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The high frequency and diversity of erosion surfaces throughout the Barnett Shale give a unique view into the short-duration
stratigraphic intervals that were previously muchmore difficult to detect in such fine-grained rocks.The erosion surfaces in Barnett
Shale exhibit variable relief (5.08–61mm)which commonly consists of shelly laminae, shale rip-up clasts, reworkedmud intraclasts,
phosphatic pellets, and/or diagenetic minerals (dolomite and pyrite) mostly with clay-rich mudstone groundmass. Several factors
control this lithological variation, including the energy conditions, rate of relative sea-level fluctuation, rate of sedimentation,
sediment influx, and the lithofacies type of the underlying as well as the overlying beds. The erosional features and their associated
surfacesmake them serve at least in part as boundaries between different genetic types of deposits but with different scales according
to their dependence on base level and/or sediment supply. Accordingly, the studied erosion surfaces of the Barnett Shale can be
grouped into three different scales of sequence stratigraphic surfaces: sequence-scale surfaces, parasequence-scale surfaces, and
within trend-scale surfaces.

1. Introduction

The classic interpretation of organic-rich shale (≥0.5% total
organic carbon) deposition emphasized continuous hemipe-
lagic deposition in deep, quiet, low energy and stagnant
basins, often with a stratified water column. However,
Schieber [1] identified laterally continuous erosion surfaces in
the Chattanooga Shale and he interpreted them as being the
result of wave reworking and erosion of the sea floor. These
surfaces are direct indications of major environmental events
that may include nondeposition and/or erosion events.

The multiple erosion events, resultant surfaces, and ero-
sion features are commonwithin the coarser clastic rocks and
are pivotal in classifying depositional sequences based upon
relative sea-level fluctuations. On the other hand, in fine-
grained sediments, these events are subtle [2], although the
identification is important in elucidating and development of
the sequence stratigraphic framework for such rocks.

Mud floored erosion in the geologic record is often
associatedwith zones of intensely burrowed sediment; hiatus-
concretions and prefossilized organic remains reveal complex

cycles of exhumation and reburial associated with ero-
sion (see [3–6]). Of particular significance are intervals of
vertically mixed sediment, shells, and nodules associated
with this erosion and/or reworking surfaces. Such sediment
intervals yield a complete spectrum from in situ to extensively
reworked shale clasts, thus allowing detailed reconstruction
of the erosion event as an ongoing process; however, not all
erosion surfaces are marked by shale clasts [7].

Noteworthy, the erosion surfaces and their resultant lags
can provide an indirect measure of processes and palaeo-
geography that existed immediately preceding and during
transgression, a timemost commonly characterized by hiatus
and erosional vacuity [8]. The erosion surfaces are relatively
abundant throughout the Barnett Shale, punctuate the stack-
ing patterns, and may obliterate the record of various strata
[9]. However, erosion provides regional bounding surfaces
for classifying this ∼25 myr shale.

This work aims to identify the characters of erosion sur-
faces and their related features in organic-rich shales which
occur on multiple scales from different erosional events.
Moreover, this work also shows how these surfaces could
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Figure 1: (a) Location map for the Fort Worth Basin showing the distribution of the Barnett Shale (shaded area) and structural and tectonic
features; dots refer to the studied wells; 1: John Porter #3, 2: Sol Carpenter #7, 3: Adams SW #7, 4: Sugar Tree #3, and 5: Spencer Trussell 1-H
(modified from [10]). (b) The schematic section shows an interpretation of the Mississippian stratigraphy (modified from [10]).

be used as multiscale stratigraphic surfaces for classifying
genetically related fine-grained rocks.

2. Geologic Setting

The organic-rich Barnett Shale of Fort Worth Basin, Texas, is
a world-class unconventional gas reservoir deposited over a
period of 25 million years from 345 to 320 myr [10]. The Fort
Worth Basin extends some 322–402 km from the Red River
arch in the north to the Llano uplift in the south (Figure 1(a)).
The Bend arch forms the western margin of the basin and
the Ouachita thrust front forms the eastern margin. The
basin covers approximately 24140 km2. It is one of a series
of foreland basins formed along the southern margin of the
North American craton during the late Paleozoic Ouachita
orogeny [11–13]. Paleozoic strata comprise almost the entire
fill of the Fort Worth Basin. The basin fill thickens to the
northeast, into the Oklahoma aulacogen, and thins to the
south and west, toward the Llano uplift and the Bend arch,
respectively. The Barnett Shale also thins to the west over the
Bend arch where it interfingers with the Chappel Formation
[14–17].

