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ABSTRACT

The Moab fault, a basin-scale normal fault that juxtaposes Ju-
rassic eolian sandstone units against Upper Jurassic and Creta-
ceous shale and sandstone, is locally associated with extensive
calcite and lesser quartz cement. We mapped the distribution
of fault-related diagenetic alteration products relative to the
fault structure to identify sealing and conductive fault seg-
ments for fluid flow and to relate fault-fluid-flow behavior
to the internal architecture of the fault zone. Calcite cement
occurs as vein and breccia cement along slip surfaces and as dis-
continuous vein cement and concretions in fault damage
zones. The cement predominates along fault segments that
are composed of joints, sheared joints, and breccias that over-
print earlier deformation bands. Using the distribution of fault-
related calcite cement as an indicator of paleofluid migration,
we infer that fault-parallel fluid flow was focused along fault
segments that were overprinted by joints and sheared joints.
Joint density, and thus fault-parallel permeability, is highest
atlocations of structural complexity such as fault intersections,
extensional steps, and fault-segment terminations. The asso-
ciation of calcite with remnant hydrocarbons suggests that cal-
cite precipitation was mediated by the degradation and micro-
bial oxidation of hydrocarbons. We propose that the
discontinuous occurrence of microbially mediated calcite ce-
ment may impede, but not completely seal, fault-parallel fluid
flow. Fault-perpendicular flow, however, is mostly impeded
by the juxtaposition of the sandstone units against shale and
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by shale entrainment. The Moab fault thus exem-
plifies the complex interaction of fault architec-
ture and diagenetic sealing processes in control-
ling the hydraulic properties of faults in clastic
sequences.

INTRODUCTION

The interaction of faults in sedimentary basins
with basin- and reservoir-scale fluid flow has been
shown to be complex, depending on a multitude of
parameters that include lithologic juxtaposition,
rheology of faulted units, fault structure and inter-
nal architecture, and fault-controlled diagenesis
(Allan, 1989; Knipe et al., 1997; Aydin, 2000).
Driven by the desire to predict the integrity of pe-
troleum reservoirs, the sealing properties of faults
have received significant attention in recent years.
Previous studies have emphasized juxtaposition,
the geometry of entrained shale units, and the func-
tion of clay minerals and fault-rock cataclasis in af-
fecting the petrophysical properties of fault rocks
(Lehner and Pilaar, 1997; Yielding et al., 1997;
Doughty, 2003; Davatzes and Aydin, 2005; Eich-
hubl et al., 2005). Preferred conduit behavior of
faults in hydrocarbon systems and related effects
of fault-controlled diagenesis on fault-fluid-flow
behavior have received less attention (O’Brien
and Woods, 1995; Eichhubl and Boles, 2000a, b;
Boles et al., 2004; Solum et al., 2005). As a result,
fault-seal analyses in industry practice routinely as-
sess the impact of faults on cross-fault flow but
commonly fail to assess fault-parallel flow. From
a reservoir perspective, fault-controlled diagenesis
may lead to diagenetic fault seals that are depen-
dent on reservoir chemical conditions and tectonic
or overburden loading rate. Other studies have
emphasized the seismic signature of fault-related
diagenetic zones as fossil hydrocarbon migration
pathways and reservoir spillways in trap integrity
analysis (Gartrell et al., 2004; Ligtenberg, 2005).
This study was designed to assess the effects of
fault segmentation and fault architecture on con-
trolling focused flow and diagenesis along the
Moab fault, a basin-scale normal fault in east-central
Utah (Figure 1). The Moab fault is probably one of

—110° -109°
Figure 1. Location map of the Moab fault system in southern
Utah (modified from Doelling, 1985). Salt anticlines are shaded
gray.

the best studied surface-exposed normal fault sys-
tems in a clastic depositional setting (Foxford et al.,
1996, 1998; Olig et al., 1996; Berg and Skar, 2005;
Davatzes and Aydin, 2005; Davatzes et al., 2005;
Fossen et al., 2005; Johansen et al., 2005; Solum
et al., 2005). The 45-km-long (28-mi-long) fault
displaces Pennsylvanian to Cretaceous units of the
Paradox Basin by up to 960 m (3150 ft) of vertical
stratigraphic offset (Doelling, 1988; Foxford et al.,
1996, 1998). In the central section of the fault sys-
tem around Courthouse Rock and Mill Canyon,
the area of detailed investigation, the fault juxta-
poses sandstones and siltstones of the Lower to
Middle Jurassic Navajo, Entrada, and Curtis forma-
tions in the footwall against Upper Jurassic and
Cretaceous shale and sandstone of the Morrison,
Cedar Mountain, and Dakota formations in the
hanging wall (Figure 2).

Prior studies by Foxford et al. (1996), Garden
etal. (1997, 2001), and Chan et al. (2000) on dia-
genetic alteration processes along the Moab fault
system described the spatial association of the
fault with bleaching of hematite-cemented Jurassic
eolian sandstone, as well as the occurrence of Fe
and Mn oxides and carbonate cements in the vicin-
ity of the fault. Based on isotopic analyses of hema-
tite and calcite cements, fluid-inclusion analyses,

654 Fluid Migration and Cementation along the Moab Fault, Utah



¥ 13 19NHHDI3

<SS9

igure 10) [Jmsw

J
8
- Q
dike c
e =
: . o <
Q Ny Segment 4 ©
- = o
] )
breccia 2 g
o Calcite
- veins
B 4 5
o
O
|
109°45'W 109°40'W 109°35'W
(0]
D Quaternary (Q) D Jurassic Moab Tongue (Jem) S —L&~ Fault (ball on hanging wall) - Carbonate cement
; B Fault < 5 m throw
Cretaceous Cedar Mountain and Dakota : : ° R
n Fms-undiff. (Kcm+d) . Jurassic Curtis Fm (Jo) 5 ——~—— Deformation band fault - Quartz cement
. Jurassic Brushy Basin Mbr (Jmbb) E D Jurassic Slick Rock Mbr (Jes) 8 — jg'fgtmtflg?l%?] %\:{I]td(:)verpnntmg
©
c E=]
D Jurassic Salt Wash Mbr (Jmsw) 2 D Jurassic Dewey Bridge Mbr (Jed) 5 A A' Cross section Figure 6 A
2 D Jurassic Navajo Sandstone (Jn) O— Lter _500 N

. Jurassic Tidwell Mbr (Jmt)

Figure 2. Geologic map of the Moab fault system in the Courthouse Rock-Mill Canyon area. Fault segments are numbered for reference in the text; segment 2 is further divided into
three subsegments (2a, 2b, and 2¢) by two right steps. The fault structure is from Davatzes et al., 2005.



and chemical modeling, Chan et al. (2000) con-
cluded that upward-migrating, reduced brines
mixed with meteoric water in the vicinity of the
fault resulting in iron oxide remobilization and re-
precipitation. Garden et al. (2001) provided an
overview of fault-related diagenesis along the
Moab fault emphasizing the southern section of
the Moab fault at the entrance to Arches National
Park. They attributed the bleaching of Jurassic
sandstone units in the hanging wall of the Moab
fault to the focused flow of hydrocarbons up along
the fault and into the adjacent Moab anticline lo-
cated in the hanging wall of the fault. Solum et al.
(2005) described fault diagenetic changes in the
clay gouge along the southern section of the fault
system in the same locations.

This study focuses on the structural control of
diagenetic alteration along the central section of
the Moab fault around Courthouse Rock and Mill
Canyon (Figures 1, 2). In contrast to the southern
part of the Moab fault described by Garden et al.
(2001), the central and northern parts are highly
segmented into a series of curving and intersecting
fault branches allowing a detailed assessment of
the correlation of localized diagenetic alteration
with the fault architecture and along-strike varia-
tion of fault—fluid-flow behavior. We mapped the
distribution of fault-related diagenetic alteration
as a proxy for paleofluid flow along segments of
the Moab fault system based on the premise that
the abundance and type of these alteration prod-
ucts reflect the focusing of fluid flow along the
fault system and thus the permeability structure
of the fault. Following a description of the struc-
tural elements and diagenetic alteration products
observed along the fault system, we compare the
distribution of diagenetic alteration products to
the mapped distribution of deformation bands,
joints, and sheared joints to establish controls of
faulting processes on the hydraulic behavior of
faults and conditions of paleofluid flow.

