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a b s t r a c t

Fine-grained low permeability sedimentary rocks, such as shale and mudrock, have drawn attention as
unconventional hydrocarbon reservoirs. Fracturing e both natural and induced e is extremely important
for increasing permeability in otherwise low-permeability rock. We analyze natural extension fracture
networks within a complete measured outcrop section of the Ernst Member of the Boquillas Formation
in Big Bend National Park, west Texas. Results of bed-center, dip-parallel scanline surveys demonstrate
nearly identical fracture strikes and slight variation in dip between mudrock, chalk, and limestone beds.
Fracture spacing tends to increase proportional to bed thickness in limestone and chalk beds; however,
dramatic differences in fracture spacing are observed in mudrock. A direct relationship is observed be-
tween fracture spacing/thickness ratio and rock competence. Vertical fracture penetrations measured
from the middle of chalk and limestone beds generally extend to and often beyond bed boundaries into
the vertically adjacent mudrock beds. In contrast, fractures in the mudrock beds rarely penetrate beyond
the bed boundaries into the adjacent carbonate beds. Consequently, natural bed-perpendicular fracture
connectivity through the mechanically layered sequence generally is poor. Fracture connectivity strongly
influences permeability architecture, and fracture prediction should consider thin bed-scale control on
fracture heights and the strong lithologic control on fracture spacing.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

In geology, a fracture is any discontinuity in the rock where
cohesion has been lost via a brittle deformation process (Price,
1966; Ramsay, 1967; Hancock, 1985; Ramsay and Huber, 1987).
Most rocks are fractured at some scale (micro-, meso-, or macro-
scale), and all scales and types of fractures (i.e., faults, opening-
mode fractures [barren and vein filled], and stylolites) impact
how fluid moves through rock. Fractures can enhance permeability
in otherwise impermeable rocks, or conversely decrease perme-
ability by acting as barriers, or compartmentalize blocks of rock and
create permeability anisotropy. Accurate determinations of the
presence, size (vertical and lateral trace lengths), orientation,
spacing, and aperture of natural fracture types and sets are essential
to characterizing permeability architecture. In the subsurface, nat-
ural fracture data are often interpreted from ambiguous datasets
is).
(microseismic data, two- and three-dimensional seismic reflection
data, wellbore formation microimager, oil-based mud imager, and
core), predicted using published relationships, modeled from low-
resolution data, and quite often have very different fracture pat-
terns compared to outcrop analogs of the same rock. Direct appli-
cation of these methods may produce an incomplete or inaccurate
representation of the actual fracture system. Natural and induced
fractures are subject to controls imposed by mechanical stratig-
raphy, structural position and timing with respect to other natural
deformation features (such as faults and folds), and in situ stress
conditions (Engelder, 1985; Hancock, 1985; Ferrill et al., 2014).
Focusing on the mechanisms that control natural fracture devel-
opment can improve fracture characterizations.

Using consistent approaches and terminology for fracture ana-
lyses is important. However, many times the observations and re-
lationships derived from a particular study are only relevant to a
particular system and not necessarily useful for application to other
systems. Fracture characterization approaches, terminology, and re-
lationships must be screened for usefulness and relevance prior to
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their application. For example, in the subsurface where data is too
coarse to perform a detailed analysis of fracture type, distribution (by
type), vertical and lateral penetration, and spacing of properly
grouped fracture type (e.g., vein, barren, shear, hybrid, tensile) and
orientation (e.g., fracture set), it is important to assess likely condi-
tions at the time of fracturing and to select relevant analogs and
fracture prediction approaches that will lead to defensible fracture
interpretations and predictions. Thorough characterization of me-
chanical stratigraphy is a fundamental factor that should be consid-
ered in selecting relevant analogs and fracture prediction approaches.