Following an extensive early Paleozoic transgression,
erosion removed all of the Silurian and Devonian strata from
the FortWorth Basin [14].The Barnett Shale was the first unit
to be depositedwhen the seas returned (Figure 1(b)).TheBar-
nett Shale was deposited on the karsted surface of the Ellen-
burger Group over a wide area [16]. Older stratigraphic
studies suggest that most of the Barnett Shale accumulated
either on a normal marine shelf [14] or in a relatively shallow,
starved basin under euxinic conditions [16]. However, more

recent work interprets the Barnett Shale in the Fort Worth
Basin as deep-water slope-to-basin deposit [18, 19]. The
relatively low energy and deep water environment, distant
from a terrigenous sources, is inferred for the lower Barnett
Shale. Whereas, depositional environment for the upper
Barnett Shale is inferred to be shallower, proximal, well-
oxygenated compared to the lower facies [9, 18].

Interestingly, the organic-rich Barnett Shale is character-
ized by a prolonged history of deposition and erosion due to
frequent changes in relative sea level especially in the upper
part; these fluctuations match with those proposed by Haq
and Schutter [20] for the Late Mississippian. This type of
fluctuation generated a variety of depositional, nondeposi-
tional, and erosional features, which have been placed within
a sequence stratigraphic framework [9, 21].

3. Data and Methodology

The small grain size (<62𝜇m), subtle textural variations,
lack of differences in erosion styles, and the gray to black
color mean that the organic-rich Barnett Shale is difficult to
characterize using conventional sedimentological techniques
[22]. In this work, five continuous cores from the Barnett
Shale (John Porter #3 (JP) in Denton County, Sol Carpenter
H#7 (SC), Adams SW#7 (ASW) in Wise County, Sugar Tree
#1 (ST) in Parker County and Spencer Trussell #1-H in
Johnson County, Texas, USA) were studied.

Thirty three (33) thin sections collected from these cores
represent a wide range of different erosion surfaces through-
out the Barnett Shale.These thin sections were scanned using
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Figure 2: Core photos show different reliefs of erosion surfaces and their related features ranging from 20mm to 56mm.

an Epson, 48-bit color, 4800 dpi scanner to give a higher
resolution image than what can be obtained either from
hand specimens or even under polarizing microscope. Core
samples and thin sections observations were recorded and
photographed in detail to shed light on the different charac-
teristics of the erosional surfaces.

4. Results

The detailed investigation of erosion surfaces throughout the
Barnett Shale showed that these surfaces are part of zones
vertical reliefs ranging from a few millimeters to several
centimeters (Figure 2) as a result of differential erosion; con-
sidering that prior to compaction, this relief would have been
up to 90% greater [23]. These zones consist of vertically
mixed components within clay-rich mudstone groundmass.
The most common components of the erosion surfaces
include surface nature, shelly laminae, shale rip-up clasts,
reworked intraclasts, phosphatic pellets, and diagenetic min-
erals (dolomite and pyrite). The following is a detailed
description for each of these features which are also summa-
rized in Table 1.

4.1. Surface Nature

4.1.1. Description. The nature of erosion surfaces is frequent
and identifiable on thin sections and core samples. The
detailed investigation of the studied cores showed that these
surfaces exhibit different shapes including (Table 1) sharp
straight (though sharp irregular has been seen) (Figure 3(a)),
scour, irregular (Figure 3(b)), and gradational upper contact
(Figure 3(c)). In some cases the surface may down-cut into
older deposits (Figure 3(d)).The lack of burrowing withmost
of lower sharp contacts is common.

