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Summary

Porosity and permeability are key variables that link the thermal-hydrologic, geomechanical and geochemical
behavior in rock systems and are thus important input parameters for transport models. Recent neutron scattering
studies have indicated that the scales of pore sizes in rocks extend over many orders of magnitude from nanometer
pores with huge amounts of total surface area to large open fracture systems (multiscale porosity, cf. Anovitz et al.,
2009, 2011, 2013a,b, Wang et al., 2013; Swift et al., in press). However, despite considerable effort combining
conventional petrophysics, neutron scattering and electron microscopy, the quantitative nature of this porosity in
tight gas shales, especially at smaller scales and over larger rock volumes, remains largely unknown (Clarkson,
2011). Nor is it well understood how porosity is affected by regional variation, thermal changes across the oil
window and, most critically, hydraulic fracturing operations.

To begin providing this understanding we have used a combination of small and ultrasmall angle neutron scattering
from the GP-SANS instrument at ORNL/HFIR, and the NG3-SANS (Glinka et al., 1998) and BT5-USANS
instruments at NIST/NCNR (Barker et al., 2005), with SEM/BSE imaging to analyze the pore structure of clay and
carbonate-rich samples of the Eagle Ford Shale. The Eagle Ford Shale is a late Cretaceous unit underlying much of
southeast Texas and probably adjacent sections of Mexico. It outcrops in an arc from north of Austin, through San
Antonio and then west towards Kinney County. It is hydrocarbon rich, straddles the oil window, and is one of the
most actively drilled oil and gas targets in the US. The first successful horizontal well was drilled in 2008, and 2522
permits were recorded by Sept 1, 2011. While the oil and gas reserves in the Eagle Ford have been known since the
1970’s, prior to the invention of horizontal drilling/hydraulic fracturing it was not considered economic.

Several important trends in the rock pore structure have been identified using our approach. Pore distributions are
clearly fractal but, as was observed for the St. Peter sandstone (Anovitz et al., 2013a), are composed of several size
distributions. Initial porosity is strongly anisotropic, as expected for shale. However, this decreases for shale, and
disappears for carbonates with maturity. In both cases significant reduction occurs in total porosity, with most of the
change coming at the finest scales (< ~ 10 nm), and an observable decrease at intermediate scales (near 100 nm)
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Introduction

The US is at a turning point in the development of domestic resources, exploiting vast shale reserves for
unconventional gas and oil. The USDOE notes that “Natural gas production from hydrocarbon rich shale formations,
known as “shale gas” is one of the most rapidly expanding trends in onshore domestic oil and gas exploration and
production today” (USDOE, 2009), and natural gas has been touted by some as a key “bridge fuel” that will
transition the United States toward a lower-carbon energy economy. Estimates by the EIA of US reserves are very
large (est. 1744 tcf), suggesting that they would supply the domestic US economy for 110 years, at a total annual
production of volumes of 3 to 4 tcf, but this will depend on the efficiency of recovery. Even a small improvement in
the recovery generated by an improved knowledge of the storage and release of the gas will have enormous benefit.

A number of interrelated properties control the amount of resources in the earth’s crust that can be extracted from
the target reservoir rock including temperature gradient, natural porosity and permeability, rock physical properties
(e.g., elastic, brittle, thermal), the stress regime, total indigenous stored fluids and susceptibility to seismicity (e.g.,
Ingebritsen and Sanford, 1998; Ague, 2004; DOE-EGS, 2006). These factors, taken together, not only control the
physical processes of extracting fluids, but also play a major role in determining the economics of energy
production. While tight gas shales such as the Marcellus formation may contain enormous energy resources (Lee et
al., 2011), the rate of gas flow through natural porosity is slow. Hence, hydraulic fracturing is necessary to recover
the resource, and rocks with at least some connected permeability through fractures or pore spaces are more likely to
result in a connected circulation system after stimulation. While fracture-dominated flow is highly relevant in
shallow crustal settings, there is a continuum of coupled reaction/transport phenomena from the macroscale down to
the finest nanopores that influence energy- and mass-transfer. Hydrocarbons, aqueous solutions, and volatile species
(e.g., CH4 CO,,) can occupy and migrate through the pores or fractures of numerous types of complex
heterogeneous earth materials present in the systems outlined above (Cole et al., 2004). Pores accessible to these
fluids can span length scales (d as pore diameter or fracture aperture) ranging from < 1 nm to the cm scale and
greater.

