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the prolific gas-producing Barnett Shale (Ft. Worth Basin, Texas) preserve very
early compactional fabrics that contrast markedly with fabrics in the enclosing host-rocks. The compactional
state of these zones, based upon alignments of phyllosilicates as determined by High-resolution X-ray
goniometry (HRXTG), complemented by X-ray powder diffraction (XRPD), back-scattered electron imaging,
and elemental X-ray mapping, points to a prelithification, near-syndepositional timing of initial authigenic
calcite emplacement. Thus, these carbonate-cemented zones are of particular interest for the information
they provide on the character of grain assemblages and sediment types at the time of deposition and also on
the early post-depositional environmental chemistry of the Barnett Shale strata.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction
Deciphering the depositional environments represented by the
diverse lithologies in the economically important Mississippian
Barnett Shale is challenging because of a lack of modern analogues
and extensive modification by diagenesis, especially compaction.
Calcite-cemented lithologies in the Barnett Shale (sensu stricto
concretions) are, potentially, of great interest because of the
possibility that they preserve primary sediment characteristics that
have been lost through compaction, dissolution, or replacement in the
host-rocks (Woodland, 1984; Duck, 1990) and second, because they
may provide information about the fluid chemistries at the sediment/
water interface (Hudson, 1978; Coniglio and Cameron, 1990). Before
utilizing calcite-cemented lithologies as a means to assess early
sediment texture it is necessary to first convincingly document their
early timing. This paper uses a combination of quantitative High-
resolution X-ray goniometry (HRXTG), complemented by X-ray
powder diffraction (XRPD), back-scattered electron (BSE) imaging,
and X-ray elemental mapping to demonstrate that carbonate concre-
tions in the Barnett Shale preserve early phyllosilicate compactional
states that are consistent with the use of these lithologies as a
‘window’ into the character of sediments on the seafloor at the time of
the Barnett Shale deposition.
512 471 0140.
.J. Day-Stirrat).
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1.1. Previous concretion studies

Nucleation and growth of concretions occur over a broad range of
depths in the subsurface, from near the sediment water interface
(e.g., Raiswell and Fisher, 2000 and discussions therein) to depths 3–
4 km or more (e.g., Milliken et al., 1998). Internally, concretions
typically manifest complex growth zonations that may arise from
either a concentric or complex/pervasive growth mechanism (Mozley,
1996; Raiswell and Fisher, 2000; Hounslow, 2001; Mozley and Davis,
2005).

Early-formed calcite-cemented concretions inmudstone units may
reveal the early post-depositional character of a sediment, as theymay
preserve original phyllosilicate textures (Oertel and Curtis, 1972;
Woodland, 1984) and possibly clay flocs or aggregates (O'Brien, 1971),
due to their uncompacted state relative to the encapsulating
mudstone. Charting layer thicknesses as they increase towards the
concretion is enough to demonstrate significant compaction in the
host mudstone relative to the concretion. Pressure shadows adjacent
to concretions (Lash and Blood, 2004b) also suggest early concretion
solidification and later compaction of the host mudstone.

Historically, the mechanism that governs the reorientation of
phyllosilicates into a preferred alignment has been attributed to
mechanical processes, specifically, overburden-induced compaction
(Sintubin, 1994; O'Brien, 1995). While this may adequately explain
porosity reduction with increasing depth for fine-grained siliciclastic
sediments (Athy, 1930; Hedberg, 1936; Dzevanshir et al., 1986;
Dewhurst et al., 1998), it has been shown that mechanical compaction

mailto:Ruarri.Day-Stirrat@beg.utexas.edu
http://dx.doi.org/10.1016/j.sedgeo.2008.04.007
http://www.sciencedirect.com/science/journal/00370738


Fig. 1. Map of Barnett Shale extent and bounding geologic structures, with location of
the Texas United #1 Blakely well (Modified from Loucks and Ruppel, 2007).