In this study, we examine the controls on fracture spacing and
vertical penetration in mechanically layered strata of the Late
Cretaceous Ernst Member of the Boquillas Formation exposed at
Ernst Tinaja within the Sierra del Carmen in west Texas (Fig. 1).
Fig. 1. Geologic map and stratigraphic section modified from Ferrill et al. (2016). The map sh
outcrop of the Ernst Member of the Boquillas Formation. The stratigraphic section is based
The Ernst Member is the lateral equivalent of the Eagle Ford For-
mation, which is a major unconventional hydrocarbon source and
reservoir in south Texas. Observations from three lithostratigraphic
groups that include limestone, chalk, and mudrock show variations
in fracture penetration and fracture spacing. We show that fracture
size and distribution vary as a function of mechanical stratigraphy,
and that understanding this relationship can improve fracture
characterization and prediction in the subsurface.

2. Background

Careful characterization and analysis of fracture systems is
necessary for understanding the natural variability of fracture
networks and to ascertain the controls on fracture development
ows the location of Ernst Tinaja and the dark grey formation (focus of this study) is the
on thicknesses from measured sections found in Maxwell et al. (1967).
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(e.g., Narr, 1991; Gross, 1993; Gillespie et al., 2001; Nelson, 2001;
Narr et al., 2006; Olson et al., 2009; Laubach et al., 2009, 2010;
Ortega et al., 2010; English, 2012; Hooker et al., 2013; Gale et al.,
2014; McGinnis et al., 2015). However, in the subsurface where
data is sparse, noisy, or unreliable, information derived from
outcrop studies can be critical to help constrain fracture charac-
terization, interpretation, and prediction. There can be significant
variability from one set of rocks to another that depends on a host
of factors, and isolating the influence of individual factors, such as
bed thickness and mechanical properties of layers, is important for
enhancing the usefulness and reducing the uncertainty in fracture
prediction techniques.

Deformation style (fault, fold, opening-mode fracture, stylolite),
failure type (tensile, hybrid, and shear), and fracture frequency are
highly sensitive to mechanical stratigraphy (for example, Corbett
et al., 1987; Ferrill and Morris, 2008; Laubach et al., 2009; Ferrill
et al., 2014, 2017; McGinnis et al., 2015, 2016). Ferrill et al. (2017)
describe mechanical stratigraphy as encompassing (i) the varying
material properties of rock strata (e.g., measured properties such as
compressive and tensile strengths, Young's moduli), (ii) thicknesses
of the mechanical layers, and (iii) the character and frictional prop-
erties of the transitions or boundaries between mechanical layers
(e.g., sharp formation or bed contacts versus gradational boundaries,
and smooth or planar contacts versus rugose or sutured contacts)
(cf., Groshong, 2006; Ferrill and Morris, 2008; Laubach et al., 2009).

Variations in stiffness and strength in heterolithic rock se-
quences impose distinct controls on natural and induced fracture
development. A thorough, site-specific characterization of me-
chanical stratigraphy includes quantifying the ratio of incompetent
to competent bed thickness (i/c ratio; Ferrill and Morris, 2008),
description of layer to layer transitions (e.g., gradational versus
abrupt, smooth versus undulatory, rugose or sutured), and domi-
nant versus conforming mechanical units (Ferrill et al., 2017). With
a robust characterization of the mechanical stratigraphy, it is
possible to identify potential nucleation points of fractures, po-
tential zones where fracture angle may experience refraction, likely
locations for fault related folding, and anticipate failure mode
transitions along a fracture.

3. Study site

3.1. Tectonic setting

The deformation observed in the Cretaceous stratigraphic sec-
tion at Ernst Tinaja has experienced two nearly co-directional tec-
tonic events, (1) northeast-southwest-directed contraction due to
the Laramide orogeny (ca. 70 to 50 Ma) followed by (2) northeast-
southwest-directed extension caused by the Basin and Range tec-
tonics (ca. 25 to 2 Ma; Maxwell et al., 1967; Moustafa, 1988;
Lehman, 1991; Turner et al., 2011). Contractional deformation is
manifest by large-scale contractional folds and faults (Maxwell
et al., 1967; Turner et al., 2011), and mesoscopic structures,
including small-scale thrust faults, contractional folds, veins, tec-
tonic stylolites, and microscale contractional deformation
(Moustafa, 1988; Maler, 1990; Erdlac, 1994; Ferrill et al., 2016).
Following Laramide contraction, the onset of Basin and Range
extension developed a normal-faulting stress regime that produced
normal faults at a wide range of scales, as well as opening-mode
extension fractures including barren and vein filled and reac-
tivated stylolites as opening-mode fractures.

