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a b s t r a c t

Closely spaced, sub-parallel fracture networks contained within localized tabular zones that are fracture
corridors may compromise top seal integrity and form pathways for vertical fluid flow between reser-
voirs at different stratigraphic levels. This geometry is exemplified by fracture corridors found in out-
crops of the Jurassic Entrada Formation in Utah (USA). These fracture corridors exhibit discolored
(bleached) zones, interpreted as evidence of ancient fracture-enhanced circulation of reducing fluids
within an exhumed siliciclastic reservoir-cap rock succession. Extensive structural and stratigraphic
mapping and logging provided fracture data for analysis with respect to their occurrence and relation-
ships to larger faults and folds. Three types of fracture corridors, representing end-members of a con-
tinuum of possibly interrelated structures were identified: 1) fault damage zone including segment
relays; 2) fault-tip process zone; and 3) fold-related crestal-zone fracture corridors. The three types
exhibit intrinsic orientations and patterns, which in sum define a local- to regional network of inferred
vertical and lateral, high-permeability conduits. The results from our analysis may provide improved
basis for the evaluation of trap integrity and flow paths across the reservoir-cap rock interface, applicable
to both CO2 storage operations and the hydrocarbon industry.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Secondary permeability originating from natural fractures
commonly supplements the intrinsic matrix permeability of res-
ervoirs and cap rocks, and it is known to critically influence and
even dominate subsurface fluid-flow patterns. This behavior is
particularly evident in unconventional geologic reservoirs/aquifers/
saline formations characterized by tight lithologies (see e.g. Olson
et al., 2009). Fractures therefore are an important factor to be
assessed when evaluating sub-surface reservoirs for hydrocarbon
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production and CO2 sequestration (see e.g. Questiaux et al., 2010;
Ogata et al., 2012a and references therein).

Depending on their genesis and evolution, fractures may behave
as permeability barriers, baffles or conduits, and may either have a
positive or negative influence on effective porosity and perme-
ability (Laubach, 2003). Expanding our understanding of fractures
and their influence on subsurface fluid flow is thus essential for
improving baseline characterization of emerging fields such as
shale gas production, enhanced geothermal systems and geological
subsurface gas storage (Spence et al., 2012).

In this framework, associations of closely spaced fractures
localized within discrete portions of a rock assemblage character-
ized by greater fracture frequencies than the background play an
important role. These structural suites, which have been seldom
described in the literature, typically consist of laterally extensive
lineaments of sub-parallel trending fractures (comprising faults,
deformation bands and/or joints), defining narrow, roughly
biconvex to lenticular zones. Usually referred to as “fracture corri-
dors”, “fracture lineaments” and “fracture swarms” (e.g. Laubach,
1992; Laubach et al., 1998; Olson, 2004; Belayneh et al., 2007;
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Fig. 1. A) Map of North America showing location of Utah. B) Digital elevation model of the state of Utah (modified from GeoMapApp, 2012) with labeling of the main tectonic
domains. C) Simplified geological map of area between the San Rafael Swell and the Book Cliffs (location in Fig. 1B) with the position of the study areas (redrawn and modified from
GeoMapApp, 2012). D) Simplified stratigraphic column (same Unit IDs and color codes of Fig. 1C) with location of the main inferred palaeo reservoir-cap rock systems (modified
from Roca, 2003, after Trimble and Doelling, 1978). Geological units: T2, Green River Fm.; T1, Flagstaff Fm.; Tk, North Horn and Canaan Fms.; K3, Mesa Verde Group; K2, Mancos
Shale; K1, Dakota Sst. and Cedar Mt. Fm.; J2, Morrison Fm.; J1, Carmel, Entrada, Curtis, Summerville Fms.; Jg, Glen Canyon Group (Navajo Sst.,Kayenta Fm., Wingate Fm.; Tr2,
Moenkopi Fm.; P2, Kaibab Limestone; P1, Cutler Group. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Gabrielsen and Braathen, in press), they commonly exhibit hori-
zontal widths ranging from less than a meter to tens of meters,
vertical heights spanning from a few meters up to several hundred
meters, and individual lengths commonly exceeding tens to hun-
dreds of meters. The scale of their physical dimensions and their
overall characteristics are generally linked to the process of forma-
tion, and the mechanical properties of the lithologies involved
(Stephenson et al., 2007). Viewed from an applied perspective,
fractures, and especially fracture corridors, may substantially in-
fluence fluid circulation in the subsurface by compartmentalizing
reservoirs, connecting secondary reservoirs at different strati-
graphic levels and forming bypass conduits through bounding seal
units (Ozkaya et al., 2007;Questiauxet al., 2010). However, although
the potential impact of fracture corridors is relatively well known,
consensus is lackingwith respect to how they should be defined and
characterized. Their basic features have been indirectly studied
through remote sensing, geophysical and borehole analyses (e.g.
Wennberg et al., 2007; Laubach et al., 2009; Iding and Ringrose,
2010), but only a limited number of studies address a detailed
outcrop-based approach on fracture corridors (Braathen and
Gabrielsen, 1998, 2000; I~nigo et al., 2012; Gabrielsen and Braathen,
in press). Hence, we use the term “fracture corridor” to identify a
persistent arrangement of subparallel fractures that have consistent
lateral-vertical continuity in a preferred horizontal direction.

In this paper, we describe and discuss the different types of
fracture corridors occurring in the exhumed reservoir-cap rock
systems encountered in the upper part of the Jurassic Entrada
Formation and the lower part of the Curtis Formation of south-
eastern Utah, USA (Hintze and Kowallis, 2009). Our aims are: (i)
analyze the fracture associations and their link with past fluid cir-
culation, (ii) describe the different types of fracture corridors, (iii)
relate their geometric and spatial characteristics to the main tec-
tonic structures, and (iv) highlight their role as seal-bypass systems
capable of interconnecting multi-storied reservoirs and compro-
mising top-seal integrity.

2. Geological overview

The study area comprises the northernmost part of Paradox
Basin located at the northwestern edge of the Colorado Plateau in
central Utah (Fig.1). Here, the Late Triassic-Early Jurassic succession
comprises the largely aeolian Wingate, Kayenta and Navajo For-
mations. The marine Carmel Formation (Fm. hereafter) overlies
these continental deposits, reflecting a marine incursion during
Bajocian-Bathonian time (Harshbarger et al., 1957; Hintze and
Kowallis, 2009). The overlying Entrada Fm. represents a return to
continental conditions, consisting of reddish, fine- to medium-
grained aeolian sandstones deposited in an extensive erg-type
environment with wet dune fields and interdune deposits (Blakey
et al., 1988; Crabaugh and Kocurek, 1993). The Entrada Fm. in this
area is 150e450 m thick, and shows a gradual increase of marginal
marine features toward the NW and up-section (e.g. coastal sab-
kha-, lagoonal- and intertidal mudflat-type settings defining the
so-called “earthy facies” of Hintze and Kowallis, 2009), reflecting a
progressive marine encroachment from the NNE. A subsequent full
transgression is marked by the truncating top of the Entrada Fm.,
and overlain by predominantly tidal deposits of the late Calloviane

early Oxfordian Curtis Fm. (see Fig. 1CeD). The latter comprise
180e230 m of reworked, heterogeneous fine- to coarse-grained
sediments (Eschner and Kokurek, 1986; Anderson and Lucas,
1994; Hintze and Kowallis, 2009).

This sedimentary succession was deposited in the foreland area
of an evolving fold-and thrust belt system during the Mesozoic.
Today, this sequence is separated from thewestern Basin and Range
extensional province by the thrust front of the Sevier Mountain
Range (see Fig. 1B). The study area exhibits tectonic features related
to a succession of events that partly overlap in time and space (see
Hintze and Kowallis, 2009 and references therein), including: 1) salt
tectonics (i.e. Paradoxbasinhalokinetics), 2) thin- and thick-skinned
compressive events (i.e. Nevadan-Laramide-Sevier orogenies), 3)
regional uplifts and related extensional events (i.e. Colorado Plateau
uplift), and4) igneous intrusions andvolcanism(i.e. La Sal, Abajo and
Henry Mountains igneous complexes). The investigated deposits
were then buried below the late Cretaceous-Paleogene syn- and
post-orogenic successions (Mancos Shale and Mesa Verde Group of
theBookCliffs, respectively; see Fig.1CeD), andexhumedduring the
regional unroofing caused by the Colorado Plateau uplift.

The regional monocline in the area (see Fig. 1C) is ascribed to the
Laramide Orogeny (between 66.4 and 37 Ma; Johnson and Johnson,
2000; Shipton and Cowie, 2001; Davatzes et al., 2003). Also present
is the San Rafael Swell, a regional, dome-like, asymmetric anticline,
trending roughly NeS.

The study region is affected by kilometer-scale, steep, ENE-
WSW to NEeSW trending, and subordinate NeS trending, normal
fault arrays with displacements from tens to hundreds of meters.
Due to the large fault offsets, the down-faulted hanging walls
locally exhibit fine-grained alluvial/lacustrine deposit of the Early
Cretaceous Cedar Mountain and the Middle Jurassic Summerville
Formations (e.g. northern Smith's Cabin area and Salt Wash Graben
locations, sites 3 and 4, respectively; see below).

