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ABSTRACT. Interactions among fluids, deformation structures, and chemical changes
in sediments impact deformation of the shallow crust, influencing the preservation and
extraction of the economic resources it contains. These interactions have been studied
along the Moab Fault, in the Paradox Basin, Utah, where diagenetic cements, joints,
cataclastic deformation bands and slip surfaces developed during faulting are thought
to control fault permeability. Previous fluid inclusion micro-thermometry and stable
isotopic data from calcite cements collected along segments of the Moab Fault suggest
cements precipitated from hot basin fluids that migrated up the fault and interacted
with a shallower meteoric groundwater source. In this study, we investigate the
interactions of these fluids with deformation structures using clumped isotope thermom-
etry of calcite cements along the Moab Fault. Guided by prior high-resolution mapping
of deformation structures and calcite cements, we measured the growth temperature
of calcite cements collected at varying distance from fault segments and fault intersec-
tions. Cement temperatures from individual segments vary greatly; cements along a
relatively simple fault segment indicate temperatures ranging from 67 to 128 °C,
similar to previously published fluid inclusion homogenization temperatures from a
cement sample collected in the same locality, while a nearby fault intersection hosts
cements with temperatures of 13 to 88 °C. The spatial pattern of cement temperatures
revealed by clumped isotope thermometry suggests that intensely jointed zones
associated with fault intersections enable rapid down-fault migration of cool surface
waters and that deformation-band faults with their associated slip surfaces may further
compartmentalize fluid flow, restricting fluid sources to warm waters thermally equili-
brated with the country rock outside the jointed zone. Our data confirm that the
relationship between faults and fluid flow can vary greatly over short length scales, and
suggest that some fracture zones can be highly conductive to depths as great as 2 km.

Key words: Deformation structures, diagenesis, fluids, calcite cement, fault, Para-
dox Basin, clumped isotopes

INTRODUCTION

Brittle fault systems can serve as either conduits or barriers to fluid flow (for
example, Caine and others, 1996; Davatzes and others, 2005), impacting mass and heat
transfer in the crust and influencing the potential storage and migration of hydrocar-
bons and geothermal fluids. For fault systems in porous sandstones, two classes of
structures control both hydrological and mechanical behavior during fault evolution:
cataclastic deformation bands and joints. Deformation bands form tabular and anasto-
mosing zones of localized deformation and crushed grains (Aydin and Johnson, 1978)
and may evolve to host discrete slip surfaces (Aydin and Johnson, 1978; Fossen and
others, 2007). Joints are planar fractures that show displacement normal to their
surfaces and may experience subsequent shear that leads to brecciation (for example,
Myers and Aydin, 2004; Davatzes and others, 2005). While deformation bands and
subsequent slip surfaces typically reduce permeability within and across fault zones
(Antonellini and Aydin, 1994), joints can act as significant conduits for fluid (for
example, Long and others, 1996; Aydin, 2000).
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The development of these structures during faulting in sandstones and their
influence on fluid migration has been studied in detail along the Moab Fault, a large
normal fault system in the Paradox Basin, Utah (Nuccio and Condon, 1996; Foxford
and others, 1996, 1998; Chan and others, 2000; Davatzes and others, 2003, 2005;
Johansen and others, 2005, 2008; Eichhubl and others, 2009). Recent work highlights
the importance of both structures and diagenesis in controlling fluid migration in this
and other large fault systems (Eichhubl and others, 2000, 2004, 2009; Davatzes and
others, 2005; Fossen and others, 2005; Laubach and Ward, 2006; Laubach and others,
2009). Diagenetic cements precipitated along the Moab Fault preserve information
about the origin and history of the diagenetic fluids from which they grew, and their
abundance in areas of structural complexity led previous workers to infer that
paleo-fluid flow was focused along highly jointed fault segments (Eichhubl and others,
2009).

These mapping results combined with fluid inclusion micro-thermometry and
stable isotopic analysis of calcite cements from the Moab Fault suggest that joints
served as conduits for the ascension of warm, saline basinal fluids that interacted with a
shallower meteoric water source (Chan and others, 2000; Eichhubl and others, 2009).
Chan and others (2000) envisioned this shallower, 'O and '*C-enriched end-member
to be sourced from high-elevation meteoric precipitation, driven by topographic
gradients to circulate deep in the basin, where it interacted with hydrocarbons from
deeper stratigraphic levels to precipitate calcite cement at temperatures on the order
of 50 or 25 °C. Subsequently, Eichhubl and others (2009) observed primary two-phase
fluid inclusions from one sample indicating calcite cement growth temperatures of 84
to 125 °C. They interpreted these values to be consistent with topographically driven,
deep circulation of meteoric water, with the higher range of temperatures represent-
ing focused flow of hot fluid up the fault zone, but lacked the data to investigate the
relationship between fluid temperature and distance from the fault.