STRUCTURAL CHARACTERISTICS

The overall structure and internal architecture of
the central section of the Moab fault system were

described in detail by Davatzes and Aydin (2003)
and Davatzes et al. (2005). This area includes the
intersection of the northwest-southeast—striking
main segment 1 of the Moab fault with the curving
and roughly east-west-striking segment 2, and the in-
tersection of segment 2 with the curved segment 3
about 1 km (0.6 mi) farther west (Figure 2). The
intersection of segments 1 and 2 at the mouth of
Courthouse Rock has been referred to as Court-
house intersection. We will refer to the intersection
of segments 2 and 3 west of Mill Canyon as Mill
Canyon intersection. Two additional splays of
the Moab fault, segments 4 and 5 in Figure 2, in-
tersect segment 1 south of the Courthouse inter-
section; segment 6 branches off segment 2b. Seg-
ments 1-3 will be referred to as main segments, and
segments 4-6 and smaller map-scale faults as sub-
sidiary segments. Other regions of structural com-
plexity along this section of the Moab fault system
include two steps or fault relays along segment 2.
Davatzes et al. (2005) characterized the relay east
of Mill Canyon, separating segments 2a and 2b,
as an extensional step. A contractional step west
of Mill Canyon separates segments 2b and 2c. Al-
though striations on slip surfaces indicate predom-
inant dip-slip movement on the Moab fault system,
Davatzes et al. (2005) attributed the extensional
nature of the relay east of Mill Canyon to a right-
lateral strike-slip component (rake of slip vector
80° east) resulting in fault-normal extension along
the right-stepping array. Similarly, they attributed
fault-normal contraction along the right-stepping
array east of Mill Canyon to a left-lateral strike-slip
component.

Segments of the Moab fault system that offset
sandstones are composed of two classes of struc-
tural elements: (1) deformation bands and slip
surfaces and (2) joints and sheared joints. Defor-
mation bands are tabular zones of localized defor-
mation in sandstones that accommodate shear by
grain translation and rotation and typically involve
grain fracture and porosity reduction (Antonellini
and Aydin, 1994). Some segments of the Moab
fault system are composed of zones of multiple
narrowly spaced subparallel deformation bands,
with most slip concentrated along associated, dis-
crete slip surfaces (Figure 3a). Joints are discrete
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discontinuities or fractures forming in opening
mode that can be reactivated in shear, resulting in
the formation of multiple generations of splay frac-
tures (Pollard and Aydin, 1988). Such joint-splay
fracture systems can coalesce into breccia zones
and through-going fault surfaces (Davatzes et al.,
2003, 2005; Myers and Aydin, 2004).

The distribution of deformation bands and
joints along fault segments of the Moab fault sys-
tem is controlled by fault geometry and the exten-
sional or contractional character of fault segments.
In general, joints and sheared joints are dominant
in the fault core and fault damage zone in areas of
structural complexity that promote extension
such as fault intersections and releasing steps or
bends, whereas planar fault segments and restrain-
ing steps or bends are dominated by deformation
bands and slip surfaces. For fault segments that
contain both deformation bands and (sheared)
joints, the formation of deformation bands gener-
ally precedes the formation and shearing of joints.
In areas of structural Complexity that promote ex-
tension such as releasing fault bends and fault inter-
sections, deformation-band faults are overprinted
by joints, sheared joints, and breccias. South of
the Courthouse Rock intersection, segment 1 is
composed of deformation bands and zones of de-
formation bands without joints or sheared joints
(Figure 2). In contrast, segment 1 north of the
Courthouse Rock intersection and segment 2a
are composed of deformation bands overprinted
by an extensive network of joints and breccias in
the vicinity of the intersection (Figure 2).

Clastic dikes are spatially and texturally dis-
tinct from fault breccias (Foxford et al., 1996).
One is observed on the east wall of Mill Canyon
at the western tip of fault segment 2a (Figures 2,
3b) hosted in the partially bleached sandstone of
the Slick Rock Member of the Entrada Sandstone.
This dike is 10-30 cm (4-12 in.) in width and con-
tains angular pieces of sandstone of up to 30 cm
(12 in.) in size in a sandy calcite-cemented matrix.
Another clastic dike is observed on the west wall
of Mill Canyon along fault segment 4 (Figure 2).
At both locations, fragments of lithified sand-
stone appear to be derived from the adjacent host
sandstone.

Previous studies have shown that most defor-
mation bands are less permeable than the unde-
formed sandstone thus acting as barriers or baffles
to fluid flow (Antonellini and Aydin, 1994; Fowles
and Burley, 1994; Main et al., 2000). Joints are
opening-mode fractures that tend to act as pre-
ferred flow conduits unless sealed by mineral pre-
cipitation. Small amounts of slip along sheared
joints increase joint connectivity by the formation
of splay fractures. Larger amounts of shearing lead
to cataclasis that tends to reduce permeability
along and across sheared joints (Flodin et al.,
2004; Myers and Aydin, 2004). Because of the dif-
ferent hydraulic properties of these structural ele-
ments, we hypothesize that the permeability
structure of a fault system is, to first approxima-
tion, controlled by the distribution and overprint-
ing relationships of the structural elements. We
mapped the distribution of diagenetic alteration
products as a proxy for paleofluid flow in an effort
to test this hypothesis.

DIAGENETIC ALTERATION PRODUCTS

The map-scale diagenetic alteration adjacent to the
Moab fault in the Courthouse Rock-Mill Canyon
area affects primarily the Jurassic eolian sandstone
units of the Navajo Sandstone, Entrada Sandstone,
and Curtis Formation (Figure 2). In the Courthouse
area, the Curtis Formation separates the underlying
Slick Rock Member from the overlying Moab Tongue
member of the Entrada Sandstone. A detailed strati-
graphic and lithologic description of these units was
given by Doelling (1988, 2003), Foxford et al.
(1996), and Chan et al. (2000). The Navajo Sand-
stone is a fine-grained eolian quartz arenite to sub-
arkose sandstone. The sandstones of the Slick Rock
and Moab Tongue members of the Entrada Sand-
stone and of the Curtis Formation are fine- to
medium-grained quartz arenites. These sandstone
units alternate with siltstone and silty sandstone of
the Dewey Bridge Member at the base of the Entrada
Sandstone, and with mudstone of the Curtis For-
mation. The Moab Tongue member of the Entrada
Sandstone is overlain by sandstone and shale units
of the Morrison and Cedar Mountain formations.
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In the Courthouse Rock-Mill Canyon area,
the following products of diagenetic alteration
are observed.

Carbonate

Fault-related carbonate cement occurs as calcite,
ferroan dolomite, and malachite. Calcite cement
is the most abundant fault-related cement found
along the Moab fault in the Courthouse Rock-Mill
Canyon area. Calcite cementation occurs in two
forms: (1) as spherical calcite concretions and
(2) as calcite veins and associated cement halos
(Figure 3¢, d). Calcite concretions are up to 5 cm
(1.9 in.) in diameter, typically decreasing in diam-
eter with distance away from faults. Locally, con-
cretions are dense enough to coalesce and to form
cemented layers. In thin section, concretionary
calcite forms poikilotopic pore cement (Figure 3e)
completely filling the pore space with the exception
of pockets of residual hydrocarbons and micritic
malachite. Calcite veins are up to 4 cm (1.5 in.)
thick and are in most cases surrounded by a 2—
3-cm-thick (0.7-1.1-in.-thick) halo of pore-filing
calcite cement. Unlike fracture skins described
elsewhere that mantle otherwise uncemented frac-
tures (Robinson et al., 1998), these cement halos
only occur where the fracture is cemented and are
in optical continuity with the fracture-filling ce-
ment. Calcite cement fills the entire aperture of
fractures but is frequently discontinuous along
the length of fractures. Fractures adjacent to ce-
mented fractures and of same orientation may re-
main uncemented. Lack of consistent crosscutting
relations among cemented, partially cemented, and

uncemented fractures indicates that the partial ce-
ment fill of fractures reflects selective cementation
of an existing fracture system instead of fracture
formation outlasting fracture cementation. We
found no evidence that calcite cement precipitation
preceded fracture formation. In addition to concre-
tions, veins, and halos along veins, calcite occurs as
diffuse pore-filling cement in sandstone adjacent to
the main segments of the Moab fault system.
Some calcite veins are characterized by a
brown outcrop color that is noticeably more com-
mon along the main fault segments. In thin sec-
tion, brown calcite contains abundant brown to
orange organic inclusions. In one sample of brown
calcite cement from fault segment 2a at Court-
house Rock, these organic inclusions form rugose
laminae akin to microbial mats (Figure 3f). Some
calcite veins contain rhombs of early ferroan dolo-
mite cement as determined by energy dispersive
spectroscopy. These rhombs line the fracture walls
and are followed by later Fe-poor calcite.
Micritic malachite is found as late-stage pore-
filling cement in contact with hydrocarbons
(Figure 3g, h). The textural similarity of pockets
of pore-filling micritic malachite enclosed in poiki-
lotopic calcite with similarly occurring residual
hydrocarbon (Figure 3e) suggests that micritic
malachite replaces hydrocarbons. Where mala-
chite is observed with calcite and quartz cement,
malachite is the most recent cement phase.