4.1.2. Interpretation. The lithology changes marked by ero-
sion surface could be associated with reworking and win-
nowing of the preexisting deposits as a result of prevailing
tide, wave, or storm action [24]. However, these surfaces may
represent a hiatus or periods of low sedimentation rate and/or
sediment starved conditions. The sharp contact (Figure 3(c))
reflects an erosion event associated with a sudden sea-level

fluctuation [1, 7] whereas the displacement of some surfaces
into the underlying lithology is interpreted as an effect of
soft sediment deformation processes (Figure 3(d)). On the
contrary, the absence of soft sediment deformations below the
sharp surface (Figure 3(a)) suggests the eroded shale was of
firm consistency [1]. The sharp nature of the erosion surface
suggests that erosionmay have removed themixed layer close
to the sediment-water interface prior to deposition of the
overlying unit. However, when the sharp contact marks the
top of an erosion zone (Figure 3(a)), then sediment starvation
was most likely and probably bottom currents that affected
this location. Inversely, if the sharp nature is located at
the base of the erosion zone (Figure 3(c)), then a sudden
subsidence or a fall in sea level would be expected and the
winnowed materials would be transported down-dip during
a transgression. The organic-rich shale interval with sharp
base is more erosional resistant due to the higher organic
content [7]. The absence of burrowing along most of lower
sharp surfaces suggests that these surfaces are not associated
with a prolonged depositional hiatus and that erosion of
the underlying sediments was immediately followed by, if
not synchronous with, deposition of the overlying lithofacies
blanket.

4.2. Shelly Laminae

4.2.1. Description. shelly laminae refer to dense concentra-
tions of thin-walled, coalesced fragments, grain to grain
contacts, and broken and disarticulated shells which are
common in both upper and lower Barnett Shale [9, 21].
The laminae range to a maximum thickness of 15mm
(Table 1), with most between 1 and 3mm. Surfaces are gently
curved; bedding-parallel mantled the underlying sharp irreg-
ular to straight erosion surface and blanketed gradationally
by siliceous noncalcareous to calcareous mudstone facies
(Figures 4(a) and 4(b)). Shelly laminae of the Barnett Shale
are composed mainly of bivalves, bryozoans, brachiopods,
filling branchmollusks, and echinoderms with mainly calcite
filling (Figure 4(c)).

4.2.2. Interpretation. Shelly laminae represents a condition of
low sediment supply [25] due to the dense compacted shell
fragments (Figure 4(a)); however, the rapid accumulation
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Table 1: Summary of the erosional features associated with the erosion surfaces.

Relief Ranges between 5mm and 60mm with an average 19mm.

Lithology Siliceous noncalcareous to calcareous mudstone groundmass, silty laminated, and phosphatic-rich
mudstone. Pyrite is common and rarely dolomitized.

Surface nature
Lower Sharp to irregular, scoured and down-cutting contact.
Upper Sharp, gradational to irregular, rarely disturbed with burrowing.

Matrix components

Shelly laminae
Very thin (1–15mm), singular to multiple, fragmented shelly laminae. Highly compacted (grain to grain
contact), horizontally alignment. The most common types of shell fragments are bivalves, bryozoans,
brachiopods, filling branch mollusks, and echinoderms with mainly calcite filling.

Shale rip-up clasts Mainly flakey-like shapes with straight outlines. Others are rounded to subrounded, with the same
lithology of the underlying facies. Occurs as suspended clasts in the overlying facies.

Reworked concretions
In situ sandy-size to transported gravely-size concretions. Rounded, subrounded to irregular clasts.
Slightly to highly compacted and subhorizontally oriented. Shaley to silty and phosphatic internal
lithology. Pyritic effect is very common.

Phosphatic pellets
Very common, rounded to subrounded with multiple internal cores, sometimes broken, irregular, rarely
elongated with their long axis parallel to bedding planes.They range in size from less than 1mm up to 1 cm.
The nuclei of the phosphatic intraclasts may include shell fragments, detrital quartz, and glauconite grains.

Pyrite Common as framboidal shape and rarely as fine euhedral crystal. Not in all samples.

5 mm

(a)

5 mm

(b)

(inch)

(c)

5 mm

(d)

Figure 3: (a)Thin section photo shows upper sharp straight contact and lower scoured contact. (b)Thin section photo shows upper scoured
contact and lower irregular contact. (c) Core photo shows lower sharp irregular contact and upper gradational contact. (d)Thin section photo
shows lower contact that cut down into underlying facies.
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Figure 4: (a) Core photo shows highly compacted shelly laminae (arrows) with lower sharp contact and upper gradational contact. (b) Thin
section photo shows lower sharp contact with overlying shelly laminae. (c) Thin section photo shows the shell fragments with calcite filling.
(d)Thin section photo shows multiple shelly laminae. (e) Core photo shows shale rip-up clasts with lower and upper sharp contacts. (f)Thin
section photo shows scattered shale rip-up clasts (white arrows), note the pyrite filling of some shale rip-up caslt (black arrow). (g) Thin
section photo shows rounded to subrounded shale rip-up clasts with lower gradational contact and upper sharp contact.

at the scale of such laminae should be considered [26]
especially with the abundance of fossil material. The fre-
quent occurrence of shelly laminae (Figure 4(d)) (regardless
of their thickness) is interpreted as resulting either from
thin compacted hiatal concentrations or multiple, varying
duration episodes of erosion for the underlying deposits, that
is, associated with a residual concentration of preexisting and
broken fossils [26].