Fig. 2. A. Concretions in the outcrop of the Barnett Shale, San Saba County Texas. A lens
cap is used for scale (From Loucks and Ruppel, 2007). B. A representative thin-section
scan of a sample from the Texas United #1 Blakely well, Wise County, Texas (sample BI
7207 ft/2160.5 m) showing host-rock shale overlying a calcite-cemented lithology that
in outcrop is interpreted to be a concretion.
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alone is not a significant driver of phyllosilicate reorientation
(Matenaar, 2002; Charpentier et al., 2003; Worden et al., 2005;
Aplin et al., 2006; Day-Stirrat et al., 2008). To achieve a preferred
orientation, diagenetic phyllosilicates reactions, e.g., the smectite-to-
illite transformation (Hower et al., 1976) may be critical (Ho et al.,
1999; Charpentier et al., 2003; Worden et al., 2005; Day-Stirrat et al.,
2008). These studies describe depositional phyllosilicate fabrics that
have been preserved to considerable depths before diagenesis has
imparted a preferred orientation.

2. Geologic setting, samples, and methods

The unconventional shale-gas system of the Mississippian Barnett
Shale of the FortWorth Basin (Fig. 1) is one of themost significant gas-
producing reservoirs in Texas (Curtis, 2002; Montgomery et al., 2005;
Pollastro et al., 2007). The U.S. Geological Survey estimates a mean
volume of about 26 tcf of hydrocarbon gas in place. The Barnett Shale
is marine in origin and comprises diverse lithologies, including
laminated siliceous mudstones, laminated argillaceous lime mud-
stones, skeletal argillaceous lime packstones, (Loucks and Ruppel,
2007) and abundant carbonate concretions (Fig. 2). The Barnett Shale
was deposited over 25 Ma (Osagean to Chesterian: 320–345 Ma) and
unconformably overlies the karsted Ordovician Ellenburger Formation
(McDonnell et al., 2007). The Fort Worth Basin is bounded to the east
and southeast by the Ouachita structural front, to the south by the
Llano Uplift, to the west by the Bend arch, and to the north and
northeast by the Muenster and Red River arches. The formation
thickness ranges from a few tens of meters along the western limit to
more than 300m adjacent to theMuenster arch (Pollastro et al., 2007).
The core sample set from the Texas United #1 Blakely well is from a
current burial depth of ~7200 ft (2188 m). The maximum burial is not
well constrained as there may have been as much as 6000 ft (1824 m)
of Pennsylvanian to late-Jurassic deposition and erosion (Ewing,
2006). Published gas maturity (equivalent vitrinite reflectance data, %
Ro) places the Barnett Shale at 0.98–1.21% Ro (e.g. Hill et al., 2007;
Pollastro et al., 2007) but there may have been areas of hydrothermal
heating associated with regional faulting (Pollastro et al., 2007) that
may have increased vitrinite reflectance values closer to 1.5% Ro. The
present-day corrected bottom hole temperature for the Texas United
#1 Blakely well is 200 °F (93 °C) at 7854 ft using the time-since-
circulation method, but given the uncertainties surrounding the
amount of Pennsylvanian to late-Jurassic deposition and erosion the
maximum burial temperature is not well constrained. Equally, the
timing of the fracturing and the mode of fracturing (Gale et al., 2007)
is still under investigation but is undoubtedly related to the
Pennsylvanian to late-Jurassic burial and erosion (Ewing, 2006).
Petroleum production rates are dealt with fully by Pollastro et al.
(2007) but it is pertinent to note that the average pore-throat radius is
50 Å (Bowker, 2007) making the Barnett Shale an extremely efficient
seal in addition to being one of themost prolific gas reservoirs in Texas
due to its high TOC (~4.0%) content (Jarvie et al., 2007).

