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Fluid-driven cementation and diagenesis within fault zones can influence host rock permeability and rheology,
affecting subsequent fluid migration and rock strength. However, there are few constraints on the feedbacks
between diagenetic conditions and structural deformation. We investigate the cementation history of a fault-
intersection zone on the Moab Fault, a well-studied fault system within the exhumed reservoir rocks of the Par-
adox Basin, Utah, USA. The fault zone hosts brittle structures recording different stages of deformation, including
joints and two types of deformation bands. Using stable isotopes of carbon and oxygen, clumped isotope ther-
mometry, and cathodoluminescence, we identify distinct source fluid compositions for the carbonate cements
within the fault damage zone. Each sourcefluid is associatedwith different carbonate precipitation temperatures,
luminescence characteristics, and styles of structural deformation. Luminescent carbonates appear to be derived
frommeteoricwatersmixingwith an organic-rich ormagmatic carbon source. These cements havewarmprecip-
itation temperatures and are closely associatedwith jointing, capitalizing on increases in permeability associated
with fracturing during faulting and subsequent exhumation. Earlier-formed non-luminescent carbonates have
source fluid compositions similar to marine waters, low precipitation temperatures, and are closely associated
with deformation bands. The deformation bands formed at shallow depths very early in the burial history, pre-
conditioning the rock for fracturing and associated increases in permeability. Carbonate clumped isotope temper-
atures allow us to associate structural and diagenetic features with burial history, revealing that structural
controls on fluid distribution are established early in the evolution of the host rock and fault zone, before the
onset of major displacement.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Rock permeability is strongly influenced by deformation,withmajor
implications for thepaths and rates offluidmigration through the upper
crust. Diagenetic processes coupled with structural deformation can
have complex feedbacks, further affecting structurally enhanced perme-
ability, as well as rheological properties of rocks (e.g. Laubach et al.,
2010). As such, characterization of these processes can inform geologic
models of fault zone evolution and fluid migration. Porous sandstones
are important reservoirs for geologic fluids in the upper crust, making
characterization of the interplay between brittle deformation and
diagenesis in these rocks particularly relevant to predictions of fluid
migration and storage (e.g. Eichhubl et al., 2004; Laubach et al., 2010;
Balsamo et al., 2013).
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Joints and deformation bands (DBs) are two styles of deformation
structures commonly observed in porous sandstones. Jointing refers to
mode-I (opening) fracturing of the host rock, while DBs include a family
of mm- to cm-thick tabular structures with a range of deformation
mechanisms and kinematics, including dilation, compaction and shear
(e.g. Aydin et al., 2006; Fossen et al., 2007). Dilation associated with
jointing increases permeability of the host rock, creating conduits for
fluid migration. Conversely, most types of DBs involve some degree of
cataclasis, producing anastomosing zones of local grain size and poros-
ity reduction (e.g. Aydin and Johnson, 1978; Antonellini et al., 1994).
Some DBs are non-cataclastic, and may involve dilation and increases
in permeability (e.g. Fossen et al., 2007). For cataclastic DBs, decreases
in pore space can be quite substantial (e.g. Antonellini and Aydin,
1994; Eichhubl et al., 2009; Torabi et al., 2013) and have been common-
ly interpreted as an impedance to fluid flow (Knipe et al., 1997; Gibson,
1998). However, lateral outcrop-scale heterogeneities in DB zone conti-
nuity and thickness may diminish their effectiveness as barriers to fluid
migration (e.g. Fossen and Bale, 2007). Furthermore, deformation bands
may localize subsequent jointing (e.g. Tindall and Davis, 2003; Tindall
and Eckert, 2015), enhancing cross-structure permeability (Tindall,
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Fig. 1. Schematic regional map of Paradox Basin showing locations of major geologic
features. Red box denotes location of Fig. 2. Yellow shapes mark locations of modern salt
walls of the Paradox Formation. Red shapes mark locations of Oligocene La Sal laccolith
intrusions. Map modified from Doelling (1985). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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2014). Some DBs also develop band-parallel fracture networks, which
may enhance band-parallel permeability (e.g. Johansen et al., 2005).

Cementation along a fault zone is a record offluidmigration through
fractures and pore space (e.g. Sample et al., 1993; Ohtani et al., 2000;
Kirschner and Kennedy, 2001; Graham Wall et al., 2006; Balsamo
et al., 2012, 2013), as well as a record of the source fluid chemistry
(e.g. McCaig et al., 1995; Parry, 1998; Chan et al., 2000, 2001; Ghisetti
et al., 2001; Shipton et al., 2004; Eichhubl et al., 2009). Stable isotope
analysis of carbonate cement can be a particularly powerful tool, as
bulk carbon and oxygen isotope ratios (δ13C and δ18O, where δ indicates
the relative abundance of the heavy isotope relative to a standard) are
sensitive to source fluid composition, mineral formation temperature,
and diagenetic processes (Mook, 1986; Kim and O'Neil, 1997). The
“clumped isotope” (or Δ47) composition of carbonate cement describes
the abundance of carbonate ions containing both a heavy carbon and a
heavy oxygen isotope (i.e., 13C18O16O2

2−) relative to a stochastic distri-
bution of isotopes. This isotope “clumping” is sensitive to temperature
alone, and forms the basis of the carbonate clumped isotope
paleothermometer (e.g. Ghosh et al., 2006; Schauble et al., 2006; Eiler,
2007, 2011). When conventional carbonate δ18O measurements are
paired with clumped isotope measurements, the relative influences of
temperature and source-fluid composition on cement bulk isotope
ratios can be determined. In the context of structural controls on fluid
migration, paired temperature and source fluid composition provides
insight into fault zone connectivity and thermal environments during
cementation. When combined with micro-scale textural observations
under polarized light and cathodoluminescence, the relative timing of
cementation events during faulting, burial, and exhumation can be
investigated (e.g. Loyd et al., 2012; Bergman et al., 2013; Budd et al.,
2013; Huntington and Lechler, 2015).