4.2.3. Interpretation. The shale rip-up clasts occur due to
the movement of coarser materials down-dip and erosion

of the softer seafloor sediments. These clasts are transported
and probably then suspended in basal currents and deposited
when the current velocity reduced. However, shale rip-up
clasts may be transported over considerable distances as
evidenced by the rounded to subrounded and/or irregular
surfaces (Figure 4(e)). Additionally, the flat and flaky-like
shapes of shale rip-up clasts reflect compaction.

4.3. Reworked Concretions

4.3.1. Description. Reworked concretions are common fea-
tures that are associated with the studied erosion surfaces.
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Figure 5: (a) Core photo shows reworked concretion (white arrows) associated with erosion surface with lower irregular contact and upper
gradational contact. (b)Thin section photo shows large, transported subrounded concretions. (c)Thin section photo shows elongate, reworked
concretions associated with irregular sharp erosional surface. (d)Thin section photo shows sandy-size reworked concretions. (e)Thin section
photo shows reworked concretion with several core (white arrows) that rimmed with pyrite.

Typically these concretions are elongate, rounded, flat and/or
irregular in shape (Figures 5(a), 5(b), and 5(c)), with a dif-
ferent internal grain size from the matrix ranging from a
pebbly, sandy, and silty to a mud. (Figure 5(d)). Commonly
concretions are light gray; however, black and dark brown
concretions also occur. Interestingly, the concretions show
more than one pyritized rim, indicating a multiphase origin
(Figure 5(e)). The groundmass of the concretions varies

between clay-rich mudstone (Figure 5(b)) and calcareous-
rich mudstone (Figure 5(c)). In most cases, concretions that
occur are associated with thin intervals of densely packed
shells and/or shell debris (Figure 5(c)).

4.3.2. Interpretation. The roundness of concretions, different
lithology from the host sediment, and the soft deformation
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Figure 6: (a) Thin section photo shows concentration of phosphatic pellets associated with erosion surface. (b) Thin section photo shows
rounded and subrounded phosphatic pellets; note the pyritic rim inside the phosphatic pellet (white arrows). (c) Thin section photo shows
reworked broken phosphatic pellet associated with erosion surface. (d) Core photo shows the extensive pyrite cement of the erosion surface
(white arrows). (e) Electronmicroprobe photo shows framboidal pyrite (black arrows) developed around sponge specula (white arrow) (photo
dimensions is 527 × 527mm). (f) Thin section photo shows fine euhedral pyrite crystal through the core of large sponge spicule associated
with erosion surface.

structures in the underlying sediments suggest the reworking
origin of these concretions. The occurrence of reworked
concretions along erosional surfaces indicates formation at
depths sufficiently shallow to be reworked by storms [23].The
dark brown color could be due to either phosphate and/or
iron oxide impregnation; the latter might prevail due to the
oxidation of pyrite in an oxic zone as a result of shallowing
conditions. A storm event is one process that can rework

concretions and is associated with a fining upward sequence
afterstorm [27].

4.3.3. Description. The phosphatic pellets that are associated
with erosion surfaces within the Barnett Shale are mostly
brownish to black and range in size from few millimeters
to 1 centimeter (Figure 6(a)). The pellets occur as rounded
(Figure 6(b)) to subrounded, broken (Figure 6(c)), irregular,
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and rarely elongatedwith long axis parallel to bedding planes.
The nuclei of these phosphatic grains may include shell
fragments, detrital quartz, and glauconite grains.