While the importance of porosity and pore-evolution has long been recognized (Johnson et al., 2004; Steefel et al.,
2005), the contribution of nano- to microscale porosity to subsurface flow and retention has only recently been
demonstrated (Kahle et al., 2004; Radlinski et al., 2004; Anovitz et al., 2009, 2011; Jin et al., 2011). In particular,
limited attention has been paid to nanoporosity because the texture and overall volume of pores at the submicron
scale have been difficult to characterize in a statistically meaningful manner. This is partly because of the diversity
in pore morphology (i.e. length scales, pore shapes, connectivity, etc.) at this scale. While electron microscopy can
provide detailed 2D images of pores at the nanoscale, the high magnification needed means that the total volume of
the rock imaged is quite small, and therefore the results can be statistically questionable (Howard and Reed, 2005).

Nano- to micropores, because of their abundance and high surface to volume ratios, feature prominently in reactive
transport modeling of many subsurface pore systems, particularly within low permeability lithologies. Pores in this
size range include cracks, grain boundaries, fluid inclusions and single pores, and networks of pores of random
shapes and orientations. While some nano- and micropores may be isolated from larger connected pores that control
the bulk of the fluid flow volume, accessible, interconnected nano- and micropores may constrain overall flow at
their pore throats and are the most likely sites for extensive fluid/rock reactions. In smaller pores, larger fractions of
the pore fluid are in contact with the pore walls, possibly causing increased heat transfer from the rock to the fluid
and, depending on the rock-fluid interactions, strong sorption effects (Rother et al., 2007). Indeed, nanopore
confinement and pore wall interfacial interactions can alter fluid thermodynamics (Cole et al., 2009, 2010), and thus
both the rates and equilibrium conditions of local reaction processes (Molins et al., 2012). In this context it is also
extremely important to be able to characterize the nature of the pore wall chemistry through a detailed understanding
of mineralogy as a function of pore size and type (Peters, 2009; Landrot et al., 2012). While flow at the outcrop and
greater scale in many systems is likely to be controlled by macroscale pore and fracture systems, it may be the finer-
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scale pore and fracture structures that control the access of fluids to the bulk of the rock, and thus much of the fluid-
rock reactivity in the system (Shaw, 2005). Hence, it is vital to carefully define the reactive mineral surface area and
pore connectivity at as many pore or fracture length scales as possible.
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Figure 1: Map of the Eagle Ford shale (US Energy Information Administration and
http://eaglefordshaleblog.com/2010/02/19/ eagleford-shale-maps/) Many additional wells have since been
drilled, largely, but not exclusively, in the oil and wet gas regions.

Eagle Ford Shale

The Eagle Ford Shale is a late Cretaceous unit underlying much of southeast Texas and probably adjacent sections
of Mexico. It outcrops in an arc from north of Austin, through San Antonio and then west towards Kinney County. It
is hydrocarbon rich, and buried portions straddle the oil window (Fig. 1) The Eagle Ford is currently one of the most
actively drilled oil and gas targets in the US. The first successful horizontal well was drilled in 2008, and 2522
permits were recorded (Texas Railroad Commission) by Sept 1, 2011. While the oil and gas reserves in the Eagle
Ford have been known since the 1970’s, prior to the invention of horizontal drilling/hydraulic fracturing it was not
considered economic. As shown in Fig. 1, there are significant variations in pressure and depth across the field,
which changes from oil-bearing to the northwest to gas in the southeast. The myriad of boreholes provide extensive
sampling across the oil window.
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Samples for this project were obtained from Chesapeake Energy. They consist of samples of clay-rich and carbonate
rich lithologies from five drill cores obtained Frio, Zavala, Dimmit, LaSalle and Webb counties in southeast Texas.
Depths range from 5512 to 8801 feet (from the surface), the sample cross the oil window from oil to gas-rich.
Maturities were determined from controlled pyrolysis and measuring the peak evolution temperature - Tmax (e.g.,
RockEval or SRA), and ranged from Ry = 0.58 to Ry = 1.57.

