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“Cherty” stringers in the Barnett Shale are agglutinated foraminifera
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Abstract
Masses of microcrystalline quartz are abundant within several lithologies in the Barnett Shale (lower Mississippian) of central
Texas. A typical quartz mass is elongated parallel to bedding and contains a central planar microporous structure that suggests
collapse of a formerly hollow spheroidal or tubular body. An integrated imaging approach, utilizing transmitted polarized light
microscopy, secondary and back-scattered electron imaging, cathodoluminescence imaging, and X-ray mapping reveals these
quartz masses to be composed primarily of quartz-cemented silt-size detrital quartz with a minor admixture of detrital Caplagioclase and dolomite.
Microcrystalline quartz-rich masses in the Barnett Shale are interpreted as agglutinated foraminifera that have been dramatically
collapsed during compaction. Locally, a significant portion of the total detrital quartz resides within these biogenic accumulations.
This study highlights the potential for using these imaging techniques to investigate agglutinated foraminifera in lithified materials
that are not amenable to disaggregation and extraction of three-dimensional specimens. The combined imaging techniques provide
an unambiguous view into aspects of skeletal ultrastructure, such as particle size and sorting, that cannot be readily obtained from
either conventional light microscopy or SEM. These techniques reveal that agglutinated foraminifers are abundant in several
lithologies of the Barnett Shale, pointing to the possibility that application in other organic-rich shales may reveal these organisms
to be more widespread than previously recognized. Comparative observations in Devonian shales of the central eastern United
States support this prediction.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction
We report here significant local accumulations of
quartz (stringers) in a Paleozoic black siliceous shale
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(lower Mississippian Barnett Shale, Fort Worth Basin)
that are interpreted as the collapsed tests of agglutinated
foraminifera (Papazis et al., 2005). In transmitted
polarized light microscopy these masses appear convincingly authigenic (chert-like) and without further information these could be easily interpreted as silicified
examples of collapsed spores or algal cysts such as
Tasmanites. Confirmation of the mixed detrital and
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Fig. 1. Location map showing outcrops and cores of the Barnett Shale utilized in this study (modified from Montgomery et al., 2005; Papazis, 2005).

authigenic nature of the quartz requires use of backscattered electron imaging and SEM-based cathodoluminescence. This technical approach has implications for
understanding the distribution, composition, and ultrastructure of agglutinated foraminifera, the balance
between authigenic and detrital silica in shales, and for
interpreting the environmental conditions of black shale
deposition.
2. Barnett Shale of central Texas
The Early Mississippian Barnett Shale is an important
gas-producing unit in the Fort Worth Basin of northcentral Texas (Montgomery et al., 2005) (Fig. 1). This
basin is bounded on the east by the Ouachita fold and

thrust belt, on the west by the Bend Arch, on the south by
the Precambrian crystalline Llano Uplift, and on the
north by the Muenster and Red River Arches. The basin
formed as a Late Paleozoic foreland associated with the
advancing Ouachita Front (Arbenz, 1989).
The Barnett Shale contains diverse lithologies but
can be described broadly as a classic Paleozoic
siliceous black shale (Papazis, 2005). The unit is
dominated by silty shale and clayey micrite with local
accumulations of silty biomicrite, fossiliferous silty
shale, and fossiliferous intraclast conglomerate containing abundant phosphate clasts. Some of the coarser
grained layers contain skeletal components derived
from a diverse assemblage of marine invertebrates including brachiopods, sponges, pelecypods, gastropods,
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cephalopods, conodonts, and echinoderms. Locally,
calcite-cemented zones within carbonate-rich lithologies
take the form of concretions.
3. Sampling, sample preparation, and imaging
methods
Barnett Shale samples were obtained from outcrop
and core (Fig. 1). Seventy seven samples representing
the major lithologic variations were thin sectioned. Thin
section blanks were cut perpendicular to bedding and
the polished thin sections were prepared following
vacuum-pressure impregnation. A few sections cut
parallel to bedding were also prepared for comparison.
Textural preservation during the final polish was
enhanced by repeated surface application of a lowviscosity impregnation medium during progressive
polishing.
Fig. 3. Compactional compression of a microcrystalline quartz mass
around a phosphate intraclast (p); detrital silt particle (s, upper right) is
accompanied by many similar small particles. Back-scattered electron
image. Sample PXK-4, Mitchell Energy T. P. Sims #2, Wise County,
Texas.