Discolored, whitish zones, within otherwise reddish continental
deposits, form a conspicuous feature of the Entrada Fm. in the study
area (Fig. 2). These “bleached” rocks are common throughout the
Jurassic aeolian deposits of the Wingate-Chinle-Navajo-Entrada
formations, and are thought to represent ancient fluid migration-
stagnation pathways where advective and diffusive circulation of
reducing fluids, such as CO2- and/or hydrocarbon-charged brines,
removed iron oxide grain-coatings (Chan et al., 2000; Garden et al.,
2001; Parry et al., 2004; Shipton et al., 2005; Dockrill and Shipton,
2010; Loope et al., 2010; Wigley et al., 2012). Although hydrocar-
bons may have contributed into the discoloration process, little
evidence of present day oil/gas seepages exists. Rather, numerous
observations suggest long-term CO2-charged reservoirs and vent-
ing (including travertine mounds, CO2-charged springs), and also
geochemical analyses (Frery, 2012).

The bleached zones (see Fig. 2) are relatively wide from tens of
centimeters up to some meters depending on fracture frequencies,
laterally continuous, and commonly occur in exposures displaying
successions of ancient aquifers and aquitards resembling exhumed
reservoir-cap rock systems (Ogata et al., 2012b). These features are
also evident in the fine- to medium-grained aeolian sandstones of
the middle-lower Entrada Fm., considered as the main paleo-
reservoir section in this study. In the upper part of the succes-
sion, where fine-grained and heterogeneous beds form local seals
between thin reservoir units, bleaching is concentrated along
specific fracture sets within the overall network (see Fig. 2). Other
laterally continuous bleached zones (i.e. secondary paleo-
reservoirs) can be observed locally in coarser grained strata
within the overlying Curtis Fm.. The fluids causing the bleaching
observed in the Entrada and Curtis Formations most probably
originated from the underlying Navajo Fm. reservoir, which is
interpreted as a regional reservoir of “supergiant” scale in petro-
leum terms (Beitler et al., 2003). Present-day CO2 leakage to the
surface inside the study area attests to ongoing fluid mobility and
active pressure cells within the subsurface parts of this reservoir-
cap rock system (Dockrill and Shipton, 2010; Frery, 2012).



Fig. 2. A) Panoramic view of the sedimentary succession of the upper Entrada-Curtis Formations in the northern side of the Salt Wash Graben (location in Figs. 1C and 8A) showing
localized discoloration (i.e. bleaching) of continental deposits that define the ancient fluid stagnation-migration pathways within an exhumed reservoir-cap rock system (main
elements labeled). B) Examples of some of the bleached fracture corridors (location shown in Fig. 2A; Kim Senger for scale). The main identified lithologies are labeled: note the
“pinching-and-swelling” appearance of the bleaching haloes related to the different lithologies involved. Moreover, it is possible to observe that not all the bleached fracture
corridors are able to cross the middle fine-grained interval (i.e. heterolithologic silt-shale). C) Close up of Fig. 2B showing the outcrop appearance of a single bleached fracture
corridor (field notebook for scale). The main identified lithologies are labeled. D) Close up of Fig. 2C showing the internal structures composing the fracture corridor (lens cap for
scale): TG fractures are labeled with continuous lines, whereas BC fracture with dashed lines. A horizontal reference is marked (i.e. thin-bedded silty layer) to show that there is no
displacement across the corridor. E) Photo showing the trans-lithostratigraphic persistence of the bleached fracture corridors through the overall stratigraphic package (Kim Senger
for scale).
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3. Methods and basic observations

The 1-dimensional line-intersection method (i.e. scanlines, see
e.g. Singhal and Gupta, 2010) was used to map the frequency of
structural discontinuities across the damage zones of the main
faults and the fracture zones in the un-faulted country rocks. Due to
the laterally extensive exposures (up to kilometers), we preferred to
collect long reference scanlines along the same bed-bedset in order
to catch as many fracture corridors as possible. Subsequent scan-
lines were then positioned across the identified fracture corridors,
laterally and stratigraphically above and below the reference
scanline, to better characterize their vertical and horizontal varia-
tions. Scanlines were oriented parallel and perpendicular to the
fracture sets, and to the main tectonic structures, such as anticlinal
fold axes and major faults. As all fracture corridors display discol-
oration of the host rock, the lateral extensions (i.e. width) of these
bleaching halos have been measured and added to the database as
proxies for estimating the efficiency of the paleo-fluid flow within
the associated fractures, fracture corridors and their wall rocks (see
Fig. 2).



Table 1
Fracture data from scanlines and analyzed parameters.

Scanlines Total fractures Bed-confined
fractures BC

Scanline
ID

Length
(m)

Fracture
Nr.

Bed
thickness
(cm)

Lithology Fracture
intensity
F (F/m)

F coefficient
of variation
Cv

Average
spacing
S

BC
fracture
ratio

TG
fracture
ratio

Fracture
Nr.

Fracture
intensity
F

F coefficient
of variation
Cv

Humbug
Flats

AB_1 71 253 200 Fine sst 3.56 1.58 0.28 0.67 0.33 169 2.38 1.42
AB_2 17 54 100 Fine sst 3.18 0.83 0.31 0.56 0.44 30 1.76 0.65
AB_3 15 23 100 Fine sst 1.53 1.35 0.65 0.78 0.22 18 1.20 1.10
AB_4 10 18 100 Fine sst 1.80 1.14 0.56 0.72 0.28 13 1.30 0.73
AB_5 15 41 100 Fine sst 2.73 0.86 0.37 0.68 0.32 28 1.87 0.90
AB_6 16 32 100 Fine sst 2.00 0.75 0.50 0.97 0.03 31 1.94 0.74
AB_7 17 42 100 Fine sst 2.47 0.95 0.40 1.00 0.00 42 2.47 0.95
AB_8 52 124 100 Silt-shale-

heterolithologic
2.38 1.03 0.42 0.64 0.36 79 1.52 0.98

KO_1 58 338 250 Silt-shale-
heterolithologic

5.83 0.96 0.17 0.73 0.27 247 4.26 1.05

KO_2 14 40 250 Silt-shale-
heterolithologic

2.86 0.82 0.35 0.68 0.33 27 1.93 0.94

KO_3 10 44 250 Silt-shale-
heterolithologic

4.40 0.90 0.23 0.55 0.45 24 2.40 1.01

KO_4 17 40 150 Medium sst 2.35 0.88 0.43 0.50 0.50 20 1.18 1.48
KO_5 23 96 150 Medium sst 4.17 0.97 0.24 0.70 0.30 67 2.91 0.85
KO_6 12 25 150 Medium sst 2.08 1.69 0.48 0.60 0.40 15 1.25 1.84
KO_7 10 32 150 Medium sst 3.20 0.82 0.31 0.81 0.19 26 2.60 0.87
BI_1 55 286 100 Fine sst 5.20 1.83 0.19 0.90 0.10 258 4.69 2.01

Chimney
Rock

CRSL1 12 92 10 Medium sst 7.67 0.27 0.13 0.59 0.41 54 4.50 0.55
CRSL2 10 54 50 Silt-shale-

heterolithologic
5.40 0.46 0.19 0.70 0.30 38 3.80 0.35

CRSL3 13 79 230 Medium sst 6.08 0.75 0.16 0.44 0.56 35 2.69 0.65
CRSL4 11 39 50 Silt-shale-

heterolithologic
3.55 0.82 0.28 0.82 0.18 32 2.91 0.85

CRSL5 7 40 70 Silt-shale-
heterolithologic

5.71 0.33 0.18 0.65 0.35 26 3.71 0.69

CRSL6 20 62 80 Silt-shale-
heterolithologic

3.10 0.79 0.32 0.98 0.02 61 3.05 0.75

CRSL7 8 24 150 Silt-shale-
heterolithologic

3.00 0.56 0.33 0.88 0.13 21 2.63 0.45

Smith's
Cabin

SC1 60 55 90 Medium sst 0.92 0.84 1.09 0.80 0.20 44 0.73 1.00
SC2 45 83 100 Medium sst 1.84 0.52 0.54 0.76 0.24 63 1.40 0.74
SC3 53 93 50 Medium sst 1.75 0.83 0.57 0.88 0.12 82 1.55 0.80
HW-1 7 50 210 Fine sst 7.14 0.43 0.14 0.64 0.36 32 4.57 0.23
HW-2 7 24 200 Fine sst 3.43 0.22 0.29 0.46 0.54 11 1.57 0.87
FW-1 12 74 50 Silt-shale-

heterolithologic
6.17 0.84 0.16 0.77 0.23 57 4.75 0.58

FW-2 18 103 50 Fine sst 5.72 0.50 0.17 0.94 0.06 97 5.39 0.47
FW-3 29 128 100 Fine sst 4.41 0.85 0.23 0.75 0.25 96 3.31 0.86

