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Highlights 20 

 An areal heterogeneity was studied by multiple approaches on a sub-decimeter sample of fine-21 

grained Eagle Ford Shale. 22 

 Pore structure of nm-μm-scaled pore sizes mapped by (U)SAXS are coupled with petrography, 23 

mineralogy, and organic geochemistry.  24 

 Areal heterogeneity of porosity distribution and sedimentary features is derived at our sample 25 

and measurement scales. 26 
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 27 

Abstract 28 

Mineral and organic matter compositions & pore structures of fine-grained shale influence 29 

reservoir properties. To improve the understanding of spatial heterogeneity in core-sized samples, 30 

methods of microscale X-ray fluorescence (μXRF) mapping, (ultra-) small-angle x-ray scattering 31 

[(U)SAXS] and wide-angle X-ray scattering (WAXS) have been used to determine elemental, 32 

pore-structure variations at scales up to ~10 cm on two samples prepared at circular and rectangular 33 

orientations from a piece of Eagle Ford Shale outcrop in South Texas, USA. In addition, thin 34 

section petrography and field emission-scanning electron microscopy observations, X-ray 35 

diffraction (XRD), total organic carbon, and pyrolysis were utilized to investigate the potential 36 

spatial heterogeneity of pore types, mineral and organic matter compositions for cm-sized samples 37 

at both orientations. Overall, the siliceous-carbonate mineral contents in these two samples (8 38 

cm×8 cm×0.08 cm and 5 cm×8 cm×0.08 cm, in terms of width×length×thickness) of carbonate-39 

rich Eagle Ford Shale vary between laminations at mm scales. For the circular sample, porosity 40 

and specific surface area (SSA) variations range from 0.82 to 3.04% and 1.51 to 14.1 m2/g, 41 

respectively.  For the rectangular sample, values for porosity and SSA vary from 0.93 to 2.50% 42 

and 3.95 to 10.8 m2/g. By analyzing six selected sub-samples on each of two samples with 43 

(U)SAXS and XRD techniques, nm-sized pores are mainly interparticle ones in the higher calcite 44 

regions, where the porosity is also relatively lower, while the lower calcite regions consist of both 45 

interparticle and intraparticle pore types with higher porosity. Finally, the μXRF and (U)SAXS 46 

mappings are combined to generate porosity distribution maps to provide more insights about 47 

sample heterogeneity related to the laminations and fractures at our observational scales. 48 

  49 
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1. Introduction 50 

Successful and economical recovery of gas and oil from shale has become one of the hottest 51 

geological topics in recent decades. Compared to conventional sandstone reservoirs, shale is well 52 

known for its complex pore systems and high heterogeneity from nanometer to basin scales (Peng 53 

et al., 2017; Borrok et al., 2019; Ma et al., Mighani., 2019; Zhang et al., 2019; Huang et al., 2020). 54 

Complementary with wireline log and seismic data, core analyses are a direct measurement of rock 55 

properties. However, they are limited by their resolution and sample holding capacity of various 56 

measurement approaches and associated instrumentation. Cores are usually analyzed after 57 

plugging, cutting, and/or crushing which will lead to the issues of inabilities of studying, and 58 

altering, the heterogeneity at the dm-scale. With the improvement in instrumentation, a variety of 59 

non-destructive techniques is available to assess the pore structure and geochemical properties of 60 

core-sized (commonly 2.5 cm in diameter) samples. Microscale X-ray fluorescence (μXRF) 61 

mapping has been applied in core-sized samples to visualize the elemental and laminae distribution 62 

(Reed et al., 2019; Birdwell et al., 2019; Barker et al., 2020a; 2020b). Wang et al. (2021b) recently 63 

applied a rapid and high-precision (ultra) small-angle X-ray scattering [(U)SAXS] technique to 64 

characterize the porosity, pore size distribution (PSD), specific surface area (SSA) and its 65 

distribution in a Barnett Shale sample across an area of several tens of cm2. 66 

The Cretaceous Engle Ford Shale is a prolific petroleum reservoir in the central to southwest Texas 67 

region (U.S. Energy Information Administration, 2022). The organic matter-rich beds of the Eagle 68 