We complement previous work by using clumped isotope thermometry (Ghosh
and others, 2006; Eiler, 2007) to document spatial variations in the temperature of the
fluids from which calcite cements precipitated. Huntington and others (2011) used
clumped isotopes to independently determine both the temperature and oxygen
isotopic composition of the water (SISOHQO) from which diagenetic cements from the
Colorado Plateau grew, and Swanson and others (2012) applied the method to study
conditions of cataclastic deformation along the Mormon Peak detachmentin the Basin
and Range, Nevada. We apply this technique for the first time to study the role of fault
zone heterogeneity in controlling fluid flow in the shallow crust. Along joint-
dominated fault segment 5 (fig. 1), we find high temperature cements, consistent with
previous fluid inclusion microthermometry estimates and structural analysis indicating
that the fault was a conduit for hot fluids (Eichhubl and others, 2009). However, near
the intersection of fault segments 1 and 2—a zone characterized by both deformation
bands and slip surfaces and abundant joints—we find a broad range of temperatures
that vary systematically with distance from the fault and correlate with variations in
secondary deformation structures, providing further evidence that these structures
play an important role in transmission and compartmentalization of fluids in porous
rocks.

STUDY AREA

The Moab Fault is a basin-scale normal fault cutting Pennsylvanian to Cretaceous
sedimentary units in the Paradox Basin of the southwestern United States (fig. 1;
Doelling, 1985; Foxford and others, 1996; Nuccio and Condon, 1996; Davatzes and
Aydin, 2003; Davatzes and others, 2005). The Moab Fault was active between the
Permian and mid-Tertiary, and the last significant fault motion has been dated at 50 to
60 Ma from K-Ar dates in fault zone illite, indicating faulting occurred near maximum
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Fig. 1. (A) Geologic map of the Moab Fault system at Courthouse Rock redrawn and simplified from
Davatzes and others (2005), and Eichhubl and others (2009). Fault segments referenced in the text are
numbered following Davatzes and others (2005). Sampling sites are indicated by white stars. Unit symbols as
follows: Kd + cm: Cretaceous Dakota and Cedar Mountain Formations, undifferentiated; Jmb, Jms, and Jmt:
Brushy Basin, Salt Wash, and Tidwell Members of the Jurassic Morrison Formation; Jc, Jctm: Jurassic Curtis
Formation and Moab Tongue Members; Jes: Slick Rock Member of the Jurassic Entrada Formation; Jcd:
Dewey Bridge Member of the Jurassic Carmel Formation. Inset shows the approximate location of the study
region in eastern Utah.

burial (Pevear and others, 1997). Both the structural evolution and diagenetic history
of the Moab Fault system have been studied extensively (for example, Foxford and
others, 1996, 1998; Pevear and others, 1997; Garden and others, 2001; Davatzes and
Aydin, 2003; Davatzes and others, 2003, 2005; Johansen and others, 2005, 2008; Solum
and others, 2005, 2010; Eichhubl and others, 2009). Our work builds on high
resolution prior mapping (Davatzes and others, 2005; Johansen and others, 2005;
Eichhubl and others, 2009) to examine the relationship between structural architec-
ture and fault permeability with new paleotemperature determinations from clumped
isotope thermometry.

We analyzed calcite fault cements at Courthouse Rock, near Moab, Utah, at the
intersection of the through-going southern section of the Moab Fault (fault segment 1,
fig. 1) and the northern section, which comprises a series of hard-linked, northwest-
trending fault segments (fault segments 2-5, fig. 1; Doelling, 1985, 2002; also known as
the Courthouse Fault; Fossen and others, 2005). High-resolution structural mapping
by two independent groups has shown that fault segments are constructed from and
associated with cataclastic deformation bands, slip surfaces, and joints (Davatzes and
others, 2003, 2005; Johansen and others, 2005). Johansen and others (2005) observed
two classes of deformation bands at Courthouse Rock: “thick” deformation bands that
weather in positive relief, host moderate grain size reduction, and form zones several
centimeters wide; and “thin” deformation bands characterized by intense comminu-
tion in a bleached zone tenths of millimeters wide. Thin deformation bands and joints
are difficult to distinguish at the outcrop. These two styles of fracture, with or without
subsequent slip surfaces, are observed to consistently overprint wide zones of “thick”
deformation bands (Davatzes and others, 2003, 2005; Johansen and others, 2005), and
there is some evidence that joints may also post-date the “thin” deformation bands
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Fig. 2. (A) Geologic map of sampling site B at the intersection of fault segments 1 and 2a (Courthouse
Junction), redrawn and simplified from Eichhubl and others (2009). Unit symbols as in figure 1. (A) Sample
locations (see table 1). (B) Structural and diagenetic map of sampling site B, with joints as mapped by
Davatzes and others (2005) and distribution of calcite cement generalized from Eichhubl and others (2009).
See also Johansen and others (2005).