3.2. Ernst Tinaja

The Ernst Tinaja arroyo is a dry wash that cuts a west dipping
(~15�) homocline (cuesta) in the footwall of an east-dipping normal
fault system in the eastern part of Big Bend National Park, Texas.
The dry wash cuts the homocline at a low point coincident with a
breached relay ramp between two fault segments of the east-dip-
ping fault system that forms the Ernst Basin half graben. A traverse
from west to east along the dry wash passes down stratigraphic
section through Cretaceous rocks of the San Vicente Member
(Austin Chalk lateral equivalent) and Ernst Member (Eagle Ford
lateral equivalent) of the Boquillas Formation (Turonian), and the
Buda Formation (Cenomanian). The Ernst Tinaja exposure contains
lithologically controlled extensional and contractional deformation
features, such as opening-mode extension fractures (barren and
vein filled), tectonic stylolites, tectonic stylolites that have locally
reactivated to host co-planar opening-mode fractures (barren and
vein filled), normal faults, thrust or “wedge” faults, bedding-plane
slip surfaces, box folds, contractional and extensional fault-
propagation folds (Ferrill et al., 2016).

3.2.1. Lithostratigraphy
The complete lithostratigraphy of the Ernst Tinaja exposure was

measured, described, and sampled in the field using standard field
tools that include Jacobs staff, measuring tape, and hand lens. The
stratigraphic section at Ernst Tinaja was measured to be 110.6 m.
Themeasured section extends from the Buda Formation at the base,
through the entire Ernst Member of the Boquillas Formation, and
into the San Vicente Member of the Boquillas Formation. The sec-
tion includes 1.5 m of the uppermost Buda Formation, 83.9 m of the
Ernst Member of the Boquillas Formation, which is the equivalent
of the Eagle Ford Formation (Maxwell et al., 1967), and 25.2m of the
lower part of the San Vicente Member of the Boquillas Formation,
which is the equivalent of the Austin Chalk (Maxwell et al., 1967).

The fracture analysis was performed entirely in the Ernst
Member of the Boquillas Formation. The Ernst Member is a deep-
marine, predominantly pelagic succession of calcareous mudrock,
nannoplankton and pelagic foraminifer microgranular packstone
(chalk), heterolithic thinly bedded and intercalated calcareous
mudrock and limestone layers, with intervals of hydrodynamically
agitated skeletal and planktonic foraminifer lime grainstone-
packstone beds, and numerous volcanic ash layers. Much of the
Ernst Member consists of a highly rhythmic or cyclic alternation of
calcareous mudrock and chalk with gradational bedding contacts.
Calcareous mudrock intervals range from 0.03 to 2.5 m with an
average of 0.28 m. Chalk beds range from 0.02 to 0.96 m, with an
average of 0.26 m. Hydrodynamic packstone-grainstone beds are
lenticular to continuous, contain ripple cross-lamination, hum-
mocky cross stratification, and fragmented skeletal material, and
are winnowed indicating storm agitation on the seafloor. Small
sections within the Ernst Member consist of hydrodynamic
packstone-grainstone beds that range from 0.01 to 0.40 m, with
average bed thickness of 0.11 m. Heterolithic intervals of thin-
bedded intercalated intervals of mudrock and thin limestone are
associated with hydrodynamic grainstone-packstone intervals that
also indicate storm agitation of the seafloor e these intervals range
from 0.034 to 0.48 m thick. Because of the abrupt changes in hy-
drodynamic regime associated with storm events, the bedding
boundaries within the hydrodynamic packstone-grainstone and
heterolithic facies are sharp. Volcanic ash beds occur throughout
the succession and range from 0.01 to 0.16 m thick.

3.3. Timing sequence

Emphasis of this study is on the development of the dominant
systematic extension fractures, including veins and joints, and oc-
casionally associated small-displacement shear fractures or faults.
Observations and data to constrain timing of this fracturing include
relative timing relationships between structures in the exposure,
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and association of these structures with recognized tectonic events
that are well-characterized in the region. Laramide and Basin and
Range deformation features are well documented in the Sierra del
Carmen (Moustafa, 1988; Turner et al., 2011) and at Ernst Tinaja
(Ferrill et al., 2016).