Analysis of Porosity by Small Angle Neutron Scattering

The primary techniques used in this study to quantify porosity at scales below approximately 10 microns were small
and ultrasmall-angle neutron scattering (U)SANS. (cf. Guinier and Fournet, 1955, Radlinski, 2006, Hammouda,
2009, Anovitz et al., 2009, 2011, 2013). Scattering contrast in rock samples arises primarily from the difference in
the coherent scattering length densities (SLD) of the rock and the pores within it. The SLDs of different minerals in
the rock are often similar, making mineral/mineral interface scattering contributions negligible. Thus, (U)SANS
analysis provides a direct characterization of pore structure. Neutron beam cross sections are typically several cm?,
and cold neutrons are highly penetrating, compared with photons and electrons. Thus, the scattering curve results
from a relatively large, and more statistically meaningful rock volume (typically ~ 30 mm?®, Anovitz et al., 2009). In
addition, the high penetrating power of neutrons, relative to X-rays, allows analysis of thicker rock samples by
neutron scattering. The SLD of phase j is given by:
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where b; is the bound coherent scattering length of atom i, N the total number of atoms in the molecule, p; is the
mass density, NA is the Avogadro constant and M; is the molar mass. The total neutron scattering cross section for
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Figure 2: Schematic representation of a SANS experiment showing beam path, sample scattering and detector

hydrogen is large, allowing studies of water/rock interactions at nano- to micro-scales (and at various time scales
with inelastic/ quasi-elastic scattering techniques). In fact, while the scattering cross section for X-rays is a function
of the atomic number, that for neutrons is not, thus providing a significantly different, and very useful scattering
contrast. Scattering from rocks occurs both from pores that are connected to the overall network and those that are
not, and the large difference in SLD between hydrogen and deuterium means that the rock can be purposely
saturated with a matrix contrast matched H,O/D,O mixture to separate connected from unconnected porosity,
allowing a quantitative assessment of the interacting reservoir volume.
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Figure 3: Detector tanks for two SANS instruments at the HFIR. The General Purpose SANS (with tank

door open) and the bioSANS (nearer) are shown. The sample positions are at the other end of the
tanks (far left).

A schematic of a pinhole SANS instrument is shown in. Fig. 2. After passing through a velocity selector neutrons
propagate then down a long guide and through a collimation system. An aperture at the end of the collimator defines
the cross section of the neutron beam interacting with the sample. The sample scatters a fraction of the neutrons, and
the remainder are either transmitted or absorbed. The intensity of scattered and transmitted neutrons is measured
with 1D or 2D detectors, normalized by the transmission and calibrated to absolute intensity.

The neutron detector resides in a large, cylindrical vacuum chamber (typically 10-20 m long) to reduce interference
from air scattering (Fig. 3). The position of the detector and the beam stop can be varied to obtain a wider range of
scattering angles. The Q ranges covered by SANS instruments vary somewhat, but are typically in the range from
1*10° A' < Q < 0.7 A-1, which samples scattering features (e.g. pores) ranging from approximately 10 to 6000 A.
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Figure 4 shows a typical scattering pattern for a rock. This pattern is radially symmetrical if there is no preferred
orientation in the sample, and is azimuthally averaged to obtain the scattering curve after appropriate corrections are
applied. While the resultant integrated and normalized intensity could be plotted in terms of scattering angle, it is
more commonly shown in terms of the momentum transfer vector Q (with units of A™), defined as shown in Fig. 7,
where Q is the momentum transfer, and E is the energy transfer. The USANS instrument uses a different design to
measure scattering at lower Q. The USANS at NIST/NCNR covers a Q range from 4*10° A’ < Q < 1*10° A,
corresponding to measurement sizes in the range 100 nm to 20 um (Barker et al., 2005, Hammouda, 2009). Thus,
the two techniques are complementary. The USANS uses thermal neutrons (2.38 A) and the Bonse-Hart method in

Figure 4: Example scattering data at a single detector distance for a sample of the Eagle Ford shale cut perpendicular
to bedding. Intensities are higher near the direct beam (lower Q, larger scale lengths). Scattering is anisotropic for
this sample, leading to apparent pore volume distributions that are directionally dependent.

which neutrons are monochromated by a triple-bounce, channel-cut single-crystal silicon monochromator, pass
through the sample to another monochromator (as an analyzer) and finally to a detector. Scanning the analyzer
yields the angular dependence of the scattering intensity. This allows a narrow wavelength resolution (AMA =
0.059), but beam intensity is low relative to SANS, making count times longer. In addition, the use of a slit, rather
than a pinhole geometry requires desmearing. Scattering data can be analyzed in reciprocal space by least-square
fitting to model functions or in real space after Fourier transformation. Both techniques yield information about the
shape and size or size ranges of scatterers. The invariant Z, defined by
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Z=Q 0'1(0)do .

yielding direct, model-independent information about the scattering contrast and volume of scatterers. For a two-
phase system the invariant is given by:

Z=2pf,(1- £)(r; - r’;)2 @3),

with ¢; equal to the volume fraction of phase 1 and p;* its coherent SLD. A great deal of other data can also be
obtained from these scattering curves. Once the raw data have been reduced (cf. Kline, 2006), data yield the overall
and cumulative porosities, pore distribution geometry (mass fractal behavior), the nature of the pore/rock interface
(surface fractal behavior), characteristic lengths associated with the fractal behavior, and the surface area to volume
ratio. Information on the pore size distribution and connectivity provides key insight into capillary pressure behavior
and liquid storage in the reservoir.