4.3.4. Interpretation. The occurrence of phosphatic pellets
is widely documented within the Barnett Shale [9, 28, 29],
so it is one of the most important constituents associated
with the erosion surfaces. Phosphatic pellets are important
indicators of extensive reworking of the underlying substrate.
The nucleus of these pellets shows multiple coatings through
extensive reworking and transporting processes. The size,
roundness, and broken edges of the phosphatic pellets, which
are associated with erosion surfaces, imply that the energy
conditions were sufficiently high to erode materials from
the underlying sediments and agitate individual particles
forming pellets.

4.4. Pyrite

4.4.1. Description. Pyrite occurs in erosion surfaces domi-
nantly (Figure 6(d)) as a conspicuous accessory component
disseminated in most of the phosphatic pellets (Figure 6(b)),
shale rip-up clasts (Figure 4(f)), and reworked concretions
(Figure 5(e)). Pyrite is present mainly in the form of fram-
boidal pyritic pellets that may aggregate to larger pel-
lets (Figure 6(e)) and disseminated fine euhedral crystals
(Figure 6(f)).

4.4.2. Interpretation. The presence of pyrite is an indication
of geochemical conditions during and/or after development
of erosion surface [18, 30–32]. Furthermore, pyrite indicates
that the erosion surfaces resulting from major sea-level drop
[7]. The abundance of fine crystalline pyrite in phosphatic
pellets and shale intraclasts indicate deposition from an
euxinic (anoxic and sulfidic) water column [30] and hence
reducing depositional environment. Pyritization of a thick
zone that has taken place beneath an erosion surfacemay rep-
resent a significant hiatus associated with the erosion event
[33]. Pyrite framboids are characteristic of early diagenesis
and crystallize in the water column, settle to the bottom, and
cease to grow [18, 34].

5. Origin of Erosion Surfaces

Origin of erosion surfaces was the focus of several works;
for example, Baird et al. [35] suggested internal waves during
transgression. Allersma [36] and Rine and Ginsburg [37]
proposed the migration of mud waves (mud banks) as an
origin for erosion surfaces whereas wave scouring in front
of an advancing shoreline is also an accepted origin for
the regressive surface of marine erosion and ravinement
surface [38, 39]. However, Schieber [7] refers to the origin
of erosion surfaces in the Chattanooga Shale, storm-induced
currents. However, strong bottom-current activity could be
the reason for gravel lag formation as stated by Howe et al.
[40]. Additionally, stormwave action can cause erosion of the
sea floor as proposed by Caron et al. [24].

The erosion events in the Barnett Shale exhibit variable
relief (5–60mm), different geometry for upper and lower
bounding contacts, and a wide range of erosional features
with variable grain size above and below the surface (Table 1).
Clearly, several factors control such variations, including the
energy conditions, rate of relative sea-level fluctuation, rate
of sedimentation, sediment influx, and the lithofacies type of
the underlying bed [41–45].

Although, in most cases, sediment starvation condition
is the favored interpretation for development of erosion sur-
faces in organic-rich shale [46–49], the detrital components
associated with these surfaces were likely input to distal
basin from the proximal shelf as a result of wave processes
eroding and reworking the underlying deposits (Figure 7(a))
[50–52]. Furthermore, the lower sharp to irregular contacts
associated with rounded to sub rounded intraclasts indicate
that the sea bed was being reworked (Figure 7(b)), and
consequently higher-energy conditions are suggested for
the development of these surfaces than previously thought
[22].

During periods of relative sea-level fall, the action of
storm currents and waves possibly caused intensive winnow-
ing and reworking of the underlying deep marine mudstones
(Figure 7(a)) [8]. The resulting erosion surfaces which may
remove the underlying regressive surface of erosion have
commonly been interpreted as transgressive surface of ero-
sion [53, 54].

5.1. Shale Rip-Up Clasts

5.1.1. Description. Rip-up clasts are muddy chunks that swept
up from the preexisting sediments and are also termed mud-
stone clasts, intrabasinal clasts, or clay chips. The shale
rip-up clasts appear mostly without internal structures and
occur as materials eroded from the underlying lithofacies
(Figures 4(e) and 4(f)). These clasts exhibit different shapes
and sizes: rounded to subrounded (Figure 4(g)) but flat to
sharp edges; flaky-like (Figure 4(e)) is the most characteristic
feature for the shale rip-up clasts in the examined samples.