(Johansen and others, 2005). Quartz diagenesis variably reduced the primary porosity
of sandstone at Courthouse Rock at early stages of deformation and likely influenced
subsequent mechanical behavior of the rock (Johansen and others, 2005). Deforma-
tion intensity increases in areas of complex fault geometry, such as at the intersection
of fault segments 1 and 2a (Davatzes and others, 2003, 2005; Johansen and others,
2005). At these intersections, fractures are filled with calcite cements, which are found
primarily as veins and concretions along fault segment 2a in the Moab Member of the
Curtis Formation (formerly mapped as the Moab Member of the Entrada Sandstone),
and along fault segment 5 in the Navajo Sandstone (mapping and analysis by Eichhubl
and others, 2009). Carbonate cement is absent in areas of the fault characterized by
zones of “thick” deformation bands that are not overprinted, suggesting that local
fractures occurring at intersections between segments of the Moab Fault acted as
preferred fluid conduits (Foxford and others, 1996; Davatzes and others, 2005;
Eichhubl and others, 2009).

SAMPLE COLLECTION AND CHARACTERIZATION

We sampled fault-related calcite for clumped isotope thermometry and trace
element geochemistry from three sites along and near fault segments near Courthouse
Rock (fig. 1). The sampled calcite occurs as veins and associated 2- to 3-cm-thick halos
of pore-filling calcite cement surrounding veins (Eichhubl and others, 2009). Site A
samples were collected immediately adjacent to fault segment 5 in the Navajo Sand-
stone (N38°42'25", W109°44'15"; fig. 1). Site B samples were collected near the
intersection of fault segments 1 and 2a along a transect running perpendicular to fault
segment 2a and from additional locations in the Moab Member of the Curtis Forma-
tion (figs. 1 and 2). Two additional samples were collected at site C (N38°42.5,
W109°44.6") from the Moab Member of the Curtis Formation in Mill canyon, approxi-
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mately 1 km west of Site B, near the intersection of fault segments 2 and 3 (fig. 1; see
Davatzes and others, 2005).

Millimeter-to-centimeter length prismatic calcite crystals with abundant fluid
inclusions fill cm-to-dm wide joints sampled at site A. In contrast, joints at site B are
mm-to-cm wide, filled with mm-to-cm length, flat, white, fibrous calcite crystals. At site
C mm-to-cm length, fibrous calcite crystals fill mm-to-cm wide joints. Minor bitumen
was found at both sites A and B. Malachite also occurs at sites B and C and is thought to
be the most recent cement phase at Courthouse Rock (Eichhubl and others, 2009).

Samples were characterized in thin section with transmitted and polarized light
and cold-cathode cathodoluminescence (CL) microscopy, the latter performed using
a Technosyn Luminoscope operated at 8—10 kV, 0.5 mA, and 6.7-9.3 Pa to examine
the textures of fault cement calcite and to help constrain the origin of diagenetic
fluids. Minerals luminesce based on the abundance of trace elements in the crystal
lattice, and calcite luminescence, which commonly appears yellow-orange to red,
is typically activated by Mn®*" ions and quenched by Fe*" ions (Boggs and Krinsley,
2006). At Courthouse Rock, cements within ~500 m of one another display markedly
different luminescence patterns and crystal morphologies (figs. 3 and 4). Given the
amount of material needed for precise clumped isotope thermometry (~8-12 mg) and
trace-element analysis (2-5 mg), some samples contain both vein and halo material,
while others contain only vein material (see table 1).

CLUMPED ISOTOPE ANALYSIS AND RESULTS

Calcite samples were removed from hand samples by drilling or plucking and
powdered with an agate mortar and pestle. For four of the samples, long, prismatic
calcite crystals were subdivided into two to three sections parallel to the growth
direction prior to powdering to examine possible temperature changes through time
(table 1). Previous work indicates no measurable effect on clumped isotope analysis
due to these different sampling methods (Swanson and others, 2012).

Clumped isotope samples were pre-treated by soaking in 3 percent H,O, for 45
minutes, followed by rinsing in deionized water and freeze-drying to remove organic
material (see table 1 for exceptions). Pre-treating internal lab standards using H,O,
does not affect conventional stable isotope or clumped isotope measurements (Tripati
and others, 2010). All samples were analyzed at the California Institute of Technology
following the methods of Passey and others (2010), described here briefly. CO,
samples were produced from 8 to 12 mg of calcite reacted in a common acid bath
(104% HyPO,) at 90 °C for 10 minutes. Product CO, was separated from evolved H,O
via passage through multiple cryogenic traps. The CO, analyte was then entrained in
He carrier gas and passed through a Poropak Q column in a gas chromatograph held
at —20 °C. Purified CO, was analyzed on a ThermoFinnigan MAT 253 mass spectrom-
eter configured to measure m/z ratios for masses 44 to 49 and screened for mass-48
contaminants. We report A, values both in the Caltech reference frame (all A, values
normalized to stochastic Ay, values and corrected for linearity and scale compression
using heated gases; Huntington and others, 2009) and in the absolute reference frame
(ARF; Dennis and others, 2011). The transfer function from the Caltech reference
frame to the ARF was calculated using a secondary standardization, using assumed A,
values for 1000 °C heated gases and carbonate standards (Carrara marble, TV-01
calcite, and Carmel calcite; see Appendix A for data and details of transfer function
calculations). These A, values along with measured 8'*C and §'®0 values (referenced
to VPDB) are presented in table 1.

