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ABSTRACT. We present results from a carbonate clumped-isotope thermometric
study of 42 carbonate samples collected within ~1 m or less of the Mormon Peak
detachment, a large-slip Miocene normal fault in the Basin and Range province of
southern Nevada. Samples include cataclastic rocks, narrow vein fillings and larger
void-filling carbonates, Our results are consistent with earlier measurements of O and
C isotopic ratios and fluid inclusion temperatures, and provide independent con-
straints on the isotopic composition and temperature of both syntectonic and post-
tectonic pore waters. The results reveal a wide range of precipitation temperatures (24
to 137 °C) associated with deformation, and indicate that the pore waters were
meteoric, with 3'%0 as low as —11.6 permil (VSMOW) and 3'*C as low as — 8.0 permil
(VPDB). The results do not provide any direct evidence for high-temperature thermal
decarbonation reactions (~500 to 800 °C) that are widely expected to result from flash
heating along upper crustal faults, although they do not rule them out so long as
recarbonation occurs at very low temperature, or the products of these reactions are
volumetrically minor. The results are difficult to reconcile with recent suggestions that
the detachment is the base of one or more catastrophically emplaced, surficial
landslides. In concert with other lines of evidence, the data are most simply interpreted
as recording deformation and precipitation events through a long history of slip,
accompanied by relatively deep (>3 km) circulation of meteoric pore waters along the
detachment plane.
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INTRODUGTION

Motion on large, upper crustal fault zones is governed in large part by the
evolution of temperature and pore fluid pressure within cataclasites (for example Rice,
1992, 2006; Blanpied and others, 1998; de Lorenzo and Loddo, 2010; Goren and
others, 2010; De Paola and others, 2011). However, observations that constrain the
temperature of cataclastic deformation in natural faults, and the origin and evolution
of syntectonic pore fluids, are relatively limited. Fault motion may occur under high
enough temperature and pressure to generate frictional melting during slip, particu-
larly in granitic rocks (Sibson, 1975; Hirose and Shimamoto, 2005), but evidence of
such melting is not ubiquitous in exposed upper crustal fault zones. Recent studies
have demonstrated the viability of using Ar-Ar dating of clay minerals in fault gouge to
constrain the timing of fault slip, but this method is limited in its ability to resolve the
thermal evolution (Haines and van der Pluijm, 2010; Duvall and others, 2011).

* Division of Geological and Planetary Sciences, California Institute of Technology, Pasadena, Califor-
nia 91125

## Department of Chemistry and Geology, Minnesota State University, Mankato, Minnesota 56001

t Corresponding author: eswanson@caltech.edu



2 EM. Swanson and olhers—Temperatures and fluids on faulls

Stable isotope and fluid inclusion studies have shed considerable light on both
temperatures and sources of pore fluids in cataclasites and associated vein arrays in
carbonates (for example McCaig and others, 1995; Losh, 1997; Hausegger and others,
2010). However, the stable isotopic studies are limited by the necessity of assuming the
oxygen isotope composition of the pore waters in equilibrium with carbonate in order
to determine temperature or, conversely, to assume temperature in order to reach
conclusions regarding the isotopic compositions of waters. To overcome this limita-
tion, we measured crystallization temperatures of fault rocks, vein arrays, and void
fAllings localized along a large-slip (=10 km) upper crustal fault zone, the Mormon
Peak detachment in southern Nevada, using the carbonate clumped-isotope thermom-
eter. Each clumped-isotope measurement independently constrains both the tempera-
ture and the C and O isotopic composition of carbonate, which in turn constrains the
equilibrium O isotopic composition of co-existing fluid.

We chose the Mormon Peak detachment for study because it was previously the
subject of detailed stable isotope and fluid inclusion studies (Losh, 1997; Diehl and
others, 2010), and to test competing hypotheses for the origin of the detachment. The
detachment is exposed over an area of 400 km? and has generally been interpreted as
an upper crustal normal fault with ~20 km of slip, that initiated at a relatively constant
dip of 17 to 25° through the upper 8 km of the crust (Wernicke and others, 1985; Axen
and others, 1990). Anderson and others (2010) and Diehl and others (2010) also
interpret the detachment as a low-angle normal fault, but suggest, on the basis of
abundant dissolution and collapse features in the upper plate, that the bulk of the
upper-plate thinning is due to dissolution by a mixture of meteoric and COsrich
mantle fluids concentrated along the fault zone. Citing mechanical difficulties with
both the initiation and active slip along low-angle normal faults in the upper crust, as
well as other evidence, other investigators have interpreted the detachment as the base
of a system of catastrophically emplaced landslide deposits (for example Walker and
others, 2007), possibly accompanied by high-temperature thermal decomposition of
carbonate (for example Anders and others, 2006).