In general, in outcrop carbonate-rich lithologies in the Barnett
Shale clearly have the aspect of oblate and ellipsoidal concretions,
ranging in size from a few centimetres up to half a meter in lateral
extent (Fig. 2A, Papazis, 2005). The concretion margins are conform-
able with their enclosing mudstone host-rock. There are no signs of
rotation of the lithified concretion as was also noted for the shale-
hosted concretions described by Lash and Blood (2004a). In core
(Fig. 2B) there is more ambiguity with respect to the nature of the
calcite-cemented lithologies as the lateral continuity cannot be fully
accessed. Nonetheless, the oblate shapes and lack of compaction are
still, in many cases, apparent. There is no disruption of laminations or
bedding by folding, implying that the maximum effective stress
experienced by the Barnett Shale has always been in the vertical
plane.

The Texas United #1 Blakely core has previously been described in
terms of lithofacies and depositional setting (Loucks and Ruppel,
2007). Detailed core descriptions available in this previous paper were
the basis for sample selection in this study. One sample from the
Upper Barnett Shale was taken to represent host-rock ‘black shale’ in
the Upper Barnett Shale (Sample B2, 7111 ft/2161.7 m) completely
non-associated with calcite cementation. Sample B8 (7214 ft/
2193.0 m) samples the host-rock ‘black shale’ lithology directly
above a small cemented zone in the Lower Barnett Shale. Sample BH
(7214 ft/2193.0 m) is just below sample B8 and spans from the upper
boundary to the centre of the cemented zone. Sample B9 is taken from
the centre of a cemented zone at 7218 ft (2194.3 m). Samples BJ and BI
(7107 ft/2160.5 m) are additional samples that were used to make
detailed petrographic examinations of the contacts between calcite-
poor host-rock and calcite-rich lithologies.

2.1. X-ray power diffraction methodology

Mineralogical analyses by X-ray powder diffraction (XRPD)
methods were made of the whole-rock bulk samples and of b2 sm
clay-size fractions, obtained by gentle crushing, disaggregation,



Fig. 3. A. BSE image of the host-rock sample B8 (7214 ft/2193.0 m) showing crude
alignment of particles. B. The calcite-cemented lithology (sample B9, 7218 ft/2194.3 m).
The calcite-cemented lithology no aligned fabric as compared to the host-rock.

Fig. 4. A. The boundary between host-rock mudstone and calcite-cemented lithology
below, Thin-section photograph is from sample Bi (7107 ft/2160.5m). B. The uncompacted
calcite-cemented lithology.
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dispersion and timed sedimentation. For whole-rock analysis the
samples were prepared by McCrone milling of 3 g of sample in water,
followed by spray drying of the resulting slurry to obtain random
powder specimens, as described by Hillier (1999, 2002). Clay-size
fractions were prepared by mounting the clay onto glass slides by a
filter peel transfer method to obtain highly oriented specimens
(Moore and Reynolds, 1997; Hillier, 2003). All XRPD patterns were
recorded on a Siemens D5000 X-ray diffractometer, using Co-Kα
radiation, selected by a diffracted beam graphite monochromator.
Whole-rock samples were scanned from 2–75° 2Θ, counting for 2 s
per 0.02° step. Clay-size fractions were scanned, from 2–45° 2Θ,
counting for 1 s per 0.02° step, three separate scans were recorded: (1)
in the air-dried state; (2) following glycolation by a vapour pressure
method overnight; and (3) following heating to 350 °C for 1 h.
Quantitative mineralogical determinations of whole-rock data are
made by a full pattern fitting, normalized reference intensity ratio
method, as described in Omotoso et al. (2006). Detailed identification
of clay minerals in the clay-sized fraction was made by procedures
given in Moore and Reynolds (1997) and Hillier (2003).

2.2. High-resolution X-ray texture methodology

Quantitative assessment of the alignment of phyllosilicates was
made on an Enraf-Nonius CAD4 automated single-crystal diffract-
ometer using the high resolution X-ray texture goniometry (HRXTG)
method described by van der Pluijm et al. (1994). First, the samples
were scanned over the range of 0.5–6.0° 2θ Mo (1–13° 2θ Cu). This
indicated which claymineral phases were present and determined the
exact diffraction angles at which textural data were collected.