In some cases, the absence of erosion materials around
erosion surfaces suggests either that these materials were
transported to somewhere else in the basin, possibly by an
unidirectional current strong enough to erode firm mud [1],
or that the Barnett Shale was below the fairweather base level
during a period of rapid rise of sea level which is insufficient
time for sediment-water interaction [45]. However, the sharp
to irregular erosion surface at the top of clay-rich shale facies
(condensed section) (Figure 8(a)) may indicate that the ero-
sion processes may have removed the expected, underlying,
highstand lithofacies at this particular locality.

Because the Barnett Shale is mainly a clay-richmudstone,
thus the grain size variation of the substrate has little
influence on the properties of the shale as in more proximal
settings. However, the high energy conditions suggested for
deposition of the Barnett Shale [2, 9, 18, 21] may generate
erosion surfaces with high relief [45]. Noteworthy, the fre-
quent occurrence of erosion surfaces throughout the Barnett
Shale (Figure 8(b)) suggests that the episodic storm currents
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due to high energy current activity
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surface at the top

Wave base

Preexisting deeper sediments with reworked
concretions, phosphatic pellets, and shale rip-up clasts

which redeposited in the recent transgressive sediments.

Sea-level rising

(b)

Figure 7: (a) Schematic diagram illustrates the development of erosion surface and their related features during relative sea-level fall in both
proximal and distal muddy depositional settings. (b) Schematic diagram shows the transportation of the eroded and reworked materials
down-dip during the relative sea-level rise to form erosion surface under the transgressive sediments.

and/or hyperpycnal flows are the major carriers for eroded
and transported the erosional products from proximal to
distal areas [2].

The development of erosion surfaces might have been
influenced by water depth, sediment consistency, and slope
where these conditions are expressed geologically as lateral
facies changes associated with sedimentation breaks. The
lateral variation from proximal (high energy preferred) to
distal (low energy preferred)marine depositional settings can
be indicated from the nature of erosion surfaces (Table 2). For
example, the irregular nature, pebbly to sand size reworked
intraclasts, reworked shelly laminae (Figure 8(c)), and the
abundance of bioturbation indicate relatively shallower

settings (Figures 7(a) and 7(b)), whereas sharp nature, shale
rip-up clasts (Figure 8(d)), highly compacted shelly laminae,
phosphatic-rich laminae, dolomitic and pyritic diagenetic
cement, and the absence of bioturbation represent the
relatively distal and deeper marine settings (Figures 7(a) and
7(b)).

The significance of erosion surfaces within the organic-
rich Barnett Shale is not only that it aids regional sequence
stratigraphic analysis [9, 29] but it also represents erosion of
organic-rich muddy sediments so prediction of where these
sediments have been re deposited should be considered as a
future development target.
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Table 2: Characteristic features of erosion surfaces in both the proximal and the distal muddy settings.

Characters Proximal muddy settings Distal muddy settings
Boundary
nature Irregular, scoured, cutting down, gradational to irregular Sharp to irregular

Lithofacies Calcareous-rich mudstone facies with dolomitic
cementation Clay-rich mudstone facies with pyritic cementation

Reworked
concretions Rounded to subrounded calcareous shale intraclasts Rounded to subrounded phosphatic pellets

Shelly laminae Reworked shell fragments Compacted shelly laminae
Shale ripup
clasts Rarely occurred Elongated, flaky with sharp edges

Energy levels High energy enough to include reworked shale intraclasts
and other components

Low energy where the shale rip-up clasts are suspended in
the sea bed layer

(inch)

(a)

(inch)

(b)

Reworked 
shell 

fragment

Reworked shale intraclasts

5mm

(c)

Shale rip-up clasts from 
preexisting sediments and 
redeposited in the next one

5mm

(d)

Figure 8: (a) Core photo shows sharp erosional contact at the topmost part of clay-rich mudstone facies. (b) Core photo shows multiple
occurrence of erosional surfaces within less than one foot. (c) Thin section photo shows erosional surface and its related features indicated
relatively proximal, shallow, and high energymuddy depositional setting (note the lower irregular contact (white dashed line), the pebbly-size
reworked shale intraclasts, and reworked shell fragment). (d) Thin section photo shows erosional surface and its related features indicated
relatively distal, deep, and low energy muddy depositional settings (note the lower sharp contact (white dashed line) and shale rip-up clasts).
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6. Erosion Surfaces as Multiscale
Stratigraphic Surfaces