Ford Formation have been extensively studied with regard to its depositional environment, 69 

diagenesis, mineral composition, organic matter type, pore types and pore-size distribution, and 70 

water-rock interaction (e.g., Pommer and Milliken, 2015; Frebourg et al., 2016; Alnahwi and 71 

Loucks., 2018; Wang et al., 2021a).  These studies indicate a high degree of heterogeneity across 72 
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multiple observational scales. At the field scale across several counties, the organic matter (OM)-73 

rich beds are interbedded with OM-poor limestones, and the proportion of OM-rich shale vs. 74 

limestone negatively influences the formation fracability and positively the petroleum production 75 

(Breyer et al., 2015). On the core scale of centimeters, the Eagle Ford Shale shows a lithologic 76 

variation from coccolith-rich pellets to siliceous-argillaceous seams, and foraminifera (Reed et al., 77 

2019). Overall, there are still many remaining needs for further investigation into larger-sized 78 

samples for the decimeter-scale variability in properties such as pore structure, mineral and OM 79 

composition. 80 

This work has employed μXRF mapping, (U)SAXS, and wide-angle X-ray scattering (WAXS) to 81 

investigate the spatial heterogeneity of the elemental & mineralogical composition and pore 82 

structure on two Eagle Ford Shale wafers taken perpendicular to each other. Then, six locations 83 

on each sample (1 cm×1 cm×0.08 cm) showing large variations in pore structure and elemental 84 

composition were selected and cut into chips. These sub-samples were processed at different sizes 85 

for analyses by petrographic microscopy, field emission-scanning electron microscopy (FE-SEM), 86 

X-ray diffraction (XRD), total organic carbon content (TOC), and pyrolysis to investigate the 87 

spatial heterogeneity of sedimentary structure, mineral composition, pore types, organic richness, 88 

and thermal maturity.   89 

2. Methods 90 

2.1 Sample collection and preparation 91 

A Cretaceous-aged Eagle Ford Shale sample was collected from an outcrop outside of Del Rio 92 

city, TX. First the outcrop was cored as a cylinder at 10.2 cm in diameter and 10 cm in height, and 93 

then two samples perpendicular to each other were cut at a thickness of 0.08 cm (Fig 1A); both 94 

samples are perpendicular to the bedding plane of the original outcrop. The circular sample (C 95 
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sample in later texts) shown in Fig. 1B has a diameter of 10.2 cm, and the rectangular sample (R 96 

sample) shown in Fig. 1C has a dimension of 10.2 cm×6.1 cm. Samples were placed in an oven at 97 

60 °C for 2 days to remove the moisture in the connected pore space before analyses. Both μXRF 98 

and X-ray scattering mappings were first carried out on these C and R whole samples, and then 99 

selected locations were cut into 1cm×1cm×0.08 cm sub-samples (orange squares in Fig. 1B-C) for 100 

X-ray diffraction (XRD) analyses and scanning electron microscopy (SEM) imaging, and crushed 101 

to powder for the analyses of total organic carbon (TOC) and pyrolysis. The rock chips shown in 102 

blue rectangular (Fig. 1B-C) were prepared to make four thin sections for petrography. The rest of 103 

rock samples in orange squares and blue rectangles were ball-milled as powders for bulk XRD 104 

analyses. 105 

2.2 X-ray scattering  106 

Both ultra-small angle X-ray scattering (USAXS) and small-angle X-ray scattering (SAXS) were 107 

conducted on the C and R samples to investigate the areal heterogeneity of porosity, PSD, and 108 

pore surface area distribution over measurable pore-diameters of 1-1000 nm, and wide-angle X-109 

ray scattering (WAXS) was used to determine the mineral types. Two wafer pieces, the C and the 110 

R samples were first cut from the big core and polished to 0.08 cm in thickness. Then samples 111 

were oven-dried at 60°C for 48 hours to remove water moisture and were mounted on the holder 112 

for sequential measurement by USAXS, SAXS, and WAXS. USAXS/SAXS/WAXS analyses 113 

were conducted at 9-ID beamline of Advanced Photo Source (APS) at Argonne National 114 