In addition to their implications for upper crustal fault mechanics, the data
presented below represent, to our knowledge, the first application of carbonate
clumped-isotope thermometry to a problem in structural geology, and thus allow an
assessment of its viability as a new tool.

CLUMPED-ISOTOPE TIERMOMETRY

Clumped isotope thermometry is a relatively new technique used to determine the
crystallization temperature of carbonate minerals. It takes advantage of the tempera-
ture dependence of the degree to which the heavy isotopes *C and %0 bond to each
other (Eiler, 2007). This effect can be described as an exchange reaction with the
form:

Ca®*C%0; + Ca*C™0'%0, = Ca®*Cr*0"0, + Ca*Cl0,

The forward reaction causes “clumping” of the heavy isotopes. The extent to
which this forward reaction is favored depends on the balance between the lower
vibrational energy of the '*C—""0 bond and the entropy of the system, as described in
Schauble and others (2006). At higher temperatures, a more random distribution is
favored, whereas at lower temperatures, clumping is preferred. This degree of order-
ing is set during crystallization at temperatures less than ~200 to 300 °C, and readily
modified by intracrystalline diffusion at higher temperatures (Eiler, 2007).

Using the sample preparation and analysis techniques described in Huntington
and others (2009), the samples were reacted with phosphoric acid at 90 °C to produce
CO, gas, which was then cleaned by established cryogenic and gas chromatographic
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methods and measured for masses 44-49 using a Finnegan 253 gas source mass
spectrometer. The measured mass 47, which consists principally of "*C'*0'°0, but also
minor quantities of *C'*0'"’0 and '*C'0,, is compared to that expected for a
stochastic distribution, and the difference is denoted as A, in units of permil (Eiler,
2011). The raw A, values are standardized by comparison to CO, gases heated to
achieve a nearly stochastic distribution, and then corrected for temperature-
dependent fractionation during acid digestion. The corrected Ay, values are empiri-
cally related to temperature using experimental data from natural and synthetic
calcites, aragonites and dolomites (Bonifacie and others, in preparation; Bonifacie and
others, 2011).

One-sigma standard errors, based on the cumulative results of 8 acquisitions of 7
cycles per acquisition, range from 0.0005 permil to 0.0068 permil (averaging 0.002%:¢ )
in the carbon and oxygen isotope measurements, and from 0.004 permil to 0.021
permil (averaging 0.010%c), for A;;. These errors in Ay, propagate into errors in
temperature of =2 to 8 °C (averaging * 3.4 °C) for the “cold suite” samples, and *2 to
12 °C (averaging *6.4 °C) for the “warm suite” samples, as defined below. These errors
are comparable to the variation in temperatures that result from different calibration
curves through the high-temperature data.

GEOLOGIC SETTING AND SAMPLE DESCRIPTIONS

The Mormon Peak detachment is an extensively exposed low-angle slip surface,
active during middle Miocene extension in the Basin and Range province (Wernicke
and others, 1985; Axen and others, 1990; fig. 1A). The footwall is a gently east-tilted
crustal section through the frontal decollement zone of the Sevier fold-and-thrust belt,
with approximately 8 km of pre-tilt structural relief (figs. 1B and 1C). The footwall of
the detachment is unmetamorphosed and relatively intact structurally, and includes a
thrust plate of Cambrian strata structurally overlying sub-thrust Cambrian through
Mississippian strata resting nonconformably on early Proterozoic basement. Cambrian
through Middle Devonian strata are predominantly dolostone, whereas Upper Devo-
nian and younger strata are primarily limestone, each with relatively minor amounts of
chert and siliciclastic strata. In eastern areas of exposure, the detachment cuts across
Middle and Upper Cambrian strata of the thrust allochthon. The detachment trun-
cates the thrust, such that in western areas of exposure, the footwall includes only
sub-thrust rocks (fig. 1).

The hanging wall of the detachment (fig. 1C) consists of both east- and west-tilted
normal fault blocks composed of Cambrian through Permian carbonates derived from
the thrust allochthon, locally overlain by late Oligocene to middle Miocene (ca. 23-14
Ma) volcanic and sedimentary strata, all displaced westward relative to footwall rocks
(Wernicke and others, 1985; Anderson and others, 2010). Where present, Tertiary
strata are generally concordant with the underlying Paleozoic rocks. The structural
depth of the base of hanging wall blocks prior to faulting and tilting was, therefore, not
significantly greater than the total stratigraphic thickness of Tertiary and Paleozoic
units, which is about 2000 m (fig. 1B).