Oxides

The eolian Lower to Middle Jurassic sandstones
are typically characterized by a uniform red color

Figure 3. (a) Zone of deformation bands along the main trace of fault segment 1. The fault slip is mostly concentrated on the slip
surface bounding the zone toward the viewer (surface behind pen). (b) Clastic dike in the Slick Rock Member of the Entrada Sandstone
on the east side of Mill Canyon. See Figure 2 for the location. Lens cap (5 cm [1.9 in.]) for scale (circled). (c) Calcite cementation in the
sandstone of the Moab Tongue member of the Entrada Sandstone at the Courthouse fault intersection (segment 2a). Calcite cement
forms concretions and veins with associated cement halos. The Slick Rock sandstone in the footwall adjacent to the fault is bleached
(background). (d) Calcite concretions and veins in the Moab Tongue sandstone. Veins are typically associated with halos of pore-filling
cement. Note the discontinuous nature of vein cement and cement halo. Scale in centimeter. (e) Sandstone of the Moab Tongue member
cemented by poikilotopic calcite in a calcite concretion at Courthouse Rock. Hydrocarbon (HC) fills remnant pore space. Some hydro-
carbons are replaced by micritic malachite. (f) Microbial mats in vein calcite within the Cedar Mountain Formation 120 m (394 ft)
northwest of the Courthouse intersection. (g) Malachite and hydrocarbon (HC) in joints of quartz-cemented Moab Tongue, Mill Canyon
extensional step, adjacent to segment 2b. Lens cap (5 cm [1.9 in.]) for scale (circled). (h) Micritic malachite at the outer margin of HC
filling joint and adjacent pore space.
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that results from thin grain coats of hematite. This
type of hematite cement is considered the result
of early diagenesis in a continental depositional
setting (Walker, 1975; Shawe, 1976; Walker et al.,
1978; Turner, 1980; Chan et al., 2000; Eichhubl
etal., 2004). Adjacent to faults and preferentially
in coarser grained sandstone units, these reddish
sandstones are frequently bleached (Foxford et al.,
1996; Garden et al., 1997, 2001). Sandstones of the
Moab Tongue member of the Entrada Sandstone
and Navajo Sandstone are bleached throughout
the Courthouse Rock-Mill Canyon area. Less po-
rous and more cemented sandstones of the Slick
Rock Member of the Entrada Sandstone are
bleached over distances of up to 50 m (164 ft) away
from the Moab fault (Figure 3¢). Bleaching of fine-
grained sandstone and siltstone of the Dewey
Bridge Member of the Entrada Sandstone extends
typically only 1-2 cm (0.3-0.7 in.) away from
joints and faults (Figure 4a). The Fe and Mn oxides
are locally reprecipitated in the wider Moab fault
area as concretions and pipes as described in detail
by Chan et al. (2000) from an area about 20 km
(12 mi) west of Courthouse Rock. Liesegang bands
of iron oxides were observed at Courthouse Rock
around open sections of joints that are partially
cemented by calcite, indicating that Liesegang
band formation postdated calcite cementation

(Figure 4b).

Quartz

The Lower to Middle Jurassic sandstones generally
contain moderate amounts of quartz overgrowth
cement, with the exception of the 1-2-m-thick
(3-6-ft-thick) top layer of the Slick Rock Member
of the Entrada Sandstone. The higher quartz cement
content of the Slick Rock sandstone appears to be
regional in extent and thus not fault controlled. The
abundance of quartz overgrowth cement increases
in the Moab Tongue sandstone adjacent to the Mill
Canyon extensional step (Figures 2, 4c). We have
not observed microcrystalline quartz or chalcedony
cement that is spatially related to the Moab fault
system. Chert cement described by Haszeldine et al.
(2005) appears spatially associated with the hinge
of the Moab anticline instead of the Moab fault.

Barite

Minor amounts of pore-filling poikilotopic barite
were observed in a sample of Moab Tongue adja-
cent to the Moab fault. Extensive occurrence of
barite was described by Morrison and Parry (1986)
and Breit et al. (1990) from faults southeast of
Moab. Based on the sulfur isotopic composition
of barite found in the Upper Jurassic Morrison
Formation, Breit et al. (1990) attributed barite for-
mation to fluids originating in the underlying Penn-
sylvanian evaporites.

Hydrocarbons

Residual hydrocarbons are observed along joints
(Figures 3h, 4a) and in sandstone pores where they
are typically encased in calcite cement (Figure 3e).

DISTRIBUTION OF DIAGENETIC
ALTERATION PRODUCTS

Courthouse Intersection

At Courthouse Rock, segments 1 and 2a of the
Moab fault system intersect at approximately 70°
(Figures 2, 5). The fault core of segments 1 and 2a
is composed of deformation bands that are over-
printed by calcite-cemented joints and fault brec-
cia (Figures 4d, 5a). Within the triangular fault
block formed by this acute fault intersection angle,
bleached sandstone of the Moab Tongue member
of the Entrada Sandstone is locally cemented with
concretionary calcite and vein calcite (Figure 3¢, d)
and malachite (Figures 3e, 5). This cement is more
abundant in the damage zone adjacent to the fault
intersection and along segment 2a but distinctly less
abundant adjacent to fault segment 1. The localiza-
tion of calcite in the fault block along fault seg-
ment 2a reflects the abundance of joints as mapped
by Davatzes et al. (2005) (Figure 5b). No clear
correlation is observed between the outcrop-scale
distribution of calcite cement and deformation
bands (Figure 5¢). Brown organic-rich calcite is
found as diffuse cement in the footwall of seg-
ment 1 and as a 20-30-cm-thick (9-12-in.-thick)
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Figure 4. (a) Bleached siltstone of the Dewey Bridge Member adjacent to hydrocarbon (HC)-stained joints. (b) Incomplete cementation
of joints by calcite vein cement renders joints as open fluid-flow conduits as evidenced by Liesegang bands centered on the uncemented
section of the joint. Moab Tongue sandstone at the Courthouse fault intersection. (c) Quartz and feldspar (plag) overgrowth cement in
the Moab Tongue sandstone, Mill Canyon step. Plagioclase is mostly dissolved after overgrowth formation. (d) Fault breccia cemented by
calcite vein fill from fault segment 5. (e) Calcite with growth zones of varying density of primary fluid inclusions. Growth from left to right.
Sample from the location in panel d. (f) Joints with associated bleaching halos in red silstone of the Curtis Formation continue as calcite-
cemented veins into the overlying Moab Tongue sandstone. Mill Canyon intersection. Scale is 22 cm (9 in.).

cemented layer along the fault surface of seg- In cross section, calcite cement is concentrated
ment 2a (Figure 5a). Malachite occurs as pore- within the top 5 m (16 ft) of the Moab Tongue sand-
filling cement and is most abundant in the vicinity stone northwest of the fault intersection (Figure 6,
of the fault-segment intersection. section CC’). With the sandstone dipping 10-15°
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Figure 5. (a) Cement distribution map of the Courthouse fault intersection. See Figure 2 for the legend to the stratigraphic units.
(b) Distribution of joint zones and joints. (c) Distribution of deformation bands. (d) Helium porosity and air permeability measure-
ments, and location of cross section (Figure 6) and point-counting transects (Figure 7).

away from the fault intersection, the highest ce-
ment abundance thus coincides with the structural
high of the fault block. Although eroded away at the
fault intersection, overlying siltstone and shale of
the Jurassic Tidwell Member of the Morrison For-
mation are preserved 100 m (328 ft) west to the

intersection (Jmt in Figure 5), indicating that the
cemented horizon corresponds stratigraphically to
the uppermost part of the Moab Tongue member,
immediately below the eroded siltstone and shale.