Recognized Laramide deformation features include contrac-
tional folds, thrust faults, and tectonic stylolites that collectively
accommodated NE-SW directed shortening in response to NE-SW
directed maximum principal stress, s1. Where the systematic
NW-SE striking extension fracturese the focus of this investigation
e interact with thrust faults, they cut the thrust faults, indicating
extension fracturing after thrust faulting (Ferrill et al., 2016).
Similarly, where the NW-SE striking extension fractures interact
with the tectonic stylolites, they cut the stylolite teeth or locally
show dilational reactivation of the stylolites, thus indicating
extension fracturing after stylolite formation. Furthermore, the
NW-SE striking opening mode fractures indicate NE-SW directed
minimum principal stress direction (s3), which is consistent with
the regional Basin and Range extension direction. We deliberately
avoided running scanline surveys through contractional folds to
avoid any local fold-related extension fracturing, for example
related to outer-arc extension in competent limestone beds. All of
our scanlines were collected from consistently dipping homoclinal
beds.

Laramide contractional deformation of these rocks is likely to
have occurred at burial depths of ~2 km or less (based on over-
burden thickness estimates from measured sections in Maxwell
et al., 1967). Subsequent Basin and Range extension of these rocks
Fig. 2. Annotated field photograph showing examples of the fracture scanlines. Ruler (perpe
northwest.
may have initiated while the rocks were at or near maximum burial
of ~2 km (related to sedimentary burial and tectonic thickening
during the Laramide deformation), and continued during tectonic
and erosional exhumation related to Basin and Range extension
with progressively decreasing overburden.

4. Methods

4.1. Mechanical stratigraphy

Amechanical rebound data set was collected for the entire Ernst
Tinaja section using an N-type Schmidt hammer (Katz et al., 2000;
Aydin and Basu, 2005) to characterize the relative competence of
the present-day mechanical stratigraphic layers (Ferrill and Morris,
2008). Compared to other approaches for obtaining rock mechanics
data (such as scratch test, indirect or Brazilian tensile test, uncon-
fined and confined compression test), the Schmidt Hammer pro-
vides a quick and inexpensive proxy for rock mechanics data. The
rebound analysis used in this work followed the approach
described by Morris et al. (2009) and Ferrill et al. (2011, 2012a,
2012b). To summarize those studies (i) measurements were taken
on subvertical rock faces to eliminate the need to correct for gravity
effect, and (ii) each measurement location consisted of a minimum
of 10 rebound measurements within an area of approximately
25 cm2 with care to stay within the same mechanical layer. The N-
type Schmidt hammer used in this work does not allow accurate
and precise measurement of very weak rock where rebound (R)
values are less than 10. Values recorded in the field that are less
ndicular to layering) is 1 m long for scale and photo was taken with view to the north-
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than 10 were treated as having a value of 5 when averaged to
determine bed average R values. We present the results in terms of
rebound value R, which has been correlated to unconfined
compressive strength and Young's modulus through laboratory
testing (e.g., Katz et al., 2000; Aydin and Basu, 2005). Although
published correlations differ in detail, rebound values between 20
and 55 generally correlate with an unconfined compressive
strength range of ~5.0e40 MPa and Young's moduli of 2.0e15 GPa.
We use the term “competence” to express the ability of a rock to
resist deformation (Ferrill and Morris, 2008). Rock properties are
expected to have been modified, commonly weakening the rock, as
a result of unloading and erosion. Notwithstanding the limitations
of Schmidt hammer rebound values (see for example, Morris et al.,
2009) and influences of weathering, we interpret the R-value
profiles as reflecting the relative competence between rock layers
from one location to another.

4.2. Fracture characterization

Herewe use the term fracture to include any discontinuity in the
rock where cohesion has been lost via brittle deformation pro-
cesses, and includes: (i) opening-mode extension fracture (barren
or vein filled); (ii) fault or shear fracture where the two sides have
been displaced with respect to each other and parallel to the frac-
ture surface (barren or vein filled); (iii) contractional stylolite; (iv)
reactivated stylolite as an opening-mode extension fracture (barren
or vein filled) with no visible shear displacement. We observe
calcite as the mineral fill for the veins at Ernst Tinaja.