Here, we use cements along theMoab Fault, southeast Utah, USA, to
investigate the fluid migration history associated with the fault system.
The surrounding Paradox Basin is interpreted to be an exhumed hydro-
carbon system (e.g. Foxford et al., 1996; Nuccio and Condon, 1996), and
the Moab Fault has hosted fluid migration within it. For this reason, the
Moab Fault has been investigated by numerous workers interested in
styles of structural deformation (e.g. Berg and Skar, 2005; Davatzes
et al., 2005; Johansen et al., 2005) and their effects on fluid flow and as-
sociated carbonate cementation (e.g. Chan et al., 2000; Garden et al.,
2001; Eichhubl et al., 2009; Bergman et al., 2013). Detailed mapping of
structural (Davatzes et al., 2005; Johansen et al., 2005) and cementation
patterns (Eichhubl et al., 2009) around a major fault-segment intersec-
tion along the Moab fault, referred to herein as Courthouse Junction
(CHJ), provides an exceptional framework to investigate the interplay
between structure and diagenetic cementation. We build upon earlier
work at CHJ, using carbonate clumped isotope thermometry to identify
relationships between carbonate cementation temperature, stable iso-
tope composition, and structural history of the fault zone. Carbonate ce-
mentation at CHJ occurred during at least two discrete episodes,
spanning a range of formation temperatures. Source fluids differed be-
tween episodes of cementation, including both marine and meteoric
compositions. We connect the episodes of cementation to the stages
of structural deformation along at CHJ, providing a view into fault
zone development in conjunction with fluid-driven cementation and
diagenesis, constrained by structural relationships, fluid temperature
and stable isotopes. Deformation bands, formed at shallow depths,
appear to precondition rock for fracturing, leading to increased fault
parallel permeability early on in the rock burial history.

2. Geologic setting of the Moab Fault

The Moab Fault is a NNW trending, ~45 km-long, normal fault
system within the Paradox Basin of southeast Utah, USA (Fig. 1). The
fault offsets a package of Pennsylvanian to Cretaceous sedimentary stra-
ta, deposited in basins associated with the ancestral and modern Rocky
Mountain orogenies (Foxford et al., 1996) and salt diapirismwithin the
Please cite this article as: Hodson, K.R., et al., Temperature and compositio
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Paradox Formation (Trudgill, 2011). Salt upwelling along the Moab
Fault occurred throughout the Permian and Triassic (Trudgill, 2011).
Dissolution of the Moab salt wall led to the eventual collapse of overly-
ing strata (Gutiérrez, 2004), driving displacement along the Moab Fault
beginning sometime after the late Triassic (Foxford et al., 1996; Trudgill,
2011). Fault throw has a maximum of ~1 km at the central portion of
the southern segment, decreasing northwards to ~300 m near
Courthouse Junction (Foxford et al., 1996). The main phase of slip
accumulation is taken to be coeval with peak burial during the early
Tertiary (Foxford et al., 1996; Nuccio and Condon, 1996), an interpreta-
tion that is supported by fault-gouge dates of 63 to 43 Ma (Pevear et al.,
1997; Solum et al., 2005).

The main unit sampled in this study is the Jurassic Moab Tongue
Member of the Curtis Formation (Doelling, 1985), a very well sorted,
~30 m thick, quartz sandstone. The unit is composed of eolian dunes
and interdune sediments with 17–25% porosity in undamaged rock, de-
creasing to as low as 1% in deformation bands around the Moab Fault
(Antonellini et al., 1994; Johansen et al., 2005; Eichhubl et al., 2009).
Liesegang banding is common in the area surrounding the fault zone,
likely associated with observed bleaching of hematite grain coatings
(Chan et al., 2000; Garden et al., 2001; Eichhubl et al., 2009).

Courthouse Junction (CHJ) and Mill Canyon represent zones of
structural complexity associated with the linkage of fault segments. At
CHJ, concentrated deformation is exposed in a ~2 hectare surface of
Moab Tongue sandstone within a prism bounded on two sides by fault
segments M1 and M2 (Fig. 2). Mill Canyon is flanked by an extensional
relay zone in segment M2 to the east, and another major fault segment
intersection to the west. Detailed structural mapping of exposures at
CHJ and Mill Canyon by previous workers identified four classes of
deformation structures, including joints, two types of cataclastic defor-
mation bands, and jointed deformation bands (Figs. 3 and 4; Davatzes
et al., 2005; Johansen et al., 2005). The styles of deformation band are
distinguishable in outcrop by their widths, termed “thick” and “thin”
by Johansen et al. (2005). Thick deformation bands (DBk) contain
n of carbonate cements record early structural control on cementation
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limited cataclasis, with crushed grains occupying spaces between unde-
formed grains. Thin deformation bands (DBn) appear in thin section as
discrete, narrow zones with intense comminution. (We use the last let-
ter of “thick” and “thin” in the abbreviations, because the initial letters
are the same.) Johansen et al. (2005) observed that DBn cross-cut
DBk, interpreting the change in DB style to reflect changes in confining
A N
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B

Fig. 3. Photographs of outcrops at Courthouse Junction. A) Three styles of brittle structures show
thick deformation bands (red lines) are offset by thin deformation bands (blue lines), and both
later thin deformation bands featuring thin carbonate veins (gray arrow). D) View to north acro
Field notebook is 24 cm, long dimension. (For interpretation of the references to color in this fi
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pressures and rock stiffness associated with burial and quartz diagene-
sis. DBn accommodate subsequent shear along joints formedwithin and
adjacent to the zones of intense grain-size reduction, and the joints
were subsequently filled by carbonate cement.

Both quartz and carbonate cements are present within the Moab
Tongue sandstone at CHJ and Mill Canyon (Eichhubl et al., 2009) and
Thin DBs
Thick DBs

Joints
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Areas

N

ing relative age. Coin is 19mm in diameter. B) Line drawing of structures shown inA. Early
are cross cut by joints (black lines). C) Thick deformation bands (white arrow) cross cut by
ss dense array of veins and concretions close to fault segment M2 (see Fig. 7 for location).
gure legend, the reader is referred to the web version of this article.)
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Fig. 4. Plane light photomicrographs displaying the four main classes of structures at Courthouse Junction. A) Thick deformation band associated with notable quartz pressure solution.
White arrows denote locations with localized grain crushing and carbonate cementation. Dashed white line marks approximate edge of deformation band. B) Thin deformation bands
(white arrows) in compacted host rock. C) Fractured zone of thin deformation bands filled by carbonate veins (white arrows). D) Vein filling joint not associated with deformation
band (arrows).
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elsewhere along the Moab fault (Chan et al., 2000; Garden et al., 2001).
Eichhubl et al. (2009) noted that some joints are only partially filled by
carbonate, concluding that the carbonate fills formed within an open
joint network. Stable isotope and fluid inclusion studies from this part
of the Moab Fault showed that carbonate cements have a range of iso-
tope compositions, suggesting at least two different fluid sources for
the cements, with at least one in conjunction with hydrocarbons
(Chan et al., 2000; Garden et al., 2001; Eichhubl et al., 2009; Bergman
et al., 2013). Clumped isotope thermometry identified cements that
precipitated at warm and cool temperatures, with apparent structural
control on the relative distribution of the two fluids (Bergman et al.,
2013). We evaluate these relationships by combining clumped isotope
measurements with microstructure observations, placing each carbon-
ate into context with the known burial history and evolving style of
structural deformation at CHJ and Mill Canyon.