The abundance of calcite concretions and of veins
and their associated cement halos was quantified
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along four outcrop-scale points counting traverses
striking roughly perpendicular away from fault
segment 2a. (Figure 5d). Outcrop point counting
was performed by overlying a square grid of 1-m
(3-ft) side length with 100 grid points over the
outcrop surface at regular intervals along the tran-
sect lines. Whereas concretions host more calcite
compared to veins adjacent to fault segment 2a

(Figure 7a), veins extend farther away from the
fault (Figure 7b). In thin section, concretions were
found to contain about 20% of calcite as poikilo-
topic pore-filling cement completely filling the
intergranular volume of 20%. Veins contain 100%
carbonate but are typically less than 1 mm in thick-
ness whereas cement halos are 1-3 cm (0.3-1.1 in.)
thick. Similar to concretions, cement halos contain

EICHHUBL ET AL. 663



60
a —A—Transect 1
© L}\ —B—Transect 2
S —6—Transect 3 [
©
S ?, X —+—Transect 4
40 X
30 L
20 \1
o LA
e
0 — | /\

Calcite veins and cement ©  Calcite concretions

0

o

: o
Calcite pore cement %4

0 10 20 30 40 50 60
Distance (m) from fault segment 2a

Figure 7. Outcrop point-counting transects across Moab Tongue
sandstone at the Courthouse fault intersection. (a) Concretions;
(b) veins; (c) calcite cement contained in concretions and veins
for a 20% abundance of pore-filling calcite cement as measured
by petrographic point counting. See Figure 5d for the transect
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about 20% calcite pore cement and thus repre-
sent the bulk of calcite associated with veins. The
combined calcite content of concretions and veins
as a function of distance from the fault is shown
in Figure 7c. The total volume of calcite cement
in the Moab Tongue sandstone at the Courthouse
branch point is estimated by integrating the
amount of calcite over the transect lengths and
by multiplying by the thickness of the cemented
layer and by the length of the cemented area.

The thickness of the cemented layer is taken here
as 5 m (16 ft), the approximate thickness of the
Moab Tongue member in the Courthouse Rock
area. The length of the cemented area, measured
perpendicular to the transects, is approximately
100 m (328 ft). Thus, based on an average calcite
content of 4% more than 40 m (131 ft) of transect
distance, the total amount of calcite at this loca-
tion is about 800 m*> (28,252 ft*). In a following
section, we use this estimate to calculate a minimum
volume of fluid required for calcite precipitation
in this area.

Mill Canyon Extensional Step

About 300 m (984 ft) east of Mill Canyon, seg-
ment 2a of the Moab fault system steps to the
right by about 80 m (262 ft) and continues west
into Mill Canyon as segment 2b (Figures 2, 8a).
Sandstone of the Moab Tongue member between
segments 2a and 2b is characterized by locally
increased abundance of quartz overgrowth cement
(Figures 4c¢, 8a). Quartz-cemented Moab Tongue
sandstone is distinctly less friable and mapped in
the field based on the sharper sound when tapped
with a rock hammer compared to lesser cemented
sandstone away from the step. Enhanced quartz
overgrowth cement within the step appears to cor-
relate with areas of high joint density (Figure 8b).
Abundance of quartz overgrowth cement was de-
termined by petrographic point counting of eight
samples collected along a transect across the exten-
sional fault step. Point counting was performed on
thin sections stained for K-spar of samples devoid
of cataclasis and impregnated with blue epoxy,
with 600 counts per thin section. Abundance of
quartz overgrowth cement increases from less than
6% away from the fault step to about 11% along
fault segment 2b (Figure 9). Calcite and malachite
occur as fracture-filling cement and as pore cement
adjacent to fractures. Malachite is most abundant
along hydrocarbon-stained joints (Figure 3g, h)
in quartz-cemented sandstone adjacent to fault
segment 2b. Calcite concretions are noticeably ab-
sent in the Mill Canyon extensional step. Fractures
containing calcite and malachite cement crosscut
quartz overgrowth cement. Calcite and malachite
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Figure 9. Abundance of quartz overgrowth cement in Moab
Tongue sandstone as a function of distance away from segment
2b in the Mill Canyon extensional step. Quartz cement abun-
dance was determined by petrographic point counting.

fracture cement thus postdates quartz overgrowth
cementation.

Mill Canyon Intersection

West of Mill Canyon, calcite occurs in two distinct
structural positions. Similar to the Courthouse in-
tersection, calcite concretions and veins occur in the
vicinity of fault intersections within triangular fault
blocks of intersecting fault segments (Figure 10a).
One such fault block is formed by segments 2b and
a segment, referred to as segment 6, which branches
off segment 2b and terminates about 2 km (1.2 mi)
to the southwest (Figure 10a). A second triangular
fault block is formed by segments 2b and 3. Seg-
ment 3 continues southwest as the main branch
of the Moab fault system. At both fault intersec-
tions, the Moab Tongue sandstone and, to a lesser
extent, the underlying Curtis Formation and Slick
Rock Member of the Entrada Sandstone are ce-
mented with calcite concretions and veins.

The contractional step between segments 2b
and 2c is structurally characterized by abundant
deformation bands parallel to the fault segments
(Figure 10b). Joints and calcite-cemented veins
are absent except for the vicinity of the intersec-
tion of segments 2b and 3 where organic-rich cal-
cite veins are aligned parallel, and along strike, of
the abutting segment 3 (Figure 10a).

Other Occurrences of
Fault-Related Cementation

In addition to these areas of fault-related calcite
and quartz cementation, calcite vein cement oc-
curs along fault segment 4. This fault segment
branches off segment 1 southeast of the Court-
house intersection (Figure 2) and can be traced
across Courthouse Canyon and Mill Canyon for
about 400 m (1312 ft) west of Mill Canyon where
it terminates (Figure 10b). Calcite cementation is
found in the west wall of Mill Canyon (Figure 10a),
between Mill and Courthouse canyons, and in the
west wall of Courthouse Rock (Figure 2). At all
three locations along segment 4, calcite veins are
spatially associated with bleaching and traces of
hydrocarbons. The western termination of seg-
ment 4 is notable for the association of veins and
concretions with joints located in an extensional
quadrant southwest of the tip, extending 40 m
(131 ft) from the fault tip (Figure 10a). Segment 5
also shows extensive calcite vein cement and some
concretions, bleaching in both east and west faces
of Courthouse Rock, and where segment 5 abuts
against segment 1 (Figures 2, 4d). At all of these
locations, calcite forms thick veins or stockworks
where joint density is high but only little pore-filling
cement as concretions or cement halos.

STABLE ISOTOPIC AND
FLUID-INCLUSION CHARACTERIZATION
OF FAULT-RELATED CEMENT

Methods

Stable isotope analyses of calcite vein and fault ce-
ment and concretions were performed at the Stan-
ford Stable Isotope Biochemistry Laboratory on a
Thermo Finnigan Kiel Il Carbonate Device. Pow-
dered samples were obtained using a dental drill or
by crushing mechanically separated vein cement
fragments.

Permanently mounted doubly polished thin sec-
tions of fault-related cements approximately 50—
60 um in thickness were prepared for fluid inclu-
sion analysis. Thin sections were broken into smaller
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fragments and placed into a USGS-type gas-flow
heating and freezing stage mounted on an Olym-
pus BX51 microscope equipped with a 40x ob-
jective (numerical aperture [N.A.] = 0.55) with
10x oculars. The stage was calibrated at 374.1
and 0.0°C using synthetic pure H,O fluid inclu-
sions and at —56.6°C using synthetic CO, fluid
inclusions. The liquid-vapor homogenization tem-
perature (T},) and final ice melting temperature
(T,,) of individual inclusions within fluid-inclusion
assemblages were determined to +0.5 and +0.1°C,
respectively, using thermal cycling intervals of 1
and 0.2°C. Raman spectroscopy was performed
on several calcite-hosted fluid inclusions to check
for the presence of CO, and CHy at the Vibra-
tional Spectroscopy Laboratory in the Depart-
ment of Geosciences at Virginia Tech using a JY
Horiba LabRam HR (800 mm [31 in.]) spec-
trometer, with a 2400 grooves/mm grating and
a slit width of 400 um. The confocal aperture
was set at 400 um. Excitation was provided by
a 514.53-nm Laser Physics 100S-514 Ar" laser.
The laser output was 50 mW at the source and
less than 10 mW at the sample. The detector was
an electronically cooled open-electrode CCD
(charge-coupled device).