Salt
Wash

RP1 87 143 100 Fine sst 1.64 0.60 0.61 0.62 0.38 88 1.01 0.86
RP2 39 102 100 Silt-shale-

heterolithologic
2.62 0.83 0.38 0.44 0.56 45 1.15 0.94

RP3 30 32 200 Fine sst 1.07 0.74 0.94 0.78 0.22 25 0.83 0.95
RP4 14 38 50 Silt-shale-

heterolithologic
2.71 0.47 0.37 0.63 0.37 24 1.71 0.48

RP5 8 22 80 Fine sst 2.75 1.23 0.36 0.77 0.23 17 2.13 0.96
RP6 4 12 90 Fine sst 3.00 0.94 0.33 0.83 0.17 10 2.50 0.95
RP7 5 23 45 Fine sst 4.60 0.85 0.22 0.87 0.13 20 4.00 0.81
FC1 161 326 300 Medium sst 2.02 0.76 0.49 0.59 0.41 193 1.20 0.84
FC2 30 112 200 Medium sst 3.73 0.43 0.27 0.73 0.27 82 2.73 0.40
FC3 14 55 200 Medium sst 3.93 0.66 0.25 0.38 0.62 21 1.50 0.77
FC4 38 176 200 Medium sst 4.63 0.66 0.22 0.48 0.52 84 2.21 0.63
FC5 48 179 200 Medium sst 3.73 1.03 0.27 0.35 0.65 62 1.29 0.96
FC6 26 129 200 Medium sst 4.96 0.95 0.20 0.29 0.71 37 1.42 1.11
FC7 48 198 200 Medium sst 4.02 0.85 0.25 0.33 0.67 66 1.38 0.80
FC8 31 119 200 Medium sst 3.84 0.59 0.26 0.66 0.34 78 2.52 0.71
FC9 12 43 200 Medium sst 3.58 0.38 0.28 0.63 0.37 27 2.25 0.69
FC10 13 45 70 Fine sst 3.46 0.38 0.29 0.64 0.36 29 2.23 0.76
FC11 27 63 100 Fine sst 2.33 0.81 0.43 0.59 0.41 37 1.37 0.68
FC12 23 81 50 Fine sst 3.52 0.64 0.28 0.49 0.51 40 1.74 0.63
FC13a 12 100 100 Fine sst 8.33 0.49 0.12 0.34 0.66 34 2.83 0.81
FC13b 12 55 100 Fine sst 4.58 0.48 0.22 0.60 0.40 33 2.75 0.54
FC13c 25 125 100 Fine sst 5.00 0.75 0.20 0.37 0.63 46 1.84 1.08
FC14 20 73 100 Fine sst 3.65 0.86 0.27 0.36 0.64 26 1.30 0.67
FC15 20 89 100 Fine sst 4.45 0.89 0.22 0.38 0.62 34 1.70 0.58
FC16 23 74 100 Fine sst 3.22 0.81 0.31 0.35 0.65 26 1.13 1.11
FC17 18 51 100 Fine sst 2.83 0.57 0.35 0.59 0.41 30 1.67 0.85
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Bed-confined
fractures BC

Through-going
fractures TG

Bleaching

Average
spacing
S

Fracture
Nr.

Fracture
intensity
F

F coefficient
of variation
Cv

Average
spacing
S

Max.
Bleaching
width (cm)

Cumulative
linear bleaching
width (cm)

Linear
bleaching
ratio LBR

Bleached
fracture nr.

BC bleached
fracture nr.

TG bleached
fracture nr.

Fracture
bleaching
ratio FBR

0.42 84 1.18 2.21 0.85 530 4139.0 0.58 202 126 76 0.80
0.57 24 1.41 1.70 0.71 30 62.0 0.04 24 4 20 0.44
0.83 5 0.33 3.14 3.00 60 77.0 0.05 16 11 5 0.70
0.77 5 0.50 3.16 2.00 40 44.0 0.04 11 6 5 0.61
0.54 13 0.87 2.09 1.15 140 404.0 0.27 32 19 13 0.78
0.52 1 0.06 4.00 16.00 60 193.0 0.12 23 22 1 0.72
0.40 0 N/A N/A N/A 90 246.0 0.14 27 27 0 0.64
0.66 45 0.87 2.15 1.16 10 32.0 0.01 31 11 20 0.25

0.23 91 1.57 1.07 0.64 130 1034.0 0.18 271 185 86 0.80

0.52 13 0.93 1.15 1.08 1 1.3 0.00 17 11 6 0.43

0.42 20 2.00 0.82 0.50 100 271.4 0.27 34 15 19 0.77

0.85 20 1.18 0.96 0.85 225 757.5 0.45 37 18 19 0.93
0.34 29 1.26 1.71 0.79 170 686.2 0.30 69 42 27 0.72
0.80 10 0.83 1.68 1.20 100 131.0 0.11 23 15 8 0.92
0.38 6 0.60 1.17 1.67 1 2.3 0.00 25 20 5 0.78
0.21 28 0.51 2.64 1.96 20 28.0 0.01 4 2 2 0.01
0.22 38 3.17 0.50 0.32 30 30.0 0.03 3 0 3 0.03
0.26 16 1.60 0.73 0.63 30 30.0 0.03 3 0 3 0.06

0.37 44 3.38 1.22 0.30 1300 1300.0 1.00 79 35 44 1.00
0.34 7 0.64 2.02 1.57 80 130.0 0.12 7 4 3 0.18

0.27 14 2.00 1.38 0.50 46 86.0 0.12 19 7 12 0.48

0.33 1 0.05 4.36 20.00 30 39.0 0.02 23 22 1 0.37

0.38 3 0.38 1.98 2.67 10 31.0 0.04 7 4 3 0.29

1.36 11 0.18 2.56 5.45 50 265.5 0.04 13 5 8 0.24
0.71 20 0.44 1.70 2.25 30 179.0 0.04 35 15 20 0.42
0.65 11 0.21 3.70 4.82 5 22.0 0.00 25 18 7 0.27
0.22 18 2.57 1.07 0.39 50 50.2 0.07 6 0 6 0.12
0.64 13 1.86 0.61 0.54 3 5.0 0.01 4 0 4 0.17
0.21 17 1.42 2.34 0.71 200 400.0 0.33 2 0 2 0.03

0.19 6 0.33 4.24 3.00 0 0.0 0.00 0 0 0 0.00
0.30 32 1.10 1.65 0.91 50 111.0 0.04 47 25 22 0.37
0.99 55 0.63 1.21 1.58 60 171.7 0.02 38 14 24 0.27
0.87 57 1.46 1.47 0.68 70 170.9 0.04 22 9 13 0.22

1.20 7 0.23 2.16 4.29 3 9.0 0.00 4 0 4 0.13
0.58 14 1.00 1.04 1.00 60 105.3 0.08 15 3 12 0.39

0.47 5 0.63 2.25 1.60 50 50.6 0.06 9 5 4 0.41
0.40 2 0.50 1.15 2.00 5 8.0 0.02 6 4 2 0.50
0.25 3 0.60 1.49 1.67 8 10.0 0.02 18 16 2 0.78
0.83 133 0.83 1.78 1.21 100 650.8 0.04 106 13 93 0.33
0.37 30 1.00 1.53 1.00 20 33.0 0.01 9 0 9 0.08
0.67 34 2.43 1.03 0.41 35 36.5 0.03 23 2 21 0.42
0.45 92 2.42 1.24 0.41 45 217.9 0.06 93 8 85 0.53
0.77 117 2.44 1.67 0.41 40 213.5 0.04 112 4 108 0.63
0.70 92 3.54 1.37 0.28 40 163.5 0.06 92 8 84 0.71
0.73 132 2.75 1.44 0.36 35 280.4 0.06 142 17 125 0.72
0.40 41 1.32 1.61 0.76 30 72.0 0.02 39 9 30 0.33
0.44 16 1.33 1.03 0.75 25 72.1 0.06 13 0 13 0.30
0.45 16 1.23 0.95 0.81 30 55.8 0.04 21 7 14 0.47
0.73 26 0.96 1.64 1.04 50 70.1 0.03 11 1 10 0.17
0.58 41 1.78 1.21 0.56 30 65.1 0.03 39 5 34 0.48
0.35 66 5.50 0.94 0.18 260 996.0 0.83 94 28 66 0.94
0.36 22 1.83 1.04 0.55 60 84.4 0.07 28 8 20 0.51
0.54 79 3.16 1.21 0.32 100 524.0 0.21 102 23 79 0.82
0.77 47 2.35 1.38 0.43 100 328.0 0.16 40 0 40 0.55
0.59 55 2.75 1.42 0.36 80 297.1 0.15 72 19 53 0.81
0.88 48 2.09 1.29 0.48 100 292.2 0.13 55 7 48 0.74
0.60 21 1.17 1.26 0.86 30 88.2 0.05 18 3 15 0.35

(continued on next page)
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Table 1 (continued )

Scanlines Total fractures Bed-confined
fractures BC

Scanline
ID

Length
(m)

Fracture
Nr.

Bed
thickness
(cm)

Lithology Fracture
intensity
F (F/m)

F coefficient
of variation
Cv

Average
spacing
S

BC
fracture
ratio

TG
fracture
ratio

Fracture
Nr.