3. Sample collection and characterization

We collected samples for bulk and clumped stable isotope analyses
and thin section analysis. The samples were selected to provide both
broad spatial coverage across CHJ and to represent the range of cemen-
tation styles associated with the four classes of deformation structures
documented at CHJ and Mill Canyon: thick and thin deformation
bands, jointed thin deformation bands, and joints not related to defor-
mation bands.

Thin sections were prepared from 59 sandstone samples. Petro-
graphic observationsweremade using a standard transmitted-lightmi-
croscope and a Luminoscope ELM-3R cold-cathode catholuminescence
stage (operated between 5 and 10 kV, ~0.5 mA, 50–100 mTorr), at-
tached to a polarizing microscope fitted with an Olympus UC50 digital
camera.We characterized cements in thin section based on their textur-
al relationships to the four classes of deformation structures and by their
Please cite this article as: Hodson, K.R., et al., Temperature and compositio
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luminescence. These observations were used to screen a subset for
clumped isotope analysis, targeting samples exclusively containing ei-
ther non-luminescent or luminescent carbonate.

4. Stable isotope methodology

Prior to analysis, hand samples were cut or broken to isolate carbon-
ate associated with particular features of interest identified in thin sec-
tion and hand sample, and then ground using an agate mortar and
pestle. Large carbonate features were separated from the host rock
before grinding. Given the mass of calcite needed for clumped isotope
analysis (6–8 mg pure calcite equivalent per replicate), carbonate from
thin veins or pore-filling cements was ground and homogenized with
host rock with a bulk volume sufficient to yield the necessary mass of
carbonate. Samples with paired observations of cathodoluminescence
were taken from the same structures characterized in thin section.

All stable isotope analyses were performed at IsoLab at the Universi-
ty of Washington. Bulk carbon and oxygen isotope analyses (δ13C and
δ18O)weremade using a Kiel III Device connected to a ThermoScientific
Delta Plus isotope ratio mass spectrometer using the methods of Tobin
et al. (2011). Internal laboratory standards calibrated against NBS-18
and NBS-19 (IAEA, Vienna, Austria), and LSVEC (NIST, Gaithersburg,
MD, USA) international standards were analyzed along with sample
carbonates and used to convert measured isotope ratios to the Vienna
Pee Dee Belemnite (VPDB) and Vienna Standard Marine Ocean Water
(VSMOW) reference scales.

Samples for clumped isotope analysis (Δ47) were first reacted with
phosphoric acid at 90 °C, and the resultant CO2 was prepared on an
automated vacuum line following methods of Burgener et al. (2016).
Details are provided in the supplementary materials. Purified gasses
were then transferred to flame sealed glass tubes and stored until anal-
ysis on a dedicated Thermo MAT 253 isotope ratio mass spectrometer
n of carbonate cements record early structural control on cementation
i.org/10.1016/j.tecto.2016.04.032

http://dx.doi.org/10.1016/j.tecto.2016.04.032


5K.R. Hodson et al. / Tectonophysics xxx (2016) xxx–xxx
configured to measure m/z 44–49 (inclusive). Values for Δ47 were
calculated using established methods (Huntington et al., 2009), and
are reported in the absolute reference frame (Dennis et al., 2011)
without a 25 °C correction for acid fractionation.

Values of Δ47 were converted to temperatures (TΔ47) using the
calibration of Kluge et al. (2015; their Eq. 5). Since the introduction of
carbonate clumped isotope thermometry (Ghosh et al., 2006; Eiler,
2007), a number of calibrations have been proposed linking Δ47 mea-
surements to temperature (e.g. Ghosh et al., 2006; Guo et al., 2009;
Dennis and Schrag, 2010; Eagle et al., 2010; Zaarur et al., 2013; Kluge
et al., 2015). Differences among these calibrations are topics of ongoing
research (e.g. Defliese et al., 2015; Kluge et al., 2015; Tripati et al., 2015).
The calibration of Kluge et al. (2015) was chosen because it is the most
recent version usingmaterials and procedures most similar to our own:
inorganic calcite and an elevated acid digestion temperature (90 °C).
Differences in the slopes and intercepts of published calibration curves
produce differences in TΔ47, and a graphical comparison of the two
most used calibrations is provided in the supplementary materials. Be-
cause our findings are based principally on textural relationships and
relative temperature, the interpretations presented are largely indepen-
dent of our choice of calibration curve. A range of carbonate species has
been observed at CHJ (e.g. calcite, ankerite, malachite), but because cal-
cium carbonate speciation is not believed to significantly affect clumped
isotope results (Defliese et al., 2015), we did not screen samples for
mineralogy prior to analysis.

Simultaneousmeasurements of sample δ13C and δ18Omade for each
clumped isotope analysis were converted to VPDB and VSMOW refer-
ence scales using three internal laboratory standards calibrated to the
NBS-18, NBS-19, and LSVEC international standards. For all but one
sample, two to three replicate analyses were performed. Errors in
δ13C, δ18O, temperature and derived fluid δ18O values were determined
using either the standard error of replicate sample analyses or the stan-
dard error of internal standards measured during the corresponding
analysis period, whichever was larger.

5. Results

5.1. Textural relationships

All four types of structures described by Johansen et al. (2005) were
identified in outcrop at Courthouse Junction and Mill Canyon (Fig. 3).
We observed the same cross-cutting relationships between these struc-
tures described by Johansen et al. (2005) and Davatzes et al. (2005),
progressing from early thick deformation bands to thin deformation
bands, followed by development of joints and thin veins in the cores
of DBn, and finally to the formation of joints and veins not associated
with deformation bands.

Thick deformation bands (DBk) appear in thin section as zones of
porosity reduction associated with pockets of crushed quartz grains
and carbonate cement (Fig. 4A), analogous to the shear enhanced com-
paction bands of Eichhubl et al. (2010). As compared to thin deforma-
tion bands (DBn) that form discrete ribbons of cataclasis (Fig. 4B), DBk
are less distinct in thin section. Carbonate cements associated with
DBk appear to be concentratedwithin the zones of grain-size reduction.
DBn can contain openingmode Imicrofractures in and along their cores,
with smaller fractures commonly bridging larger through-going frac-
tures (Fig. 4B and C). Carbonate fills these joints to form thin veins
(Fig. 4C), suggesting that cement formation spanned the development
of both DBk and DBn. Late stage joints are generally filled by mm to
cm wide syntaxial veins composed of blocky crystalline carbonate
cement. Joint-filling calcite is commonly twinned, which we interpret
to indicate some amount of strain accumulation after cementation
(Fig. 4D).

