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ABSTRACT

Limited scanning electron microscope (SEM) analysis has been done previously on Ar-ion-milled samples of low-thermal-
maturity, organic-rich mudrocks transitioning into the oil window. Using 23 samples from 12 wells, this study examines pore
systems and characterizes organic matter from such mudrocks in the Mississippian Barnett Shale of the southern Fort Worth
Basin. Samples, prepared using broad ion-beam (BIB) milling with Ar ions, are at relatively low thermal maturities of 0.4 to
0.6% vitrinite reflectance (VR). Lithologies are variable, but are generally more argillaceous and less siliceous than those in the
northeastern Fort Worth Basin.

Pores in mudrocks can be classified into three types: organic-matter, interparticle, and intraparticle. Variable develop-
ment of all three types has been observed in studied samples. Organic matter occurs primarily as a fine mesh surrounding min-
eral grains. Few or no organic-matter pores are found in the study samples. Interparticle pores are present in some samples in
areas where organic matter is absent or limited. Some interparticle pores are also found in the stress shadows around rigid
grains. Intraparticle pores after dissolved grains are common in the study samples. Most of these are related to feldspars, par-
ticularly albite feldspars. Intraparticle-pore diameters range from nanometers to micrometers.

Low-thermal-maturity Barnett mudrocks have less porosity than originally expected because of the extreme ductility
of kerogen, which has flowed into interparticle-pore spaces during compaction. Most of the pore volume is represented by in-
traparticle pores (dissolved grains), but there are some interparticle pores present, particularly between clay mineral grains.
Organic-matter pores are very rare to absent at vitrinite reflectance less than 0.75% in the Barnett Shale.

and characterize organic-matter behavior from a suite of organic-
INTRODUCTION bearing mudrocks from the Mississippian Barnett Shale of the
Pore networks of ion-milled samples of very low-thermal- southern Fort Worth Basin (Fig. 1).
maturity mudrocks (virtually sediments) have been studied
(Milliken and Reed, 2010; Day-Stirrat et al., 2012, 2013; Em- BACKGROUND
manuel and Day-Stirrat, 2012; Milliken et al., 2014) using the .
scanning electron microscope (SEM). Pore networks of higher- This study collected data from 12 shallow cores that com-

thermal-maturity mudrocks have also been extensively docu-  Pletely penetrated the Barnett Shale section (Figs. 1 and 2).
mented using ion-milled samples (e.g., Loucks et al., 2009; Am- Twenty-three ion-milled samples collected from these cores were
brose et al., 2010; Curtis et al., 2010; Chalmers et al., 2012; Mil- ~ ¢xamined using the SEM. = Current depth of burial of these
liken et al., 2012, 2013; Cardott et al., 2015; Klaver et al., 2015). ~ Mudrocks ranges from 190 ft to 2409 ft; depth of burial generally
However, less SEM analysis of these milled samples has been ~ increases to the northeast across the study area (Fig. 1). Thick-
done on low-thermal-maturity, organic-rich mudrocks transition- ness of the Barnett Shale in these cores ranges up to 200 ft and
ing into the oil window (e.g., Fishman et al., 2012; Klaver et al., shows a slight trend of northeast thickening. The thickness in the
2012). The objective of this study is to examine pore networks ~ Study area contrasts with the productive area of the northeastern
Fort Worth Basin, where the average thickness of the unit is 550
ft (Loucks and Ruppel, 2007). In the southern part of the Fort
Worth Basin, the Barnett Shale overlies Mississippian rocks of
either the Whites Crossing or Chappel limestones and is overlain
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script accepted June 16, 2015. by the Pennsylvanian Marble Falls Limestone (Fig. 3).
In terms of thermal maturity of the study area, past interpre-
GCAGS Journal, v. 4 (2015), p. 15-28. tations have been partly speculative. Pollastro et al. (2007)
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Figure 1. Map showing the location of sampled wells (blue outlined black dots) from the southern part of the Fort Worth Basin.

Inset map shows location within Texas.

placed the Barnett section of the study area below 0.7% vitrinite
reflectance (VR) and estimate that some parts of the area could
be below 0.5% VR (Fig. 2) based on limited thermal data.
Romero-Sarmiento et al. (2013) used thermal modeling to predict
slightly higher, but still low, thermal maturities for the study ar-
ea. Bernard et al. (2012) determined that one sample from an
outcrop in the southern Fort Worth Basin had a Rock-Eval Tmax
of 420°C, which gives a calculated thermal maturity of 0.4%
VRc. They also determined that this sample had organic matter
that was entirely kerogen (no conversion to bitumen).