Calcite growth temperature [T(A,;)] was calculated in three ways: (1) using
Caltech reference frame A,; values and the theoretical calcite clumping-temperature
equation of Guo and others (2009), which couples a theoretical model of *C-'*0
clumping (Schauble and others, 2006) with predicted kinetic isotope effects from
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10SB20 .

Fig. 3. CL photomicrographs of samples from site A. (A) CL image for sample 11SB05 (91-100 °C),
characterized by bright orange luminescence, zoning defined by variations in calcite luminescence and
calcite twinning (see arrows); scale bar represents 2 mm. (B) CL image for sample 11SB07 (67-95 °C),
characterized by quartz diminution and calcite vein fracture; scale bar represents 2 mm. (C) CL image for
sample 10SB20 (128 °C), characterized by zoning defined by variations in calcite luminescence, and
extremely bright orange luminescence; scale bar represents 1 mm. See text for further description.

phosphoric acid digestion of carbonate; (2) using ARF A, values and the empirical
calibration of Ghosh and others (2006) transferred to the ARF by Dennis and others
(2011); and (3) using ARF A,; values and the empirical calibration of Dennis and
Schrag (2010) transferred to the ARF by Dennis and others (2011). Temperatures
calculated using all three methods are listed in table 1. Although choice of reference
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Fig. 4. CL photomicrographs of samples from site B; all scale bars represent 2 mm. (A) CL image for
sample 11SB19 (29 °C), characterized by weak to non-luminescent brown calcite cement. (B) CL images for
samples 10SB09 (50 °C) and 11SB16 (42 °C), characterized by calcite twinning, calcite vein fracture, and
occasional zoning in calcite luminescence, see arrows. (C) CL images for samples 10SB08 (60 °C), 10SB15
(65 °C), 11SB25 (71-73 °C), and 10SB13 (71 °C); characterized by variable orange to orange-red lumines-
cence, calcite twinning, quartz diminution, and zoning in calcite luminescence as described further in the
text.

frame and calibration does not significantly impact our interpretations, because the
Guo and others (2009) equation has not been transferred to the absolute reference
frame and the calibration data of Ghosh and others (2006) extend only from 0 to
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TABLE 2
ICP-OES results

Sample Ba/Ca Sr/Ca Ba Sr Ca
(ppb) (ppb) (ppb) (ppb) (ppm)

Site A, Navajo Sandstone at fault segment5
11SB07 <0.1 1.7 <0.1 33.7 20.0
11SB05 <0.1 2.5 <0.1 77.4 31.4
Site B, Moab Member of Curtis Formation at Courthouse Rock
11SB09 0.1 0.6 2.1 10.9 17.1
11SB16 <0.1 1.0 <0.1 8.8 9.1
11SB19 <0.1 0.8 <0.1 4.8 6.1
11SB24 <0.1 1.3 0.1 33.0 25.1
11SB25 <0.1 0.8 2.0 20.5 24.1
11SB26 0.1 0.9 2.3 16.3 17.9

50 °C, we limit our discussion in the text to calcite temperatures calculated using
method (3; “ARF, D&S”) We calculated &' OH o values (referenced to VSMOW) from
T(A,;) and measured §' O( 1, using the calcite-water fractionation factor of Kim and

O’Neil (1997). We discuss &' OH o values derived from T(A,;) (ARF, D&S) in the text
and figures, and we provide &' OH o values derived from T(A,;) (ARF, Ghosh) in table
1 for reference; note that &' OH o values derived from T(A,;) (Caltech, Guo) fall
between these values.

Samples were analyzed one to three times, with average values of A, ranging from
0.517 to 0.734 permil (ARF) and T(A,;) values corresponding to calcite growth
temperatures of 13 to 128 °C (ARF, D&S). The A, values for samples representing
different stages of growth in the same crystal (indicated with a, b, ¢ in sample name,
where “c” represents later growth; table 1) agree within analytical error (1 SE) for
samples HSBO5 11SB18, and 11SB25 (average temperatures of 96 = 5 °C, 17 = 2 °C,
and 72 = 1°C (1 SD), respectively). While A,, values for samples 11SB07a and
11SB07b are within 1 SE (average temperature 90 = 6 °C, 1 SD); the A,; value for
11SB07c is >1 SE higher, corresponding to a temperature of 67 °C. Sample average
values for 8'%0,,;, range from —22.3 to —8.5 permil, and values for §'*C range from
—6.27 to 1.07 permil, with average precisions for externally rephcated samples of 0.1
permil and *£0.06 permil, respectively (1 SE). Calculated ! OH o values range from
—13.2 to —2.9 permil (table 1).