Exposures of the detachment span an east-west distance of more than 20 km,
corresponding to footwall paleodepths of ~2 to 8 km. We collected samples from 4
locations relatively evenly spaced across this transect (fig. 1A), generally within 1 m of
the detachment plane. The samples include a variety of slip-related features (for
example Anders and others, 2006), including breccias, fault gouge, veins, and void fills
(figs. 2 and 3). In addition, we collected host rock samples from Cambrian strata 250 to
300 m structurally below the detachment. All samples were thin sectioned and analyzed
petrographically. A subset of these (6 samples) containing very fine-grained material
were analyzed using a scanning electron microscope. The breccia samples include
clasts of host rock large enough to sample separately from the matrix, ranging from 5
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Fig. 1. Simplified structural map and crosssectional reconstructions outlining the geology of the field
site. (A) Map showing sample locations along the Mormon Peak detachment. (B) Reconstruction showing
pre-extension position of units and the Mormon thrust. (C) Simplified crosssection of field area (subse-
quent deformation accommodated along the Tule Springs detachment is removed). EMM, East Mormon
Mountains; TSH, Tule Springs Hills; MVM, Meadow Valley Mountains; MP, Mormon Peak; M, Jumbled
Mountain; MM, Mormon Mountains. Rocks units on (B) and (C): Xg, early Proterozoic crystalline rocks; [Pz,
lower Paleozoic stratified rocks (Cambrian to Devonian); uPz, upper Paleozoic stratified rocks (Carbonifer-
ous and Permian); IMz, lower Mesozoic stratified rocks (Triassic); T, Tertiary stratified rocks. (B) and (C)
have no vertical e eration. Sample locations: Site 1, 36.9772°N, —114.5684"E; Site 2, 36.9642°N,
— 114.5008°E;; Site 3, 37.0277°N, — 114.4505°E; Site 4, 36.9576°N, —114.3654°E.
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Fig. 2. Schematic diagram showing spatial relationships of various sample types with respect to the
detachment, as well as photographs of the textures in the warm suite of samples. (A) Diagram of the fault
zone at three different scales, showing locations of different textures relative to the detachment plane. The
size of the veins are enlarged for visibility, the other features are approximately to scale. The structure within
the red sparry calcite is significantly simplified. (B) Photo of hanging wall host rock and veins, hammer head
is 28 cm long. (C) Outcrop photograph of void-filling calcite spar (white area with irregular boundary) in
Ordovician host dolostone (medium gray), hammer head is 28 cm long. (D)) Photomicrograph of fault gouge
from the detachment surface, in plane polarized light. The top dark layer is nearly pure dolomite, the
middle layer (light brown) is silicified dolomite with iron oxides, and the lower dark brown layer is a breccia
with both calcite and dolomite. (E) Fault breccia showing clasts of host dolostone.
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Fig. 3. (A) Photomicrograph of the “spar breccia” texture of sample ES10-27, showing a calcite spar
clast (center) within a breccia, with crossed polars. The analyzed clast for this sample was about 8 mm in
diameter. (B) Photomicrograph with plane polarized light of a breccia interpreted to exhibit a 5-event
history, beginning with brecciation event Bl (oldest breccia) sitting in event B2 matrix, again overprinted by
B3 (most recent matrix); calcite microvein event V1 occurred after Bl and before BS; microvein event
V2 postdates B3. (C) SEM image of fault-plane gouge sample (ES10-23) showing variation in dolomite
grain size from <<0.1 pm up to 5 pm, with a small fraction of sub-micron, quasispherical grains in the
center-right portion of the image. (D)) Photomicrograph of isopachous cement, with crossed polars.
(E) Hand sample of calcrete breccia, with clasts of Devonian limestone. (F) Outcrop photograph of injected
gouge (white layer across center of image), hammer handle is 28 cm long. (G) Photomicrograph of red spar
under reflected light. Thin section was made perpendicular to the detachment plane (vertical here).
(H) Hand sample of the red sparry calcite, with lenses of spar (beige areas) interspersed with fine-grained
mixtures of calcite and iron oxides (orange areas), and sparlined fractures (along blue arrow). Sample
taken from just above detachment plane, with the long axis (horizontal) parallel to the detachment.
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%Dolomite is the dolomite fraction of the carbonate, the rest being calcite. The sample names reflect
the sample preparation method, with T referring to the track (microdrilling location), C referring to
chip, and M referring to mortar and pestle powder. Samples without an additional letter are drilled.
S refers to sample, and is only used for replicate analyses of a single powder. See figure 1 for site locations.