METHODS

SEM samples were prepared for examination using broad
ion-beam (BIB) milling with Ar ions. Two different milling ma-
chines were used. Early in the study, samples were prepared
using a Gatan Model 682 Precision Etching and Coating System
(PECS) equipped with a slope cutter attachment. These samples
were milled primarily using an accelerating voltage of 5 kV, a
sample current of 350 mA, and a milling time of 24 hr. Because
of the mechanics of the equipment, these samples were generally
milled at a 30- or 45-degree angle to bedding. Later in the study,
samples were prepared using a Leica EM Triple lon-Beam Cutter
(TIC) 020 system. These samples were milled using an acceler-
ating voltage of 8 kV, a source current of 2.8 mA, and a milling

time of 10 hr. In most cases, these samples were milled perpen-
dicular to bedding. All BIB-milled samples were given a 4- to 6-
nm coating of Ir to prevent charge buildup during SEM examina-
tion.

Different BIB-milled samples were imaged using one of two
field-emission SEM’s. Early samples were imaged on a Zeiss
Supra 40VP SEM, and later samples were imaged on an FEI No-
va NanoSEM 430 SEM equipped with dual Bruker XFlash® SDD
energy dispersive spectroscopy (EDS) systems for element iden-
tification and mapping. Moderate accelerating voltages (5-15
kV) were used on these systems to avoid causing beam damage
to the samples. SEM working distances for imaging were 4 to
6.5 mm.

Material from the same depth as some BIB-milled samples
was analyzed for LECO total organic carbon (TOC) and Rock-
Eval pyrolysis by Humble Geochemistry or by GeoMark Re-
search. Some additional samples from these wells that were not
BIB milled were also analyzed for LECO TOC and Rock-Eval
pyrolysis and have been included in the thermal-maturity dataset
(Table 1).

THERMAL MATURITY AND COMPOSITION

The cores in this study are at relatively low thermal maturi-
ties of 0.4 to 0.6% VRc, calculated from Rock-Eval Tmax (Fig.
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Figure 2. Map showing calculated vitrinite reflectance (VRc) ranges (red numbers) from some sampled wells as well as from

previous thermal maturity estimates. Value for the Walker D-1
ured by the U.S. Geological Society.

2; Table 1) using the equation of Jarvie et al. (2001). Although
previous workers (Pollastro et al., 2007) predicted an overall
increase in thermal maturity to the northeast, our new data sug-
gest a more complex scenario showing a lower-thermal-maturity
area in the south flanked by higher values (Fig. 2). However,
given uncertainties inherent in VRc due to complications in the
measurement of Tmax (Peters, 1986), little or no thermal gradi-
ent may be present across the study area. In particular, Tmax
values from the Neal well (Table 1; Fig. 2) may be anomalously
high because of the probable Type III kerogen dominant in these
samples (Peters, 1986). S1 values from Rock-Eval pyrolysis
(Table 1) show that most of the samples contain limited amounts
of extractable hydrocarbons, suggesting a thermal history transi-
tional into the oil window.

Total organic carbon (TOC) of sampled rocks from these
cores ranges from 0.9 to 12.7% (Table 1). This is similar to the
TOC range seen in the more deeply buried, productive areas of
the Fort Worth Basin (Loucks and Ruppel, 2007).

Sample lithologies are variable, but are generally more argil-
laceous and less siliceous than those common in the northern part
of the Fort Worth Basin (Loucks and Ruppel, 2007) (Fig. 4).
Most samples show a mix of silt-sized grains consisting of feld-
spars, quartz, and carbonates with a clay mineral matrix (Fig. 5).

—1 well is an unpublished vitrinite reflectance (VRo) value meas-

Some samples contain more carbonate (Fig. 5A) and some less
(Fig. 5B). Calcite is present in varying amounts in most samples;
dolomite is present only in some (Fig. 5C). Some samples con-
tain significant amounts of phosphate (Fig. 5D), although the
most phosphate-rich layers were avoided during sampling, as
they are generally minor.

PORE AND ORGANIC-MATTER
OBSERVATIONS

Pores in mudrocks can be divided into three groups: organ-
ic-matter, interparticle, and intraparticle (Loucks et al., 2012).
According to Loucks et al. (2012), organic-matter pores are pores
within organic matter, whether in-place or migrated, interparticle
pores are pores between particles, and intraparticle pores are
pores within a particle or within a composite particle boundary.
Variable development of all three types has been observed in
samples from this study.

Few or no organic-matter pores are found in the low-
thermal-maturity samples in this study, which is consistent with
previous observations of the Barnett Shale (Loucks et al., 2009).
The few organic-matter pores that are found are typically associ-
ated with either pyrite (Fig. 6A) or, more rarely, sphalerite.
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Where present, organic-matter pores are typically in the nanome-
ter to tens-of-nanometer size range and have bubble-like mor-
phologies (Fig. 6A).