Fig. 2. Typical ‘cherty stringer’ in silty black shale. Sample PXK-25,
depth = 4988 ft, Cities Service St. Clair “C” No. 1, Erath County,
Texas. A. Plane-polarized light. Black inclusions are authigenic pyrite.
B. Cross-polarized light. Bright inclusions are carbonate, possibly
detrital.

All of the thin sections were examined using
conventional transmitted polarized light microscopy.
Selected samples were carbon-coated and examined
using back-scattered electron (BSE) imaging on a JEOL
8200 electron microprobe (15 KV accelerating voltage,
sample current in the range of 12–15 nA). Spot analyses
(beam has approximately 1 μm diameter) for qualitative
elemental composition were performed by energy
dispersive spectroscopy X-ray analysis (EDS). X-ray
mapping (stage mapping) for Si, Mg, K, Na, and Fe was
performed by wavelength dispersive spectrometry
(WDS) using a 15 KV accelerating voltage, a 25 nA
sample current, a 40 ms dwell time, and a 1 μm pixel
size. Scanned cathodoluminescence (CL) imaging was
performed in conjunction with secondary electron (SE)
imaging on a Philips/FEI XL 30 ESEM using an
accelerating voltage of 12 KV and a sample current near
90% of maximum. The CL signal was collected with a
Gatan PanaCL-2 equipped with RGB filters.
For comparison, additional CL and charge-contrast
images from Barnett Shale samples and from Devonian
shales (Schieber, 2005) were obtained using a FEI
Quanta 400 FEG (field emission SEM) located in the
Department of Geological Sciences at Indiana University, Bloomington (IUB). The IUB SEM is equipped
with a Gatan Chroma CL color cathodoluminescence
detector that can scan CL images up to 16 megapixels in
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Fig. 4. A single microcrystalline quartz mass seen in five different imaging modes. In each image, bedding is aligned vertically. An angular silt
particle (s) to the left of the microcrystalline quartz mass provides a useful marker for comparing the images. Mineralogies indicated below were
determined by EDS. Sample PXK-3, Mitchell Energy T. P. Sims #2, Wise County, Texas. A. Back-scattered electron image. Red arrows indicate small
Ca-plagioclase crystals of angular shape. A calcitic particle (c) is seen on the left side. Pores are black. Yellow line marks the microporous dark
structure seen in images in B. B. Plane-polarized (left) and cross-polarized (right) transmitted light images. Here the dark medial line, the small nonquartz inclusions, and the microcrystalline nature of the quartz are apparent. C. Panchromatic CL/SE image. Here the variable CL intensity of the
various microcrystals can be appreciated. Note that the Ca-plagioclase grains are very bright, as is typical of high-temperature feldspars. D. RGB CL
image. Here the variable colors of the microcrystals are apparent.

size, and can resolve micron-size and smaller quartz
grains. Charge-contrast imaging was done in a lowvacuum mode at chamber pressures between 90 and
120 Pa.
4. Imaging data
4.1. Quartz in the Barnett Shale
Quartz in Barnett shale samples occurs in several
forms. Among crystals large enough to be observed
petrographically, volumetrically significant forms of
quartz include angular monocrystals, elongate microcrystalline quartz masses, replacements of calcareous
skeletal debris, and small vein fills (Papazis, 2005;

Papazis and Milliken, 2005). The angular monocrystals
are clearly extrabasinal detritus, based upon their shape
(Milliken, 1994), variable CL color and intensity, lack of
zoning, and diverse mineral and fluid inclusions
including apatite, zircon, and rutile (Papazis, 2005;
Papazis and Milliken, 2005). The following petrographic
description focuses on the elongate microcrystalline
quartz masses, although the petrographic character of the
angular monocrystals (labeled “s”) can also be examined
in many of the accompanying photomicrographs.
4.2. General form of microcrystalline quartz masses
Typical elongate microcrystalline quartz masses are
within the range of 50 to 100 μm thick with aspect ratios
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Fig. 5. Additional examples of microcrystalline quartz masses. A. Secondary electron image. Small quartz mass with a prominent central porous zone
stands out in relief because of its greater resistance during polishing. Sample PXK-4, Mitchell Energy T. P. Sims #2, Wise County, Texas.
B. Panchromatic CL image of the region depicted by image 5A. C. RGB CL image of the area indicated by the white box in image 5B. CL intensity
and color variations and angular shapes are apparent amongst the microcrystals. D. Secondary electron image. Quartz mass lacking a medial
microporous zone. Sample PXK-4, Mitchell Energy T. P. Sims #2, Wise County, Texas. E. Secondary electron image of the area indicated by the black
box in image 5D. F. Panchromatic CL of the same field of view seen in 5E. CL intensity variations and angular shapes are apparent amongst the
microcrystals.