Laboratory. The detailed beamline parameters, fundamental principles, analyses procedure, and 115 

data processing follow the work of Ilavsky and Jemian (2009), Ilavsky et al. (2018), and Wang et 116 

al. (2021b). The scanning positions (X-Y) were programmed in the Igor in advance. During the 117 
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measurements, the beamline moved among positions, and the detector received the signals and 118 

stored them automatically for consequent data processing.  119 

For the C sample, a total of 37 positions were scanned (Fig. 1B), with each position scanned at 3-120 

4 beam spots (labeled as A to C-D) following the sequence in Wang et al. (2021b) for a total of 121 

132 beam spots being scanned. For the R sample, there was 30 positions (Fig. 1C), and each 122 

position was scanned at 2-3 beam spots for a total of 72 beam spots. Each beam spot only took 90, 123 

10, and 10 seconds to complete the sequential runs of USAXS and SAXS (for pore structure) & 124 

WAXS (for mineral composition). Hereafter individual beam spots are described as, for example, 125 

Position 1A or Position 2B, where the former refers to Position 1 & Beam Spot A, and the latter 126 

to Position 2 & Beam Spot B. In brief summary, the USAXS and SAXS are combined to be 127 

(U)SAXS to determine the porosity, PSD, and SSA, at beam spots of 0.08 cm ×0.08 cm, and the 128 

WAXS is used to determine the type of minerals, at the same beam spots but a smaller area of 0.08 129 

cm ×0.02 cm. The results of porosity, PSD, and SSA were calculated with MaxEnt (Maximum 130 

Entropy model) by using the “Size Distribution Tool” and “Evaluating the Size Distribution Tool” 131 

built in Nika and Irena packages. WAXS data were processed in the Nika package by fitting the 132 

mineral peaks with the “WAXS Tool”. 133 

2.3 Micro-X-ray Fluorescence Mapping 134 

The μXRF mapping is a fast and non-destructive method that can quantitatively measure the spatial 135 

elemental distribution on the surface of mm to cm-sized samples (Nikonow and Rammlmair, 2016; 136 

Birdwell, et al., 2018). Our data were obtained from a μEDXRF spectrometer M4 Tornado 137 

manufactured by Bruker, and the chemical elements Al, Ca, Fe, K, Mg, Mn, Na, and Si were 138 

selected to be monitored at 50 kV. The maximum resolution of μXRF scanning was 14 μm, and 139 
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the scanning time depends on the sample size and resolution. For the sub-dm-sized samples used 140 

here with the best resolution, the scanning time was around 20 hrs.      141 

2.4 Petrographic microscopy 142 

To investigate the changes in sedimentary textures for C and R samples, a rectangular area of ~2 143 

cm × 10 cm on both samples was cut out for petrographic microscopy (Fig. 1B-C), and the photos 144 

of prepared thin sections were taken under the Leica DM 750P polarizing microscope. 145 

2.5 X-ray diffraction  146 

After X-ray scattering and μXRF mapping for pore structure and elemental composition of the 147 

large-sized C and R samples, six sub-samples as rock chips (1 cm×1 cm×0.08 cm) from areas 148 

showing large variations were selected and cut out as sub-samples, in order to determine the 149 

mineral compositions by XRD analyses. In addition to these intact sub-samples, a ball-milled 150 

powder sample from the rest of rock chips after cutting of twelve sub-samples was prepared to 151 

investigate the average mineral composition of the sample. The XRD analyses were conducted on 152 

a Shimadzu Maxima X XRD-7000, and the 2θ was set to be 20 to 70 degrees. The Jade 9 analysis 153 

program was used to determine the mineral compositions from the raw spectral data.  154 

2.6 Field emission-scanning electron microscopy 155 

These six selected sub-samples on each of C and R samples were gradually polished with 156 

sandpapers ranging from 200, 400, 800, 1200, 2000, and 3000 grits. After polishing, samples were 157 

coated with Au/Pt in CrC-100 Sputtering system and then directly examined by Hitachi 4800 SEM 158 

to investigate the pore types. In this study, images were collected with the secondary electrons (SE) 159 

mode under 15 kV for minerals and their related pores, and 1.5 kV for organic matters-hosted 160 

pores.  161 
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2.7 TOC and pyrolysis 162 