Although organic-matter pores are few, the behavior and
abundance of the organic matter in these samples have a pro-
found influence on the development of pore networks in the sam-
ples. Organic matter occurs both as a fine mesh surrounding
mineral grains (Figs. 5 and 6) and as grainlike morphologies
(equant shape, diameters larger than a micrometer; Fig. 6B). The
fine mesh seems to have formed through compaction of the origi-
nal ductile kerogen in the rocks. Textural evidence (Loucks and
Reed, 2014) in our samples supports kerogen as the dominant
organic matter, except in a few higher-maturity samples (~0.7%
VR) that contain some migrated bitumen (Fig. 7). Flow caused
by ductile deformation during compaction of kerogen into in-
terparticle pores has greatly reduced the porosity present in these
samples.

Interparticle pores are present in some samples in layers
where organic matter is absent or limited (Fig. 8). Some in-
terparticle pores are also preserved in the stress shadows around
rigid grains of both silt and clay size (Schneider et al., 2011).
Interparticle pores range in size from nanometers to micrometers,
although most are less than a micrometer in diameter. Many
interparticle pores have distinctive triangular outlines. A tenden-
cy for mudrocks that are organic poor to also be clay-rich limits

interparticle pore size and number. In clay-rich areas that are
also free of organic matter, interparticle and intraparticle pores
within clays can be difficult to distinguish (Fig. 8A).

Intraparticle pores representing dissolved and/or replaced
silt-sized grains are common in the mudrock samples from this
study. Most of these are related to either dissolved feldspar
grains (Fig. 9) or what may have been chemically unstable rock
fragments (Fig. 10). In some cases, detrital feldspar grains have
been completely or partially replaced by diagenetic albite and/or
calcite (Figs. 9A-9D). In other cases, complete dissolution ap-
pears to have occurred with subsequent growth of diagenetic
minerals into the open space (Figs. 10A and 10B). In still other
cases, grains that were probably rock fragments have been re-
placed by diagenetic clays (Fig. 10C) that incompletely refill the
former grain mold. A wide range of minor or complete dissolu-
tion/reprecipitation is present, but most grains show significant
dissolution. Sizes of intraparticle pores in dissolved or replaced
grains vary widely from nanometers to micrometers. The pore-
containing grains are generally at least partially surrounded by a
mesh of organic matter (Fig. 6C), suggesting that compaction
and/or flow of organic matter was largely complete before grain
dissolution.

Intraparticle pores related to the dissolution of carbonate
commonly have been observed in other mudrock formations
(Schieber, 2010; Loucks et al., 2012; Fishman et al., 2012).
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Table 1. Rock-Eval pyrolysis and calculated vitrinite reflectance data.
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Figure 4. Ternary diagram
showing x-ray diffraction (XRD)
compositions of mudrocks from
the southern (circles) and north-
ern (triangles) parts of the Fort
Worth Basin. Includes data from
Loucks and Ruppel (2007).
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LATE ALTERATION

A few samples display probable late alteration of carbonate
minerals and pyrite. Carbonate minerals are altered or partially
altered to a Ca-sulfate mineral (probably gypsum). Pyrite
(generally framboidal) is partially altered to fine-grained Fe-
oxide and/or Fe-hydroxide. A very small amount of this altera-
tion appears to have occurred after sample preparation, as some
submicrometer Ca-sulfate crystals are present on top of the
milled surface. The rest of the alteration, however, clearly took
place before ion milling, as a flat surface has been milled on the
alteration minerals (Fig. 14). The bulk of the alteration either
formed during the prolonged shallow burial of these mudrocks or
at the surface during the decades since the core was taken.

The alteration is discussed here because the Ca-sulfate
shows intraparticle pores resembling submicrometer-sized micro-
fractures (Fig. 14). Timing of the formation of these pores is not
known, but there are two possibilities for pore formation. First,
the pores may be related to conversion of anhydrite to gypsum
either in the shallow subsurface or at the surface. Second, the
pores may be related to thermal stresses that are known to affect
gypsum during room-temperature ion milling (Schieber et al., in
press). In either case, the pores are unlikely to be of interest for
reservoir studies.

DISCUSSION

An interesting question is raised by the distribution of organ-
ic matter in these samples: How ductile is kerogen? Milliken et
al. (2014) analyzed ductility of kerogen (their detrital organic
matter [DOM]) in shallowly-buried (<200 m) marine sapropels
from the Mediterranean Sea. Their work showed that both duc-
tile and nonductile kerogens were present and that the ductile
kerogen had filled much of the smaller interparticle pore spaces.