in the range of 10:1 (length:thickness) (Fig. 2). These
masses are aligned parallel to bedding. Many, though not
all, contain a central crudely planar structure that is dark
in plane light (described in more detail below) and
typically extends to within 25 to 50 μm of the ends of the
mass. Some of the masses are prominently deformed by
differential compaction around more rigid particles
(typically phosphatic intraclasts), leading in some cases

to a somewhat wavy or crenulate appearance to the
overall mass (Fig. 3).
4.3. Petrographic character of quartz in microcrystalline quartz masses
Cross-polar observation reveals the microcrystalline
nature of the elongate quartz masses (Figs. 2B, 4B).
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Fig. 6. Contrasting quartz types within the microcrystalline quartz masses that are visible in CL (left) are also apparent in charge-contrast images
(right). Numbers indicate detrital grains that are correlative between the two images. Sample PXK-4, Mitchell Energy T. P. Sims #2, Wise County,
Texas.

Crystals range in size from 1 to 10 μm and have no
obvious preferred orientation.
CL imaging reveals that the individual microcrystals
vary widely in CL intensity (below detection to very
bright; Figs. 4C, 5B,F) and CL color (shades ranging from
blue to reddish-orange; Figs. 4D, 5C). This same range of

CL properties is seen in the quartz monocrystals (detrital
silt) that are scattered throughout the shale (Fig. 4C, D).
In CL imaging, individual quartz microcrystals are
revealed to consist of relatively bright-luminescing cores
surrounded by dark-luminescing quartz (Figs. 4C D,
5C F). The relatively bright-luminescing portions of the

Fig. 7. Quartz mass that contains both sand-size and silt-size crystals. Sample PXK-4, Mitchell Energy T. P. Sims #2, Wise County, Texas. A. SE
image. B. RGB CL image. Elongate, blue-luminescing particle on the right side is an echinoderm spine.
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Fig. 8. Large, sand-bearing quartz mass with a significant admixture of non-quartz components including phosphatic intraclasts (ph) and carbonate
particles (c). Bright euhedra are authigenic pyrites that have replaced quartz. Additional microcrystalline quartz masses are seen scattered through the
image (f). Locally, the quartz masses are deformed (arrows) around phosphate clasts (ph). Back-scattered electron image. Sample PXK-4, Mitchell
Energy T. P. Sims #2, Wise County, Texas.

microcrystals have angular shapes. The bright-luminescing versus dark-luminescing portions of the microquartz
can also be discriminated in charge-contrast images
(Fig. 6). Although most microquartz masses are composed exclusively of crystals smaller than 10 μm, some
masses contain an admixture of sand-size quartz crystals
(Fig. 7). Sand-bearing masses tend to be larger overall,
reaching thicknesses of 300 µm and tend to contain a
particle assemblage of more diverse mineralogy (e.g.,
phosphatic intraclasts, skeletal fragments, etc.; Fig. 8).
4.4. Non-quartz components in microcrystalline quartz
masses
BSE images of the microcrystalline masses, together
with EDS and X-ray mapping, reveal a minor
component of Ca-plagioclase crystals that have sizes
and angular shapes similar to those of the angular quartz
microcrystals (Fig. 4A). The CL intensity of Caplagioclase crystals is relatively bright (Fig. 4C).
In plane light the elongate microcrystalline quartz
masses also contain minute (≤1–5 μm) pores and
brownish inclusions scattered through the quartz (Fig. 2).
BSE and SE imaging confirms that the overall region of
microcrystalline quartz is microporous and that the
central planar structure to be especially so (Figs. 4A,B,
5A,D, 8A). In plane light the central planar structure
contains dark material with color and texture similar to
that of the surrounding clay-rich sediment. X-ray
mapping confirms that this central dark region contains