Results

The stable isotopic composition of calcite is
shown in Figure 11a, which combines our own
analyses with those by Chan et al. (2000) from
the Courthouse Rock area and by Garden et al.
(2001) from the southern part of the Moab fault
system. The §'°C values range between 0 and
—15%o PeeDee belemnite (PDB), and §'30 values
between —10 and —23%o PDB. No distinct differ-
ence is observed in the stable isotope composition
of fault or vein cement, concretions, and pore-filling
calcite cement forming cement halos around joints.
Figure 11b, plotting our own carbon isotope anal-
yses as a function of distance from major fault seg-
ments of the Moab fault system, shows that the
lightest 8'°C values are within and close to the ma-
jor fault segments, and the heavier values are away
from the fault segments. No such systematic change
was observed for corresponding oxygen isotopic

values suggesting that the observed trend in cal-
cite 8'3C reflects systematic changes of the carbon
pool in solution instead of a trend in precipitation
temperature.

Fracture-filling calcite locally contains abun-
dant aqueous fluid inclusions. Typically, cement
growth layers rich in fluid inclusions alternate with
fluid-inclusion-poor cement layers, indicating that
these inclusions are primary relative to the calcite
fracture cement. Care was taken to describe and
analyze inclusions that were petrographically de-
termined to have been trapped at the same time
during the growth of these layers (e.g., fluid inclu-
sion assemblages; Goldstein and Reynolds, 1994).
We determined homogenization temperatures
of primary inclusions in calcite sampled along
fault segment 5 about 60 m (197 ft) west of its
intersection with segment 1 (Figures 2; 4d, e).
Assemblages of two-phase aqueous inclusions
containing about 5 vol.% vapor in earlier calcite
of intermediate to high inclusion density homog-
enize at 100-125°C. These temperatures dis-
played no systematic variation from the inner to
outer zones of the calcite. Laser Raman microprobe
analyses indicate that the vapor phase contains
no CO; or CHy. Assuming a hydrostatic pore-
fluid pressure gradient, a minimum pressure cor-
rection for a maximum burial depth of 2 km
(1.2 mi) (Garden et al., 2001) would be no more
than +10°C for these inclusions. Thus, the mea-
sured homogenization temperatures are used to
approximate the formation temperatures. Tem-
peratures of final ice melting of —0.3 to —0.5°C
indicate water salinities of less than 1 wt.% NaCl
equivalent (Bodnar, 1993). Later, inclusion-poor
calcite contained two very large (~40 um) pri-
mary two-phase inclusions with homogenization
temperatures of about 84°C among more abun-
dant small (<7 pm) single-phase aqueous primary
inclusions, suggesting that smaller inclusions were
in a metastable state. Some calcite-containing pri-
mary two-phase inclusions are twinned, indicating
that the deformation outlasted the precipitation
of higher temperature calcite. The §'®0 composi-
tion of this calcite was measured at —22.77%o
PDB. Over the range of measured homogeniza-
tion temperatures (84-125°C), this corresponds
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to fluid 8'%0 values from —11.4 to —7.2%o stan-
dard mean ocean water (SMOW) (Friedman
and O’Neil, 1977). The oxygen isotopic composi-
tion and the fluid-inclusion salinity of this sample
therefore indicate a dominantly meteoric fluid
composition.

At the Mill Canyon extensional step, small (1-
5 um) single-phase aqueous inclusions are com-
mon along the dust rim of quartz overgrowth ce-
ment and less common within the overgrowth.
Single-phase aqueous inclusions are indicative of
cement precipitation at less than 60°C (Goldstein
and Reynolds, 1994).

FAULT-ROCK PETROPHYSICS

Helium porosity and air permeability were mea-
sured for twenty 1-in. (2.5-cm) core plugs sampled
at Courthouse Rock and at the Mill Canyon step
(Figures 5d, 8a). Core plugs taken from the fault
core contain multiple parallel deformation bands
but no joints or slip surfaces and were drilled and
tested perpendicular to the bands. Outside the
fault core, core plugs were sampled away from
joints and outside calcite concretions, cement halos,
or deformation bands. These samples were drilled
and tested perpendicular to bedding. Analyses were
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performed at Corelab Bakersfield, California, at
400-psi (2.76 MPa) confining pressure. At both
sample locations, lowest porosity values of 2-7%
and permeability values of less than 0.01 md were
obtained from samples adjacent to the main trace
of the fault. Permeability and porosity values in-
crease to background values of 17-20% and 200-
700 md, respectively, over a distance of up to 10 m
(33 ft) away from the main fault strand at Court-
house Rock and outside the step region at Mill
Canyon. The largest values of 23% and 911 md,
however, were measured within the fault damage
zones, adjacent to samples with the lowest values.
The heterogeneity in helium porosity within the
fault damage zone is consistent with observed var-
iations in porosity in thin sections from the fault
damage zone (e.g., Figure 3h).

DISCUSSION

The Association of Hydrocarbons, Bleaching,
and Calcite Precipitation

Based on the common occurrence of residual hy-
drocarbons along the Moab fault and associated
subsidiary faults, extensive bleaching of the red
Jurassic sandstones was attributed to the chemical
interaction of hydrocarbons with hematite-cemented
sandstone by Garden et al. (1997), Chan et al.
(2000), and Garden et al. (2001). Because of the
low solubility of hematite in oil, bleaching of
hematite-cemented sandstone is more likely to re-
sult from the interaction of rock with reducing
aqueous fluid that may have been in contact with
hydrocarbons or organic-rich reducing shale units
instead of direct oil-rock interaction. Two possible
bleaching reactions are

CH;COOH + 4Fe; 05 + 16H* (1)
<= 10H,0 + CO; + 8Fe*"
for the reaction of hematite with organic acids, and

2H>S 4+ Fe; O3 + 2H" (2)
< FeS, + 3H,0 + Fe?*

for the reaction of hematite with hydrogen sulfide
(Garden et al., 1997; Chan et al., 2000).

Organic acids such as acetic acid are frequently
abundant in oil-field waters (Franks et al., 2001)
and are effective in dissolving silicates such as pla-
gioclase (Crossey et al., 1986). Evidence of feld-
spar dissolution was observed within the Mill Can-
yon extensional step (Figure 4c). Organic acids
form during catagenesis of organic matter (Lewan
and Pittman, 1994) but may also be derived from
the oil phase at water-oil contacts by aerobic and
anaerobic microbial oxidation (Cozzarelli et al.,
1990; Boles, 1992; Helgeson et al., 1993; Watson
et al., 2002).

Both hematite reduction reactions consume
protons and would thus increase the pH. These
reactions would thus favor calcite precipitation,
which is consistent with the observed preferred
occurrence of calcite in bleached zones. The close
association of calcite and bleaching is illustrated in
Figure 4f showing calcite precipitation along joints
in the sandstone, whereas the same joints are asso-
ciated with bleaching halos in the underlying red
siltstone. This association of bleaching and calcite
precipitation may also be explained by the com-
bined effects of organic acid production and disso-
ciation. Organic acids dissociate readily to CO»
and CHy (Bell and Palmer, 1994). In the presence
of organics acids, the production of CO, may in-
crease alkalinity and lead to calcite precipitation
(Surdam and Crossey, 1985). The formation of
acids caused by the breakdown of hydrocarbons
would tend to mobilize calcite by reducing pH,
whereas bleaching of hematite and the dissociation
of organic acids would promote calcite precipitation.
The effect of the organic acid buffer is dependent
on acid concentration. Variations in fluid compo-
sition may lead to alternating stages of carbonate
dissolution and precipitation (Eichhubl and Boles,
20004).