Fracture
intensity
F

F coefficient
of variation
Cv

FC18 11 41 250 Silt-shale-
heterolithologic

3.73 0.64 0.27 0.20 0.80 8 0.73 1.08

FC19 5 15 150 Silt-shale-
heterolithologic

3.00 0.58 0.33 0.47 0.53 7 1.40 0.39

FC20 3 7 50 Silt-shale-
heterolithologic

2.33 1.08 0.43 0.29 0.71 2 0.67 0.87

FC21 115 406 150 Fine sst 3.53 0.72 0.28 0.65 0.35 262 2.28 0.64
FC22 6 30 100 Fine sst 5.00 0.58 0.20 0.53 0.47 16 2.67 0.39
FC23 4 34 100 Fine sst 8.50 0.65 0.12 0.35 0.65 12 3.00 0.27
FC24 4 25 100 Fine sst 6.25 0.27 0.16 0.76 0.24 19 4.75 0.47
FC25 6 33 100 Fine sst 5.50 0.52 0.18 0.55 0.45 18 3.00 0.47
SW1 15 78 50 Fine sst 5.20 0.99 0.19 0.42 0.58 33 2.20 0.86
SW2 14 44 100 Fine sst 3.14 1.52 0.32 0.25 0.75 11 0.79 1.14
SW3 8 23 20 Fine sst 2.88 1.23 0.35 0.43 0.57 10 1.25 0.57
SW4 46 187 40 Fine sst 4.07 1.84 0.25 0.22 0.78 41 0.89 1.16
SW5 40 90 400 Fine sst 2.25 1.12 0.44 0.48 0.52 43 1.08 1.45
SW6 23 27 400 Fine sst 1.17 1.05 0.85 0.85 0.15 23 1.00 1.09
SW7 31 110 90 Fine sst 3.55 0.78 0.28 0.50 0.50 55 1.77 0.74
PFC1 9 18 20 Fine sst 2.00 0.43 0.50 0.56 0.44 10 1.11 0.70
PFC2 9 7 20 Fine sst 0.78 0.86 1.29 1.00 0.00 7 0.78 0.86
PFC3 10 10 30 Fine sst 1.00 0.94 1.00 1.00 0.00 10 1.00 0.94
PFC4 8 23 30 Fine sst 2.88 0.43 0.35 0.61 0.39 14 1.75 0.59
SWMF_KK_1 21 43 320 Fine sst 2.05 0.68 0.49 0.79 0.21 34 1.62 0.57
SWMF_AB_1 27 40 300 Medium sst 1.48 0.77 0.68 0.53 0.48 21 0.78 1.22
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Fracture corridors comprising associations of strata-bound and
non-strata-bound fractures, hereafter defined as bed-confined (BC)
and through-going (TG) fractures respectively, were identified,
mapped and analyzed for: 1) geometric features (i.e. azimuth, dip
angle, spatial distribution), 2) relationships with bleached zones, 3)
infilling material, 4) involved host-rock lithologies, 5) bed thick-
ness, and 6) fracture wall characteristics. Fracture aperture and size
data in the sense of Ortega et al. (2006) were not collected due to
the weathered outcrop conditions, superficial alteration (e.g. ther-
moclastism, stress release, exhumation-induced decompaction)
and the large lateral variability of the fracture walls.

A total of 6379 individual fractures were measured along 79
scanlines, with a cumulative length of 1930 m. For each scanline
fracture intensity, average spacing, linear bleaching ratio and frac-
ture bleaching ratio of both bed-confined and through-going frac-
ture populations are measured (see Table 1). Fracture intensity (F),
defined as number of fractures/scanline length (m�1) and the
average spacing (S), defined as the inverse of F (m), are used to
describe spatial abundance of fractures (e.g. Gross, 1993; Narr, 1996).

To quantify the regularity and clustering of fracture intensity of
both bed-confined and through-going fractures for each scanline, we
calculated the coefficient of variation Cv ¼ s/m, where s and m are the
standard deviation, and the arithmetic mean of the observed fracture
intensity populations, respectively (Kagan and Jackson, 1991; Supak
et al., 2006; Hooker et al., 2013). Parameters such as the linear
(LBR) and fracture bleaching ratios (FBR) are used to highlight the
interdependence of fracturing and bleaching. These parameters are
calculated as the cumulative width of the bleached intervals and the
total number of bleached fractures, normalized for the total scanline
length and the total number of encountered fractures, respectively.

All measurements were performed within the same strati-
graphic interval but in different structural positions and at different
distances relative to the main faults with the aim to map the single
fracture corridors directly on outcrop where they can be physically
followed for tens to hundreds of meters. This approachwas taken to
highlight which factors affect the lateral-vertical variability of the
fracture corridors and the related bleaching. The stratigraphic po-
sitions of the measured scanlines were constrained by performing
detailed stratigraphic logging (1:50 scale), using the Entrada-Curtis
Fm. boundary (J3 unconformity; see Fig. 1C) as regional reference.
This constraint facilitated a robust correlation of fracture corridors
between measurement stations, as well as the detailed documen-
tation of the meso-scale stratigraphic and sedimentological attri-
butes related to the fractured lithologies (see Fig. 2).

3.1. Study areas

To achieve a regional control avoiding local bias, we studied four
sites with complementary datasets, collected within the target
stratigraphic interval along the northeastern side of the San Rafael
Swell (see Fig. 1C for locations): 1) Humbug Flats, 2) Chimney Rock,
3) Smith's Cabin area, and 4) the northwestern part of the SaltWash
Graben, also known as Tenmile Graben. Moreover, to illustrate
scanline data for each site and for representative examples of
specific fracture corridors, we analyzed fracture counts versus
scanline length diagrams and the bleaching extent, together in
pseudo-three dimensional panels, to highlight the lateral-vertical
correlation of these characteristics for fracture corridors (see
Plate IeV, Supplementary material). As depicted in the correlation
diagrams, tuned through detailed field-based mapping (see above),
the bleached fracture corridors can be followed laterally for tens to
up to hundreds of meters on exposed bedding planes, allowing
detailed description of their changing characteristics.

3.1.1. Humbug Flats
The site is located close to the northern tip of the crestal zone of

the San Rafael Swell. It is intersected by a roughly EeW trending
normal fault with displacement on the order of tens to hundred
meters, juxtaposing themiddle-upper part of the Curtis Fm. against
the upper part of the Entrada Fm. (Fig. 3A). Together with another
parallel normal fault with opposite dip and lesser displacement
exposed some hundreds of meters to the south, the overall



Bed-confined
fractures BC

Through-going
fractures TG

Bleaching

Average
spacing
S

Fracture
Nr.

Fracture
intensity
F

F coefficient
of variation
Cv

Average
spacing
S

Max.
Bleaching
width (cm)

Cumulative
linear bleaching
width (cm)

Linear
bleaching
ratio LBR

Bleached
fracture nr.

BC bleached
fracture nr.

TG bleached
fracture nr.

Fracture
bleaching
ratio FBR

1.38 33 3.00 0.93 0.33 70 346.0 0.31 33 1 32 0.80

0.71 8 1.60 0.95 0.63 40 50.2 0.10 8 0 8 0.53

1.50 5 1.67 1.25 0.60 4 4.2 0.01 5 0 5 0.71

0.44 144 1.25 1.72 0.80 100 825.7 0.07 137 16 121 0.34
0.38 14 2.33 1.64 0.43 80 95.1 0.16 16 2 14 0.53
0.33 22 5.50 1.08 0.18 30 41.0 0.10 23 1 22 0.68
0.21 6 1.50 1.59 0.67 10 10.3 0.03 13 7 6 0.52
0.33 15 2.50 1.28 0.40 25 55.0 0.09 15 0 15 0.45
0.45 45 3.00 1.63 0.33 1500 1500.0 1.00 78 33 45 1.00
1.27 33 2.36 2.10 0.42 100 287.0 0.21 35 2 33 0.80
0.80 13 1.63 2.13 0.62 100 120.0 0.15 15 3 12 0.65
1.12 146 3.17 2.40 0.32 100 595.0 0.13 153 10 143 0.82
0.93 47 1.18 1.88 0.85 4000 4000.0 1.00 90 43 47 1.00
1.00 4 0.17 3.31 5.75 2300 2300.0 1.00 27 23 4 1.00
0.56 55 1.77 1.32 0.56 100 175.6 0.06 44 12 32 0.40
0.90 8 0.89 0.68 1.13 900 900.0 1.00 18 10 8 1.00
1.29 0 N/A N/A N/A 900 900.0 1.00 7 7 0 1.00
1.00 0 N/A N/A N/A 0 0.0 0.00 0 0 0 0.00
0.57 9 1.13 0.74 0.89 0 0.4 0.00 5 1 4 0.22
0.62 9 0.43 1.58 2.33 2 2.7 0.00 10 4 6 0.23
1.29 19 0.70 1.22 1.42 50 79.0 0.03 17 7 10 0.43

The parts originally highlighted in grey refer to the selected examples specifically discussed in the paper.
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structural framework is an EeW trending horst segmented by
several WNW-ESE trending small (<3 m) and moderate (>3 m)
displacement normal faults (Fig. 4). The mechanics of these normal
fault arrays and their relation to regional tectonic events have been
previously described by Maerten et al. (2001), Shipton and Cowie
(2001) and Davatzes et al. (2003). A subordinate set of tectonic
lineaments trending ca. NWeSE is observed locally (Fig. 3A).

Scanlines at this site were mainly oriented along NeS and NNE-
SSW directions to record fracture corridors related to the damage
zone- and tip process zone of the main fault (see Fig. 3A). This
orientation also allowed optimal capture of the secondary network
of minor WNW-ESE trending normal faults (see Fig. 3A; Plate I,
Supplementary material).

3.1.2. Chimney Rock
Chimney Rock is located about 16 km SSW of the Humbug Flats

site, and exhibits the same structural features in addition to amajor,
nearly NeS trending normal fault running approximately parallel to
the axis of the San Rafael Swell (Fig. 3B). This ca. 2 km-long fault is
characterized by up to 40 m dip-slip and subordinate strike-slip
offsets.

The Entrada Fm. succession at this site (about 50 m-thick)
consists almost entirely of the “earthy facies”, characteristic of the
upper part of this formation (see above), and thus provides insight
into the distribution of fractures within the top-seal unit of the
reservoir (Fig. 5). Here, the footwall and hangingwall damage zones
of a secondary normal fault (4,5e6 m of displacement) striking
NNW-SSE were investigated to describe the vertical connectivity of
the encountered fractures and fracture corridors (see Fig. 3B; Plate
II, Supplementary material).

3.1.3. Smith's Cabin
The site is located on the eastern flank of the San Rafael Swell,

about 25 km to the SE of Chimney Rock. The area is characterized by
mainly NWeSE striking faults with tens of meters displacement
plus dip-slip with subordinate strike-slip kinematics (left-lateral/
sinistral movement). In the northern part of the area, the faults are
aligned with the Little Grand Wash fault system to the SE, thus
inferred to represent its NW continuation (Fig. 6A).