to 8 mm in diameter. Breccia clasts mostly consist of dolostone, and often showed the
fine-grained textures typical of the host rock Paleozoic formations (fig. 2E). Important
exceptions include one sample (ES10-27, table 1) that contains clasts of coarse calcite
spar typical of veins and void fills (fig. 3A), and other samples that contain clasts that
are themselves breccia (fig. 3B). The latter samples record multiple episodes of
fracturing and vein filling (Anderson and others, 2010; Diehl and others, 2010;
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compare with Anders and others, 2006). In a single thin section, as many as five
discrete fragmentation and veining events may be observed (fig. 3B). The breccia
matrix samples are bulk measurements of the fine-grained material, with highly
variable grain size ranging from ~1 mm to sub-micron scale.

Gouge samples include one from a centimeter-thick layer of ultra-fine-grained
material (from <0.1 pm to 10 pm) directly on the detachment slip surface (figs. 2D
and 3C) and a mineral assemblage that includes calcite, dolomite, quartz, and iron
oxide. An SEM image of a small portion of the gouge sample shows a number of
micron-scale, quasi-spherical grains of similar geometry and scale to clusters of calcium
oxide grains observed in frictional decarbonation experiments (compare with fig. 13D
in Han and others, 2010). The texture is not ubiquitous, and no evidence of
magnesium or calcium oxide, or their hydrated forms, is present in any of the analyzed
gouges. A second sample is from an ultra-fine-grained, porous layer about 5 cm thick
that we interpret to have been injected upward into the hanging wall, ~1 m above the
detachment plane (fig. 3F). Although this layer could not be traced directly to the slip
plane, it presumably intersects the detachment below the exposed plane of outcrop.

Vein material was collected from millimeter-scale calcite veins in both the hanging
wall and footwall. The void fill samples consist of clean, sparry calcite from large (=50
cm diameter) vugs with irregular boundaries, located approximately 1 m above the
detachment surface (fig. 2C). Red-hued calcite spar is locally found along and near the
detachment surface, and exhibits only mild strain and multiple episodes of precipita-
tion (figs. 3G and 3H), which we interpret to be post-tectonic. One of the breccia
samples is composed of Devonian limestone clasts cemented with a calcrete matrix
(fig. 3E), which we interpret to be the result of soil precipitation into void space
created by post-tectonic cavity collapse. One sample exhibits micro-layered isopachous
calcite cement growing into small void spaces (fig. 3D), and probably formed under
near-surface conditions.

ISOTOPIC DATA

Forty-two samples were analyzed for carbon, oxygen, and clumped-isotopic compo-
sitions, in order to determine fluid sources and temperatures (table 1; a full data table
may be found in the Appendix, table Al). Powders were most often obtained by
microdrilling, using a 0.5 mm drill bit, ~10 mg of carbonate from either saw-cut or split
samples. Accordingly, features smaller than 5 mm are too small to sample separately
using this technique. To test for possible effects of sample preparation methods, a few
samples were analyzed as chips or ground with a mortar and pestle. The results indicate
that no significant differences in recorded temperature are observed from using
different methods (table 1). For texturally complex samples, we drilled the opposing
surfaces of the saw cuts from which the thin sections were taken, in order to assure
precise correspondence between analyte and petrographic observations. Powders were
analyzed according to procedures described by Huntington and others (2009). All
stated carbon isotopic ratios are 8'°C with respect to Vienna Pee Dee Belemnite
(VPDB), and oxygen isotopic ratios are $'%O with respect to Vienna Standard Mean
Ocean Water (VSMOW). Fractionation factors used to calculate the 380 composition
of pore waters are from O’Neil and others (1969) and Vasconcelos (2005). Acid
digestion fractionation factors were taken from Guo and others (2009) and Rosen-
baum and Sheppard (1986). For mixed calcite-dolomite samples, all calculations were
done for both end members of pure calcite and pure dolomite, and the 8'°0
carbonate and 3'®0 water values reflect a weighted average based on estimates of the
calcite/dolomite ratios.

Calcite/dolomite ratios of fine-grained samples were estimated from both x-ray
diffraction (xrd) analyses and visual estimates using SEM images (table 1). The xrd
data only provided a semi-quantitative ratio, and analyses of samples with known ratios
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were performed to evaluate accuracy. For all but sample BW-83-X, xrd analyses agreed
well with our visual estimates. For BW-82-X, the dolomite content was highly variable
across the thin section (from 50-95%), and thus we use the xrd value (90%) here due
to its textural similarity to the powder analyzed for its clumped-isotope composition.
The visual estimates were made from SEM images near the microdrilling site, estimat-
ing relative areas of their respective emission intensities, with spot checks using EDS to
confirm the composition ol each phase. Host rock, void-fill, and vein mineralogies
(that is, samples without mixed compositions) were reacted with dilute hydrochloric
acid to confirm our calcite versus dolomite determination based on texture. Errors in
xrd data were generally less than 20 percent, an amount that could change the §'°0
of carbonate by 0.5 permil, and the 3'®0 of water by 1 permil. Temperatures
calculated from clumped isotope measurements are not noticeably affected by the
proportion of calcite versus dolomite.