K that is common to the surrounding mica- and clay-rich
matrix, but is otherwise absent within the quartz-rich
portion of the mass (Fig. 9B).
5. Distribution of microcrystalline quartz-rich
masses in the Barnett Shale
Out of 77 thin sections examined, at least 60% of the
samples contain the elongate microcrystalline quartzrich masses described above. Microcrystalline quartzrich masses are observed in all of the major lithologies,
with the exceptions of the concretions, but they are most
abundant, perhaps not surprisingly, in the silty black
shales. Locally, within silty black shales, these masses
incorporate a significant portion of all the detrital silt
(Fig. 9A,C). There is a somewhat negative correlation
between the occurrence of microcrystalline quartz
masses and the amount of carbonate, either as micrite
or skeletal debris, present in the rock. Microcrystalline
quartz masses do however occur in some of the
phosphate-rich intraclastic layers (Fig. 10).
6. Observations in other black shales
In an effort to determine the broader applicability of
the findings reported here for the Barnett Shale,
additional observations have been made on Devonian
shales of the eastern US (Schieber, 2005). Black shales
that range in age from Givetian to Famennian (Lazar and
Schieber, 2004) were examined in the Illinois Basin
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Fig. 9. A single microcrystalline quartz mass seen in four imaging modes that highlight the non-quartz components and mineralogical selectivity
displayed by these aggregates. In each image, bedding is aligned horizontally. Sample PXK-4, Sample PXK-4, Mitchell Energy T. P. Sims #2, Wise
County, Texas. A. Back-scattered electron image. Arrow indicates an angular dolomite crystal (identified by EDS); another, larger, dolomite is labeled
(d). Possibly detrital dolomite crystals are common in the Barnett. B. K-map. Reds correspond to the highest K-concentrations. Elongate red/yellow
crystals are micas. Note the absence of micas within the microcrystalline quartz mass. The microporous medial zone contains K similar in
concentration to regions of the image corresponding to the matrix clays. C. Si-map. Highest Si (orange) corresponds to quartz. A significant amount
of the total quartz in this field of view is concentrated within the microcrystalline quartz mass. D. Na-map. Highest Na-concentrations correspond to
detrital feldspars (mostly albite, but including Ca-plagioclase) that are widely distributed both in the matrix and the microcrystalline mass.

(New Albany Shale) and in the Appalachian Basin
(Ohio Shale). Lenticular bodies of fine-crystalline silica
that are of the same appearance as those described from
the Barnett Shale are found in many shale samples that
were examined petrographically (Fig. 11). Color
cathodoluminescence and charge-contrast imaging of
these chert-like bodies show them to consist of silicacemented detrital quartz grains and confirms that they
are similar to the features we have described here for the
Barnett.
7. Discussion
The bulk of the quartz and feldspar within the
microcrystalline quartz masses of the Barnett Shale is

interpreted as detrital particles (silt and some sand) on
the basis of their shapes (very angular) and the variable
intensity, color, and texture of their cathodoluminescence. Cathodoluminescence variability is a hallmark
of detrital quartz (e.g., Zinkernagel, 1978; Owen,
1991), including detrital quartz silt (Milliken, 1994).
This conclusion is supported by the similar ranges of
CL intensity and color observed for isolated detrital
particles that are scattered through the shale. Darkluminescing quartz (Sippel, 1968) between the angularshaped detrital particles is interpreted as authigenic
quartz cement. The fact that charge-contrast images
also render these distinct quartz types within the
microcrystalline masses visible further supports the
interpretation that these quartz forms carry contrasting
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Fig. 10. Diverse microcrystalline quartz aggregates (f) within a phosphatic intraclast layer. Sample PXK-4, Mitchell Energy T. P. Sims #2, Wise
County, Texas.

defect populations and, thus, have distinctly different
origins.
The rare feldspar crystals included within the
microcrystalline quartz masses are likewise interpreted
as detrital. This is based on their angular shapes and
bright CL intensity, as well as their composition, as
authigenic Ca-plagioclase is not reported to form
diagenetically.
The near-total exclusion of the abundant detrital
micas and clays from the quartz-rich microcrystalline
masses is difficult to explain on the basis of mechanical
sorting processes. An interpretation as silt-rich burrow
fills is ruled out because extremely well-sorted silt layers
that could supply such material to the burrows are not
observed in the cores. Compacted spores or algal cysts
such as Tasmanites have sizes and shapes similar to the
quartz-rich microcrystalline masses (e.g., Combaz,
1980; Stach and Murchison, 1982), but the presence
of a substantial detrital quartz component in the walls
rules out authigenic silicification of these fossils as an
explanation.
The favored interpretation, of course, is that these
elongate microcrystalline quartz-rich masses are the
highly compacted tests of agglutinated foraminifera.
This is supported by the character of the detrital grain
assemblage (quartz plus feldspar, excluding micas), the
overall shape of the masses, and the medial microporous