A possible scenario that accounts for bleaching
of hematite-stained red sandstone, calcite precipi-
tation, and hydrocarbons consists of oil migrating
up along faults; organic acids either migrate in so-
lution up along the fault with a separate forma-
tion water phase or form in situ at water-oil con-
tacts, bleaching red sandstone adjacent to the fault
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system by dissolving hematite; hematite dissolution
and the subsequent dissociation of organic acids
would favor calcite precipitation. This mechanism
allows for the formation and dissociation of organic
acids to be spatially and temporally associated with
bleaching of red sandstone and the precipitation of
calcite.

Carbonate cementation in response to micro-
bial oxidation of hydrocarbons is well documented
and includes pore-filling carbonate along contacts
of petroleum reservoirs (Macaulay et al., 2000),
fault cements (Eichhubl and Boles, 2000a; Boles
et al., 2004), cements associated with natural hy-
drocarbon microseeps (Donovan, 1974; Donovan
etal., 1974; Gunatilaka, 1989), and cements asso-
ciated with hydrocarbon spills (Tuccillo et al.,
1999). These cements are generally understood
to be frequently highly depleted in '*C, reflecting
the isotopically light carbon pool in the oil and gas
phase. For instance, massive fault calcite cement
with 8'3C of =30 to —40%o PDB was ascribed by
Boles et al. (2004) to the oxidation of methane
migrating up along the Refugio fault from a nearby
natural gas reservoir in southern California. Simi-
larly, light carbon isotopes for carbonate cements
in North Sea reservoirs were reported by Macaulay
et al. (2000) and attributed to methane oxidation.

The 8'3C composition of calcite cement along
the Moab fault of 0 to —15%o0 PDB reported in this
study and by Chan et al. (2000) and Garden et al.
(2001) is clearly distinct from these isotopically
light methanogenic carbonates. Based on the car-
bon isotopic composition and the shape of carbon-
ate deposits in the crest of the Moab anticline ad-
jacent to the Moab fault, Haszeldine et al. (2005)
dismissed a hydrocarbon source for these carbon-
ates. Instead, these authors suggested carbonate
deposition in association with upward-migrating
mantle-derived CO,, accompanied by bleaching
of red sandstone by CO,- and H,S-rich waters.
Although subsurface CO, reservoirs in the Colo-
rado Plateau region are dominated by magmatic,
and possibly mantle, CO, (Gilfillan et al., 2008),
spring waters have a variable, although generally
elevated, magmatic CO, component (Crossey
et al., 2006). Based on carbon isotopic analyses
of these waters, Crossey et al. (in press) inferred

that the carbon pool is dominated by inorganic
carbon derived from carbonate dissolution, with
a lesser magmatic component, and a minor soil
CO, component. Calcite vein and travertine depos-
its associated with natural CO, seepage along the
nearby Little Grand Wash and Salt Wash faults
have a carbon isotopic composition of +4 to +9%o
PDB (Shipton et al., 2004), distinctly heavier than
the values reported for the Moab fault in the Court-
house Rock area.

Despite the, at first sight, ambiguous carbon
isotope values, the consistent spatial association of
calcite with residual oil or bitumen in the Court-
house Rock area is indicative of an association of hy-
drocarbons with calcite precipitation. Concretion-
ary cement growth around oil nuclei (Figure 3d, €)
indicates a strong seed effect for cement nucle-
ation, which can be explained by the localized mi-
crobial activity on the oil-water contact of residual
oil globules in the porous sandstone, conditions
similar to those found in microseeps and oil spills.
Donovan (1974) and Donovan et al. (1974) de-
scribed systematic carbon isotopic trends around
microseeps, with 8'>C values of carbonate increas-
ing from —40%o PDB close to the migration con-
duits to as high as —=5%o PDB at the periphery. A
similar zonation in isotopic composition of inor-
ganic carbon dissolved in groundwater surround-
ing an oil spill was described by Baedecker et al.
(1993), with 8'3C values ranging from —22%o to
as high as —4%o PDB within the anoxic zone sur-
rounding the spill. These isotopic trends reflect a
complex sequence in microbial degradation of
oil, including methanogenesis in the anoxic zone,
reduction of Fe®*, organic acid production and
subsequent microbial consumption, and precipi-
tation of Fe-rich carbonate, with microbial associa-
tions and redox conditions variable on the sub-
meter scale (Cozzarelli et al., 1990; Bennett et al.,
1993; Tucillo et al., 1999; Bekins et al., 2001;
Watson et al., 2002). These steps may include
fermentation of organic acids producing carbonate
highly enriched in '*C under anaerobic conditions
(Dimitrakopolous and Muehlenbachs, 1987).
Boles (1998) attributed isotopically heavy late car-
bonate pore cements in the San Joaquin Basin of
California (8'*C up to +16%o) to fermentation of
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organic acids containing carboxyl carbon as heavy
as +8%o (Franks et al., 2001).

Similar to the isotopic zonation observed
around microseeps and spills, the carbon isotopic
composition of calcite in the Courthouse Rock
area is lowest for cement contained within major
fault segments (Figure 10b), consistent with more
reducing conditions along faults because of higher
abundance of oil and higher microbial activity. We
suggest that, with increasing distance from faults,
the carbon pool was increasingly dominated by
isotopically heavier carbon in solution within the
groundwater aquifer, derived primarily from car-
bonate dissolution with a lesser igneous and soil
carbon component, with the possible addition of
heavy carbon from acid fermentation. This in-
creasing groundwater carbon component resulted
in an increasingly heavier carbon isotopic composi-
tion in cement farther from the fault. In the fault
damage zone, the occurrence of calcite cement
along joints and within concretions may have been
controlled by more reducing microenvironments
around globules and pockets of hydrocarbon provid-
ing conditions more conducive for calcite precipi-
tation, similar to processes envisioned by Gunatilaka
(1989) for the formation of microseep-related do-
lomite concretions in Kuwait. The heterogeneity
in carbon isotopic compositions implied by this
model is reflected in Figure 11b where the lowest
carbon isotopic ratios occur adjacent to the fault,
becoming increasingly heterogeneous at greater
distance. The carbon isotopic composition of the
damage-zone calcites reflects the mixed carbon
pool in the surrounding pore water that contains
a large groundwater signature that progressively
dominates at increasing distance from the fault.

Fluid-Flow Conditions Associated with
Fault-Related Cementation

Based on the inferred chemical environment of
microbial hydrocarbon oxidation and calcite pre-
cipitation, we envision that the fluid environment
is volumetrically dominated by meteoric water
contained in the Jurassic aquifer, with a minor ba-
sinal fluid component migrating up along the fault
system within conduits of higher permeability or

fault pipes (Eichhubl and Boles, 2000a). The
dominant meteoric fluid component over deep ba-
sinal fluids in the damage zone is consistent with
the low salinity of fluid inclusions and the light
oxygen isotopic composition, suggesting a water
8180 composition ranging from —11.4 to —7.2%o
SMOW. Modern meteoric water in this area has
a 8'%0 composition of =15 to —12%0 SMOW
(Spangler et al., 1996). The smaller basinal fluid
component likely provided the source of Cu and
Ba for the precipitation of malachite and barite ce-
ments, respectively.

The hydraulic significance of the fault-flow
conduits can be illustrated by estimating the vol-
ume of the aqueous solution involved in the pre-
cipitation of calcite at the Courthouse Rock inter-
section. The following mass balance is based on the
volume of calcite determined earlier and on the as-
sumption that the mass of precipitated calcite was
limited by the availability of calcium cations.
Spangler et al. (1996) gave an average Ca®* con-
centration of 20 mg/L for meteoric water in the
Navajo aquifer and of 5000 mg/L for saline oil
field brines. Precipitation of 800 m® (28,252 ft°)
of calcite at the Courthouse intersection requires
therefore a minimum of 0.2 x 10° L of brine or
40 x 10° L of meteoric water, or a water/rock ratio
of about 200:1 to 50,000:1. Considering that the
oxygen isotopic composition of calcite indicates a
dominant meteoric water component, the re-
quired volume of water for calcite precipitation
at the Courthouse intersection is likely to be closer
to the upper estimate. These values are minimum
estimates because they assume that all Ca®* con-
tained in the aqueous solution will precipitate as
calcite, which is unlikely for both thermodynamic
and kinetic reasons. Eichhubl and Boles (2000a)
argued that thermodynamic mass balancing may
underestimate the actual fluid volume by a factor
of 10.