The different rock types show distinct clusters in various two-dimensional plots
(for example 8'%C of carbonate vs. "0 of carbonate, temperature vs. the calculated
5'%0 ol water, e cetera; ligs. 4 and 5). The host rocks, as well as almost all the breccia
clasts, have 80 values of 22 to 26 permil, 3¥C values of =2 to 2 permil, precipitation
temperatures of 80 to 130 °C, and calculated fluid 8'*O values of 3 to 6 permil. These
values are consistent with primary deposition in a marine environment on a Paleozoic
continental shell, followed by recrystallization during burial diagenesis in a relatively
closed (that is, fluid poor) environment. The gouge sample from the detachment
surface has similar isotopic composition and apparent temperature to the host rock,
consistent with it consisting of finely ground wall rock, although the texture and
mineralogy described above indicate a more complex evolution. Nearly all breccia
matrix analyses have 3'%0 compositions of 15 to 20 permil, intermediate between host
rock and the much lighter void fills discussed below. Carbon isotope ratios and
calculated temperatures are similar to the host rock and void fill samples. The breccia
matrix samples may thus be mechanical mixtures of these two rock types, although the
presence of calcite precipitated from heavier, more exchanged waters (for example
Losh, 1997) cannot be ruled out. Sample ES10-27 is the only exception to this trend,
and is discussed further below.

The void-filling sparry calcite samples have 3'*0 values of 8 to 10 permil, 8'%C
values of —0.5 to 1.5 permil, and temperatures of 70 to 115 “C. One of the hanging wall
veins shows similar values. The water in equilibrium with these samples at their growth
temperatures has a calculated oxygen isotope composition of about —9 * 3 permil
(table 1). These values are consistent with precipitation from relatively warm, sub-
surface meteoric water, at temperatures broadly comparable to those at which host
rocks underwent diagenesis. We emphasize, however, that these sparry void-filling
carbonates (1) are not observed in host rocks away from the detachment zone, and (2)
grew in equilibrium with much lower §'%0 waters than co-existed with the host rocks at
these temperatures (3-6%¢), as illustrated in figure 5B.

‘The footwall vein sample has a §'%0 value of 16.1 permil, '°C value of —2.7
permil, a temperature of 144 °C, and precipitated from water with a 5'%0 value of 3.4
permil. This vein precipitated from a warm fluid that is heavier than meteoric waters,
perhaps due to a higher degree of exchange with the host rocks, which have roughly
the same fluid §'%0 value as the vein (fig. 5B). The heavier fluid '*0 composition of
the host rocks most likely reflects the composition of the fluid during burial diagenesis
and dolomitization of the Paleozoic shell deposits. The large difference in the
carbonate $'%0 value between the vein and the host (fig. 5A) is mostly due to the
difference in carbonate-water fractionation factors of calcite (the vein) and dolomite
(the host rock).
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Fig. 4. Plots showing stable isotopic data and temperatures, keyed by texture (A and B) or by
mineralogy (Cand D). Textures in legend are grouped by approximate temperature. Errors in temperature
are 1 sigma. One-sigma errors in oxygen and carbon isotopic compositions are smaller than the symbol size.
Plot (B) shows the distinct difference in both carbon composition and temperature between earlier
“warm-suite” compositions and later “cold-suite” ones, with no overlap in either domain.

The remaining samples are compositionally similar to each other, but yield
distinctly lower temperatures and lighter carbon than the other samples (fig. 4B), and
we will thus refer to the former as the “cold suite,” and to the latter as the “warm suite”
(figs. 4 and 5). The cold suite includes the lowermost 12 samples on table 1, and
exhibits a wide range of textures, including (1) injected gouge (fig. 3F), (2) spar-clast
breccia (both clast and matrix, fig. 3A), (3) red sparry calcite (figs. 3G and 3H), (4)
calcrete-cemented breccias (hg. 3E), and (5) isopachous void fill samples (hg. 3D), in
addition to two of the vein samples. These samples have carbonate §'*0 values of 18 to
21 permil, 3'*C values of —8 to —5 permil, temperatures of only 12 to 36 °C, and
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than the symbol size. Oxygen isotopic composition of the fluid is calculated from measured 3'"0 and
temperature of each sample (see text for discussion).