Cathodoluminescence (CL) reveals the presence of both luminescent
and non-luminescent carbonate cement, both of which are present as
pore-filling cements and within fractures (Fig. 5). Non-luminescent
Please cite this article as: Hodson, K.R., et al., Temperature and compositio
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carbonate is typically finely crystalline, but also can have a reddish-
brown, cloudy appearance in thin section under plane and polarized
light (Fig. 5C, white arrow). Jointed DBn commonly contain non-
luminescent carbonate cement. Non-luminescent carbonate also occurs
as pore filling cement surrounding both DBn and DBk. Coarsely crystal-
line luminescent cementwas observed filling late forming joints and in-
filtrating pore space in the surrounding host rock (Fig. 5). Patches of
DBn material can be observed along the margins of some luminescent
veins, indicating that the luminescent cement also filled jointed DBn.
Centimeter-scale spherical concretionswithin the host rock and cement
halos along joints consistently contain luminescent cements.

A range of brightness was observed in luminescent cements, from a
dim reddish orange to bright orange. Because CL emissions are primarily
controlled by the carbonate's trace element composition (Boggs and
Krinsley, 2006), these variations in luminescence suggest some variabil-
ity in source fluid chemistry during the formation of luminescent veins
and pore-filling cements. Some veins display clear CL zonation along
sharp boundaries that do not correspond to current grain boundaries
(Fig. 5H), which in conjunction with observed mechanical twinning in-
dicates recrystallization after deposition. Other luminescent veins have
irregular boundaries between zones with differing CL brightness
(Fig. 5D), suggesting that successive phases of cementation partially dis-
solved and replaced earlier cements.

Quartz grains in the analyzed samples commonly exhibit signs of
compaction and pressure solution in the form of interlocking grains
and quartz overgrowths (Fig. 4). Both luminescent and non-
luminescent carbonate cements can be observed filling areas between
previously interpenetrating grains, indicating cements with both CL
characteristics formed after compaction (Fig. 5J shows a luminescent
example). Some veins contain quartz grains suspended within the car-
bonate fill, such as the clastic dike described by Eichhubl et al. (2009)
in the wall of Mill Canyon west of CHJ.

The relative age of luminescent and non-luminescent carbonate ce-
ments varies from sample to sample. First, non-luminescent cement
that predates luminescent cement is observed both (1) as an earlier
pore filling cement crosscut by later luminescent cement (Fig. 5A and
B) and (2) along the margins of veins filled with younger luminescent
carbonate (Fig. 5C and D). These veins can contain patches of commi-
nuted grains along their margins, in the same style as DBn. The non-
luminescent cements in this setting predate the luminescent vein fills,
but must post-date the formation of DBn. Second, non-luminescent ce-
ment that postdates luminescent cement is also observed; non-
luminescent cement occurs at the center of luminescent veins, filling
fractures that crosscut earlier CL zonation (Fig. 5H). It seems that precip-
itation of non-luminescent cements occurred both before and after pre-
cipitation of the luminescent cements. We do not observe carbonate
veins with alternating zones of luminescent and non-luminescent car-
bonate, nor have we found examples of mutual crosscutting in the
same sample, suggesting that the phases of cementation did not overlap
in time.

5.2. Stable isotope geochemistry

5.2.1. Bulk isotope measurements
We measured bulk carbon and oxygen stable isotope compositions

on 31 individual samples (Table 1). Measured δ13C values range from
−5.2 to 4.0‰ VPDB, and measured δ18O values range from −23.5 to
2.8‰ VPDB. δ13C and δ18O are positively correlated (Fig. 6A), similar to
relationships described in earlier work at CHJ (Chan et al., 2000;
Eichhubl et al., 2009; Bergman et al., 2013).

For a subset of samples, we have paired CL observations and isotope
measurements. These analyses show that luminescent and non-
luminescent carbonate cements have distinct δ13C and δ18O values
(Fig. 6A). Samples containing luminescent carbonate have δ13C values
between −4.5 and −2.3‰ VPDB, and δ18O values between −20.9
and −15.8‰ VPDB. Samples containing non-luminescent carbonate
n of carbonate cements record early structural control on cementation
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have higher δ13C values between−0.7 and 3.2‰VPDB, and higher δ18O
values between −5.0 and−0.1‰ VPDB.

5.2.2. Carbonate clumped isotope thermometry
Out of the pool of sampleswith bulk isotopemeasurements, twenty-

five samples were analyzed for clumped isotope thermometry
(Table 1). For all but one sample (MCC15-KH05), reported values of
Δ47 represent averages of 2 to 3 repeat measurements from the same
sample. Sample average Δ47 values range from 0.505 to 0.681‰, corre-
sponding to carbonate precipitation temperatures (TΔ47) of 7 °C to 73 °C
(calibration of Kluge et al., 2015). Reported errors are the standard error
for multiple replicate analyses from each sample or the long term
standard deviation of an internal laboratory standard (1SD = 0.025‰)
divided by the square root of the number of sample replicate analyses,
whichever is larger. This produces sample specific uncertainty in TΔ47

between 4 and 14 °C (1SE, average of 6.8 °C)
Clumped isotope temperatures vary systematically with calcite lu-

minescence, with non-luminescent carbonate yielding cool TΔ47 values
(b18 °C), and luminescent carbonate showing higher TΔ47 values
(N18 °C). Analyzed samples for which CL observations were not made
have TΔ47 up to ~73 °C; bulk C and O isotopic compositions of these
samples suggest that they likely belong to the luminescent group
(Fig. 6A). Using the temperature dependence of oxygen isotope
fractionation between carbonate and water determined by Kim and
O'Neil (1997), calculated parent fluid δ18O values are between −16
and −13‰ VSMOW for luminescent carbonate, but higher for
non-luminescent carbonate: −6 and 0‰ VSMOW (Fig. 6C). Errors in
these values, based on standard error in measured temperatures, fall
between 1 and 3‰.

6. Discussion

The observation of strong correlations between carbonate δ18O and
δ13C values, carbonate luminescence, carbonate precipitation tempera-
ture, and source fluid δ18O values supports the interpretation that
chemically and thermally distinct source fluids circulated at CHJ and
Mill Canyon. The apparent association of luminescent and non-
luminescent carbonate with different styles of structural deformation
indicates that different source fluids are associated with different stages
of structural deformation and the burial history. In the following discus-
sion, we synthesize our findings with the known geologic history of the
Moab Fault and Paradox Basin, providing constraints on the fluid
sources for carbonate cement, the relative timing of cementation and
structural deformation, and the thermal environments during burial
and faulting.