Our estimates support the hydrogeologic
model of Chan et al. (2000), which includes mi-
gration of hydrocarbons and basinal brines from
Pennsylvanian source rocks up along the Moab
fault and movement of hydrocarbons into the po-
rous sandstone units where they interact with large
volumes of oxygenated meteoric water. The porous
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sandstone units such as the Moab Tongue and Na-
vajo sandstones may have acted as regional aquifers
allowing continuous supply of meteoric water into
the vicinity of the fault. In contrast to the results by
Chan et al. (2000), our fluid inclusion analyses in-
dicate that high-temperature (84-125°C), low-
salinity aqueous fluids were involved in fault calcite
precipitation, consistent with deep, topographi-
cally driven circulation of meteoric water. The
lower range of these temperatures is consistent
with modeled maximum burial temperatures of
about 90°C obtained by Garden et al. (2001). Be-
cause biodegradation of hydrocarbons is consid-
ered limited to temperatures below approximately
80°C (Larter et al., 2006), we suggest that the
higher range of observed temperatures reflect fo-
cused flow of hot fluid, with microbial activity
occurring along the cooler periphery of the flow
conduits. The fluid-inclusion temperatures would
thus represent temperatures that are elevated rela-
tive to the ambient formation temperature. Clastic
dikes in the footwall of the fault system suggest epi-
sodic and possibly seismic upward flow of deeper
sourced and confined fluid along the fault into an
unconfined meteoric aquifer.

The proposed mechanism of fault-related cal-
cite precipitation associated with the volumetri-
cally limited migration of hydrocarbons and their
biodegradation differs from carbonate fault ce-
mentation by CO» exsolution during the rapid
upward flow of basinal brine or CO;-saturated
groundwater. This mechanism can result in mas-
sive carbonate deposits as observed at the nearby
Little Grand Wash and Salt Wash faults (Shipton
et al., 2004) and in the Monterey Formation of
California (Eichhubl and Boles, 2000b). This
mechanism also differs in isotopic composition,
occurrence, and mass of cement from the massive
calcite deposits described by Boles et al. (2004)
along the Refugio fault in California, which they
attributed to oxidation of large volumes of migrating
methane.

A deeply circulating meteoric recharge system
in the vicinity of the Moab fault system is in agree-
ment with findings by Pevear et al. (1995) of '0O-
depleted illite in the fault zone, yielding 50-Ma
K-Ar ages. In this model, basinal brine and hydro-

carbons form a volumetrically minor component of
fluid flow along the fault. Chan et al. (2001) sug-
gested a possible link between the onset of such
deep meteoric circulation with the Oligocene up-
lift of the La Sal Mountains to the southeast.

Basin models by Garden et al. (2001) indicate
that the maximum burial was reached around
70 Ma, and maximum burial temperatures of about
90°C for the Middle and Upper Jurassic sections
were reached at around 40 Ma. Earlier basin models
by Nuccio and Condon (1996) suggested maxi-
mum burial and maximum temperature conditions
of 90°C at 38 Ma. Vrolijk and van der Pluijm
(1999) inferred temperatures of 100°C (£10°)
based on vitrinite, illite/smectite, and fission-track
paleothermometry. These temperature estimates
would confirm that higher temperature flow was
focused along high-permeability conduits. Based
on Ar dating of illite-smectite in the fault gouge,
Solum et al. (2005) determined a Paleocene age
of most recent fault motion.

These age constraints compare well with pa-
leomagnetic results by Garden et al. (2001), sug-
gesting reduction of iron oxides and remagneti-
zation during the Paleogene (63-49 Ma). The
meteoric flow regime in the exposed Jurassic sand-
stone units in the Courthouse area was likely active
until the incision of the Colorado River drainage
and erosion in the Pleistocene (Hurlow and Bishop,
2003).

Because quartz overgrowth cement at the ex-
tensional Mill Canyon step predates calcite cement,
single-phase inclusions in quartz overgrowth cement
are interpreted to record earlier fault-associated
fluid flow at temperatures less than 60°C. Fol-
lowing Garden et al. (2001), the 60°C isotherm
was crossed by the Upper Jurassic units around
90 Ma.

Structural Control of Fluid Flow and
Implications for Fault Sealing

The Moab fault illustrates the complex fault—
fluid-flow properties and their spatial variation
as a function of fault-zone architecture. Because
of the juxtaposition of sandstone against shale
layers and the entrainment of shale along the fault
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(Davatzes and Aydin, 2005), cross-fault flow will
be impeded in the central part of the Moab fault.
This is consistent with groundwater well data pre-
sented by Hurlow and Bishop (2003) who con-
cluded that the fault zone in the Courthouse—
Sevenmile Canyon area is a barrier for modern
groundwater flow in near-surface aquifers. Although
fault juxtaposition models by Clarke et al. (2005)
identified segment 1 in the Courthouse Rock area
as a potential leak point for cross-fault fluid flow
based on shale/gouge ratio calculations, we did
not find diagenetic field evidence to support
cross-fault fluid flow in this area. The hanging wall
of fault segment 1 in this area consists of a greater
than 6-m-thick (20-ft-thick) layer of entrained Ju-
rassic shale, separating Cretaceous sandstone in the
hanging wall from Jurassic sandstone in the foot-
wall along segment 1 (Davatzes and Aydin, 2005)
(Figures 5a, 6). Eichhubl et al. (2005) demon-
strated that shale entrainment can result in a high-
er sealing capacity of faults compared to shale/
gouge ratio calculations.

The diagenetic record also suggests the absence
of fault-parallel fluid flow along segments com-
posed solely of deformation bands. This includes
most of segment 1 in the study area and parts of
segment 2 that are located away from fault inter-
sections and steps (Figure 2). Although slip surfaces
along these segments may be considered potential
flow pathways for fault-parallel flow, such flow, if
any, is not expressed in the diagenetic record.

The preferred occurrence of calcite cement in
areas of increased joint density (Figures 3-5) indi-
cates that joints acted as preferred flow conduits
in the fault damage zone and in the fault core
where they are composed of joints and fault brec-
cia. The observed trend in carbon isotopes adja-
cent to fault segment 2a, with lowest §'>C values
measured in veins within the brecciated fault core
(Figure 11b), suggests that the upward flow of ba-
sinal fluid and deeply circulating meteoric water
was focused in the brecciated fault core. Connected
joints in the damage zone within a few meters ad-
jacent to the fault allowed flow away from the fault
conduit and mixing of upward-flowing fluids with
ambient meteoric water, providing conditions for
hydrocarbon degradation and calcite precipitation.

Based on elastic boundary element models of
stress magnitudes and directions in the vicinity of
fault intersections, Davatzes et al. (2003) demon-
strated that joint density is correlated with changes
in magnitude of the least principal stress that are
induced by fault interactions at segment intersec-
tions and steps. Loading conditions for these nu-
merical models were chosen to match slip directions
on the fault segments in agreement with fault stria-
tion observations, without any additional a priori
constraints on stress orientations and stress mag-
nitudes. However, the best-fitting models were
consistent with the inferred burial depth of 2 km
(1.2 mi) following Garden et al. (2001). In the case
of the Courthouse intersection, a large drop in the
least compressive principal stress is found north of
segment 2b where a high joint density and calcite
occurrence were observed in the field (Figure 12).
Joint orientation coincides with the computed ori-
entations of the minimum compressive principal
stress. Similar correlations between observed joint
density and orientation and computed stress field
apply to the extensional fault step east of Mill
Canyon, the fault intersections west of Mill Can-
yon, and the termination of fault segment 4 west
of Mill Canyon (Figure 13) (see Davatzes et al.,
2003, for numerical solutions). Numerical simula-
tions of the contractional step west of Mill Canyon
show more compressive minimum principal com-
pressive stresses and more compressive mean
stresses consistent with the lack of joints and a
high density of deformation bands. The contrac-
tional fault step west of Mill Canyon lacks pre-
ferred calcite cementation.