In many cases, even the combination of SANS and USANS does not cover a sufficiently large Q range to describe
the complete scattering curve for many rocks. There are several approaches to filling this gap, including
backscattered electron (SEM/BSE) imaging (Radlinski et al., 2004, Anovitz et al., 2013a). We have developed an
autocorrelation approach based on this kind of imaging and have coupled it with X-ray CT imagery as part of this
study (see below). While neutrons are very penetrating, suitable sample thickness is important. If the sample is too
thin, scattering power will be low. If too thick, multiple scattering lowers scattering intensity at low Q and raises it at
higher Q, distorting the signal. Anovitz et al. (2009) showed that, for limestone samples, a thickness of 150 microns
was suitable. We typically prepare samples by mounting them on quartz glass plates 1mm thick (Anovitz et al.,
2009). If such samples are not available, however, well cuttings cast into epoxy blocks and then sectioned may be
used, although this limits the availability of information on porosity at the largest (cm) scales. Neutron scattering has
the advantage over high magnification electron and X-ray imaging techniques of providing statistically meaningful
characterizations averaged over large volumes of material.
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Figure 5: Vector diagram showing the origin of the Q vector.

While electron microscopy can provide detailed images of pores at high magnifications, the total volume of the rock
imaged is, of necessity, very small. At lower magnifications, however, imaging techniques can be used to extend the
range of scattering data from ~ 10 microns to ~ 1 ¢cm using backscattered electron imaging with SEM, or X ray
computed tomography following the work of Debye et al. (1957), Radlinski et al. (2004) and Anovitz et al. (2013a).
This approach calculates the autocorrelation curve from such images, the Fourier transform of which provides a
further extension of the scattering curve. Together, these techniques provide quantitative characterization of rock
porosity at scales ranging from ~ 1 nm to greater than 1 cm — roughly 7 orders of magnitude.
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Figure 6: Autocorrelation analysis of the lowest (top) and highest (bottom) maturity carbonate-rich samples. The
three images for each were calculated from scattering patterns obtained at detector distances of 1, 4 and 13 meters
(left to right) on NG3-SANS instrument at NIST/NCNR. Focusing on the innermost ring, note the change in
symmetry with increasing maturity.

The Effects of Maturation on Multiscale Porosity in the Eagle Ford Shale

At the current time, two caveats must be considered when interpreting (U)SANS data for shales. The first is the two-
phase assumption. Radlinski (2006) noted that, because the scattering length densities of most minerals are
reasonably similar, and because scattering contrast varies as the square of the difference in the scattering length
densities, scattering from rocks can be treated as if there are only two “phases” present — rock with a scattering
length density equal to the volume-weighted average of the phases present (often near the value for quartz, 4.08 x
10° A®), and pores. However, this is not quite as true for shales in which the scattering length densities of the
minerals range from a high of approximately 5.4 x 10 A2 for dolomite, to a low of approximately 3.17 x 10 A
for illite, complicated by the quite variable, and often unknown values for the organic matter itself. Thus, while
scattering from mineral/mineral interfaces is still significantly weaker than that from mineral/pore interfaces, it may
still be significant, especially if the number of mineral/mineral interfaces is large, as is likely the case for fine-
grained rocks such as shales. For the purposes of this paper, however, an average scattering length density
comprised of the weighted average of the mineral phases, and considering the organic matter as scattering like
empty pores will be used. For this reason the calculated porosity will be referred to as “apparent porosity.”

The second caveat concerns the interpretation of the scattering anisotropy. As shown in Figure 4, the scattering
patterns obtained from low maturity samples cut perpendicular to bedding are highly anisotropic. Analysis of
sections cut parallel to bedding, however, yields isotropic scattering patterns. Thus, the three dimensional scattering
pattern is an ellipsoid of rotation, and all of the potential information can be obtained from the single sample cut
perpendicularly. However, while apparent porosities can be calculated parallel to, and perpendicular to the bedding,
pore volumes are inherently three dimensional, and the anisotropy must disappear if the sample is homogenized.
This implies that the apparent directional differences are due to projection of what is clearly a-three dimensional
anisotropy onto a two-dimensional plane. This suggests two possibilities. Either, the total porosity in each direction
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will be equivalent, if differently distributed, if all Q—values could be measured, or a correction factor for the effect
of the projection is needed. For the purposes of this paper, however, a limited-Q range analysis of directionally
dependent apparent porosity will be used.