When the XRD and SEM analyses were finished, these 12 selected sub-samples from C and R 163 

samples were crushed to be powders (<75 μm) to destructively examine the TOC contents by 164 

LECO C230 Carbon Analyzer, as well as quality and thermal maturity through HAWK pyrolysis 165 

manufactured by Wildcat Technologies. 166 

3. Results  167 

3.1 Areal heterogeneity of sub-decimeter-sized samples  168 

3.1.1 Elemental distribution  169 

The results of powder-sized samples show the average mineral compositions of the whole sample 170 

(Table 1). These results indicate that the samples used in this study are carbonate-rich with small 171 

amounts of quartz and a very small amount of pyrite & clay minerals. Therefore, in the following 172 

μXRF mapping test, only the elemental composition data related to the detected main minerals are 173 

presented, with a total of eight elements being selected.  174 

In μXRF images (Figs. 2-3), the higher the concentration is, the brighter the color is. Based on the 175 

mineral compositions provided by XRD results for the powder sample, Ca being detected by the 176 

μXRF is present only in calcite (CaCO3), Fe is in pyrite (FeS2), Si is from siliceous minerals such 177 

as quartz (SiO2) and clay minerals, and Al, Na & K are present in clay minerals. Since the clay 178 

minerals only account for a very small amount of the total minerals (Table 1), the Si signal will be 179 

mostly due to quartz, so the detection of Al, Na, and K is used to characterize the clay minerals 180 

distribution. Both Mg and Mn are used to reflect the potential presence of ankerite [Ca(Fe, Mg, 181 

Mn)(CO3)2] or dolomite [CaMg(CO3)2]. For both C and R samples (Figs. 2-3), strong laminations 182 

are observed for high concentrations of Ca, Si, and Fe, weak laminations are observed for Al and 183 
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K, and no laminations are present for Mg, Mn, and Na. To quantify the distribution of three most 184 

abundant elements (Ca, Si, and Fe), the intensities of scanned areas are normalized to the highest 185 

intensity observed for each element (Fig. 4).  In Fig. 4A, the normalized Ca distribution map of 186 

the C sample shows that Ca is rich in all scanned areas with multiple laminations across the sample. 187 

The difference in the relative intensity (RI) between higher Ca areas (yellow color, ~80% RI) and 188 

lower Ca (green color, ~60%) area is relatively small. The area with higher Ca concentrations is 189 

in the upper two-thirds region of the sample, whereas the lower Ca concentrations occur in the 190 

bottom portion of one-third (Fig. 4A). The normalized Si distribution map (Fig. 4B) shows that 191 

areas with higher Si concentrations are located at the sample bottom, and lower Si concentrations 192 

occur in the middle and upper regions of the sample. The normalized distribution map for Fe (Fig. 193 

4C) shows very high intensity (~80-100% RI) to be concentrated at the sample bottom, but only a 194 

low intensity (~0-20% RI) for the rest of the sample.  195 

For the normalized distribution maps of the R sample (Fig. 4D-F), the areas with higher Ca 196 

concentrations (~60-100% RI) appear in the middle region of sample, while the areas with lower 197 

Ca concentrations (~0-20% RI) are located on the left and right sides (Fig. 4D). The higher 198 

concentration areas of Si (~80-100% RI) and Fe (~60%-100 RI) occur on the right-hand side (Fig. 199 

4E-F). A comparison of these three normalized maps shows that the area with a high RI value for 200 

Ca also has low concentrations of Si and Fe; similarly, the area with low Ca concentration has high 201 

Si and Fe concentrations.  202 

Once the Ca, Si, and Fe data were normalized, the sedimentary features, such as laminations and 203 

fractures, can be identified and marked on Figs. 4G and H for the C and R samples, respectively. 204 

In Fig. 4G, several fractures cut through the laminations in the C sample and offset the laminations 205 
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on the right side by 3-5 μm. In the R sample (Fig. 4H), fractures cut though the laminations and 206 

lead to an offset of laminations.    207 

3.1.2 Sedimentary textures 208 

Thin section petrography was carried out to determine the textural and mineral compositional 209 

changes across two C and R samples. Four positions with different Si/Ca ratios (following the 210 

normalized map in Fig. 4) on each sample were selected for the petrographic microscopy (Fig. 5). 211 