Scanline surveys were conducted parallel to dip along the center
lines of beds (Fig. 2). Every fracture that intersected along the
Fig. 3. Plot and empirical relationship between Schmidt rebound (average R) values and mea
and C ¼ 5. Using Eq. (1) in text, the Pearson correlation coefficient (r) was calculated to be �
clay was determined from XRD analysis (total weight).
profile was measured for strike and dip, trace length or lateral
penetration (where top of bed pavements permitted measure-
ment), penetration distance upward and downward to fracture tips,
aperture (separation of fracture walls measured perpendicular to
plane of fracture), and vein fill (if present). While opening-mode
fracture aperture was recorded, we do not consider these values
to be particularly useful for purposes of fracture network charac-
terization due to unloading related dilation and weathering. Sur-
face unloading and near-surface dissolution has altered the
apparent fracture aperture from its likely original character, and
some soluble (e.g., calcite) fracture filling material that may have
been present may have been removed by dissolution. Scanline
lengths ranged from 2.5 to 5.0 m. Selection of beds for scanline
surveys was intended to characterize a representative range of rock
types (mudrock, chalk, and limestone) and a range of bed thick-
nesses. Also, due to the dip of the beds, shorter scanlines weremore
accessible. Care was taken not to choose a scanline that was near or
crossed large folds or faults so that the influence of the larger
structure would be minimal.

5. Results

5.1. Mechanical stratigraphy

For these rocks, clay mineralogy drives whether the rock type is
incompetent, as is the case for the clay-rich mudrocks, or whether
it is competent, as is the case for clay-poor limestones and chalks.
Results from 30 X-ray diffraction (XRD) bulk composition and clay
analyses show that the mudrocks have a high clay content (15e90%
clay minerals) and the chalk and limestone beds have low clay
sured percent clay. Heavy line is an exponential-fit correlation, where A ¼ 75, B ¼ �0.1,
0.78. Rebound measurements were conducted in the present study (see text); Percent



Fig. 4. Plot showing all beds in the measured lithostratigraphic section. Triangles represent each bed thickness in the section ordered from thin to thick and colored by lithology.
Normalized cumulative number ¼ n/Ntotal. Number and arrow denotes each scanline survey bed. Inset shows average rebound value for each lithology.
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content (0e12% clay minerals). A strong inverse correlation is
observed in a plot of rebound value versus percent clay content
(Fig. 3). Samples with �15% clay have the lowest average rebound
values (all <15), whereas layers with <12% clay have R values of
>24. Using the Pearson correlation equation, a coefficient (r)
of �0.78 was calculated (Fig. 3).

r ¼ N
P

xy� ðP xÞðP yÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffih
N
P

x2 � ðP xÞ2
ih
N
P

y2 � ðP yÞ2
ir (1)

Where:

N ¼ number of pairs of scoresP
xy ¼ sum of the products of paired scoresP
x ¼ sum of x scoresP
y ¼ sum of y scoresP
x2 ¼ sum of squared x scoresP
xy2 ¼ sum of squared y scores

Mudrock forms the thickest beds with 57% of all the mudrock
layers in the stratigraphic section greater than 0.20m thick and 45%
greater than 0.30 m thick (Fig. 4). Limestone and chalk tend to form
thinner beds with 80% of limestone layers and 60% of chalk layers
less than 0.20 m thick, and only 20% of chalk and 7% of limestone
beds exceeding 0.30 m in thickness (Fig. 4).
5.2. Fracture characterization

Eleven dip-parallel scanline surveys were conducted in repre-
sentative mudrock, limestone, and chalk beds (designated 1
through 11 in Table 1, Table 2, and Fig. 5). The scanline orientation
was selected to capture the dominant opening-mode extension
fracture set (approximately north-northwest striking and bed-
perpendicular or at high angle to bedding). In addition, the scan-
lines were selected so that the influence from larger structures
(tectonic folds, normal faults, and thrust faults) would be minimal.
The majority of fractures that each scanline encountered were
opening-mode extension fractures both barren (48%) and vein fil-
led (44%) and smaller numbers of other fracture types (Table 2).
While fracture strike orientations are nearly identical for all scan-
lines, fracture dip tends to be lower in the mudrocks and higher in
the chalks and limestones (Fig. 5). Mean fracture spacing and bed
thickness ratios were determined from the observed data for each
scanline. For a particular lithology, mean fracture spacing tends to



Table 1
Fracture scanline summary.