6.1. Fluid sources

As outlined in Section 5.2.1, bulk isotope data delineate two end-
member carbonate cement compositions (Fig. 6A). Earlier studies iden-
tified similar ranges in oxygen and carbon isotope compositions at CHJ
(Chan et al., 2000; Eichhubl et al., 2009), and δ13C values as low as
−15‰ have been reported from further south along the Moab Fault
system (Garden et al., 2001). CL observations support the conclusion
of two end-member compositions at CHJ, as luminescent carbonates
have consistently lower δ13C and δ18O values than non-luminescent car-
bonate (Fig. 6A). Inclusion of bulk isotope data from Bergman et al.
(2013) with our results shows a continuous range of values between
known luminescent and non-luminescent samples (Fig. 6). Known
Fig. 5. Paired plane light and cathodoluminescence (CL) photomicrographs demonstrating style
non-luminescent pore-filling cement cross cut by later luminescent vein and pore-filling ceme
marks luminescent vein. C,D) Early non-luminescent cement with later luminescent cement. W
both images. Gray arrow denotes pocket of thin deformation band material that predates both
forming along margins of fracture. Arrow marks edge of non-luminescent cement in both ima
CL is crosscut by non-luminescent cement (white arrows). Gray arrow denotes luminesce
between previously interlocking grains (white arrows).
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luminescent samples have relatively low bulk isotopic compositions
and known non-luminescent samples have relatively high bulk isotopic
compositions. This suggests that most of the observed spread can be at-
tributed to the presence of both end-member carbonates within single
samples at scales finer than the sample size.

Source fluid δ18O values determined using TΔ47 also support the
presence of two distinct end-member fluids. For our samples with
known luminescence characteristics, there are two distinct source
fluid δ18O values: luminescent carbonate source fluids average approx-
imately−13.5‰ and non-luminescent carbonate source fluids average
approximately −3.3‰. Other source fluid δ18O values from this study
and Bergman et al. (2013), re-calculated using the temperature calibra-
tion of Kluge et al., 2015) fall between the end-members (Fig. 6),
supporting the interpretation that many samples contain a mixture of
luminescent and non-luminescent carbonate with these end-member
isotopic compositions. Bergman et al. (2013) report one exception to
this pattern: a non-luminescent sample with a source fluid δ18O value
of −13‰.

Considering that equilibrium fractionation of carbon between solid
and dissolved carbonate is minor (~1‰; Mook, 1986), our data high-
light approximate isotopic compositions for the source fluids and their
dissolved inorganic carbon (DIC) content: a δ18O value of −13.5‰
VSMOW and δ13C value of −3.2‰ VPDB for luminescent carbonate
and a δ18O value of −3.3‰ VSMOW and δ13C value of 1.3‰ VPDB for
non-luminescent carbonate (Fig. 6d). Through the application of
clumped carbonate thermometry, we confirm the suggestions of earlier
studies at CHJ, identifyingfluidswith distinct isotopic compositions that
produced the observed carbonate cements (Chan et al., 2000; Eichhubl
et al., 2009; Bergman et al., 2013). Isotopic evidence for fluid sources
has been discussed at length in earlier studies at CHJ and the surround-
ing region (Chan et al., 2000; Garden et al., 2001; Shipton et al., 2004;
Crossey et al., 2009; Eichhubl et al., 2009; Dale et al., 2014), and we
use our new data to evaluate the range of possible sources.

6.1.1. Possible carbon sources
Possible carbon sources for carbonate cements include marine wa-

ters, organicmatter derived from plants, soil CO2 from plant respiration,
reduction of hydrocarbons, andmagmatic degassing.Marine carbonates
typically have δ13C values between 0 and 4‰ VPDB (Shackleton, 1986),
while δ13C values between −30 and −20‰ VPDB are more typical of
the latter three sources, although substantial enrichment in 13C can
occur due to complex microbial reactions (e.g. Irwin et al., 1977).
Magmatic CO2 typically has δ13C values between −7 and −1‰ VPDB
(e.g. Crossey et al., 2009; Hilton et al., 2010; Lucic et al., 2015).

Non-luminescent carbonates have δ13C values within the range
expected for a marine bicarbonate source. This follows the conclusion
of Eichhubl et al. (2009) who attribute relatively high δ13C values to
marine DIC. The marine carbon could be derived from infiltrating
marine waters as the Paradox Basin became flooded during the mid-
Cretaceous (Trudgill, 2011), or could be from deeply circulating waters
rich in dissolved limestone from Pennsylvanian, Permian, or Jurassic
strata (Fig. 6A; Garden et al., 2001). Alternatively, modern CO2-
charged geysers and springs in the nearby Salt Wash Graben produce
large surficial carbonate deposits with enriched δ13C values (~4 to 8‰
VPDB; Fig. 6A; Shipton et al., 2004), and may be modern analogs for
the formation of non-luminescent carbonate. Bacterial fermentation of
organic carbon in the methanogenic zone (e.g. Dale et al., 2014; Irwin
et al., 1977) is another possibility, predicted to produce δ13C values
between ~0 and 15‰.
s of carbonate luminescence and relative age. Exposure time for CL images is 1 s. A,B) Early
nt. White arrow points to pocket of non-luminescent cement in both images. Gray arrow
hite arrows point to boundary between luminescent and non-luminescent carbonate in
vein fills. E,F) Early luminescent pore-filling cement and later non-luminescent cement

ges. G,H) Fractured luminescent vein filled by later non-luminescent cement. Zonation in
nt material entrained in later vein. I,J) Cement-supported quartz grains. Cement runs

n of carbonate cements record early structural control on cementation
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Table 1
Stable isotopic data for carbonate cements.