precipitated from water with 8'%0 values of —11 to —6 permil (fig. 5B). This range in
8'%0 (—9 * 3%o) is typical of meteoric water in the region (fig. 1 in Horton and
Chamberlain, 2006) and indistinguishable from water in equilibrium with void filling
carbonate from the warm suite, which on average is about 60 °C warmer than the cold
suite. Taken together, the composition of this suite suggests formation from a
near-surface, meteoric water reservoir rich in low-5'*C. carbon. This set of compositions
closely resembles those of soil carbonates, which contain carbon that is mainly sourced
from oxidation of soil organic matter. Although the temperature of some samples
might be higher than average surface temperatures in the region, previous studies



12 E.M. Swanson and others—Temperatures and fluids on faulls

have suggested that clumped-isotope temperatures in soil carbonates could be record-
ing relatively warm local soil temperatures during precipitation (for example Quade
and others, 2007; Passey and others, 2010).

An important member of the cold suite is the calcite-spar breccia sample ES10-27
(fig. 3A) mentioned above. Although it is texturally similar to the other breccias, it is
distinct in that (1) the clasts have a similar isotopic composition to the matrix, and (2)
it is much colder and lighter in carbon. Additionally, this sample contains a significant
component of sparry calcite clasts, and is only 20 percent dolomite. Notably, this
sample is derived from the same locality in which fault gouge directly on the
detachment (sample ES10-23) yielded a crystallization temperature of 130 °C. This
sample most likely records a history of precipitation and subsequent fragmentation by
the fault at near-surface conditions, although the possibility of recrystallization after
brecciation cannot be ruled out, as discussed further below.

DISCUSSION AND CONCLUSIONS

Overall, the results reveal a wide range of precipitation temperatures (10 to
139 °C), with calculated §'0 of pore waters as low as —11.6 permil (VSMOW) and
8'*C in carbonate as low as —8.0 permil (VPDB), indicating that the pore waters were
meteoric. In general, 3'%0 of breccia clasts, breccia matrix, and vein material are
consistent with the results of Losh (1997) and Diehl and others (2010). Further, the
temperatures of 70 to 115 °C recorded by the void-fill samples and hanging wall veins
with 8'C near 0 (that is, excluding the cold suite veins interpreted to have crystallized
late), are similar to the 70 to 130 °C fluid inclusion homogenization temperatures
obtained by Losh (1997) for veins in the hanging wall.

The temperatures of the void-fill samples are warmer than expected based on
their relatively shallow depth of exhumation. As noted above, the structural thickness
of the hanging wall is ~2000 m (fig. 1B). On the basis of extensive thermochronologi-
cal data from the region (recently summarized in Fitzgerald and others, 2009 and
Wernicke, 2011), the mid-Miocene geothermal gradient in the uppermost crust is
25 °C/km. The mid-Miocene mean surface temperature, based on clumped-isotope
thermometry of lake deposits on the nearby Colorado Plateau was approximately 20 to
25 °C (Huntington and others, 2010). Using these parameters, the ambient tempera-
ture at 2000 m depth would have been only 70 to 75 °C. Although some of the warm
suite samples overlap this range, most of them are much warmer. The difference
suggests (1) the hanging wall blocks may have been much thicker than apparent from
their relatively simple internal structure (for example, via thrust duplication), (2) the
production of significant excess heat from friction along the fault (for example De
Paola and others, 2011) and/or (3) the addition of heat from advection of warm pore
fluid from depth up the detachment plane (for example Losh, 1997).

Although all three of these mechanisms may contribute heat, at present there is
no evidence favoring major structural duplication in the hanging wall fault blocks,
despite detailed geologic mapping of the entire allochthon (Wernicke and others,
1985; Shawe and others, 1988; Anderson and others, 2010). Thermal modeling of
shear heating in carbonates suggests that the total amount of heat generated by
friction is only sufficient to elevate temperatures within a few millimeters of the fault
zone (for example, fig. 3A in Sulem and Famin, 2009), and thus friction is unlikely to
be an important factor in raising ambient temperatures at meter scale away from the
fault. Thus, if the upward advection of heat in meteoric pore fluids is the primary
mechanism, the pore waters must have circulated to depths of at least 3 to 4 km in
order to acquire sufficient heat.