Scanline # Lithology Stratigraphic Height (m) Rebound Bed Thickness (m) Mean Spacing (m) Spacing/Thickness Ratio CVa

Line 3 Chalk 36.50 37.65 0.34 0.20 0.58 0.49
Line 4 Chalk 52.80 49.00 0.37 0.33 0.89 0.60
Line 11 Chalk 54.30 27.10 0.10 0.08 0.83 0.98
Line 1 Limestone 3.00 42.55 0.22 0.27 1.23 0.69
Line 2 Limestone 6.90 41.20 0.10 0.13 1.33 0.65
Line 5 Limestone 7.75 37.45 0.13 0.10 0.74 0.62
Line 9 Limestone 37.95 37.40 0.33 0.10 0.31 0.65
Line 6 Mudrock 7.30 7.55 0.70 0.07 0.11 0.69
Line 7 Mudrock 3.60 16.18 0.55 0.13 0.24 0.89
Line 8 Mudrock 37.20 7.02 1.24 0.12 0.09 0.73
Line 10 Mudrock 53.40 11.50 0.84 0.21 0.25 0.58

a CV ¼ coefficient of variation and is standard deviation of fracture spacing divided by mean fracture spacing.

Table 2
Fracture type summary.

Scanline # Opening-Mode Extension
Fracture

Fault Stylolite Reactivated Stylolite

Barren Vein Filled Barren Vein Filled Barren Vein Filled

Line 1 12.5% 81.3% 0.0% 6.3% 0.0% 0.0% 0.0%
2 32.3% 51.6% 0.0% 0.0% 9.7% 6.5% 0.0%
3 26.3% 57.9% 5.3% 0.0% 0.0% 10.5% 0.0%
4 25.0% 62.5% 0.0% 0.0% 12.5% 0.0% 0.0%
5 48.8% 43.9% 0.0% 0.0% 2.4% 2.4% 2.4%
6 100.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
7 53.8% 26.9% 0.0% 0.0% 19.2% 0.0% 0.0%
8 100.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
9 36.0% 60.0% 0.0% 0.0% 0.0% 0.0% 4.0%
10 11.1% 88.9% 0.0% 0.0% 0.0% 0.0% 0.0%
11 9.7% 83.9% 0.0% 6.5% 0.0% 0.0% 0.0%
Total 47.8% 44.4% 0.4% 1.1% 3.7% 1.9% 1.1%

R.N. McGinnis et al. / Journal of Structural Geology 95 (2017) 160e170166
increase with bed thickness (Fig. 6A). The relationships are similar
for limestone (mean spacing/thickness ratio¼ 0.90) and chalk beds
(mean spacing/thickness ratio ¼ 0.77), but dramatically lower for
mudrock (mean spacing/thickness ratio ¼ 0.17). Fracture spacing/
bed thickness ratio tends to be higher for beds with R greater
than 20 (Fig. 6B), but there is not a good statistical fit for this
relationship.

The regularity of fracture spacings was quantified by using the
coefficient of variation (Cv; Table 1) of the population of fracture
spacings, whereby the standard deviation of the population of
spacings is divided by the arithmetic mean (e.g., Kagan and Jackson,
1991; Gillespie et al., 1999; Supak et al., 2006). For this type of
analysis, the greater the value of Cv, the more irregular the fracture
spacing. For example, a Cv value of 1 is expected for a Poissonian
distribution of spacings and signifies spacings between randomly
positioned fractures (Gillespie et al., 1999). Accordingly, fractures
that are more clustered than expected for randomly arranged
fractures will have Cv that is greater than 1, and those having a
more uniform spacing will have Cv less than 1 (Gillespie et al.,
1999). The fractures at Ernst Tinaja have Cv values consistently
<1. For chalk andmudrock beds, the Cv values range from0.49 up to
0.98 whereas are the limestone beds are much more consistent
(0.62e0.69).