The second step of the measurement process involved the “pole-
figure scan” (Hoet al.,1995), inwhich thedegreeof preferredorientation
of previously identified phyllosilicates is determined. The goniometer
and detector were fixed at the diffraction angle corresponding to the d-
spacing of the 001 reflection of the chosenphase (identified in step one).
Thin-sections of the sample, 200–500 μm thick cut perpendicular to
beddingwere rotated around two axes, one parallel to an imaginary line
connecting the goniometer and detector (designated as φ), and one
normal to it (designated as ω). Diffracted X-ray intensity data were
collected every 2.5° between 0–360° around theφ axis, and in nine steps
between 0–40° around theω axis. In total,1296 intensitymeasurements
were made on each sample and corrected for sample absorption, grain
density, and specimen thickness following van der Pluijm et al. (1994).

The degree of alignment is obtained from the intensity distribution
of diffracted X-rays. Intensity data are displayed in pole-figure
diagrams that show the distribution of crystallographic orientations
in the form of poles to crystallographic planes. Pole-figure diagrams
allow visualization of the spatial distribution of the X-ray intensities
by displaying contour lines representing the pole distribution of
phyllosilicate 001 plane orientations. More highly aligned fabrics yield



Table 1
Results (wt.%) of quantitative analysis of the whole-rock samples by the reference intensity ratios (RIR) method

Sample and depth Sample ID Quartz Plagioclase K-spar Calcite Dolomite/
ankerite

Siderite Pyrite Apatite Muscovite
mica 2M1

Illite–
Smectite

Total
clay

Blakely #1, 7111 ft/2161.7 m host-rock B2 51.9 3.5 0.0 4.0 3.6 0.4 3.3 0.6 6.2 26.5 32.7
Blakely #1, 7214 ft/2193.0 m host-rock B8 39.4 5.4 0.0 14.8 5.4 1.2 2.3 1.2 5.8 24.7 30.5
Blakely #1, 7214 ft/2193.0 m calcite-cemented
lithology (Edge)

BH 11.6 2.0 0.0 72.5 3.0 0.3 4.0 0.8 0.0 5.8 5.8

Blakely #1, 7218 ft/2194.3 m calcite-cemented
lithology (Centre)

B9 4.9 1.8 0.0 86.0 1.1 0.6 0.6 0.9 0.0 4.2 4.2

Table 2
Relative percentage of clay minerals in the b2 mm clay-size fraction and %expandability
in illite-smectite

Sample and depth Sample ID Illite Illite–smectite %Exp

Blakely #1, 7111 ft/2161.7 m host-rock B2 25 75 15
Blakely #1, 7214 ft/2193.0 m host-rock B8 18 82 15
Blakely #1, 7214 ft/2193.0 m
calcite-cemented lithology

BH – – –

Blakely #1, 7218 ft/2194.3 m
calcite-cemented lithology

B9 – – –
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pole figures that can be contoured as concentric rings; completely
random or isotropic fabrics (m.r.d. equal to 1.00) yield figures that have
no poles. The degree of particle alignment is expressed as maximum
pole density inmultiples of a random distribution [m.r.d.] (Wenk,1985),
where higher values reflect higher degrees of alignment. Intensity is
dependent on the concentration of crystals aligned parallel to each
other. A value for the multiples of a random distribution is produced
evenwhen the sample has not beenprepared perpendicular to bedding,
Fig. 5. Host-rock samples B2 (A) and B8 (A1), from 7111 ft (2161.7 m) and 7214 ft (2193.0 m) r
centred contour lines and a moderately developed preferred orientation.
so a stereographic projection showing centred contour lines validates
the multiples of a random distribution value.

2.3. Potassium X-ray maps

Potassium was mapped by WDS (wave-length dispersive spectro-
scopy) under the following conditions: 15 KV accelerating voltage,
sample current of 30 nA (measured on brass), and a focused electron
beam (approximately 1 μm beam diameter). Mapping was performed
on a 1024×1024 pixel grid, with 1 pixel equating to 1 μm; the dwell
was 50 ms on each pixel. The X-ray maps are rendered as false colour
images and consistent intensity levels were used on all images.