TRACE ELEMENT ANALYSIS AND RESULTS

A subset of the calcite samples from sites A and B was prepared for trace element
analysis via inductively coupled argon plasma optical emission spectroscopy (ICP-OES)
at the University of Washington. Powdered calcite in 2 to 5 mg aliquots was reacted in 3
mL of nitric acid for 10 minutes to dissolve the solid CaCO4. Fach CaCOs—HNO,
solution was then diluted by volume to 50 mL and analyzed on a Perkin-Elmer 3300DV.
ICP-OES trace element analyses were performed in an attempt to further constrain
variability in the origin of the fluids from which samples at and within sites A and B
precipitated; the results show only minor variation in Ba/Ca and Sr/Ca ratios among
samples from sites A and B, with most measured values being below the detection limit
of 0.1 ppb (table 2).

DISCUSSION

Our T(A,;) results confirm previous observations that carbonate cements along
the Moab Fault precipitated from multiple fluids (Chan and others, 2000; Eichhubl
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and others, 2009), and provide new evidence that cement growth occurred over a wide
range of temperatures that varied spatially at the meter-scale. Although for simplicity
the following sections present calcite temperatures calculated using the absolute
reference frame and Dennis and Schrag (2010) calibration, our conclusions are
insensitive to the choice of reference frame or calibration (table 1; figs. 5-7).

Constraints on Fluid Flow and Cementation at Site A

Based on previous stable isotopic analyses, fluid inclusion work, and basin history
models, we anticipated that cements associated with fault segment 5 (site A; fig. 1)
precipitated from volumetrically minor basinal fluids mixing with meteoric water,
during or closely following maximum burial of the Moab Member following mid-
Cenozoic faulting (Nuccio and Condon, 1996; Chan and others, 2000; Garden and
others, 2001; Eichhubl and others, 2009). Therefore, we expected cement tempera-
tures and isotopic compositions at site A to reflect calcite precipitation from meteoric
waters at temperatures near those of the host rock (Navajo Sandstone) at maximum
burial depth of ~2 km (~80-100 °C; Nuccio and Condon, 1996; Vrolijk and van der
Pluijm, 1999; Garden and others, 2001).

Our T(A,;) data from site A are consistent with this hypothesis, clustering around
70 to 100 °C for vein calcite samples (11SB05a, b, c and 11SB07a, b, ¢) and ranging up
to 128 °C for one sample (10SB20) containing both vein and halo calcite. Calcite in
sample 10SB20 occurs as pore-filling cement that exhibits zoning defined by variations
in luminescence, which suggests growth over an extended period of time with
changing fluid trace element composition (fig. 3C). Calcite zones in this sample are
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commonly bright orange, red, or dark red luminescent to non-luminescent, and where
bright orange luminescent cement is present, it is commonly the earliest phase of
growth at the center of calcite crystals (fig. 3C). Sample 10SB20 also contains bitumen,
suggesting that the cement precipitated from a fluid that interacted with hydrocar-
bons. For the cooler samples, sample 11SB05 shows zoning in calcite crystals defined by
bright orange to yellow luminescence, as well as pervasive calcite twinning (fig. 3A).
Sample 11SB07 shows the same bright orange to yellow luminescence as 11SB05, but it
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exhibits only minor zoning defined by variations in calcite luminescence and calcite
twinning (fig. 3B). Although all samples from site A precipitated at elevated tempera-
tures, the variability in T(A,;) and in calcite luminescence at site A suggest that
different temperature calcites precipitated from different fluid sources at different
times.

The range of observed fluid inclusion homogenization temperatures (Ty =
84-125 °C) for the calcite sample from site A analyzed by Eichhubl and others (2009)
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overlaps with the range of clumped isotope temperatures. Eichhubl and others (2009)
suggest that cements with temperatures greater than ~100 °C likely precipitated from
minor pulses of hot basinal fluids ascending the Moab Fault. Sample 10SB20 (128 °C),
which exhibits a distinctive luminescence pattern (fig. 3C), may represent precipita-
tion from one such pulse of hot basinal fluids.