Figure 7: Autocorrelation analysis of the lowest (top) and highest (bottom) Rq clay-rich samples. The three images
for each were calculated from scattering patterns obtained at detector distances of 1, 4 and 13 meters on NG3-SANS
instrument at NIST/NCNR. As with the carbonate-rich samples increasing maturity reduces the asymmetry. In the
case, however, this is incomplete at the largest scales.

One useful way to qualitatively examine changes in the structure of apparent porosity is to examine two-dimensional
autocorrelation figures calculated from the two dimensional scattering patterns. This converts the inverse-space
scattering data to real-space. Results for the highest, and lowest-R, carbonate rich samples are shown in Fig. 6, and
those for the clay rich samples in Fig. 7. Three figures are presented for each as data were collected on the NG3
SANS instrument at NIST/NCNR at three different detector distances, 1, 4 and 13 meters (left to right on the plot),
equivalent to size ranges of approximately 16 A to 6300 A. The symmetry, or lack thereof, for each pattern is most
clearly represented in the innermost ring. It is clear from Figs. 6 and 7 that maturation dramatically reduces the
asymmetry of the submicron structure of the shale, but that the extent of this effect is composition-dependent. In the
carbonates the asymmetry is essentially completely destroyed at all scales. In the clay-rich shales, however, while
the asymmetry at the finer scales is eliminated, that at the larger scales is not. Similar results were observed in
experimental studies of the effects of heating on shale microstructures (Littrell et al., 2011).

The apparent porosity is also greatly reduced in the (U)SANS range (that is, for pores with a radius below about 8
microns) during maturation. The lowest maturity carbonate-rich sample has an apparent porosity of 42.6 % parallel
to bedding, and 17.0 % perpendicular to bedding, and the lowest maturity clay-rich sample has an apparent porosity
of 40.9 % parallel to bedding, and 12.8 % perpendicular to bedding. By contrast, however, the highest maturity
carbonate-rich sample has an apparent porosity of 3.5 % parallel to bedding, and 3.1 % perpendicular to bedding,
and the lowest maturity clay-rich sample has an apparent porosity of 21.1 % parallel to bedding, and 11.4 %
perpendicular to bedding. Again, it is clear from these data that the anisotropy is essentially eliminated in the
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carbonate-rich sample, but only reduced, along with the overall porosity, in the clay-rich sample, although these
values are, of course, subject to the assumptions described above.

Interestingly, these results are in direct contradiction to some results observable at larger scales. Figure 8 shows to
backscattered electron images of organic-filled pores in the low and high-RO0 clay-rich samples. It is clear from these
images that porosity has dramatically increased inside the organic material during maturation. However, because the
scattering length density of the organics themselves are relatively low (if specifically unknown), and thus more
similar to that of unfilled pores that the surrounding mineral grains, it is likely that scattering from these pore
structures is relatively weak. The scattering observed, therefore, is largely due to intergranular porosity, as well as
contributions from mineral/mineral interfaces.
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Figure 8: Backscattered electron images taken on a FEI field emission secondary electron microscope of the clay-
rich samples. The dark areas are organic-filled pores. The low Ry sample on the left shows no evidence of porosity
in the organic material, while pores have clearly formed, probably due to gas formation, in the high Ry sample at the
right.

Conclusions

The data presented here clearly show that small angle scattering techniques can be of significant importance in
understanding the evolution of porosity in the rocks hosting unconventional oil and gas resources over a wide range
of scales. Neutron scattering results show a decrease in overall apparent porosity, as well as pore structure
asymmetry at scales from approximately 1 nm to 10 pum, but imaging suggests that porosity within the organic
deposits increases over this same range. These effects are, however, variable as a function of the mineralogy of the
sample (clay- vs. carbonate-rich).

The variability in pore features and associated mineralogy we observe will have a profound impact on the fracture
properties of the formation and development of flow permeability as a consequence of hydraulic fracturing, as well
as changing the fracture characteristics of the rock. Thus the best strategies for oil and gas recovery are likely to vary
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across the Eagle Ford and other tight gas shales are likely to vary with maturity, and multiscale pore assessment can
thus be a vital component is assessing best practices used when developing a strategy for efficient oil and gas
recovery.
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