Our work shows that whereas much of the kerogen in this study
was ductile during early compaction and diagenesis, during later
stages kerogen must have been either more solid or under less
compactional stress, as it does not flow into late pores (Fig. 6C).

The predominance in pore networks of intraparticle pores
related to dissolved grains in this study contrasts with some other
BIB-milled sample work on low-thermal-maturity, organic-rich
mudrocks. Klaver et al. (2012), working on low-thermal-
maturity samples of the Posidonia Shale in Germany, document-
ed intraparticle pores in microfossils and recrystallized calcite
grains as well as interparticle pores between clay flakes. In their
low-maturity sample from the Kimmeridge Clay, offshore U.K.,
Fishman et al. (2012) noted intraparticle pores related to K-
feldspar dissolution as well as interparticle pores related to clay
minerals. They also noted a somewhat greater amount of organic
-matter pores than we found in our study. The replacement of
feldspar grains by albite and calcite does partially correlate with a
thin-section study done on Oligocene Frio Formation mudrocks
by Milliken (1992). However, unlike Milliken’s, our study did
not note any titanite replacing detrital feldspar, perhaps related to
differing compositions of detrital grains between the two units.

The extreme heterogeneity of pore distribution makes deter-
mining a representative area for porosity estimation difficult (i.e.,
Klaver et al., 2012, 2015). Some areas are locally quite porous
(i.e., Figs. 8B and 10B), whereas others have few pores (i.e.,
Figs. 6B and 6D). The heterogeneity of pore distribution pre-
cludes providing an estimate of the total porosity beyond that it is
typically low.

Dissolution of feldspar and possibly other unstable grains in
these low-thermal-maturity mudrocks seems to be post-
compaction, as there is no evidence for collapse of these grains
despite significant porosity. Given that porosity loss appears to
be most related to compaction, there seems to be insufficient
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Figure 5. Energy dispersive x-ray spectroscopy (EDS) element maps superimposed on backscattered electron images showing
variability in the compositions of mudrock samples from the study. Silica is red; calcite is blue; feldspars, micas, and clay min-
erals are green; dolomite is purple; albite is aqua; and phosphate is light greenish-blue. (A) Calcite-rich sample with abundant
albite. Locker B—2-1 well, 628.25 ft, VRc = 0.53%, TOC = 3.75%. (B) Siliceous—-argillaceous sample. Petty D-6-1 well, 1768.8 ft,
VRc < 0.7%. (C) Silica-rich sample containing dolomite. Beck C-4-1 well, 1270 ft, VRc = 0.58%, TOC = 3.08%. (D) Organic-
matter-rich sample showing higher-than-typical phosphate content. Johanson MC-1 well, 1086 ft, VRc = 0.51%, TOC = 12.72%.

permeability to explain the amount of elemental mobility that
would be necessary to account for the magnitude of dissolved
and reprecipitated material. The possibility does exist for pores
at sizes below the working resolution of our SEM (~5 nm) to
have been the network for the aggressive fluids.

CONCLUSIONS

1) The low-thermal-maturity Barnett Shale mudrocks in this
study have relatively few pores. The primary reason for this ap-

pears to be the extreme ductility of the kerogen that has filled
most interparticle pore spaces.

2) The majority of the pore volume is represented by intra-
particle pores, primarily dissolved and/or replaced silt-sized
grains, mostly feldspars. Many small interparticle pores are pre-
sent, particularly between clay mineral grains or where organic
matter is absent, but these are rarely volumetrically important.
Organic-matter pores are very rare to absent at VR less than
0.75% in the Barnett Shale.
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organic matter (bitumen) between the crystals of a pyrite (pyr) framboid. Walker D-1-1 well, 1282 ft, VRc = 0.52%. (B) Image
showing an organic-matter grain (rigid kerogen) within a mesh of more ductile organic matter and a few interparticle pores in
the stress shadow adjacent to the grain. Diagonal lines are artifacts of the milling process. Beck C—4-1 well, 1270 ft, VRc =
0.58%, TOC = 3.08%. (C) Image showing organic matter surrounding, but not invading, an intraparticle pore related to authigen-
ic albite (alb). Scoggins A-2-1 well, 767 ft, VRc = 0.47%, TOC = 7.57%. (D) Image showing mesh of ductile organic matter
(probably kerogen) surrounding grains in a mudrock. Hardy LA-1 well, 647.9 ft, VRc ~ 0.7%.