Thin sections of the small rectangular areas marked as A-H in Fig. 5 are shown in Fig. 6A-H. 212 

Under a plane-polarized light, these sub-samples show as either yellow (calcite) and brown-black 213 

colors (quartz, clay, pyrite, and organic matter). Unlike other fossil-rich Eagle Ford Shale samples 214 

being collected from both wells and outcrop (Pommer and Milliken, 2015; Lehrmann et al., 2019; 215 

Reed et al., 2019; Wang et al., 2021a), fossils are only occasionally found in this sample. In the 216 

high Ca regions (A and E), the yellow color is dominant, whereas in the high Si regions (D and H), 217 

the proportion of brown-black colors increases dramatically. In other thin section views cutting 218 

across Ca-Si mixed laminations (B, C, F, and G), the differences of yellow/brown-black colors are 219 

intermediate. Based on the thin section petrographic observations, the samples do not show a 220 

lithological change at sub-cm scales, though there is a variation in compositions, as evidenced 221 

from the spatial differences of yellow/black-brown colors.  222 

3.1.3 Pore structure 223 

The pore structure of the C and R samples was investigated with (U)SAXS techniques. The 224 

distributions of porosity and SSA for each sample are presented in Fig. 7. Overall, the porosity of 225 

the C sample ranges from 0.82 to 3.04%, with an average of 1.72±0.36% (sampling number 226 

N=132). The high porosity region is mainly located at the bottom region. The porosity of the R 227 
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sample ranges from 0.93 to 2.50%, and has an average of 1.61±0.35% (N=72). The high porosity 228 

region occurs at the right and bottom regions. The pore surface area distribution of these two 229 

samples was spatially mapped out as well from (U)SAXS data. The SSA of the C sample is 1.51-230 

14.1 m2/g with an average of 6.52±1.74 m2/g (N=132), similar to the R sample of 6.89±1.52 m2/g 231 

(N=72). While the distributions of porosity and SSA are similar, there are still some differences. 232 

For example, Positions 11 (coordinates: x=6 and y=6) and 20 (coordinates: x=4 and y=6) have the 233 

lowest porosities on the C sample, but their SSAs are not the lowest (Fig. 7 A and C). For the R 234 

sample, Positions 27 (coordinates: x=2 and y=0) and 30 (coordinates: x=8 and y=0) do not show 235 

the highest porosity, but they have the highest SSA (Fig. 7B and D). 236 

3.2 Areal heterogeneity of selected sub-samples of large C and R samples 237 

This section looks at the differences in mineral compositions, pore types, organic matter quantity 238 

(TOC) and quality (pyrolysis), as well as their influences on the pore size and pore surface area 239 

distributions. Six sub-samples (1 cm×1 cm×0.08 cm) on both C and R samples with high 240 

differences in Ca/Si intensity, porosity, and pore surface area were selected and cut out for XRD 241 

and SEM analyses, and then crushed to powder for destructive TOC and pyrolysis analyses. As a 242 

part of X-ray scattering, the WAXS was conducted on the large-sized samples to validate the XRD 243 

results at different sampling scales (XRD: 1 cm × 1 cm; WAXS: 0.08 cm × 0.02 cm). For the C 244 

sample, a total of six sub-samples were selected from Positions 3 (named C3), 10, 16, 22, 34, and 245 

37. Similarly, six sub-samples from the R sample were chosen from Positions 15, 22, 24, 26, 28, 246 

and 30 (Fig. 5; Table 2).  247 

3.2.1 Mineral compositions and organic matter  248 
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The results of mineral compositions, TOC, and pyrolysis of these 12 sub-samples are shown in 249 

Table 1. Due to their low abundance (0.7% from the powder-sized aliquot from the bulk sample), 250 

the clay minerals for the sub-samples were neglected during the XRD mineral composition 251 

calculation, as the calculated values for a very small amount may have a large uncertainty. Sub-252 

samples C3, C10, C16, and C21 have relatively higher calcite (91.7 to 94.8 wt.%) and lower quartz 253 