Sample name Sample locationa δ13C (‰, VPDB) δ18O (‰, VPDB) Δ47 Temperaturee δ18O fluidf

Latitude Longitude (‰, ARF)b Stderr (‰)c nd (°C) Stderr (°C) (‰, VSMOW) StdErr (‰) Luminescent?g

CHJ14_JC02 38.71185 −109.73044 −3.1 −21.4 – – – – – – – –
CHJ14_JC03 38.71176 −109.73006 3.3 2.8 0.62094 0.00429 3 25.5 5.0 5.3 1.0 –
CHJ14_JC04 38.71170 −109.73010 3.3 2.3 0.63298 0.01573 2 21.7 5.9 4.0 1.2 –
CHJ14_JC05 38.71172 −109.73000 −3.6 −20.9 0.52399 0.00932 3 63.7 7.2 −11.7 1.2 –
CHJ14_JC06 38.71135 −109.72953 −3.6 −21.7 – – – – – – – –
CHJ14_JC07 38.71110 −109.72924 −3.9 −9.6 0.65462 0.00735 2 7.3 6.1 −11.0 1.4 –
CHJ14_JC08 38.71116 −109.72928 −2.8 −16.7 0.58935 0.00896 3 36.5 5.5 −12.2 1.0 –
CHJ14_JC09 38.71121 −109.72938 4.0 1.9 0.67006 0.01058 3 10.6 4.2 1.2 1.0 –
CHJ14_KH01 38.71136 −109.73106 −3.3 −23.5 0.52333 0.00865 2 66.4 9.1 −13.9 1.4 –
CHJ14_KH02 38.71134 −109.73105 −3.1 −22.5 0.50711 0.01528 3 71.9 7.7 −12.1 1.2 –
CHJ14_KH03 38.71113 −109.73080 −4.0 −22.9 – – – – – – – –
CHJ14_KH04 38.71094 −109.73061 −3.4 −22.2 0.50910 0.00846 2 56.0 14.0 −14.3 2.4 –
CHJ14_KH05 38.71066 −109.73036 −4.2 −13.8 0.54983 0.01114 3 52.1 4.7 −6.5 0.8 –
CHJ14_KH06 38.71072 −109.73036 −3.9 −22.4 – – – – – – – –
CHJ14_KH07A 38.71074 −109.73031 −4.1 −23.0 – – – – – – – –
CHJ14_KH08 38.71061 −109.73034 −4.6 −22.6 0.50536 0.00855 3 72.8 7.8 −12.0 1.2 –
CHJ14_KH09 38.71069 −109.73042 −5.2 −19.9 0.54238 0.00886 3 55.3 6.6 −12.1 1.1 –
CHJ14_M2A 38.71134 −109.72923 1.9 −5.6 0.64805 0.00753 3 17.0 4.5 −4.9 1.0 –
CHJ14_M2B 38.71134 −109.72923 1.1 −5.3 – – – – – – – –
CHJ15-KH02 38.71183 −109.73029 3.2 −0.1 0.67127 0.00394 2 10.2 5.2 −0.8 1.2 N
CHJ15-KH03 38.71180 −109.73026 −0.7 −5.0 0.66042 0.01713 2 13.3 5.4 −5.1 1.2 N
CHJ15-KH07 38.71152 −109.73081 1.5 −4.2 0.66712 0.01926 2 11.4 5.5 −4.7 1.2 N
CHJ15-KH08 38.71154 −109.73081 −3.5 −20.9 0.54579 0.00473 2 53.8 8.1 −13.3 1.4 Y
CHJ15-KH17 38.71113 −109.72922 −2.4 −16.2 0.61203 0.01017 2 28.5 6.3 −13.1 1.3 Y
CHJ15-KH18 38.71093 −109.72971 −4.5 −19.3 0.54756 0.00931 3 53.1 7.6 −11.8 1.3 Y
CHJ15-KH23 38.71083 −109.73007 0.8 −3.9 0.64768 0.01273 2 17.1 5.6 −3.1 1.2 N
CHJ15-KH24 38.71083 −109.73007 −3.2 −16.9 0.58915 0.01114 2 36.6 6.8 −12.3 1.3 –
CHJ15-KH24B 38.71083 −109.73007 −3.5 −18.5 0.56587 0.00794 2 32.9 11.9 −14.7 2.4 Y
MCC15-KH05 38.70916 −109.73871 1.4 −3.3 0.67280 0.00847 1 9.8 7.4 −4.1 1.7 N
MCE15-KH06 38.70742 −109.74565 2.0 −0.7 0.68110 0.00225 2 7.5 5.1 −2.1 1.2 N
MCE15-KH07 38.70743 −109.74580 −2.3 −15.8 0.64288 0.00034 2 18.6 5.7 −14.8 1.2 Y

a Sample location recorded with handheld GPS with nominal 5 m accuracy.
b Δ47 values calculated using the standard equations (Huntington et al., 2009) without an acid fractionation factor.
c Standard errors are from replicate analyses or long term variation of internal standards, whichever is larger.
d Number of replicate isotope analyses.
e Temperatures calculated using Eq. 5 of Kluge et al. (2015). Errors calculated using propagated Δ47 error.
f Source fluid δ18O values calculated following the methods of Kim and O'Neil (1997). Errors propagated from error in calculated temperature.
g Observations of CL characteristics were made for a subset of samples prior to isotopic analysis.
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Luminescent carbonate δ13C values are below the typical range of
marine DIC, but much higher than typical values for organic sources.
Carbon sources for luminescent carbonate may have involved anoxic
methanogenesis of organic acids, which can produce δ13C values less
than ~−4‰ (Baedecker et al., 1993), as suggested by Eichhubl et al.
(2009), or thermocatalytic decarboxylation of organic carbon (δ13C
less than ~−3‰; Irwin et al., 1977), as was suggested by Dale et al.
(2014) for concretions with similar δ13C values in the Piceance basin
~50 km to the northeast of CHJ. Abundant spherical concretions at CHJ
hint at microbe-assisted cementation, but TΔ47 shows that only half of
the luminescent carbonates fall in the methanogenic temperature
range (below ~40 °C; Irwin et al., 1977). The remaining luminescent
carbonates have higher temperatures, consistent with thermal
decomposition. Magmatic CO2 associated with the intrusion of Oligo-
cene Colorado Plateau laccoliths (Nelson et al., 1992) was determined
by Crossey et al. (2009) to have δ13C values between −9 and −3‰
VPDB, making waters charged with magmatic DIC another possible
carbon source.
6.1.2. Possible oxygen sources
Non-luminescent carbonates have δ18O values similar to, but lower

than modern (~0‰ VSMOW) and Cretaceous (~1.2‰ VSMOW;
Shackleton and Kennett, 1975) ocean waters. This may suggest a
mixed marine and meteoric oxygen source for non-luminescent car-
bonate. Carbonate associated with modern CO2-charged geysers,
which have similar δ13C values to non-luminescent carbonates, have
δ18O values between ~−9 and −12‰ VPDB (Shipton et al., 2004),
somewhat lower than non-luminescent carbonates, which might be
Please cite this article as: Hodson, K.R., et al., Temperature and compositio
in a nascent deformation band faul..., Tectonophysics (2016), http://dx.do
attributable to differences in carbonate precipitation temperature or
degassing of CO2.