3. Results

Fig. 3 shows the general petrographic character of samples B8
(a host-rock) and B9 (a calcite-cemented lithology). The contrasting
calcite content is apparent as are the gross differences in the degree of
parallel orientation of the rock components.
espectively. 2-Θ scans and the associated illite–smectite peak pole figures showing well
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Textural and compositional heterogeneity also exists within the
cemented lithologies (Fig. 4). At the transition between the host-rock
and the cemented zone (Fig. 4A) the finely crystalline nature of the
calcite componentmakes it very difficult to assess the degree towhich
the calcite is pore-filling. Nearer to the centre of the cemented zone
(Fig. 4B), however, it is apparent that calcitic grains are present in
addition to the likely cement. These grains have the form of micritic
pellets, larger micritic intraclasts, and fossils including mollusks and
spherical forms (possible calcispheres). These grains appear in far
lesser amounts along the margins of the cemented zone and in the
host-rock. Based on the abundance of these calcitic grains as seen in
transmitted light images, it is clear that cement is not the only calcitic
component within some of the cemented lithologies. Thus, the bulk
calcite content cannot be used as a proxy for the porosity at the time of
cementation and other methods must be used to estimate the degree
of compaction.

3.1. Mineralogical analyses by X-ray power diffraction

Phyllosilicates in the clay-size fractions extracted from the two host-
rock samples (B2, 7111 ft/2161.7 m and B8, 7214 ft/2193.0 m) consist of
mixed-layer illite–smectite and discrete illite (Table 1). The illite–
smectite has an expandability of around 15%, with peak positions
consistent with R3 ordering (Table 2). In both samples the relative
proportion of illite–smectite to illite is greater than 4:1. No other
phyllosilicates are detectable but both clay-size fractions contain
considerable amounts of quartz, suggesting that a large proportion of
the quartz in the host-rock lithologies is of clay size. For the calcite-
cemented lithologies (BH, 7214 ft/2193.0 m and B9, 7218 ft/2194.3 m),
Fig. 6. Calcite-cemented lithology sample B9 (7218 ft/2194.3 m), 2-Θ scans and the associate
developed preferred orientation, note the multiple poles.
phyllosilicateswere barely detectable in the clay-size fractions, both sets
of XRPD patterns being dominated by calcite. Both host-rock samples
show very similar compositions, consisting of quartz, plagioclase
feldspar, calcite, dolomite, pyrite, apatite, 2M1 muscovite mica, mixed-
layer illite–smectite, and a possible trace of siderite. The most obvious
differences between the two host-rock samples are abundances of
quartz and calcite. Peak positions of the calcite in the host-rock samples
at approximately 3.030 Å indicate minor magnesium substitution.

Quartz contents (51.9–39.4%) of both host-rock samples are
relatively high with respect to averagemudstone (23.9% quartz Hillier,
2006 and references therein). Quartz peak widths at half peak height
are also relatively wide 0.195° Δ2Θ (101 peak), compared to standard
quartz (0.160 Δ2Θ) run under identical settings. This again indicates
an important component of clay-size quartz in the host-rocks, which
is probably diagenetic in origin. Macroscopically visible quartz
replacement of mollusk shells is further confirmation that authigenic
quartz precipitation has occurred inwithin the Barnett Shale (Papazis,
2005; Papazis and Milliken, 2005). Both calcite-cemented samples are
composedmainly of calcite, but shifts in peak positions indicate that at
least half of the calcite has significantly higher magnesium content
compared to those in the host-rock. Thus sample BH at the calcite-
cemented edge shows two calcite peak maxima at 3.030 and 3.015 Å,
whilst the calcite from the centre of the calcite-cemented lithology in
sample B9 presents a single broad, possibly composite peak, at around
3.022 Å. According to Milliman (1974) these values would indicate up
to 10 mol% MgCO3 substitution in some of the calcite.