The fluids from which void fills precipitated are meteoric, ruling out a direct
contribution from any COgrich (acidic) fluids of magmatic origin, as proposed by
Diehl and others (2010). The Mormon Mountains, as any other mountain range in the
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Basin and Range province, could overlie a pluton, a few kilometers below the
present-day surface, which could provide a source of heat. Shawe and others (1988)
suggested such a pluton may be present at depth, on the basis of (1) an aecromagnetic
anomaly along the western flank of the range, and (2) the presence of a small
igneous body (200 m?) in the northern part of the range they interpreted to be an
intrusive. However, the aeromagnetic anomaly is well correlated with the area where
the Proterozoic crystalline basement is near the surface (near the center of the cross
section in fig. 1C), and hence the age of any such subsurface intrusive is perhaps more
likely to be Proterozoic than mid-Miocene. In a more detailed mapping study of the
northern part of the range, Anderson and others (2010) mapped the same small
igneous body as one of a number of exposures of a sequence of surface-accumulated
andesite flows. Hence, although we cannot exclude a subsurface igneous body as a heat
source, there is no clear evidence of Miocene intrusive activity in the range. 'The
nearest magmatic center, the Kane Wash caldera, lies >30 km NNW of the study area.
Thus if magmatic heat were driving convective flow ol meteoric waters, it would be
doing so on a grand scale.

For the “warm suite” of samples ('I' = 60 °C), high temperature samples are
systematically lighter in carbon than low temperature samples (fig. 4B). To test the
hypothesis that the trend is a result of equilibrium fractionation, and also to determine
possible carbon sources, we calculated the carbon isotopic ratios ol potential carbon
sources: bicarbonate from dissolved carbonate, and CO, gas that could have resulted
from decarbonation reactions. If the samples precipitated under equilibrium condi-
tions from a single fluid, they will show a uniform 3"*C value (that is, no temperature
dependence) for the relevant species of carbon. Using the fractionation factors from
Mook and others (1974) and Bottinga (1968), we calculated the carbon isotopic
composition of (1) bicarbonate ion and (2) CO, gas that would have been in
equilibrium with each sample for the warm-suite void-fills, veins and gouge (fig. 6).
Unexpectedly, the calculated ratios suggest rather large variation in 8'?C for bicarbon-
ate (— 0.6 to —5.1 permil), but relatively uniform 3'*C (—2.8 to —4.5 permil) for CO,
gas (fig. 6), implying that this trend could be explained by buffering of carbon isotope
compositions by a COy-rich fluid. This implication hinges on the assumption that the
various carbonate textures all precipitated in equilibrium with a single fluid. If,
however, we restrict the data to just the hanging wall veins and void [ills, which are most
likely to have precipitated from the same fluid, then the data suggest weak correlations
with temperature for both CO, and bicarbonate ion (fig. 6, blue diamonds and purple
squares only), and thus do not favor one over the other as a potential reservoir. A
potential source for a reservoir of COgrich fluid along the fault plane is thermal
decomposition of carbonate, and so our results hint at the possibility that thermal
decomposition might have taken place during slip on the detachment. On the other
hand, analysis of fluid inclusions from these rocks suggests CO, was at most a minor
componentin the Hluid system (Losh, 1997).

Our results do not provide any conclusive evidence, in terms of either textures or
crystallization temperatures, for high-temperature thermal decomposition due to
frictional heating within the slip zone, or subsequent recarbonation reactions. These
reactions have been documented tor at least one carbonate landslide (Hewitt, 1988),
and are predicted on the basis of theoretical considerations and experimental data on
large-slip seismogenic faults (for example Sulem and Famin, 2009; Han and others,
2010; De Paola and others, 2011). Because final crystallization of these very [ine-
grained materials could take place at relatively low temperatures, and because the final
products of any high-temperature processes could be volumetrically minor, the data by
no means rule out the possibility of thermal decomposition as an important process



14 EM. Swanson and olthers—Temperatures and fluids on faulls

Tt

“13CHCO, (VPDB)

-8 r T T T T T
50 70 90 110 130 150 170 190

Temperature (°C)

B 4
2 -
s 0 4
g
g 7 ——
z =
g +
-
B
-8 T T T T T T
50 70 90 110 130 150 170 190
Temperature (°C)
& void il A gouge ® footwall vein W hangingwall vein

Fig. 6. Plots showing the %'°C compositions of bicarbonate (A) and carbon dioxide (B) in
equilibrium with void-filling carbonate, hot veins, and gouge. These values are calculated from each sample
based on temperature and the §'*C composition of the carbonate, assuming precipitation under equilib-
rium conditions (see text for discussion).