A laterally continuous bleached interval, representing the
Entrada Fm. paleo-reservoir is found at the base of the outcropping
succession (Fig. 7A), with its top characterized by off-shooting
bleached fractures penetrating the upper unbleached interval
(Fig. 7B, C and D). The upper fine-grained part of the Entrada Fm.
(i.e. “earthy facies”), acting as a regional seal, is about 40 m thick,
with medium-bedded fine-grained sandstones forming its lower
part (Fig. 6C). In this area, the Curtis Fm. is relatively coarse-grained
and exhibits pervasive bleaching, showing that it acted as an upper
paleo-reservoir fed by the seal-breaching fractures in the upper
Entrada Fm.. Several isolated, lenticular and laterally wedging-out
discolored intervals occur throughout the succession.

Dome-shaped, diapir-like structures up to tens of meters in size
are observed along the thickest sandy portions of the Entrada Fm..
These features are interpreted as post-depositional liquefaction/
fluidization structures deforming marine-marginal eolian dunes
(Eschner and Kokurek, 1986). We observed radial discontinuities
(e.g. compaction/deformation bands and fractures) in the country
rock around these structures, which we interpreted to result from
localized differential compaction. In the northern sector (see
Fig. 6A; Plate III, Supplementary material), scanlines were collected
parallel to the main fault, across the crest of a gentle transverse
anticline (Schlische, 1995) belonging to a series of subtle folds with
an axis oblique to the associated fault strike.

In the southern sector (see Fig. 6B; Plate IV, Supplementary
material), scanlines were measured in the hangingwall and the
footwall of a NWeSE striking normal fault with a displacement of
about 22 m. Scanlines were oriented perpendicular to the fault (see
Fig. 7E, F and G). Localized upward and downward inflexions of the
bleaching contact of the lower and upper paleo-reservoir were
observed in the footwall and hangingwall damage zones,
respectively.



K. Ogata et al. / Journal of Structural Geology 66 (2014) 162e187170
3.1.4. Salt Wash Graben
This site is located ca. 30 km to the SE of the western side of the

San Rafael Swell (i.e. Smith's Cabin area), within the northeastern
shoulder of a NNW-SSE trending graben (i.e. Tenmile Graben;
Fig. 8A). The graben is bounded by regional normal faults with
displacements of around 100e200 m and connects laterally toward
the SE with the Moab Fault System through a series of interlinking,
scooping branches, such as the Courthouse and Bartlett faults
(Doelling and Morgan, 2000). On the northeastern side, the graben
is bounded by the Salt Wash Fault, a main normal fault juxtaposing
the middle Jurassic Entrada Fm. with the Cedar Mountain Member
of the upper Jurassic Morrison Fm.. The Salt Wash Fault has the
maximum displacement in the study areas, with a throw of at least
150e200 m (Fig. 8A).

Together with the Little GrandWash Fault system, the Salt Wash
fault system constitutes the main zone for ancient and present-day
CO2 leakage, based on wet and dry gas expulsion (e.g. bubbling
springs and geysers), and fossil and active travertine mounds
(Shipton et al., 2005; Allis et al., 2005; Heath et al., 2009; Dockrill
and Shipton, 2010; Pearce et al., 2011; Wigley et al., 2012;
Burnside et al., 2013). These two fault systems cut perpendicu-
larly across the gently NNW-plunging axis of a regional structure,
the so-called Green River anticline, as shown in Figs. 2C and 8A.
This regional structure is classically interpreted as related to the
Paradox basin salt tectonics, like other approximately NWeSE and
EeW trending anticlines to the east, such as the Salt Valley and the
Moab anticlines (Hintze and Kowallis, 2009).

The lower Entrada Fm., comprising medium-grained, thick-
bedded sandstone (i.e. paleo-reservoir unit) appears completely
bleached over an area of ca. 3 km2, roughly coinciding with the
culmination of the Green River anticline (see Fig. 8A and B). In this
area, the sharp upper contact toward the un-bleached upper part of
the Entrada Fm. is laterally continuous and almost horizontal,
climbing gently up section toward the Salt Wash Fault. This contact
is locally deflected up along minor, secondary faults, and along
well-developed fractures and fracture corridors. Within the fine-
grained, thin-bedded lithologies of the “earthy facies” (i.e. paleo-
seal unit) characterizing the upper Entrada Fm., millimeters- to
centimeters-thick bleaching haloes are concentrated along and
around narrow fracture corridors and single fractures (see
Fig. 9AeF). The Curtis Fm., that is relatively thin-bedded and fine-
grained at this site, only exhibits rare diffuse bleaching (see
Fig. 8A and B).

The dominant fracture set is oriented NNW-SSE, at large angles
to the main fault zones' strike direction, and it roughly lines up
parallel to the axis of gentle, open fold systems (i.e. along the crestal
zones of anticlines), characterized by wavelengths and amplitudes
on the order of hundreds and tens of meters, respectively (see
Fig. 8A). These transverse folds develop at a large angle to their
related fault (Schlische, 1995) with axes perpendicular to the fault
strike and plunging away from it (Fischer and Wilkerson, 2000;
Stephenson et al., 2007). Another fracture set, approximately ori-
ented ENE-WSW, is parallel to the strike of the main Salt Wash
fault, which we interpret to be related to secondary normal faults,
mostly antithetic, with displacements generally less than 3 m,
characterizing the northern shoulder of the graben about
400e500 m away from the main fault trace (see Fig. 8A). Scanlines
were measured approximately parallel and perpendicular to the
main fault trend to intercept both main fracture sets (see Figs. 8A
and 9; Plate V, Supplementary material).

4. Results

Fracture data were collected at scanlines on mechanical layers
(i.e. beds and bedsets) characterized by different thickness, ranging
from 10 cm to 5 m, and for three different lithologies (Fig. 10A and
B): 1) medium-grained sandstones, 2) fine-grained sandstones, and
3) heterolithologic siltstone and shale intervals. The fine- and
medium-grained sandstones are well-sorted, medium- to thick-
bedded dune and inter-dune deposits characterized by massive to
planar-cross stratification, usually arranged inm- to tens of m-thick
bedsets. These beds and bedsets alternate with cm- to tens of m-
thick intervals characterized by fine-grained, interbedded and
heterolithologic mudstones and siltstones showing massive to
laminated appearance with some interfingering of thin-bedded,
discontinuous very fine-grained sandstones. Due to their charac-
teristic thin color banding (i.e. dark red to purple to light green),
and the pervasive occurrence of caliche-calcrete horizons and
mottling (i.e. rootlets), they are interpreted as paleosols (see
Fig. 9D).

4.1. Background fractures and fracture corridors

Synthetizing the entire database, the fractures are about 92%
joints and 8% shear fractures (Anderson, 2005), whereas 73.2% of
themeasured fractures show nomineral infill. The rest may contain
sparry calcite (2.1%), Fe- and Mn-oxide coatings (9.2%) and blocky
gypsum (15.5%). BC fractures at 60% occurrence are more abundant
than TG fractures, whereas bleached and unbleached fractures are
equally abundant (Fig. 10C).

Considering all fracture data, the average fracture intensity is
less than 4 fractures/m calculated for the BC joints and less than 2
fractures/m for the TG joints (Fig. 11AeD). Although the median
values for BC fracture intensity as a function of host bed thickness
does not have a consistent pattern, the median intensity value for
all TG data from beds of the same thickness does increase up to
thicknesses of 250 cm, and median intensity of both BC and TG
fractures decreases for even thicker beds (Fig. 11E); BC and TG
median fracture intensity does not vary systemically as a function
of lithology in the study area (Fig. 11F). Given a power-law rela-
tionship between fracture bleaching ratio (FBR) and linear
bleaching ratio (LBR), as shown in Fig. 12A, we infer that laterally
extensive bleaching haloes correlates to a greater abundance of
bleached fractures. If bleaching is an artifact of lateral fluid diffu-
sivity, then it is facilitated when more fractures were pathways for
bleaching fluids.

The regularity of the fracture intensity distribution for BC and
TG fractures was estimated using the coefficient of variation (Cv).
This analysis revealed a consistent regular distribution (Cv < 1) for
the BC fractures, which represent the “normal”, intrinsic fracturing
of the considered bed, and an irregular distribution (Cv > 1) for the
TG ones. This fact highlights that TG fractures preferentially form
clusters of fractures, which are the fracture corridors (Fig. 12C). This
geometry is present in all lithologies (Fig. 12D). For this reason,
peaks in TG fracture frequencies above the baselines of the back-
ground fracturing are considered as diagnostic of fracture corridors.

In general, these fracture corridors can be easily identified in the
field as roughly lenticular, bleached zones up to meters wide and
tens to hundred of meters long, characterized by closely-spaced,
sub-parallel TG fractures (accounting for approximately 70% of
the total; see Pie-chart V, Fig. 10C), accompanied by subordinate
interconnecting BC fractures. The bleaching haloes are rooted in the
laterally continuous discolored/bleached parts of the lower Entrada
Fm. (i.e. paleo-reservoirs) and extend upward into the upper fine-
grained part (i.e. paleo-cap rock), “pinching-and-swelling” as they
cut through different intervals with contrasting grain population
characteristics. These zones are typically relatively narrow within
fine-grained lithologies (e.g. thin-bedded, fine sandstones, silt-
stones and mudstones) and thicker within coarser ones (e.g. thick-
bedded medium to coarse sandstones; see Fig. 2).