3) Samples contain mostly ductile kerogen but also some
bitumen at higher thermal maturity (near 0.7% VR).
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Figure 8. Backscattered electron images showing examples of interparticle pores. (A) Mix of interparticle (triangular) and intra-
particle pores in a clay-rich zone. Area on left edge of image is probably a post-coring gypsum-filled microfracture (CaSO,).
Johanson MC-1 well, 1086 ft, VRc = 0.51%, TOC = 12.72%. (B) Image showing interparticle pores in a very-fine-grained and or-
ganic-poor area of a mudrock (cc = calcite). Johanson MC-1 well, 1070 ft, VRc = 0.62%, TOC = 3.17%. (C) Image showing pri-
marily interparticle pores, some of which are in stress shadows around grains. Johanson MC-1 well, 1070 ft, VRc = 0.62%, TOC
= 3.17%. (D) High-magnification image showing primarily interparticle pores between clay mineral grains. Locker B-2-1 well,
603.1 ft, VRc = 0.47%, TOC = 7.57%.

(Facing Page) Figure 9. SEM images of intraparticle pores related to dissolution and/or replacement of detrital feldspar grains.
(A) Backscattered electron image showing albite (alb) partially replacing a dissolved feldspar grain. Petty D-6—1 well, 1768.8 ft,
VR < 0.7%. (B) Backscattered electron image showing albite (alb) and calcite (cc) partially replacing a feldspar grain. Beck
C-4-1 well, 1270 ft, VRc = 0.58%, TOC = 3.08%. (C) Backscattered electron image showing albite (alb) and calcite (cc) replacing
a feldspar grain. Johanson MC-1 well, 1070 ft, VRc = 0.62%, TOC = 3.17%. (D) Backscattered electron image showing albite
(alb) and calcite (cc) replacing a feldspar grain. Locker B-2-1 well, 603.1 ft, VRc = 0.47%, TOC = 7.57%. (E) Backscattered elec-
tron image showing partially-dissolved K-feldspar (ksp) and authigenic clay. Godfrey E-8-1 well, 2400.5 ft, VRc < 0.7%. (F) Sec-
ondary electron image showing partially-euhedral K-feldspar (ksp) and minor clay minerals related to intraparticle pores. Beck
C-4-1 well, 1254.33 ft, VRc = 0.58%, TOC = 3.75%.
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Figure 10. Backscattered electron images showing intraparticle pores related to dissolution, replacement, and reprecipitation of
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chemically unstable grains, some of which may have been rock fragments. (A) Image showing dissolved grain mold being par-
tially cemented with euhedral calcite (cc) and quartz (qtz). Johanson MC—1 well, 1086 ft, VRc = 0.51%, TOC = 12.72%. (B) Image
showing complicated pore system including calcite (cc) partially filling an intraparticle pore from a dissolved grain, a partially-
dissolved K-feldspar (ksp), and albite (alb) partially replacing a feldspar grain. Johanson MC-1 well, 1086 ft, VRc = 0.51%, TOC
=12.72%. (C) Image showing kaolinite (kaol) partially replacing grain. Moore C—1-1 well, 189.9 ft, VRc = 0.5%. (D) Image show-
ing K-feldspar (ksp) and clay minerals as remnants of a dissolved grain. Johanson MC-1 well, 1086 ft, VRc = 0.51%, TOC =

12.72%.
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Figure 11. Backscattered electron image showing calcite (cc) grain (either a pellet or a clast from the shelf) containing intra-
particle pores. Neal A-1-1 well, 362 ft, VRc = 0.63%, TOC = 0.95%.
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Figure 12. Backscattered electron images showing pores related to phosphate. (A) Image showing intraparticle pores in a
phosphate grain. Johanson MC-1 well, 1086 ft, VRc = 0.51%, TOC = 12.72%. (B) Image showing intraparticle pores that resem-
ble interparticle pores, in a partially-compacted phosphate-clay pellet. Neal A-1-1 well, 396 ft, VRc = 0.67%, TOC = 2.36%.
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2011, Insights into porescale controls on mudstone permeability 1014, doi:10.1130/g32475.1.
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Figure 13. Backscattered electron image showing open stress-release microfractures in a clay-mineral-rich mudrock. Neal A-
1-1 well, 385.6 ft, VR = 0.6%.
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Figure 14. Backscattered electron images showing alteration of grains to porous Ca-sulfate. (A) Image showing partially-
altered dolomite (dol) core surrounded by Ca-sulfate (CaS0O,). (B) Image showing grain, probably originally dolomite based on
crystal faces along bottom of particle, completely altered to Ca-sulfate (CaSO,). Both images from Petty D-6-1 well, 1768.8 ft,
VR < 0.7%.
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