

Dolomite (sub-talc to forsterite grade)

27Pb/?*°Pb. = 0.743 + 0.005

Metamorphic calcite at talc isograd (AS17-68w)

31.1 £42.2 Ma, MWSD = 1.5
p=0.074, N=20

zo7|:>b/206|:)bi =0.776 £+ 0.017
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Dist. . O"C (%o *0 (%o Ns7' (%o A7’ (%) +95% TH T8 +95% -95% Do/Cd .
Sample km) FM N VDB VSuow  GbESS) CoEsss i (°C) (°C) Cl Cl (wt op) Orderind
calcite
AS17-74 0.0 Mf 3 -2.63+0.19 10.03+0.55 0.296 378. 0.005 225 257 30 25
AS17-36-Cc 0.2 Mdg 2 2.85+0.10 22.91 +£0.15 0.384 0.466 0.020 1325 1419 17 20
AS17-33-Cc 03 Mf 2 -047+0.10 2539+0.15 0.349 0432 0.013 162 180 18 16 15
AS17-37b 04 Mdg 4 5.75+0.13 22.21+040 0.317 0.399 0.010 1972 2224 21
AS17-73-Cc 0.5 Om 2 4.38 +0.10 25.09 £0.15 0.425 0.508 0.010 1022 1111 10 47
AS17-68w 1.4 Mdg 5 -0.32+£0.07 19.57+0.16 0.366 0.449 0.029 1462 1 33 27
dolomite
AS17-36-Do 0.2 Mdg 2 3.34+£0.10 25.17 £ 0.15 0.278 0.361 0.019 2996 2749 39 80 1.06
AS17-33-Do 03 Mf 3 0.04+008 2832+0.15 0243 0.325 0.016 421 381 71 54 85 0.28
AS17-73-Do 0.5 [Om 2 5.00 £0.10 25.53+£0.15 0.345 0.427 0.079 1786 16141 71 53 0.83
AS17-39 07 Mdg 5 1.14+0.06 24.74+0.20 0.233 0.316 0.012 4712 4284 61 0.82
AS17-70 1.0 Mdg 3 2.71 +0.08 28.23 +0.37 0.250 0.332 0.019 3927 3578 57 0.58
AS17-44 1.2 Mdg 3 416 +1.76 24.50 + 0.23 0.248 0.330 0.022 4003 3662 48 0.41
AS17-68g 1.4 Mdg 4 2.03+0.10 26.98 + 0.31 0.244 0.326 0.013 4188 3767 51 0.62
AS17-24 15 Mdg 4 2.75+0.07 2868+0.11 0.241 0.323 0.014 4309 3871 54 0.58
AS17-26 1.6 Mdg 3 3.14+0.07 31.01+023 0.322 0.405 0.036 2105 1962 45 0.77
AS17-28 1.8 Mdg 3 2.66+0.08 2452+1.83  0.359 0.441 0.011 1610 1517 15 0.58
AS17-57 19 Mdg 2 3.14 £ 0.09 28.44 + 0.55 0.325 0.407 0.038 2072 1965 46 0.64
AS17-31b 19 Mdg 2 1.96 +0.10 29.93 + 0.46 0.346 0.428 0.026 1775 1634 27 0.64
AS17-29 20 Mdg 3 3.11 £0.08 31.10 £ 0.26 0.387 0.470 0.002 1323 1214 12 0.65
AS17-60 25 Mdg 2 1.96+0.11 30.62+0.56  0.362 0.444 0.019 1587 1421 18 0.79
AS17-63 30 Mdg 2 1.81+0.10 28.03+0.15 0.371 0.453 0.012 1488 1315 14 0.74
AS17-65 3.6 Mdg 2 2.44 +0.10 30.52 £+ 0.53 0.352 0.401 0.002 1708 1518 16 0.60
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