Phyllosilicate contents of the host-rock shales are both around 25%
mixed-layer illite–smectite, and around 6% 2M1 muscovite mica is
also present. This compares with only 5% mixed-layer illite–smectite
d illite–smectite peak pole figures showing poorly developed pole figures and a poorly



Fig. 7. A. Potassium X-ray map showing the R1 or R3 illite/smectite distribution in host-
rock sample B2 (7111 ft/2161.7 m), some K is contained in isolated subhedral K-feldspar
grains. B. Potassium X-ray map in the calcite-cemented lithology at 7218 ft/2194.3 m
(sample B9).
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in the calcite-cemented lithologies. Another feature of note is the fact
that K-feldspar was not detected by XRPD. The limit of detection for
K-feldspar is estimated at 0.5–0.7 wt.% at 95% confidence in the
measured patterns (Hillier, 2003). Lastly, pyrite shows a trend of
greatest abundance in the host-rock shale away from the calcite-
cemented lithology and least abundance in the centre (Table 1).

3.2. Alignment of phyllosilicates by high-resolutionX-ray texture goniometry

HRXTG data (Figs. 5 and 6) reveal strong quantifiable differences in
the mixed-layer phase illite–smectite preferred alignment between
calcite-cemented samples (sample B9, 7218 ft/2194.3), that has m.r.d.
values of 2.34 and 2.11 (measurements taken at 3.76° 2-Θ and 3.78° 2-Θ,
respectively), and host-rock samples (samples B2, 7111 ft/2161.7 m and
B8, 7214 ft/2193.0m), thatwere takenat 3.98°2-Θand3.98°2-Θandhave
4.25 and 4.55 m.r.d., respectively. The host-rock samples give a
moderately strong alignment (Matenaar, 2002) and demonstrate little
differences between the upper and lower Barnett Shale. The 2-Θ traces
show a low abundance of 001 and 002 peaks of phyllosilicates relative to
quartz, yet what illite–smectite material is present has a moderately
strong alignment perpendicular to themaximum effective stress regime.
The calcite-cemented lithology has even lower amounts of phyllosilicates
as evidenced by the 2-Θ trace that barely stands above the background in
the 001 and 002 phyllosilicate peak region. The illite–smectite material
present has a poorly aligned fabric and a pole figure that has multiple
poles and virtually no centre, this contrasts strongly with the host-rock
samples. The calcite-cemented sample's X-ray intensity is barely above
background consistent with the low concentration of phyllosilicates in
this lithology relative to the host-rock (compare the XRPD data).
However, the quantification of preferred orientation (m.r.d.) is indepen-
dent of this X-ray intensity; it is a statistical test of the distribution of this
intensity over the lower hemisphere equal area projection. The lowm.r.d.
values simply demonstrate that the measured phase has a low preferred
orientation and is not a reflection of relative intensity.

3.3. Distribution of potassium

The potassium X-ray maps (Fig. 7) show the distribution of
potassium-bearing phyllosilicate species in the host-rock (sample B2,
7111 ft/2161.7 m) and in the calcite-cemented lithology (sample B9,
7218 ft/2194.3). Potassium in K-feldspar is a veryminor constituent of
the Barnett Shale, one or two subhedral K-feldspars have been
observed in the host-rock via BSE imaging and X-ray mapping (See
Fig. 7A) and are below the lower limit of detection (0.5–0.7 wt.% (see
Hillier, 2003)) in XRPD (Table 1) and are not observed in the calcite-
cemented lithology. Isolated K-feldspar grains may be distinguished
from potassium-bearing phyllosilicate species by their size, shape
and the relative intensity of the X-ray elemental map. Fig. 7 shows
one 10×10 µm potassium feldspar, with a red-pink ‘colour intensity’.
The other potassium-bearing species are interpreted to be potas-
sium-bearing phyllosilicates, either illite, or high %I illite–smectite
(XRPD has this percentage at ~85%I in the mixed-layer illite–
smectite).