and clay-bearing features that are interpreted to be
formed by compactional collapse of the test chamber(s).
Agglutination is the earliest form of foraminiferal test
construction (e.g., Ross and Ross, 1991; McIlroy et al.,
2001; Scott et al., 2003), and many Paleozoic
agglutinated foraminifera have single-chambered
forms (e.g., Ross and Ross, 1991; Flügel, 2004). It is
well-established that agglutinated foraminifers in modern environments are highly tolerant of conditions of
low-oxygenation (e.g., Bernhard, 1989; Bernhard and
Reimers, 1991; SenGupta and Machain-Castillo, 1993;
Gooday, 1994), and occur in various marine environments from brackish coastal water to marine abyssal
environments (e.g., Chekhovskaya, 1973; Haunold
et al., 1997; Hughes, 1988; Flügel, 2004). Agglutinated
foraminifera have been previously identified in
mudrocks and black shales (e.g., Gutschick and
Wuellner, 1983; Gebhardt, 1997; Holbourn et al.,
2001), largely based on observations of three-dimensional specimens prepared using acid treatment and
disaggregation.
The microporous nature of agglutinated tests and the
occurrence of authigenic quartz as a cementing agent
within some species has been previously documented
using secondary electron imaging (e.g., Jorgensen,
1977; Mendelson, 1982; Weston, 1984; Bender and
Hemleben, 1988; Mancin, 2001). Our imaging results

230

K. Milliken et al. / Sedimentary Geology 198 (2007) 221–232

Fig. 11. Microcrystalline quartz mass seen in secondary electron image (bottom) and RGB CL (top). Devonian, New Albany Shale.

confirm the presence of microporosity and authigenic
quartz although we are unable to determine if the
authigenic quartz replaces a precursor opaline cementing agent or an organic matrix.
Despite the potential benefits with respect to
understanding wall structure (Jorgensen, 1977) as well
as species diversity and lithologic associations of
foraminiferal assemblages (Reolid and Herrero, 2004),
thin sections have not been widely applied in the study
of agglutinated foraminifers. In the case of the Barnett,
the extreme compaction of the agglutinated masses
poses significant challenge to the study of threedimensional specimens, as does the highly lithified
character of Barnett lithologies. Based on the variations
observed for wall thickness, aspect ratio, grain size
distribution, grain population compositions, and lithologic distribution we speculate that diverse taxa are
found within the Barnett. Given the ease and frequency
with which agglutinated foraminifers can be located
within all the black shales we have examined to date, we
further speculate that agglutinated foraminifers are more
abundant and widely distributed in black shales than
what is generally recognized. With the aid of the backscattered electron- and CL imaging described here, a

more detailed assessment of agglutinate diversity and
distribution in black shales is in progress.
Previous work has documented that quartz in shales
can take several forms including extrabasinal detritus
(e.g., Blatt and Schultz, 1976; Blatt, 1987; Milliken,
1994), microcrystalline replacements of opaline skeletal
debris or volcanic ash, vein fills (Papazis and Milliken,
2005), and authigenic pore fills (Schieber, 1996; Land
and Milliken, 2000). This study reveals that detrital and
authigenic modes of occurrence can, in fact, be
intimately linked at the microscale by the agency of
agglutinated foraminifera.
8. Conclusions
Microcrystalline quartz masses in the Barnett Shale
are the remains of collapsed agglutinated foraminifera.
Various lines of petrographic evidence from CL, BSE,
and X-ray mapping support a detrital origin for silt-size
fragments of quartz and feldspar within the masses.
Together with the overall form and size of the masses
and the presence of medial collapse sutures, the detrital
nature of the aggregates supports an origin as the walls
of agglutinated foraminifera. Silica cementation within
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the aggregates suggests (but may not prove) that the
original walls were partially biomineralized by opal.
Compactional collapse of the foraminiferal tests has
dramatically altered their shapes. Agglutinated foraminifers effectively aggregated much of the detrital quartz
within some Barnett lithologies and created distinctive
quartz masses that could easily be mistaken for
authigenic quartz in the absence of CL or BSE imaging.
It is critical that microcrystalline quartz-rich masses in
black shales be examined with scanned-CL before they
are interpreted as authigenic. The abundance and
widespread distribution of agglutinated foraminifera in
the Barnett Shale suggests that workers should be alert
to the presence of these fossils in other siliceous black
shales.
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