The source fluids associated with luminescent, relatively warm car-
bonates have δ18O values around −13.5‰ VSMOW, within the range
of δ18O values from modern meteoric water (−15 to −12‰; Spangler
et al., 1996). While we do not necessarily expect modern andMesozoic
meteoric water to be equivalent, the similarity suggests a primarily me-
teoric source for the oxygen in the luminescent carbonates. A similar
conclusion was reached by earlier interpretations of carbonate δ18O
values from CHJ (Chan et al., 2000; Eichhubl et al., 2009).

6.1.3. Source fluids at Courthouse Junction
Our new CL observations, structural observations, and chemical

analyses allow us to describe the source fluids associated with the
three stages of carbonate cements at CHJ. Measured non-luminescent
carbonates have source fluids with δ18O and δ13C values similar to ma-
rinewater andmarineDIC. The association of early non-luminescent ce-
ments with the earliest deformation structures (DBk), cool TΔ47, and
marine fluids suggests that these cements likely precipitated from
intraformational marine waters during the earliest stages of diagenesis.

Luminescent carbonates are associatedwith joints, havewarm TΔ47,
and δ18O within the expected range of meteoric water, consistent with
deeply circulating basin water upwelling within the fault damage
zone. The presence ofwarmmeteoric waters, with associated carbonate
temperatures reaching predicted ambient conditions during peak burial
(Garden et al., 2001), follows the general framework proposed by Chan
et al. (2000) and Eichhubl et al. (2009), where a carbon-rich, reducing
fluid derived from hydrocarbons mixed with formation waters to form
the (warm) carbonate cements. The presence of hydrocarbon residues
n of carbonate cements record early structural control on cementation
i.org/10.1016/j.tecto.2016.04.032

http://dx.doi.org/10.1016/j.tecto.2016.04.032


−20 −15 −10 −5 0 5 10
−6

−4

−2

0

2

4

6

Fluid δ18O (VSMOW)

C
ar

bo
na

te
 δ

13
C

 (
V

PD
B

)

−6 −4 −2 0 2 4 6
0

10

20

30

40

50

60

70

80

δ13C (VPDB)

T
em

pe
ra

tu
re

 (
˚C

)

Unknown lum.
Non−luminescent
Luminescent

Bergman et al., 2013

A

CB
δ13C (VPDB)

δ18
O

 (
V

PD
B

)

−6 −4 −2 0 2 4
−25

−20

−15

−10

−5

40-80˚C

0

5

0-19˚C

Unknown lum.

Non−luminescent

Luminescent

No temperature
Bergman et al., 2013

20-39 C

Pennsylvanian
Limestones

Permian
Limestones

Jurassic
Limestones

 Modern
Travertines

Fig. 6.Carbonate and source fluid chemistry. A) Carbonate stable isotope compositions colored by relative temperature. Blue towhite transition occurs at 20 °C, corresponding to the break
in temperature between luminescent and non-luminescent cements. White to red transition occurs at 40 °C, corresponding to approximate upper boundary for methanogenesis. Squares
and diamonds denote samples known to be luminescent and non-luminescent under CL, respectively. Large circles indicate sampleswith unknown luminescence and small circles denote
samples from Bergman et al. (2013), recalculated using the clumped isotope calibration of Kluge et al. (2015). Black dots denote samples without temperature measurements. Shaded
fields outline approximate ranges of compositions for possible source fluids (Garden et al., 2001; Shipton et al., 2004). B) Carbonate precipitation temperature and δ13C composition
for samples with known luminescence characteristics (orange and black circles), unknown luminescence (white circles), and data from Bergman et al. (2013; black x's). C) Carbonate
δ13C and calculated source fluid δ18O composition. Symbols as in B. Error bars denote standard error of replicate analyses. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

9K.R. Hodson et al. / Tectonophysics xxx (2016) xxx–xxx
within the Moab Fault Zone supports the interpretation that degraded
hydrocarbons yielded the observed δ13C values, but our data cannot
rule out magmatic CO2 as a possible carbon source.

Sourcefluids for late non-luminescent carbonate remain ambiguous.
Because they are difficult to isolate from luminescent cement during
sampling, we do not have isotopic analysis from non-luminescent sam-
ples with clear a cross-cutting relationship showing late relative age.
Bergman et al. (2103) report a single non-luminescent specimen with
a meteoric oxygen isotope signature and a cool TΔ47. That specimen
and the specimen shown in Fig. 5H (with late non-luminescent carbon-
ate) are both from the intensely deformed damage zone near the fault
(e.g. Fig. 3D). These observations support the interpretation that the
high permeability damage zone served as a conduit for cool meteoric
fluids (Bergman et al., 2013) or was active following exhumation to
near-surface depths (Fig 8, box C).

6.2. Thermal and structural context for carbonate deposition

Cool, non-luminescent cements are observedwithinDBk and jointed
DBn, as well as in fractures cross-cutting warm, luminescent cements.
Luminescent cements are found within joints as well as jointed DBn.
By combining the established sequence of structural deformation
(DBk, DBn, jointing of DBn, and jointing not associated with DBs) with
Please cite this article as: Hodson, K.R., et al., Temperature and compositio
in a nascent deformation band faul..., Tectonophysics (2016), http://dx.do
the relative ages and contrasting temperatures of cool, non-
luminescent andwarm, luminescent cements, we can place the coupled
structural and diagenetic history of the Moab sandstone at CHJ into the
broader context of basin evolution and deformation on the Moab Fault
(Fig. 8).

Growth of the Moab Salt Wall ended by the late Triassic (Trudgill,
2011). The Moab Tongue sandstone was deposited last in a series of
Jurassic eolian sandstones, marking the transition to the deposition of
lacustrine and fluvial sediments (Trudgill, 2011). Catacastic DBs have
been previously observed in shallowly buried sediments (e.g.
Cashman and Cashman, 2000), so shallow burial of a weakly cemented
Moab Tongue sandstone could have driven development of early DBk
(Fig. 8). Preferential carbonate cementation within DBk suggests some
structural control on fluid distribution, possibly due to a transient
increase in porosity associated with dilation prior to cataclasis (e.g.
Bésuelle, 2001; Fossen et al., 2007). The cool TΔ47 of these cements
are consistent with near-surface temperatures, further supporting the
shallow formation of associated deformation bands.