The oxygen and carbon isotopic compositions of calcite cements from site A are
also consistent with the hypothesis that the cements precipitated from deeply circulat-
ing meteoric waters. Calculated 8180H20 values for waters in equilibrium with site A
cements range from —10 to —3 permil, enriched in 180 with respect to modern
meteoric waters in the Paradox Basin (—15 to —12%o0 VSMOW; Spangler and others,
1996) (table 1). This enrichment in ®O could be attributed to a variety of factors
including climate change, evaporative enrichment at the surface, or subsurface
interactions between waters and host rocks. Carbon isotopic values for site A vein
calcites (—6.3 to —4.4%o) are slightly depleted in 13C relative to local limestones (+1
to —4%o0 VPDB; Garden and others, 2001), but significantly more enriched in 13C than
methanogenic carbonates (—30 to —40%o0 VPDB; Boles and others, 2004; Eichhubl
and others, 2009). The intermediate carbon compositions at site A and association of
bitumen with calcite veins observed by us and previous workers at fault segment 5
(Eichhubl and others, 2009) indicate that calcite cements precipitated from fluids that
scavenged bicarbonate from local limestones, groundwater, and residual hydrocar-
bons.

Constraints on Fluid Flow and Cementation at Site B

Site B (Courthouse Rock) is located 500 m northwest of site A, where the
structural architecture is defined by both deformation bands and intense secondary
fracturing at a fault intersection (Davatzes and others, 2005; Johansen and others,
2005). The site is divided grossly into two domains by a second-order, deformation-
band fault (labeled 2" in fig. 2).

Our new carbon and oxygen isotopic data from site B within 30 m of fault segment
2a are consistent with previously published isotopic data that suggest a dominantly
meteoric source for fluids from which the cements precipitated; however, the 50 and
3'%C values of calcite we collected on a transect perpendicular to the fault segment
suggest systematic spatial variations in diagenetic fluid sources and calcite cementa-
tion. While both our calcite 8'*C data and the data of Eichhubl and others (2009)
range from —3.5 to +1.3 permil VPDB between fault segments 2a and 2, our new data
for cements north of fault segment 2’ all plot near 3 permil, suggesting a change in the
carbon pool from which the cements were sourced (fig. 8). In addition, our data
indicate calcite 3'%0 and 8'C values are correlated, with 3'*0,,;, values varying from
—19 to —9 permil VPDB between fault segments 2a and 2" and clustering around —19
permil north of segment 2’ (fig. 9), suggesting spatial heterogeneity of diagenetic fluid
sources and calcite cementation.

The T(A,;) data show that the temperature of the diagenetic fluids from which
calcite cements grew also varied considerably over distances of tens of meters (fig. 5).
Clumped isotope temperatures for cement samples collected north of fault segment 2’
range from 51 to 84 °C, overlapping the range of temperatures observed at site A.
However, cements in the zone of abundant fracturing between fault segments 2 and 2"
range from 13 to 88 °C. The lowest temperatures in this range are too cool to record
calcite precipitation from fluids thermally equilibrated with the host rock near
maximum burial of the host sandstone, further suggesting multiple fluid sources.

Constraints on Fluid Flow and Cementation at Site C

Site C is located at the intersection of fault segments 2b, 2c and 3 (mapped by
Davatzes and others, 2005; Eichhubl and others, 2009) and is characterized by both
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joints and deformation bands. We present T(A,;) data for two cement samples from
site C. The first sample at site C yields a T(A,;) value of 95 °C; this result is similar to
average temperatures at site A and the highest temperatures at site B, and is consistent
with estimated temperatures of the country rock during maximum burial. The second
sample at this site yields a T(A,;) value of 47 °C, which is within the range of
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temperatures observed for cements collected within 30 m of fault segment 2 at site B,
and is significantly cooler than expected for fluids ascending the fault or in the
adjacent host rock following deformation near maximum burial. These samples plot
on the 8"°C versus T(A,,) trend defined by the site A and B samples (fig. 7).

Hypotheses for the Origin of Low-Temperature Cements

While warm cement temperatures can be explained by a fluid-cementation regime
described by meteoric groundwaters at ambient geothermal temperatures interacting
with a deeper basin source (for example, Chan and others, 2000; Eichhubl and others,
2009), a fundamentally different regime varying in time and/or space must be invoked
to explain how some carbonate cements formed at temperatures consistent with
Earth-surface conditions. We propose two end-member scenarios that could explain
precipitation of the low-temperature cements at sites B and C: the cements could have
grown from either 1) fluids traveling through fractures from the surface to depth
sufficiently rapidly that calcite precipitated before the fluids thermally equilibrated
with the host rock, or 2) fluids thermally equilibrated with the host rock when it was
near the surface.

Scenario 1 invokes highly conductive joints to enable rapid downward migration
of surficial fluids and low-temperature cement growth at depth. This hypothesis
predicts that the coolest cements precipitate at fault intersections where fracture
density is observed to be greatest (Davatzes and others, 2005; Johansen and others,
2005; Eichhubl and others, 2009), and the greatest quantity of surface water might be
expected to rapidly infiltrate the fault. Cements farther from the main fault segments
might record warmer temperatures, reflecting the warming of surface fluids as they
migrated away from this conduit through the warm host sandstone at depth. Thus, this
scenario predicts that the spatial distribution of cool cements is limited to regions of
fracturing adjacent to faults. Migration of cool surficial fluids away from the fault
would be inhibited by low permeability zones of deformation-band faults and associ-
ated slip surfaces. Scenario 1 does not predict relative timing of cool and warm
cements.