Following Davatzes et al. (2003), joints, where
present along the fault zone, overprint and postdate
earlier fault structures composed of deformation
bands. The joint-based deformation mechanism
and the resultant increase in fault permeability
therefore characterize a more developed stage of
faulting on a given fault segment. This switch in de-
formation mechanism, which may have occurred at
different times for different fault segments, prob-
ably relates to changes in stress state within the fault
zone and changes in diagenetic state of the host se-
quence, as discussed by Davatzes et al. (2003) for
the Chimney fault array in central Utah. The stress
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Figure 12. Elastic boundary element model illustrating the magnitude of the least principal stress around a fault intersection. Fault
geometry is selected to approximate the geometry observed at Courthouse Rock (Figure 5). Orientation and magnitudes of the loading
stress state were chosen to match the relative slip magnitude and slip direction as observed in the field. Tick marks indicate the trace of
maximum horizontal stress (Symay)- The contour interval is 0.5 MPa; compression is positive. Areas of low magnitudes in the least prin-
cipal stress coincide with areas of enhanced opening-mode fracture density in sandstone and increased abundance of calcite cement as
mapped in Figure 5b and a, respectively. Symin = minimum horizontal stress.

state within the fault zone will be controlled by tec-
tonic loading conditions, ambient confining stress,
and local stress perturbations caused by fault seg-
ment interaction. The stress state within the fault
zone is thus in part controlled by fault-segment ge-
ometry as illustrated by our numerical simulations,
with the geometry controlled by the initial nucle-
ation and the growth of fault segments and their
coalescence with increasing fault slip. In addition,
if faulting continued into the stage of fault exhuma-
tion, the accompanying decrease in mean stress
would further promote joint formation. Stress de-
pendence in deformation mechanism is consistent
with the systematic occurrence of joints along ex-
tensional parts of fault segments. This switch does
not appear to be a linear function of fault throw
because joints and calcite cement are equally well
developed along fault segments with lesser throw
(e.g., segments 4, 5, and 6). The increase in fault-
parallel permeability with increasing fault-zone
development is consistent with independent esti-
mates of Tertiary-age fault-related chemical al-
teration summarized in the preceding section.
The increased abundance of quartz overgrowth
cement at the extensional Mill Canyon step pre-

dates jointing because joints crosscut quartz over-
growth cement. We attribute the increase in quartz
cement adjacent to segment 2b to the advective
transport of heat and possibly silica. Increased
abundance of quartz overgrowth cement caused
by higher fluid temperature within and adjacent
to the fault would be consistent with current mod-
els of quartz cement precipitation in sedimentary
basins (Lander and Walderhaug, 1999). A similar
occurrence of fault-related quartz overgrowth ce-
ment was described by Quinn and Haszeldine
(2004) from the Inner Moray Firth Basin, United
Kingdom, and attributed to ascending fluids. Be-
cause fluid inclusions in quartz overgrowth cement
at the Mill Canyon extensional step are single
phase, we could not test for systematic variations
in fluid temperature with distance from the fault.
Cataclasis associated with deformation band for-
mation may potentially enhance quartz dissolution
and reprecipitation, but quartz cement is not no-
ticeably more abundant at the contractional Mill
Canyon step, which is characterized by high defor-
mation band density.

Unlike quartz cement at the extensional fault
step, which precedes jointing, calcite cement at
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Figure 13. Occurrence of fault-related diagenesis relative to fault-segment boundaries along the Moab fault (map view).

the fault intersections appears to postdate joint
formation. Joints thus likely enhanced the flow
of hydrocarbons from the fault into the surround-
ing formation where microbial hydrocarbon deg-
radation in contact with meteoric water resulted
in enhanced calcite precipitation. The preferred oc-
currence of calcite cement in the Moab Tongue
sandstone may reflect the high permeability of
this unit allowing the interaction of hydrocarbons
with large volumes of meteoric water. In addition,
the overlying shale of the Tidwell Member of the
Morrison Formation likely acted as a top seal that
resulted in the pooling of buoyant hydrocarbons
where they chemically interacted with meteoric
water flowing along the porous and permeable
Moab Tongue sandstone.

Based on the clay compositional zonation of
the fault zone in the central part of the Moab fault,
with more permeable illite-rich clays in the fault
core and less permeable smectite-rich clays in
the fault damage zone, Solum et al. (2005) sug-
gested that the fault core is hydraulically more
conductive for fault-parallel flow than the fault
damage zone. Our field structural and diagenetic
observations in the Courthouse segment suggest
that the fractured fault damage zone in sandstone
is most conductive for fault-parallel fluid flow.

The preferred fault-parallel flow in the fault core
as inferred by Solum et al. (2005) may character-
ize structural levels lower than those exposed in
the Courthouse area, where finer grained units
of the Triassic Moenkopi and Chinle formations
abut the fault.

Calcite precipitation resulting from microbial
interaction of migrating hydrocarbons with mete-
oric water could be seen as a mechanism of self-
sealing along leaking hydrocarbon fault conduits.
Although fault breccias appear effectively sealed
by calcite cement (Figure 4d), joints in the fault
damage zone are only incompletely sealed. Veins
and associated cement halos are typically discon-
tinuous (Figure 3d), leaving sections of joints unce-
mented. We attribute the discontinuous occurrence
of calcite cement to the discontinuous distribution
of oil within fractures, providing a blueprint for the
discontinuous distribution of calcite-precipitating
microbes. Liesegang patterns centered around un-
cemented joint segments (Figure 4b) are indica-
tive of preferred fluid flow along these joint seg-
ments. The incomplete cementation by calcite is
likely to be characteristic of microbially mediated
cementation processes, reflecting the discontinu-
ous distribution of hydrocarbons within the joint
systems adjacent to the major fault segments.
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These discontinuous cements may thus impede
fluid flow, forcing flow from the fault conduits
into the damage zone, while remaining inefficient
in forming a continuous fault seal. The effect of the
discontinuous fault-related cementation is enhanced
by the heterogeneous distribution of core-plug po-
rosity and permeability. Because calcite-cemented
zones were avoided for core-plug measurements,
the heterogeneity captured by the these measure-
ments will act in addition to the cement heteroge-
neity. In fact, the distribution of calcite and quartz
cement may, in part, have been controlled by the
heterogeneity in mechanical porosity reduction in
the fault damage zone.

The rather ineffective processes of diagenetic
sealing observed along the Moab fault and ascribed
here to volumetrically limited migration of hydro-
carbons and their microbial degradation differ
from extensive and massive carbonate cementa-
tion observed at other fault systems and attributed
to rapid upward fluid flow, decompression, and
CO; exsolution. Carbonate precipitation by rapid
CO;, exsolution will be less dependent on seed ef-
fects because of the high supersaturation of the
aqueous solution, thus allowing for continuous
and extensive precipitation of carbonate in the
fault core and fault damage zone. Yet, despite their
differences in sealing capacity, both processes of
fault-related cementation are controlled by the
availability of open and connected fracture systems.
For both types of fault cementation, cement will
preferentially precipitate at dilatational fault seg-
ments, intersections, and terminations.

CONCLUSIONS

Diagenetic alteration in Jurassic porous sandstone
along the Moab fault provides a proxy for the
structural control of focused flow along the seg-
mented fault system. Fault-controlled diagenesis
includes calcite precipitation in the form of con-
cretions, veins, and cement halos; iron oxide dis-
solution and reprecipitation; and locally increased
abundance of quartz overgrowth cementation.
Diagenetic alteration is localized in areas of struc-
tural complexity that include extensional steps,

fault intersections, and fault terminations. These
areas are structurally characterized by a high den-
sity of joints that overprint earlier deformation
bands. We find that high joint density and thus
high fault-parallel permeability correlate with
areas of less compressive stress states within the
fault zone, with the stress state strongly affected
by mechanical fault-segment interaction. With in-
creasing fault development and thus increasing
mechanical fault-segment interaction, fault per-
meability increases, albeit at different rates and ex-
tent for different segments of the fault system.

Based on the association of calcite cement with
residual oil, in conjunction with the stable isotopic
and fluid-inclusion composition of calcite cement,
we infer that calcite precipitation resulted from
the microbial oxidation of hydrocarbons that mi-
grated up along the fault into a meteoric aquifer.
Calcite fracture cement is typically discontinuous,
presumably reflecting the discontinuous distribu-
tion of oil in the fault damage zone and resulting
in the inefficient diagenetic sealing of the fault-
flow conduits. Although cross-fault flow is con-
trolled by shale juxtaposition and entrainment
along the fault, fault-parallel flow is controlled
by the complex interplay of fault loading condi-
tions, host lithology, and resultant fault architec-
ture, and by the effects of fluid chemical environ-
ment on the type and distribution of diagenetic
alteration products.
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