Continuing burial during the early Cretaceous (Fig. 8) increased tem-
peratures and confining pressures, driving quartz pressure solution and
overgrowth cementation (Johansen et al., 2005). Associated porosity re-
duction and stiffening of the rock triggered a change in deformation
mechanism to produce the thinner, more intensely cataclastic DBn.
n of carbonate cements record early structural control on cementation
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Subsequently, joints developed in DBn, due to increased differential
stress from either rapid burial during the mid- to late-Cretaceous or
early episodes of faulting, and these became filled with additional
cool, non-luminescent cement. The cool TΔ47 suggests that the forma-
tion and fracturing of DBn also occurred at shallow depths.

As theMoab Tongue sandstone reached peak burial depths of ~2 km
and temperatures of ~60 to 80 °C (Fig. 8; also Garden et al., 2001), the
main phase of faulting along the Moab Fault generated new pathways
for fluid migration along the fault zone. Local fluid overpressure
(Garden et al., 2001) and stresses associated with faulting (Davatzes
et al., 2005) produced a joint network cross-cutting the jointed DBn,
further enhancing permeability around the fault. Warm, reducing fluids
migrated up from below (Garden et al., 2001), mixed with meteoric
formation waters and precipitated the warm, luminescent carbonate
cements in existing joints (Chan et al., 2000; Eichhubl et al., 2009).
The range of TΔ47 for luminescent cements suggests these source fluids
continued toprecipitate carbonate as theMoabTonguewas exhumed to
shallower depths and cooler ambient temperatures

Re-fractured luminescent veins filled with non-luminescent carbon-
ate may signal late motion on the Moab Fault (~5 Ma; Olig et al., 1996;
Trudgill, 2011) or stresses related to exhumation. The association of
these late cool carbonates with the fault damage zone documents its
persistent influence on fluid circulation.
6.3. Deformation bands and fluid flow

Cataclastic deformation bands are typically lower-permeability
structures compared to surrounding host rock, and are commonly con-
sidered barriers tofluidflow (e.g. Antonellini et al., 1994; Eichhubl et al.,
2004; Fossen and Bale, 2007; Balsamo and Storti, 2010; Ballas et al.,
2015; Philit et al., 2015). Once jointed, however, deformation bands
can become relatively high permeability conduits, focusing fluid migra-
tion through the host rock. We found close spatial relationships be-
tween cementation temperature and the style of structural
deformation at the outcrop scale. Detailed mapping by Eichhubl
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et al. (2009) demonstrated the localization of carbonate cementation
around structures at CHJ. Bergman et al. (2013) identified spatial
heterogeneity in the distribution of warmer and cooler carbonate,
noting limited spatial distribution of the cool cements. Our new sam-
pling expands the spatial coverage of TΔ47 beyond the linear transect
reported by Bergman et al. (2013); Fig. 7). Our new data show that
warm carbonate is found across much of the outcrop over distances
of ~100 m, where it fills jointed DBn and other joints that served as
conduits for the associated fluid circulation (Davatzes et al., 2005;
Johansen et al., 2005; Eichhubl et al., 2009). The association of non-
luminescent cements with thick and thin deformation bands
suggests that these structures also influenced the distribution of
fluid flow along the Moab Fault. Cool, non-luminescent carbonate
occurs within and around jointed deformation bands, suggesting that
associated source fluids used the fractures as preferred migration
routes through the host rock. Jointed deformation bands are
concentrated near the main fault strands, but also extend away from
the fault zones (Fig. 7). Considering that non-luminescent carbonates
formed at near-surface temperatures, it appears that deformation
bands had an early influence on fault zone permeability, before
substantial burial.

The timing of each style of structural deformation is clearly impor-
tant to the fluid migration and cementation history of the Moab Fault.
It is understood that deformation bands can form at shallow depths
(e.g. Cashman and Cashman, 2000; Ballas et al., 2015), and evidence
presented in this work suggests that band-parallel fractures may also
form at this stage. This is interesting, as it suggests that deformation
band faults can enhance fault zone permeability from an early stage in
their development. Indeed, it appears that deformation bands precondi-
tion the rock for fracturing. Cataclasis and porosity reduction locally
strengthens the rock, resulting in subsequent jointing of the stiff
inclusions in a relatively soft matrix (Tindall and Eckert, 2015). Thus,
paradoxically, these low-permeability features may ultimately lead to
enhanced permeability of the rock, as recorded at CHJ by the distribu-
tion of early carbonate cements.

7. Conclusion

We combine clumped isotope paleothermometry with bulk C and O
isotopic data and micro- to outcrop-scale structural observations to in-
vestigate carbonate cementation at Courthouse Junction along the
Moab Fault. We identify carbonate populations with distinct isotopic
compositions, precipitation temperatures and luminescence character-
istics, each associated with different source fluid chemistries and differ-
ent deformation structures. An early phase of cementation produced
non-luminescent carbonate with cool precipitation temperatures in
close associationwith the formation of deformation bands. Sourcefluids
for the cements had isotopic compositions similar to marine waters,
possibly containing dissolved limestone. Following peak burial,
fractures associated with faulting and exhumation provided conduits
for the circulation of meteoric waters, mixed with either an organic-
carbon rich fluid or magmatic CO2, resulting in the formation of
luminescent carbonate cements at warm temperatures. The range of
temperatures for luminescent carbonate suggests that it continued to
form until exhumation reached near surface thermal conditions. Late
forming non-luminescent carbonate forms at shallow depths during
the last stages of exhumation.

The early episode of non-luminescent cementation reveals the en-
hancement cataclastic deformation bands can have on fluid circulation.
Dilatant deformation bands are understood to enhance structure paral-
lel flow (Antonellini et al., 1994), but cataclastic deformation bands are
generally viewed as barriers in a porous sandstone (e.g. Antonellini and
Aydin, 1994). Changes in these structures from low porosity bands to
jointed conduits appear to happen early in the evolution of the fault
zone, making them important controls on fluid flow at CHJ. Considering
the complex deformation and cementation history observed at CHJ, it is
Please cite this article as: Hodson, K.R., et al., Temperature and compositio
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clear that deformation band faults do not have a simple effect on fault
zone permeability. Predictive modeling of the permeability of these
structures, and related fracturing and jointing, thus requires characteri-
zation of the stress and diagenetic histories of the host rock. Here, we
demonstrate the power of carbonate clumped isotope thermometry
for determining environments for cementation and constraining fluid
sources. Integration of these data with outcrop and petrographic obser-
vations, as well as the local burial history, allowed us to build a com-
bined time–temperature history for deformation and diagenesis at
Courthouse Junction. These data reveal the persistent influence of defor-
mation structures from the very earliest stages of burial to the final
stages of exhumation.
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