Since the accommodation space is likely available in the distal
marine environments during the time intervals of relative
sea-level fall and rise, then the identification of sequential
events of deposition, nondepositions and/or erosion espe-
cially within fine-grained, organic-rich shale poses a unique
challenge. However, the relative sea-level fluctuations are
often expressed as subtle changes in bottom water oxygen
levels, influx of terrigenous materials, biogenic productiv-
ity, and deposition of highly organic-looserich condensed
sections [55]. The above discussed erosional features and
their associated surfaces are candidates at least in part
as boundaries between different genetic types of deposits
[56] but on different scales depending on changes in base-
level and/or sediment supply. Subsequently, the studied
erosion surfaces of the Barnett Shale reveal different strengths
and/or duration which can be grouped into three differ-
ent scales of stratigraphic surfaces including sequence-scale
surfaces, parasequence-scale surfaces, and event-scale sur-
faces.

6.1. Sequence-Scale Erosion Surfaces. The sequence-scale ero-
sional surfaces that result from a major erosional event [7]
are the largest scale of the identified unconformable surfaces.
This type of erosional surface is used to establish sequence
stratigraphic framework for the Barnett Shale [9, 29]. Such
surfaces have relatively high relief (commonly >25mm and
up to 60mm) and have an irregular sharp boundary associ-
ated with a sandy to silty pyritic lag (Figure 9(a)). The most
distinctive features of the sequence-scale erosional surfaces
are the rounded to subrounded, reworked, intraclasts and
highly compacted, horizontally oriented, and shelly laminae
(Figure 9(a)) and (Table 3).

The lithology underlying these surfaces are commonly
siliceous noncalcareous mudstone (Figure 9(b)) or siliceous
calcareous mudstone, whereas the overlying lithofacies show
an increase in calcite content and an increasing grain size
of the detrital components (Figure 9(b)). This lithological
variation bounding the sequence-scale erosional surfaces
reflect a lateral facies changes from clay rich to calcite rich
and the vertical change from relatively deeper to relatively
shallower facies which is interpreted as a major change in
depositional conditions.

The sequence-scale erosional surfaces are characterized
by an abrupt change on gamma ray log (Figures 9(a)–9(d)). In
such a case, when the erosion surface coms at the base
of upward increasing spectral gamma ray (SGR) interval
(Figure 9(a)), then it is interpreted as transgressive surface of
erosion (TSE) [9]. Alternatively, the erosion surface associ-
ated with abrupt decreasing in SGR values (Figure 9(b)) is a
sequence boundary [21].

6.2. Parasequence-Scale Erosion Surfaces. The erosion sur-
faces at this scale represent a major shift in depositional
settings accompanied by corresponding changes in environ-

mental energy and sediment supply during either sea-level
rise or fall [57]. Examples of changes in depositional trends
include the change from sedimentation to erosion and/or
starvation and vice versa and also the change from a regres-
sion to a transgression and vice versa [58].

The parasequences-scale erosion surfaces are character-
ized by medium relief (ranging between 8 and 20mm) with
sharp to irregular contacts underlying with phosphatic-rich
to clay-rich non calcareous mudstone facies (Figure 9(c)) of
relatively deeper depositional environment and overlain with
laminated calcareous-rich mudstone facies of relatively shal-
lower depositional settings [9, 18, 21]. Additionally, this type
of erosion surfaces represents the turnaround point on SGR
curve as a result of the lithofacies change from clay, phospha-
tic-rich mudstone below to siliceous calcareous mudstone
above these surfaces (Figure 9(c)) (Table 3). The paraseq-
uence-scale erosion surface may consistent with a marine
flooding surface and/or maximum flooding surface which
results froman abrupt increase inwater depth [59, 60]when it
is associated with shale rip-up clasts, traces of compacted and
horizontally oriented shell fragments (Figure 9(d)) as well as
diagenetic dolomite and pyrite.

6.3. Event-Scale Erosion Surfaces. These are the smallest scale
types of erosional surfaces that mark changes in sedimen-
tation regimes and may reflect minor or short-duration
erosional events [7]. Such events are commonly distinguished
by flat, low relief (<5mm), sharp contacts, and shale on shale
boundary with minimal evidence of erosion (Figure 10(a))
(Table 3). The sharp nature of these erosional surfaces is
attributed to abrupt lithological changes and the presence
of calcareous concretions at surfaces as a result of sediment
starvation or a low sedimentation rate reflecting low deposi-
tional energy [61]. The lithofacies change is markedly around
this type of erosional surface with subsequent deposition
of siliceous non calcareous mudstone (Figure 10(b)) to a
siliceous calcareous mudstone (Figure 10(c)). Generally, the
high frequency and diversity of erosion surfaces through the
Barnett Shale give a unique view into the short-duration
stratigraphic intervals that were previously difficult to detect
in fine grained rock.