The Ernst Tinaja outcrop provided excellent exposure for verti-
cal fracture penetration to be examined. The penetration heights
were measured from the center of the bed upward and downward
using the lithologic bed boundary as reference. A ratio of height of
fracture penetration versus distance from center of the bed to the
bed boundary was determined for each fracture measured and was
plotted against stratigraphic bed thickness (Fig. 7). Results of this
analysis show that bed-perpendicular fractures within chalk and
limestone beds commonly penetrate the entire bed thickness and
extend into the adjacent mudrock beds (Fig. 7). In contrast, frac-
tures in the mudrock beds rarely penetrate to or beyond the bed
boundaries into the adjacent carbonate beds. Compared to the
Hooker et al. (2013) fracture height classification, fractures in the
mudrock layers tend to exist within the layer or are top bounded.
Fractures in the chalk and limestone layers exhibit both bed-
bounded and unbounded behavior.

6. Discussion

In addition to lithology and bed thickness, bed-to-bed tran-
sitions are a key element to characterizing mechanical stratig-
raphy for the purpose of understanding and predicting fractures.
Numerical modeling and outcrop studies (Helgeson and Aydin,
1991; Cooke and Underwood, 2001; Laubach et al., 1998;
Gillespie et al., 1999; Hooker et al., 2013; Chang et al., 2015;
Ferrill et al., 2017) show that the interface shear strength is a
critical factor with respect to the development of mechanical
discontinuities at layer boundaries and the ability to terminate
bed-perpendicular fracture propagation versus continued frac-
ture propagation and increasing fracture penetration. Low shear
strength and poorly bonded interfaces help terminate fracture
propagation whereas high shear strength and well bonded in-
terfaces allow fractures to grow across bed interfaces. High shear
strength, well bonded interfaces correlate with gradual litho-
logical and mineralogical transitions, and low shear strength,
poorly bonded interfaces correlate with abrupt lithological and
mineralogical transitions between beds. Thus, the abruptness of
lithological transitions is an important indicator of the interface
strength and the ability or inability to terminate a propagating
fracture (Cooke and Underwood, 2001; Mandl, 2005). In the
Ernst Member of the Boquillas Formation at Ernst Tinaja, we



Fig. 5. Number-weighted rose diagrams and equal-area, lower hemisphere projections representing all fracture data for each of the 11 scanline datasets. Mechanical stratigraphic
(Schmidt rebound, R) section for full Ernst Member at Ernst Tinaja with lines showing the stratigraphic height for each scanline. The vertical scale represents stratigraphic position
in meters from base of section.



Fig. 6. (A) Mean fracture spacing plotted versus bed thickness. Red lines represent
different thickness versus spacing ratios. (B) Fracture spacing/bed thickness ratio
plotted versus mean rebound. Data points are labeled by scanline numbers 1 through
11 and colored by lithology (blue ¼ limestone, green ¼ chalk, and orange ¼ mudrock).
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observe (i) abrupt limestone to mudrock transitions, and (ii)
gradual chalk to mudrock transitions. The hydrodynamically
winnowed limestone beds are more likely to exhibit abrupt bed
transitions with adjacent mudrocks. By contrast, gradual bed
transitions are more often found within pelagic sections, likely to
have been deposited below storm wave base where lithologic
composition is dictated by the relative abundance of planktonic
foraminifera and clay minerals that reach the ocean floor.
Furthermore, in contrast to some other studies (Gillespie et al.,
1999; Hooker et al., 2013), we found that both vein-filled and
barren fractures show similar behavior with respect to penetra-
tion height and influence of the mechanical boundaries (Fig. 6).

The higher mean fracture spacing/bed thickness ratio for lime-
stone and chalk versus mudrock (Table 1) may be related to the
greater ductility or lower Young's modulus of the mudrock
compared with limestone and chalk. Weaker rock suppresses
fracture initiation and internal clay-rich laminations of low shear
strength within mudrock beds that may inhibit fracture propaga-
tion across layering (Price, 1966; Ellis et al., 2012).