Scenario 2 proposes that the cool clumped isotope temperatures represent calcite
growth near the Earth’s surface, late in the exhumation history of the Basin. This
scenario predicts the relative ages of warm and cool carbonate cements: early calcite
precipitated at elevated temperatures from upward migrating fluids, while later
cements precipitated throughout exhumation of the host sandstone. Scenario 2 does
not require cool cements to be restricted to near-fault fractures.

In both scenarios, we expect cements with meteoric water signatures, although
higher-temperature calcite samples might be enriched in '®O and depleted in '*C due
to interaction with silicate rocks and residual hydrocarbons at depth. At all three sites,
calculated values of SISOHzo in equilibrium with the calcites suggest a dominantly
meteoric source with variable contribution from basinal waters enriched in '®O.
Although 8180H20 values and T(A,-) are not strongly correlated (fig. 6) and thus do
not provide insight in to the source(s) of warm versus cooler fluids, calcite 3'*C values
atsite B vary with distance from fault segment 2a and are highly correlated with T(A,;)
(R* = 0.65), indicating that the cooler cements reflect a carbon source more enriched
in '*C (3"°C approximately —2 to 1%o) than the warmer cements (3'*C approximately
—4 to —3%o). These warmer cements approach the carbon isotopic compositions for
calcites at site A, which we infer to have precipitated from fluids migrating upward
along the fault as previously suggested by Eichhubl and others (2009).

Systematic variability in calcite luminescence observed at site B also supports the
notion that the different temperature cements precipitated from multiple fluid
sources (fig. 4). Calcite cement in sample 11SB19, which precipitated at low tempera-
ture (29 °C), is non-luminescent to weakly luminescent brownish orange and lacks
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twinning or zoning (fig. 4A). In contrast, the higher temperature samples (between 42
and 50 °C) we examined show orange to bright orange luminescence, extensive calcite
twinning, occasional zoning, and fractured calcite crystals within veins (fig. 4B).
Although the luminescence of the warmer (60-73 °C) cements at site B is variable,
showing weak to bright luminescence in orange, reddish-orange and yellow (fig. 4C),
these cements commonly exhibit luminescence that is darker in color (more reddish-
orange than yellow-orange) compared to the 42 to 50 °C cements. Zoning defined by
variations in calcite luminescence, calcite twinning, and occasional quartz diminution
characterize the high temperature samples.

To evaluate the relative timing of warm versus cool cements, we measured T(A,,)
variation within single calcite crystals. If the cool cements grew exclusively from cool,
shallow groundwaters following significant exhumation of the host sandstone (sce-
nario 2), we expect cement temperatures to decrease with time. Three sub-sampled
calcite crystals from sites A and B have A, values for different aliquots of the same
crystal that agree within 1 SE, and therefore these samples do not show significant
cooling through time (11SB05a,b,c; 11SB18a,b,c and 11SB25a,c; table 1). For sample
11SB07 from site A, A4, values for subsamples a and b show no variation in tempera-
ture, and although the A,, value for subsample c is more than 1 SE higher than the
other aliquots of calcite taken from the same crystal, the A, values for all subsamples
of 11SB07 agree within 2 SE. Thus the data do not support significant cooling of the
fluid during crystal growth and are not cool enough to represent Earth-surface
temperatures. However, since the timing of crystal growth is unknown, the absence of
cooling during crystal growth does not rule out near-surface cement growth from cool
groundwater. No other samples provide constraints on the relative timing of low- and
high-temperature cements.

The fault-normal transect at site B illustrates the spatial variability in the tempera-
ture of carbonate cements (fig. 5). While the warmest (64-88 °C) cements are found
associated with veins and concretions at distances of 3 to 109 m from fault segment 2a,
cool (1327 °C) carbonate cements are limited to the highly-fractured region between
fault segments 2a and 2 (fig. 2). The variability in 81SOH20 and 8'>C values is similarly
reduced across segment 2" (figs. 8 and 9). This pattern suggests that deformation
band-dominated fault segment 2’ may have acted as a baffle against lateral flow of
low-temperature fluids, arguing for rapid penetration of surface waters flowing down
the high-permeability zone around 2a (scenario 1). If cool fluids infiltrated the host
rock only following significant exhumation when the host sandstone was near the
surface (scenario 2), low-temperature calcite would be expected throughout given the
presence of fractures on either side of 2" (fig. 2). Similar to site B, site C, which also
hosts both cool and warm cements, is a structurally complex fault interaction zone
(Davatzes and others, 2005), further supporting the inference that secondary fractur-
ing controls the spatial distribution of cool cements.