6.4. Summary and Conclusion. The erosion surfaces are
direct indications of major environmental changes that may
include nondeposition and/or erosional events. The erosion
surfaces are relatively abundant throughout the Barnett Shale
which punctuate the stacking pattern and erode previously
deposited strata to an unknown extent.

The erosion surfaces in the organic-rich Barnett Shale
exhibit variable relief (5–60mm) with different geometry of
upper and lower bounding contacts and a wide range of
variable features including shelly laminae, shale rip-up clasts,
reworked intraclasts, phosphatic pellets, and diagenetic min-
erals (dolomite and pyrite). Several factors control such
variations, including the energy conditions at deposition,
rate of relative sea-level fluctuation, rate of sedimentation,
sediment influx, and the lithofacies type of the underlying and
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Figure 9: (a) Thin section photo shows sequence-scale erosion surface with irregular nature, pyritic reworked intraclasts, and reworked
shell fragments with the opposite spectral gamma ray response that shows the abrupt upward increasing above the erosion surface. (b) Thin
section photo shows irregular sequence-scale erosion surfaces; note the underlying clay phosphatic-rich facies and the overlying laminated
calcareous facies. The opposite log is the spectral gamma ray value of this interval showing the coincide upward-decreasing pattern. (c) Thin
section photo shows parasequence-scale erosion surface with underlying phosphatic-richmudstone facies with the opposite Spectral Gamma
Ray response that shows the upward decreasing above the erosion surface. (d)Thin section photo shows irregular parasequence-scale erosion
surfaces; note the underlying clay phosphatic-rich facies and the overlying laminated calcareous facies.The opposite log is the spectral gamma
ray value of this interval showing coinciding upward-decreasing pattern.

the overlying beds.The alternative occurrence of erosion sur-
faces throughout the Barnett Shale suggests episodic storm
currents which transport eroded particles and intraclasts
from proximal to distal areas.

The erosional features and associated surfaces are in part
boundaries between different genetic types of deposits but on
different scales reflecting the dependence on either base-level
and/or sediment supply. Accordingly, the studied erosional
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Table 3: Characteristic features of multi-scale erosional surfaces.

Characters Sequence-scale erosion surface Parasequence-scale erosion surface Event-scale erosion
surface

Relief More than 25mm Range between 8 and 20mm <5mm
Surface nature Irregular, scoured, cutting down Sharp, irregular to gradational Sharp

Lithofacies siliceous non calcareous mudstone and
Siliceous calcareous mudstone

Siliceous non calcareous mudstone and
Siliceous calcareous mudstone

Clay-rich mudstone
facies

Reworked
concretions Rounded to subrounded shale intraclasts Subrounded phosphatic pellets Calcareous concretions

Shelly laminae Highly compacted and horizontally
oriented shell fragments

Traces of thin disconnected shelly
laminae Rarely occurred

Shale rip-up clasts Rarely occurred Common Rarely occurred
Spectral gamma ray
pattern

Abrupt change (decreasing and
increasing)

Marking the end of upward increasing or
decreasing spectral Gamma Ray pattern Does not Apply

Energy levels High energy enough to reworked shale
intraclasts and other components

Low energy where the shale rip-up clasts
suspended in the sea bed layer

Low bottom energy
levels

(inch)

(a)

10𝜇m

(b)

10𝜇m

(c)

Figure 10: (a) Core photo shows an event-scale erosion surface with sharp nature (dashed line) between laminated black shale and an
overlying dark laminated gray shale bed. (b)Thin section photo shows siliceous noncalcareous mudstone facies below the event-scale erosion
surface in (a). (c) Thin section photo shows siliceous calcareous mudstone facies above the event-scale erosion surface in (a).
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surfaces of the Barnett Shale can be grouped into three
different scales of sequence stratigraphic surfaces: sequence-
scale surfaces, parasequence-scale surfaces, and event-scale
surfaces.
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