The results presented here show distinctly different fracture
spacing and penetration characteristics for the more competent
limestone and chalk beds versus the incompetent mudrock beds.
Although the fracture literature includes many papers document-
ing fracture spacing versus bed thickness relationships, these
studies most commonly focus on the more competent beds where
fracture networks are often better developed and the beds are
relatively thin (e.g., see compilation in McGinnis et al., 2015). For
example, positive correlations between fracture spacing and bed
thickness, or inverse relationships between fracture frequency and
bed thickness, have been documented (e.g., Harris et al., 1960; Price,
1966; McQuillan, 1973; Ladeira and Price, 1981; Corbett et al., 1987;
Huang and Angelier, 1989; Narr and Suppe, 1991; Nelson, 2001;
Ogilvie et al., 2006). Deciding when and where these relation-
ships should be applied to subsurface fracture prediction can be a
problem. In most cases, site-specific relationships are difficult to
determine because relevant subsurface data is not available or is
too limited. Our results suggest that different relationships need to
be applied to accurately predict fracturing in mechanically layered
rocks. Measuring mechanical properties such as Young's modulus
or using proxies such as mechanical rebound (Schmidt Hammer in
outcrop and Bambino for core) and mineralogic composition (XRD
and XRF) to characterize mechanical stratigraphy should be a first-
order exercise and can be used to select or adjust fracture re-
lationships (e.g., spacing versus thickness, penetration heights, bed
interfaces) at the formation scale down to the bed scale. Using
spacing versus thickness ratios from this study, one could assume
that for generally competent rocks a ratio 0.31e1.33 might be used.
For less competent rocks, a ratio of 0.09e0.25 might be more
reasonable.

The bed scale control on fracture heights illustrated in this
study shows that mechanical stratigraphy controls fracture sys-
tem development at a smaller scale than can be discerned from
modern subsurface technologies such as seismic reflection data or
standard wireline log data, but the mechanical stratigraphy can be
observed at this scale in core and in high-frequency wireline logs.
Given that fracture spacing dimensions are typically wider than
core, a thorough understanding of the bed-scale mechanical
stratigraphy along with site-specific observations from all avail-
able datasets can provide a baseline understanding of the factors
that control fracture development in the subsurface. Focusing on
these controls can increase the usefulness and reduce the un-
certainty of fracture models as they pertain to subsurface fracture
characterization.

7. Conclusions

Analysis of a range of fracture types (opening-mode fractures,
veins, stylolites, and small displacement shear fractures) from a
series of Cretaceous limestone, chalk, and mudrock beds demon-
strates that there is strong influence of lithology and mechanical
bed character on the bed-parallel spacing and bed-perpendicular
penetration of fractures. Fracture spacing in limestone and chalk
beds shows a strong correlation with bed thickness with spacing/
thickness ratios of 0.31e1.33. In limestone and chalk, fractures
generally penetrate the entire bed thickness and extend into
adjacent mudrocks. In contrast, fracture spacing in mudrock beds
shows a poorer correlation with bed thickness and a significantly
smaller spacing/thickness ratio of 0.09e0.25. Fractures in mudrock
beds typically terminate within mudrock beds. Consequently, the
overall natural fracture connectivity through the mechanically
layered sequence generally is poor.

Induced hydraulic fracturing is likely to reactivate and link the
natural fracture networks. Variability in well performance may be
strongly influenced by the mechanical layering and related influ-
ence on fracturing in fine grained sedimentary strata. These results
also have direct importance and relevance to groundwater and
contaminant movement in the subsurface, and containment of
waste in fine-grained, low-permeability strata. Fracture prediction
techniques, including discrete fracture network simulations, need



Fig. 7. This plot shows normalized fracture penetration versus stratigraphic bed thickness. Colored triangles represent each fracture measured for vertical penetration (upward and
downward from the middle of each measured bed) along the scanline for a specific lithology and at a particular stratigraphic height. The shaded area represents the inside of each
bed surveyed. The scanline number is labeled. Curves represent total fracture length for a given penetration and bed thickness.
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to consider this thin bed-scale control on fracture heights, and the
strong lithologic control on fracture spacing.
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