The bulk of the potassium in X-ray maps is distributed in the
potassium-bearing phyllosilicates present, detrital micas, R1 or R3
illite–smectite. The host-rock has an apparent preferred orientation
developed with some large (detrital) micas clearly distinguishing the
preferred orientation. Finer grained I/S is also oriented perpendicular
to maximum effective stress but its distribution is not necessarily
homogeneous. Twodistinct phyllosilicate drapes can be seen (Fig. 7A)
with elevated levels of potassium-bearing phyllosilicates relative to
the rest of the image area.

The calcite-cemented lithology, by contrast, has much lower
concentrations of potassium-bearing phyllosilicates and the X-ray
map (Fig. 7B) shows a random orientation of phyllosilicates and the
appearance of a preserved ‘cardhouse’ structure (O'Brien, 1971). The
phyllosilicate ‘cardhouse’ structure is filled with calcite cements that
preserve this original fabric and clay mineral alignment.

4. Discussion

4.1. Phyllosilicate preferred orientation and initial concretion growth

The original work on phyllosilicate orientations in concretions by
Oertel and Curtis (1972) demonstrated a preferred alignment decrease
from the encapsulating host-rock contact to the concretion centre and
implies a conventional concretion growth model (see Mozley, 1996;
Raiswell and Fisher, 2000). The present study observes a similar effect
in terms of the apparent lamination decrease towards the centre of the
concretion (Figs. 2 and 4).

In the sample set described here the alignment quantification by
HRXTG and the visualization of this alignment provided by the X-ray
maps are consistent. An alignment in the host-rock of 4.25–4.55 m.r.d.
points to significant realignment by mechanical and diagenetic
processes. Comparable results in other basins (Fig. 8) suggest burial
to greater than 100 °C or 3–4 km (Day-Stirrat et al., 2008), a range that
is not outside of what is indicated by the observed degree of organic
maturation in the Barnett Shale (Montgomery et al., 2005) and



Fig. 8. A generalized plot of m.r.d. for samples from the Podhale Basin, Poland (Day-Stirrat et al., 2008), with estimated maximum burial. Compare to the values recorded for the
Barnett Shale concretion and host-rock.
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present-day burial depths and temperatures. The potassium X-ray
maps provide visual confirmation of the high degree of phyllosilicate
orientation in the host-rocks.

The orientation of the maximum effective stress in these rocks has
been perpendicular to bedding. This assertion is based on three lines
of evidence: (1) the orientation measurement by HRXTG is highest on
a thin-section cut perpendicular to bedding; a cut normal to bedding
has no preferred orientation (no basal phyllosilicate planes are normal
to the X-ray beam in this situation); (2) the gross shape of the
concretions is oblate with their long axis in the same orientation as
bedding parallel fabric, indicating that no structural rotation has
occurred; and (3) the fracture sets (Gale et al., 2007) are at a high angle
(near vertical) which suggests that the greatest stress vector is in the
vertical plane.

Considering compaction alone (without cementation), a host-rock
porosity of less than 10% (greater than reality) and an average
phyllosilicate content of ~25% (Table 1.), estimates by Yang and
Aplin (2004) correspond to a maximum effective stress on the order
of 25–30 MPa (greater in the case of lower porosity). However, it has
been shown that mechanical rotation alone, in response to these
high-effective stresses, is not to be the most significant driver of
phyllosilicate reorientation (Ho et al., 1999; Matenaar, 2002;
Charpentier et al., 2003; Worden et al., 2005; Day-Stirrat, 2006;
Day-Stirrat et al., 2008), rather the effects of diagenesis are more
significant with an R3 ordered type of illite–smectite indicative of
and advanced degree of diagenesis. In other words the host-rock
mudstones have a preferred phyllosilicate alignment that is
governed by the vertical component of effective stress but is driven
by phyllosilicate diagenesis.