Is it reasonable to infer that cold surface waters could reach depths of 2 km
without warming? We can address this problem by evaluating the thermal Peclet
number (Pe), a dimensionless value that represents the contribution of advective
versus conductive heating. Following Ingebritsen and others (2006): Pe = g¢,¢,p,L/
K,,.; where ¢,, ¢, and p, are the flow rate, heat capacity, and density of the fluid, K,
is the thermal conductivity of the host rock and L is a characteristic length scale. When
Pe < 1, conduction dominates and fluid temperature is equilibrated with the rock;
when Pe > 5, the system is essential isothermal, dominated by advection, and con-
trolled by the source-fluid temperature. Over a length scale of 10 km, assuming fixed
temperature boundaries, a standard geothermal gradient (25 °C/km), standard physi-
cal properties for water and rock (¢, = 4.2 kJ/kg/°C; p, = 10° kg/m* K, , = 2
W/m/°C), cool water can reach 2 km depth at moderate flow rates of >10_fO m/s.
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These values give a Peclet number of 2, of the same order as observations from
hydrological experiments in fracture-dominated flow (Anderson, 2005, and references
therein).

Based on our observations from calcite cements at sites A, B, and C, it appears that
interaction of meteoric groundwater and a deeper basinal source led to calcite
cementation throughout the study area, while down-going surface waters penetrated
rapidly to significant depth only at fault intersection zones where fracture density is
greater. These clumped isotope data provide new insight into fluid sources and
pathways controlled by structural complexity, and combined with carbon and oxygen
isotopic data, CL microscopy, and other observations of previous workers are consis-
tent with findings that the structural architecture influences fluid flow and cementa-
tion in this area (Eichhubl and others, 2009).

CONCLUSIONS

Clumped isotope thermometry along the Moab Fault at Courthouse Rock show
that calcite veins precipitated from meteoric waters over a wide range of temperatures
(13-128 °C). Our work provides evidence for carbonate growth from Earth surface-
temperature fluids along the Moab Fault and suggests that the Fault served as a conduit
for both ascending and descending fluids. This study area is characterized by fault zone
heterogeneity, with faults formed from both deformation bands and joints. Our results
support earlier findings that interactions between these two classes of structures
determined where fluids migrated at Courthouse Rock. The spatial distribution of
low-temperature cements argues for rapid penetration of surface waters flowing down
intensely-fractured fault intersections, and suggests that deformation-band faults served
as low-permeability baffles, preventing lateral migration of cold fluids. Thus, it appears
that structural heterogeneity is responsible for cement precipitation over a wide range
of temperatures prior to exhumation of the host rock. Carbonate clumped isotope
thermometry quantified calcite growth temperatures below ~30 °C and the spatial
pattern of cement temperatures, and it is only these new data that made our
interpretation possible. Our study suggests this new technique permits evaluation of
the role of these important structures in influencing fluid flow in ancient fault systems.
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APPENDIX A

SECONDARY STANDARDIZATION TO “ABSOLUTE REFERENCE FRAME”

The clumped isotope samples in this study were analyzed along with heated gases and carbonate
standards in two analytical sessions (analytical sessions 1 and 2), and we report all of the A,; values both in
the Caltech reference frame and in the “absolute reference frame” described by Dennis and others (2011).
The A,; values reported in the Caltech reference frame were normalized to stochastic A,; values and
corrected for linearity and scale compression using CO, gases heated to 1000 °C (Huntington and others,
2009), and the heated gas data used for these normalizations are reported in table Al. The transfer function
from the Caltech reference frame to the absolute reference frame was calculated using a secondary
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TaBLE A3

Summary of transfer function data for the absolute reference frame

sample analytical session measured Ay; (%)  accepted Asz (%o) source of accepted value
HG Sessions 1 & 2 0.000 0.0266 Dennis and others, 2011
Carrara Session 1 0.349 0.395 Dennis and others, 2011
Carmel Session 1 0.643 0.705 H. Affek, pers. comm. 2012
Carrara Session 2 0.355 0.395 Dennis and others, 2011
TV-01 Session 2 0.652 0.713 J. Eiler, pers. comm. 2012
NBS-19 Session 2 0.375 0.392 Dennis and others, 2011

Transfer function from Caltech reference frame to absolute reference frame: A,;, ARF = 1.0567 (A,
Caltech) + 0.0197 (R* = 0.99777).

standardization, which uses assumed A values for these 1000 °C heated gases and measured and assumed
A,; values for carbonate standards. Table A2 presents the isotopic results for the carbonate standards
(Carrara marble, TV-01 calcite, and Carmel calcite). Table A3 summarizes the information derived from the
data in tables Al and A2, along with the accepted A,, values for these samples in the absolute reference
frame. The transfer function from the Caltech reference frame to the absolute reference frame did not
change between analytical sessions 1 and 2, so a single transfer function is reported in table A3 and used to
reference the results presented in table 1.
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