Fig. 3. A) Aerial ortho-photo map of the Humbug Flats area (location 1 in Fig. 1C) with line drawing of the major recognizable structures, indication of the main geologic features
and position of the scanlines (aerial ortho-photo map from Utah.gov, 2011). Explanation: yellow dashed line e formation boundary; thick, toothed solid and dashed red lines: main
normal faults (traceable and inferred, respectively); thin, toothed solid and dashed red lines: secondary normal faults (traceable and inferred, respectively); thin red lines e

secondary normal faults with negligible displacement (<1 m); thin green lines e tectonic lineaments (e.g. generic faults, fracture corridors); solid and dashed black lines e dis-
colored zones (i.e. paleo-reservoir) boundaries; blue lines e scanlines paths. Bleached fractures dataset represented in the inset stereonets (lower hemisphere projection, planes to
poles, equal angle, Kamb contour, shaded 1% contour interval). B) Ortho-photo map slice of the Chimney Rock area (location 2 in Fig. 1C). For explanation see Fig. 3A. C) Local
stratigraphic log of the upper Entrada Fm. (location shown in Fig. 3B). Scanlines' position and location of the main laterally discolored zone (i.e. bleaching) are indicated. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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4.1.1. Humbug Flats
In the Humbug Flats area (see Section 3.1.1; Figs. 2C and 3A),

most observed bleached fractures, both TG and BC, are joints
with secondary sheared joints with a few centimeters of
displacement. Evidence of general shear deformation in the rock
volume is also highlighted by isolated swarms of anastomosing
cataclastic deformation bands, especially within the inner foot-
wall damage zone of the main fault and roughly parallel to the
main slip plane. On closer inspection, the lineaments recognized
in Fig. 3A consist of combined fracture corridors, small-scale
faults and deformation band swarms. Away from faults, the
background fracture intensity of the county rock is around 2
fracture/m for the BC fractures and about 1 fracture/m for the TG
ones (Fig. 11A).

The observed fracture corridors display relatively wider dis-
colored haloes in the inner footwall damage zones, where the fault
displacement and the fracture frequencies are greater (see below),
but narrow laterally toward the fault-tips and fault-process zones
where displacement is negligible. In the process zones, they splay
and fan out into single bleached fractures, usually arranged in
scooping “horsetail” patterns (see Fig. 4B and Plate I,
Supplementary material). These smaller faults are characterized

http://Utah.gov


Fig. 4. Humbug Flats area. A) Panoramic overview of the Entrada-Curtis sedimentary succession in the Humbug Flats outcrops. Main structural and stratigraphic units are
highlighted and labeled (U: up-thrown part; D: down-thrown part). B) Detail of the lateral tip of a fracture corridor within a fault-tip process zone and consisting of individually
bleached fractures showing a typical “horse-tail” pattern (see text for detailed description). Location shown in Fig. 4A. Ingrid Anell for scale.
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by maximum throws of about 1 m in the central part, dying out
laterally over short distances (i.e. tens of meters) along their strike.

4.1.2. Chimney Rock
In the Chimney Rock area (see Section 3.1.2; Figs. 2C and 3B), the

footwall section is characterized by a single bleached fracture
corridor penetrating at least 50 m up into the local seal interval.
Fracture corridors in the hangingwall section exhibit narrower
bleached fracture corridors and single bleached TG fractures char-
acterized by shorter lengths (ca. 2e3 m), sometimes seen as iso-
lated discolored lenses. The background fracture intensity of the
host rock in this area is of ca. 3 fractures/m for the BC fractures and
less than 2 fractures/m for the TG ones (Fig. 11B). Downward- and
upward-swelling and narrowing of the bleached fracture corridors
from an upper, secondary paleo-reservoir and the inner hanging-
wall fault damage zone, respectively, were observed (see Plate II,
Supplementary material). The inner fault damage zone in the
footwall section appears more discolored than the hangingwall
section. A completely bleached, local marker bed of crudely
laminated (i.e. plane-parallel and oblique) pebbly to coarse-grained
sandstone occurs in the middle of the stratigraphic succession. This
unit clearly shows the different bleaching widths that characterize
finer and coarser lithologies (Fig. 5B, C).

4.1.3. Smith's Cabin
In the Smith's Cabin area (see Section 3.1.3; Figs. 2C and 6),

the majority of the analyzed fractures are joints, although some
deformation band swarms occur. Notably, these joints can later-
ally converge into single deformation bands. Apart from these
local complications, the average fracture intensity recorded for
the country rock at this site is below 1 fracture/m for the TG
fractures and below 3 fractures/m for BC ones (Fig. 11C). In
general, the observed fracture corridors diverge toward the top of
the succession, in an upward fringing and fanning arrangement
(see Fig. 7B and Plate III, Supplementary material). Vertically
continuous swarms of bleached joints were observed to wedge-
out upward in the outer footwall damage zone. In the inner
footwall damage zone, narrow fracture corridors occur in



Fig. 5. Chimney Rock area. A) Panoramic overview of the Entrada-Curtis sedimentary succession in the Chimney Rock outcrops with location of the scanlines presented in Fig. 3B.
Main structural and stratigraphic units are highlighted and labeled. B) Overview of a bleached, fault-damage zone-related fracture corridor within the footwall section (see text for
detailed description). Location shown in Fig. 5A. C) Detail of the fracture corridor shown in Fig. 5B. Note the lateral spreading of the discoloration as the fracture corridor cuts into
the overlying coarse sandstone layer. Meter-stick for scale.
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association with isolated lenses of bleached rock. A single, nar-
row, bleached fracture corridor with 3e4 fractures/m, and off
shooting/branching secondary fractures, characterizes the inner
hangingwall zone. This feature appears to be vertically contin-
uous along with the associated fault trace (see Fig. 7F). Notably,
the bleached fracture corridors in the hangingwall section do not
directly connect to the upward inflexion in the footwall damage
zone, suggesting little or no open fracture communication across
the fault core (see Fig. 7E, G and Plate IV, Supplementary
material).

4.1.4. Salt Wash Graben
In the Salt Wash Graben area (see Section 3.1.4; Figs. 2C and

8), the fracture corridors are usually arranged in closely spaced
(i.e. 1e2 cm and less), parallel sets, defining steep to vertical,
continuous joint swarms characterized by about 72% of TG frac-
tures. The overall background fracture intensity is less than 2
fracture/m for both the BC and TG fractures (Fig. 11D). Within the
fracture corridors characterized by the greatest fracture intensity,
the relatively high percentage of BC fractures is due to the
occurrence of short (20e50 cm) joints abutting and inter-
connecting the TG fractures and occurring at smaller angle
(<40�) to them (see e.g. Fig. 2D). Depending on the fracture in-
tensity, the associated bleaching haloes can be 1 m wide or more
(see Figs. 2 and 9). In the scanlines collected close to the main
Salt Wash Fault, some 1e2 cm-thick sand injectites (i.e. sedi-
mentary dikes) with TG bleached fractures at the margin were
also observed.



Fig. 6. A) Aerial ortho-photo map slice of the northern Smith's Cabin area (aerial ortho-photo map from Utah.gov, 2011). Location 3 shown in Fig. 1C. For explanation see Fig. 3A.
Inferred transverse fold axes (i.e. synclines and anticlines) are labeled with white axial traces. B) Ortho-photo map slice of the southern Smith's Cabin area (aerial ortho-photo map
from Utah.gov, 2011). Location 3 shown in Fig. 1C. For explanation see Fig. 3A. Orientation and scale are the same of A. C) Local stratigraphic log of the upper Entrada Fm. (location
shown in Fig. 8A). Scanlines' position and location of the main laterally discolored zones (i.e. bleached) are indicated. Thicknesses in meters.
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Fig. 7. Smith's Cabin area. A) Panoramic overview of the Entrada-Curtis sedimentary succession in the northern Smith's Cabin outcrops. Scanline locations, main structural and
stratigraphic units are highlighted and labeled. Alvar Braathen for scale (circled). B) Close-up of Fig. 7A showing the meso-scale appearance of individually bleached, branching,
through-going fractures. C) Detail of Fig. 7A showing the tip of a bleached through-going fracture. D) Close-up of Fig. 7B showing the bleaching halo around a through-going
fracture. Note the Fe-oxides in the fracture core and the roughly constant extent of the discoloration. Lens cap for scale. E) Panoramic overview of the Entrada-Curtis sedimen-
tary succession in the southern Smith's Cabin outcrops. Main structural and stratigraphic units are highlighted and labeled. F) Mesoscopic appearance of the investigated fault as
observed looking toward the W-NW (location shown in Fig. 7E). Scanline locations, main fault plane (solid red line) and bleaching contact (dashed white line) are labeled (U: up-
thrown part; D: down-thrown part). Backpack for scale (circled). G) Mesoscopic appearance of a fault as observed looking toward the EeSE (location shown in Fig. 11E). Scanline
locations, main fault plane (solid and dashed red line) and bleaching contact (dashed white line) are labeled (U: up-thrown part; D: down-thrown part). Alvar Braathen for scale
(circled). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



Fig. 8. A) Aerial ortho-photo map slice of the Salt Wash area (aerial ortho-photo map from Utah.gov, 2011). Location 4 shown in Fig. 1C. For explanation see Fig. 3A. Ornamented
white lines for inferred synclinal and anticlinal transverse fold axes are shown. B) Correlation of local stratigraphic logs across the upper Entrada Fm. from the W to the E (locations
shown in Fig. 8A). Scanlines' position and location of the main laterally discolored zone (i.e. bleached) are indicated.
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Fig. 9. Salt Wash area: overview of the selected scanline locations highlighted by the black box in Fig. 8A. A) Scanline SW_7 intercepting the northernmost (outer) expression of the
investigated fracture corridor (Kim Senger for scale). B) Intermediate scanline SW_3 (Alvar Braathen for scale). C) Intermediate scanline SW_2 (backpacks for scale). D) Detail of a
small off-shooting, bleached fracture corridor (comprising 3 through-going fractures) in which the discoloration halo stops within a ca. 10 cm thick, purplish shaly interval (i.e.
paleosol). Lens cap for scale. Location shown in Fig. 9E and F, E) Scanline SW_1 measured across the base of the fracture corridor, directly above the inferred lower paleo-reservoir. F)
Scanlines SW_4 and SW_5 measured a few meters above and below the upper boundary of the main bleached zone (i.e. lower paleo-reservoir), respectively.