The calcite-cemented samples display a significantly lower align-
ment of phyllosilicates (2.11 and 2.34m.r.d.). A value of 1.00m.r.d. is an
isotropic fabric (Wenk, 1985) and almost never occurs even in
unconsolidated sediment (Matenaar, 2002) because deposition always
imparts some small degree of preferred alignment to phyllosilicates.
Indeed, the lowest observed alignments in unconsolidated sediments
are on the order of 1.70–1.90 m.r.d. (Matenaar, 2002), increasing to
around 6.00 m.r.d. at the onset of metamorphism (Day-Stirrat et al.,
2008) and ranging as high as 12.00 m.r.d. in metamorphic pelites
(Jacob et al., 2000). There is no significant difference in the alignment
values of the calcite-cemented lithology we record here and those of
modern unconsolidated sediments. The value recorded here and the
multi-poled pole figure (Fig. 6) strongly indicate very poor alignment.

The potassium X-ray map allows visualization of the above
quantification, with ‘cardhouse’-like and ‘honeycomb’-like structures
similar to those described and imaged by O'Brien (1971). Thus, the
calcite-cemented lithology at 7218 ft (2194.3 m) appears to preserve
an original depositional structure of flocculated phyllosilicate particles
(Fig. 7B) similar to that described by O'Brien (1971) and Bennett et al.
(1991). In order to resist the effects of mechanical compaction and
later diagenetic change, an early-formed cement must have supported
the voids in this very open stacking structure.

The higher amounts of calcite observed in the concretion centres as
compared to their more outer zones suggest that the degree of cement
emplacement may not have been uniform across cemented bodies.
The complication, of course, is that the primary content of calcitic
particulate debris may also have varied across the layers encompassed
by the concretion.

The presence of magnesium calcite points to a marine depositional
environment and the preservation of this marine phase by early
cementation. Although, it is clear that very early compactional states
are preserved, this does not preclude the possibility that some portion
of the calcite formed later and at greater burial depths (e.g. Raiswell
and Fisher, 2000) as only small amounts of cement (Klein et al., 1999;
Raiswell and Fisher, 2000) may lead to substantial increases in the
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strength of muddy sediment (e.g. Karig, 1996). Pervasive early cement
may serve to lock the phyllosilicate preferred orientation to a near-
random orientation rather than cementing the whole concretion. It is
clear that this precursor lithification was strong enough to resist early
burial compaction andwas also able to prevent compactional crushing
of cephalopod fossils (see Figure 14 in Loucks and Ruppel, 2007).

The full determination of the entirety of the calcite genesis is not
necessary in order to assess the compactional state as revealed by the
phyllosilicate component. The results fromHRXTG and X-raymapping
indicate that the concretions of the Barnett Shale are, indeed, of great
relevance for investigations into the primary character of the
sediments. The host-rock mudstone may be more phyllosilicate-rich
than the concretion because concretion growth was nucleated in a
particular volume and phyllosilicate concentrations were simply
diluted. An alternative interpretation, with more dramatic mass
balance implications, is that the original host-rock may have been
more calcite-rich in terms of having calcite detritus matching that
observed in the concretions, but altered through diagenesis and fluid
flow to leave a siliciclastic-dominated composition.

5. Conclusions

1. Calcite-rich lithologies in the Barnett shale contain both authigenic
and detrital carbonates.

2. HRXRG indicates that compaction, and perhaps chemical diagen-
esis as well, has served to impart a high degree of phyllosilicate
alignment in calcite-poor Barnett lithologies (“black shale”).

3. HRXRG demonstrates that calcite-cemented lithologies in the
Barnett preserve a very early phyllosilicate compactional state.

4. X-ray mapping of potassium allows visual confirmation of the
relative alignment of K-rich phyllosilicates.

5. Primary sediment characteristics preserved by early cementation
make the calcite-cemented lithologies of the Barnett Shale of great
interest for deciphering the depositional conditions of this
economically important unit.
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