during slip. Our data at present, therefore, neither support nor exclude the possibility

of thermal decomposition along the detachment.
Our data do not support earlier suggestions that the detachment is the base of one

or more catastrophically emplaced landslides (Anders and others, 2006; Walker and
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others, 2007). Anders and others (2006) concluded that there is no evidence of
multiple deformation events within the fault zone. T'o the contrary, our results, as well
as those of other observers, indicate a complex history of events. The evidence includes
(1) multiple brecciation events (clasts within clasts within clasts) in the slip zone of the
detachment (for example fig. 3B; Diehl and others, 2010, their fig. 4C), (2) sustained,
high fluid temperatures (70 to 115 °C) at meter scale or greater within the fault zone
(location 3, fig. 1; fig. 2C), (3) fragmentation recorded at temperatures as high as
135 °C and as low as 25 °C, with contrasting temperatures recorded in the same
outcrop (for example, location 2, fig. 1; samples ES10-23 and ES10-27, respectively,
table 1), (4) crosscutting veins in the hanging wall (Losh, 1997), and (5) the slow,
syntectonic development of stylolites and veins in close association with faulting in the
hanging wall (Anderson and others, 2010; Diehl and others, 2010). 'T'hese data point
toward the detachment as a single feature that developed over a significant amount of
geologic time, in the presence of deeply circulating meteoric water (Losh, 1997;
Anderson and others, 2010; Diehl and others, 2010; this study).

This study provides the first record of the apparent temperatures preserved by
clumped-isotope thermometry in a suite of rocks as compared with their highly
fragmented equivalents. Our finding that host rocks and breccia clasts are indistinguish-
able in apparent temperature suggests that natural fragmentation along faults does not
reset the state of ordering of carbon and oxygen isotopes in carbonate ion groups, at
leastin ~8 mm clasts. Further, this method appears capable of preserving the record of
precipitation events for very fine-grained samples, such as breccia matrix samples,
through uplift and cooling of the rock mass, although it appears recrystallization can
affect some samples, especially the fine-grained gouges. Another indication of the
“memory” of the method is that both warm and cold temperatures are recorded by
samples in the same outcrop. For example, whereas the gouge layer directly along the
detachment records a temperature of 137 °C (ES10-23), a sample less than 1 m away in
the hanging wall records precipitation temperatures in sparry calcite of less than 25 °C
(ES10-27). The situation is reversed at another exposure, where the injected gouge
from the cold suite lies within a meter of the warm void-fll calcite (samples ES09-05
and ES09-04, respectively).

Despite any clear textural evidence, it is nonetheless possible that some of the
“cold suite” samples were originally warm, and have been recrystallized after emplace-
ment, and thus their temperatures reflect low-temperature, fine=scale replacement and
not the temperature of the preserved texture. Such fine-scale replacement, with
relatively high temperature calcite (~94-123 °C), has recently been documented using
clumped-isotope thermometry on fossil mollusks (Huntington and others, 2011).
Low-temperature replacement probably occurred in the case of the injected gouge,
because it is 97 percent calcite, but the host rock in the area is entirely dolostone. The
injected gouge is also fine-grained, and very porous, which would facilitate recrystalliza-
tion in the presence of postdeformational fluids.

However, other cold suite samples have textures that more likely result from
deformation after crystallization. 'T'he best example of this is sample ES10-27, which
contains a 5 mm clast that is both colder and lighter in carbon than the breccia matrix
(25 °Cvs. 35 °C, and —4.9%o0 vs. —4.0%¢). The matrix is 20 percent dolomite, but the
clast is calcite (table 1). Unless somehow the coarser clasts were more readily replaced
than the finer-grained matrix, it seems likely that the matrix contains a physical
mixture of original, relatively warm dolomite and much colder, finegrained calcite,
whereas the clast contains only young, cold coarse-grained calcite. This suggests that
brecciation occurred after the precipitation of the calcite spar in the clast.

The red calcite spar samples are more ambiguous, but are likely post-tectonic.
Individual crystals are elongate and perpendicular to cavity boundaries, which show a
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complicated structural pattern in hand specimen (fig. 3H). Close inspection does not
reveal any evidence for post-crystallization fragmentation or tectonic strain. Hence we
interpret this pattern as resulting from late precipitation of calcite spar along a
complex system of void spaces in the host breccia.

This study demonstrates the utility of carbonate clumped-isotope thermometry in
addressing structural problems. For example, without these analyses, it would be not
be obvious that both the cold suite of samples and the much warmer void-fill samples
precipitated from water with the same oxygen isotopic composition, about —9 *3
permil. This is especially true since both the oxygen and carbon isotopic compositions
differ, and examples of each type of sample were collected within a few meters of each
other. Clumped isotopes thus allow one to test hypotheses regarding different water
sources (meteoric versus exchanged meteoric versus magmatic) and different tempera-
tures independently.
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