Fig. 10. Analysis of scanline data. A) Histogram showing the relative abundance of beds in terms of thickness. B) Histogram showing the relative abundance of beds in terms of
lithology. C) Pie-charts depicting the relative abundances of: I. joint and shear fractures, II. types of mineral infilling, III. through-going and bed-confined fractures, IV. bleached and
not bleached fractures, and V. bleached through-going and bed-confined fractures.
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4.2. Fracture corridor types

On the basis of the stratigraphic-structural position of the
measured scanlines with respect to the nearby tectonic features,
the fractures corridors analyzed at the different study areas can be
classified into three types: 1) fault damage zone-related (FDZ), 2)
fault tip process zone-related (FTP) and 3) fold crest-related (FRC).

4.2.1. Fault damage zone fracture corridor (FDZ)
This type of fracture corridor occurs in the hangingwall

(FDZ_HW) and footwall (FDZ_FW) zones of normal faults charac-
terized by displacement values ranging from meters to few hun-
dred of meters. Both types of FDZs trend roughly parallel to the
associated fault and consist mainly of anastomosing TG joints and
subordinate shear fractures with inter-connected BC joints, some-
times modified to sheared joints with cm-scale displacements (up
to a few centimeters). The most representative examples of FDZs
crop out in the Chimney Rock and southern Smith's Cabin areas (see
Plates II and IV, Supplementary material).

In both hangingwall and footwall damage zones, fracturing-
bleaching relationships were investigated to compare BC/TG frac-
ture intensities and TG fracture ratios to LBRs, suggesting a signif-
icant control of BC fractures on the bleaching in the hangingwall
(Fig. 13A), and a large influence of the TG fractures in the footwall
(Fig. 14A). In terms of relative amount of fracture corridors with
respect to the abundance of single bleached fractures, FDZ_HWs
represent the 17.5% of the total, whereas FDZ_FW reach 24%
(Figs. 13B and 14B; Plates II and IV, Supplementary material).

In terms of fracture intensity, the FDZ_HWs are characterized by
the least median values of 2 fractures/m and a standard deviation of
0.96 with respect to the FDZ_FWs, which show median values of 6
fractures/m (Figs. 13C and 14C). This abundance suggests a gener-
alized increase in deformationwithin the footwall damage zones of
faults. Despite the large variance of the data, the width of the
bleaching haloes around these fracture corridors seems to vary
accordingly to the fracture intensity, with smaller median values of
200mm for the FDZ_HWs and greatermedian values of 400mm for
the FDZ_FWs (Figs. 13C and 14C).

Comparing the internal fracture frequencies of these fracture
corridors with the maximum recorded bleaching width, a slightly
positive linear fit arises for the FDZ_HWs, notwithstanding the poor
statistical significance (Fig. 13D), whereas a stronger and statisti-
cally relevant fit characterizes the FDZ_FWs (Fig. 14D). Along with
this evidence it is possible to assess that FDZ_HWs are relatively
narrow and short fracture corridors comprising few TG fractures,
with a slightly more important contribution of BC fractures to the
associated lateral extent of the bleaching. On the other hand,
FDZ_FWs are represented by wider and more continuous fracture
corridors characterized by greater internal fracture frequencies, in
which the lateral bleaching width appears to be more dependent
on the relative amount TG fractures.

These fault-related structures are considered to preferentially
develop in low-porosity rocks (<15% porosity; Fossen, 2010;
Schueller et al., 2013), where the development of deformation
bands is suppressed by fracturing. In this framework, the observed
deformation band swarms could represent earlier structural
products prone to be progressively reactivated as joints along with
the fault evolution. Moreover, the spatial distribution of these
fractures and fracture corridors, and their different relationships
with the bleaching extent, suggests greater deformation in the
footwall zones, with enhanced localized fracturing (Fig. 17).

4.2.2. Fault tip process zone fracture corridor (FTP)
FTPs occur around the lateral/vertical terminations of the fault,

where the local stress state in the host rock is directly influenced by
the arrested propagation of the main fault plane (Rotevatn and



Fig. 11. Statistical analyses for the TG and BC background fracture intensities for each study site: A) Humbug Flats area, B) Chimney Rock area, C) Smith's Cabin area, and D) Salt
Wash area. E) Superimposed IQR (i.e. interquartile; see inset for explanation) box plots of all TG and BC fracture intensity values subdivided into bed thickness classes. F)
Superimposed IQR box plots of all TG and BC fracture intensity values subdivided by lithology. TG fractures are labeled in red whereas BC ones are labeled in black. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fossen, 2012). In this case, fracture corridors trend at low-angle to
the strike of the associated fault and comprise mainly TG joints
with subordinate shear fractures, which are characterized by an
overall fringing and fanning in an outward direction from the fault
tip (both vertically and horizontally), resembling an elliptical halo
with a typical “horse-tail” pattern (see Figs. 4 and 17; Plate I,
Supplementary material).

In the fault-tip process zones observed in the Humbug Flats
area, bleaching is almost exclusively concentrated in TG fractures
with just a minimum contribution from BC ones, as clearly
observable in the BC/TG fracture intensity-TG fracture ratio versus
LBR plots (Fig. 15A). Single bleached fractures dominate in the FTPs,
representing 91% of the total database (Fig. 15B). Only 9% of the
bleached fractures combine to form FTPs, which comprise median
fracture intensity of 5 fractures/meter and are characterized by a
medianwidth of the bleaching halo of 50 cm (Fig. 15C). The internal
fracture intensity of the FTPs shows a linear fit to the maximum
bleaching width, as observed in the previous cases, although the
correlation coefficient is not strong (Fig. 15D). This data spread is
likely related to the high degree of fanning and branching that
characterizes this type of fracture corridors (see Plate I,
Supplementary material).



D

Fig. 12. Statistical analyses on the background fracturing and relationships with bleaching. A) Fracture bleaching ratio FBR versus linear bleaching ratio LBR scatter plot and
associated power-law fitting regression calculated for the entire database (see text for discussion). B) Superposed IQR plots showing the relationships between the number of
bleached TG and BC fractures (below) and the sum of the associated bleaching widths (above), subdivided for the different standardized lithologies. IQR plots explanation in the
inset. C) Frequency histogram (below) and associated density curve (above) of the coefficient of variation Cv calculated for the TG (red) and BC (black) fractures. Both the median and
the average Cv values fall in the field of irregular distribution (Cv > 1) for the TG, and in the field of regular distribution (Cv < 1) for the BC fractures. D) Superposed IQR box plots (red
for TG and black for BC) showing the different distribution of the fracture intensity Cv values subdivided by lithology. The median Cv of the TG fractures is always above 1.0,
highlighting an irregular, non-systematic distribution of their fracture frequencies. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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4.2.3. Fold crest-related fracture corridor (FRC)
Gentle transverse folds deforming the Entrada-Curtis forma-

tion boundary characterize the footwall zones of major regional
faults, as in the case of Salt Wash and Smith's Cabin areas. This
open fold system, which is characterized by wavelengths and
amplitudes on the order of hundreds and tens of meters,
respectively, is developed almost perpendicular to the associated
fault. Their axes trend at a high angle to the fault strike, plunge
away from its trace, and are oriented at low angles to the axes of
the main regional anticlines (i.e. San Rafael Swell and Green River
anticlines; see Figs. 1, 6 and 8). Such transverse folds are thought
to be due to 1) differential displacement gradients along fault
strike, 2) fault bends, and/or 3) relay zones (Schlische, 1995).

Well-developed fracture corridors (see Fig. 2; Plate III, V,
Supplementary material) trend at high angles to the main
fault's strike and parallel to the crest of the transverse
anticlines, branching laterally and up-section into fans of
progressively smaller fracture corridors that eventually
terminate into single fractures along with the pinching out of
the associated bleaching halo at the fracture tip (see Fig. 7C).
Such up- and downward fanning/fringing were observed
within anticlinal and synclinal zones, respectively (see Fig. 17).
A relatively consistent correlation exists between the back-
ground TG fracture intensities and the associated LBRs
(Fig. 16A), highlighting also the mutual influence of persistent
fractures and bleaching. In terms of relative abundance be-
tween single bleached fractures and fracture corridors, FRCs
are the best-represented examples among the identified types
at 29.5% (Fig. 16B).

The complex three-dimensional architecture of these FRCs (see
Plate V Supplementary material) creates quite an amount of
dispersion in the orientation data and consequent high degree of



Fig. 13. Statistical analyses on fault hangingwall damage zone-related fracture corridors (FDZ_HW). A) Fracture frequency F versus linear bleaching ratio LBR scatter plots and
associated linear-fitting regressions calculated for through-going TG and bed-confined BC fractures. B) Pie-chart diagram showing the relative percentages of single fractures and
fracture corridors for only bleached fractures in fault hangingwall damage zones. C) Histograms and relative statistics of the fracture frequencies and maximum bleaching widths
recorded for the single FDZ_HWs. D) Scatter plot and relative linear-fitting regression of the internal fracture frequency versus maximum bleaching widths for single FDZ_HWs,
showing an approximate direct trend.



Fig. 14. Statistical analyses on fault footwall damage zone-related fracture corridors (FDZ_FW). A) Fracture frequency F versus linear bleaching ratio LBR scatter plots and associated
linear-fitting regressions calculated for through-going TG and bed-confined BC fractures. B) Pie-chart diagram showing the relative percentages of single fractures and fracture
corridors for only bleached fractures in fault footwall damage zones. C) Histograms and relative statistics of the fracture frequencies and maximum bleaching widths recorded for
the single FDZ_FWs. D) Scatter plot and relative linear-fitting regression of the internal fracture frequency versus maximum bleaching widths collected for the single FDZ_FWs,
highlighting a direct linear relationship between the amount of internal fracturing and the width of the surrounding bleaching halo.



Fig. 15. Statistical analyses on fault process zone-related fracture corridors (FTP). A) Fracture frequency F versus linear bleaching ratio LBR scatter plots and associated linear-fitting
regressions calculated for through-going TG and bed-confined BC fractures. B) Pie-chart diagram showing the relative percentages of single fractures and fracture corridors for only
bleached fractures in fault process zones. C) Histograms and relative statistics of the fracture frequencies and maximum bleaching widths recorded for the single FTPs. D) Scatter
plot and relative linear-fitting regression of the internal fracture frequency versus maximum bleaching widths collected for the single FTPs.
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Fig. 17. Conceptual cartoons showing the different fracture corridors types, and their relationships for developing a large-scale network of preferential fluid flow pathways.
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variance in any statistical evaluation. Nonetheless, these FRCs are
characterized by median fracture intensity of 4 fractures/meter and
share a median width of the bleaching halo of 18 cm (Fig. 16C).
Comparing the fracture intensities recorded within the FRCs with
the maximum width of the associated bleaching halo, a rough
linear correlation arises (Fig. 16D).

5. Discussion

The fracture corridors encountered in the sedimentary succes-
sion of the upper Entrada Fm. are dominated by vertically contin-
uous (TG), closely spaced joint sets, characterized by bleached
haloes, whose lateral width is proportional to its internal fracture
frequency. These fracture associations appear as isolated zones
characterized by super- to hyper-saturated jointing (in the sense of
Bai and Pollard, 2000), with fracture abundance much greater than
the baseline of background fracture intensity.

5.1. Fracture corridors and paleo-fluid flow

The paleo-conductivity of fractures and fracture corridors is
inferred by the local discoloration (i.e. bleaching) of the sur-
rounding country rock caused by circulation of reducing fluids
(Chan et al., 2000; Garden et al., 2001; Parry et al., 2004; Shipton
et al., 2005; Dockrill and Shipton, 2010; Loope et al., 2010;
Wigley et al., 2012). The relative lateral and vertical extent of
Fig. 16. Statistical analyses on fold-related fracture corridors (FRC). A) Fracture frequency F
calculated for through-going TG and bed-confined BC fractures. B) Pie-chart diagram showi
fractures in fold axial zones. C) Histograms and relative statistics of the fracture frequencies a
linear-fitting regression of the internal fracture frequency versus maximum bleaching widt
the bleaching haloes away from the fracture corridor appears to
be a function of the local secondary (i.e. fracture-related)
permeability/diffusivity. The observed “pinching” and
“widening” of the bleaching pattern around the fracture corri-
dors as they cut through finer- and coarser-grained beds,
respectively, suggest at least a partial role of the primary matrix
diffusivity related to the lithology (see Figs. 2BeD and 5A). In this
framework, a semi-quantitative estimation of the relative effi-
ciency of fracture-related fluid flow can be established by char-
acterizing the lateral-vertical interconnectivity of the different
fracture sets, and the extent of the surrounding bleached zone
(see Fig. 11A and B).

This evidence supports preferential fluid circulation in the
observed fracture corridors, and we therefore hypothesize a
possible role of fluid pressure in enhancing the fracture intensity
and connectivity. The required conditions for hydrofracturing (i.e.
sufficient fluid pressure increase to overcome the effective stress
and to exceed the tensile strength of the rock; see Philips, 1972)
are hypothetically well satisfied in the crest of the regional an-
ticlines where the gas column in the reservoir is expected to be
at its highest overpressure. If correct, the location of the study
sites in close proximity of the San Rafael Swell and the Green
River anticline is intriguing (see Fig. 1C). Recurrent and pervasive,
short (<50 cm long), irregular, non-systematic and inter-
connecting BC joints, always abutting the TG ones, only occur
within the investigated fracture corridors (see Fig. 2D). These
versus linear bleaching ratio LBR scatter plots and associated linear-fitting regressions
ng the relative percentages of single fractures and fracture corridors for only bleached
nd maximum bleaching widths recorded for the single FTPs. D) Scatter plot and relative
hs collected for the single FTPs.
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joints may represent the products of localized hydraulic frac-
turing, as also suggested by the sparse occurrence of bleached
sand dikes. This hypothesis is also supported by the occurrence
of fluid overpressure in the present-day CO2-charged aquifer of
the lower Entrada Fm., which feeds the Crystal Geyser along the
Little Grand Wash fault array (Petrie, pers. comm.). The role of
localized enhancement in fracture abundance due to over-
pressured fluid conditions in the development of fracture corri-
dors has been recently confirmed by ground-truthed numerical
modeling (Welch et al., 2011). Moreover, the occurrence of oxide
banding around the fractures within the bleaching halo, the
general lacking of syn-tectonic (i.e. fibrous) calcite/quartz min-
eralizations and the relative high amount of infilling blocky
gypsum (2.1% against 15.5%, see Fig. 10C) seems to reflect sec-
ondary precipitation within void cracks from saturated brines,
possibly coming from the underlying Paradox salt, as was also
suggested by the isotopic analyses of Frery (2012). Along with the
bleaching haloes, long-term fluid leakage to the surface and CO2
degassing is suggested by the occurrence of roughly strike-
parallel aligned travertine mounds in the footwall of the major
regional normal faults, (e.g. Little Grand Wash, Salt Wash;
Shipton et al., 2005; Dockrill and Shipton, 2010; Frery, 2012;
Kampman et al., 2013). CO2-charged springs are also common
along these fault systems (see above).

5.2. Implications for reservoir modeling

The results of this study may be used to augment the reliability
of reservoir models, especially those dealing with heterogeneous,
dual porosity/permeability systems. Such reservoir models, usually
applied to address practical questions on fluid migration at the
reservoir-cap rock interface by fluid flow simulations, typically rely
on sparse well data integrated with regional seismic data sets. By
using outcrop analogues as presented in this study, more reliable
models could be built. In this framework, a field-verified database
of oriented high-permeability pathways represented by the inter-
acting network of fracture corridors may represent a powerful tool
to bridge data gaps and to calibrate reservoir models and simula-
tions with better constraints.

The data and analyses from our study may also be applied at the
large scale to optimize the mesh extent and the grid size of the
model, and, at smaller scale, to parameterize some of the spatially
variable fracture corridor attributes such as the laterally and
vertically changing fracture frequencies. Moreover, this study
highlights the importance of the lateral-vertical fluid migration
controlled by fault-perpendicular and fault-parallel structures in a
structural-stratigraphic context where the main faults act as baf-
fles/barriers to a cross-fault fluid flow.

6. Conclusions

The upper sedimentary succession of the Jurassic Entrada Fm. is
an excellent example of an ancient, exhumed reservoir-cap rock
system, which can be used to understand similar systems in the
subsurface. It is characterized by interconnected small-scale res-
ervoirs, fed by a larger underlying regional paleo-reservoir located
within the Chinle-Wingate-Navajo Formations. The ancient fluid
migration pathways through fractures in the sealing units are
manifested by localized discoloration/bleaching of otherwise red-
dish continental deposits due to removal of iron-oxide grain coat-
ings by reducing CO2-saturated brines.

Based on an extensive, field-based, structural and stratigraphic
study of outcrops, we propose three end-member types of fracture
corridors, which can be used as a framework for a more detailed
classification (Fig. 17):
1) Fault-damage zone fracture corridor (FDZ): comprising narrow
joint swarms with subordinate shear fractures related to the
interconnection of major fractures and deformation bands
within the damage zones of mesoscopic normal faults;

2) Fault-tip process-zone fracture corridor (FTP): fringing and
fanning joint swarms with subordinate shear fractures sur-
rounding elliptical zones around lateral and vertical fault tips;
and

3) Fold crest-related fracture corridor (FRC): fanning and narrow
joint swarms developed along axial/crestal zones of fault-
related folds.

Such fracture corridor types mutually linked to normal faults
and associated folds represent preferential pathways for the ver-
tical and lateral fluid migration between the different small-scale
reservoirs, bypassing the local seal units. Such high-permeability
zones trend roughly parallel and subordinately perpendicular to
the main regional faults. As many faults form baffles to the lateral
migration of fluids, we infer that the main flow utilizes a systematic
network of interconnected high permeability fracture conduits (see
Fig. 17).

The recognition of these fracture corridors is thus important for
a correct understanding of fluid behavior in fractured rocks, as for
example when forecasting the connectivity of reservoirs located at
different stratigraphic levels. Moreover, this knowledge can also be
applied when assessing and mitigating the risk of leakage from
potential CO2 storage sites.
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