(5.2 to 6.9 wt.%), whereas the C34 and C37 positions have relatively lower calcite (85.6 and 87.0 254 

wt.%) and higher quartz (10.8 and 11.7 wt.%). Pyrite only appears in sub-samples of C16, C21, 255 

and C37, with its contents ranging from 1.3 to 3.7 wt.%.  Sub-samples R22 and R26 show a 256 

detection of relatively low quartz (6.3 and 7.6 wt.%), high calcite (93.7 and 92.4 wt.%), and no 257 

pyrite. In contrast, R15, R24, R28, and R30 sub-samples show higher quartz (11.1-15.5 wt.%) and 258 

lower calcite (82.7-88.9 wt.%). The higher quartz rock-chips are commonly found in sub-samples 259 

with more abundant pyrite (ranging from 1.1 to 2.3 wt.%), with an exception of R28.  260 

Even though the quantification function for mineral composition from WAXS data has not been 261 

developed, its function can help to determine what types of minerals are present at the sampled 262 

area of 0.08 cm × 0.02 cm. Results show that the high calcite samples barely contain pyrite along 263 

with a low intensity of kaolinite and quartz (Fig. 8A and C), whereas the low calcite samples have 264 

high intensities of pyrite, kaolinite, and quartz (Fig. 8B and D). In addition, Table 1 shows that 265 

TOC values are high in sub-samples with low calcite for both R and C samples. Furthermore, the 266 

pyrolysis results show that all of 12 sub-samples have low values of S1 (free hydrocarbons) and 267 

S3 (CO2 yield during pyrolysis from kerogen). Low S1 values may be due to the fact that this being 268 

an outcrop sample, and free hydrocarbons have evaporated off or been degraded away. The S2 269 

values (mass of hydrocarbons per gram of rock generated during pyrolysis) increase with an 270 

increasing TOC content and, therefore, the hydrogen index (HI) ranges from 538 to 769. The Tmax 271 
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values (434-435 oC) from the pyrolysis are very similar as would be expected, indicating that this 272 

Eagle Ford Shale from outcrop is likely in the very early oil generation stage (Yang and Horsfield, 273 

2020). 274 

3.2.2 Pore types 275 

Fig. 9 presents the SEM images of six sub-samples taken from the C sample (shown in Fig. 5).  In 276 

the high calcite sub-samples (C3, C10, C16, and C21; Table 1), the pores are mostly interparticle 277 

between calcite and quartz (Fig. 9A, B, and D). In some parts of the solid rock matrix, there is a 278 

limited abundance of pores (Fig. 9C). In the sub-samples with low calcite contents (C34 and C37), 279 

the pores are primarily interparticle and intraparticle in types. The interparticle pores appear 280 

between calcite, quartz, pyrite, and clay minerals, whereas the intraparticle pores are present inside 281 

pyrite framboids and clay aggregates (Fig. 9E-F and H-I). Due to its low maturity, the organic 282 

matter does not contain any pores (Fig. 9G). Similarly, Fig. 10 shows the SEM images of six sub-283 

samples from the R sample. The high calcite sub-samples (R22 and R26) contain dominantly 284 

interparticle pores, and only a few pores appear in the solid matrix (Fig. 10B and D). In the low 285 

calcite sub-samples (R15, R24, R28, and R30), pores are mainly observed between mineral crystals 286 

(Fig. 10A and G); in addition, pyrite framboids and clay aggregates can provide pore spaces (Fig. 287 

10E, H, and I). Moreover, the quartz in the SEM images is mainly secondary (formed as cements 288 

during the diagenesis) with a good crystal form, indicating that it was probably from dissolved 289 

silica and precipitated as quartz cements (Fig. 9B and D; Fig 10E).   290 

3.2.3 Pore structure 291 

Fig. 11 shows the relationship of pore diameter with either incremental and differential porosity 292 

or SSA of six beam spots with the highest porosity values in each subsample for C and R samples, 293 
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whereas Table 2 gives the total porosity and SSA as well as their distributions. Pores in the C 294 

sample are dominated by diameters in the 100-1000 nm range (Fig. 11A and E). The high calcite 295 

locations (C3A, C10B, C16A, and C21B; all >91%) show two major peaks in the 200-400 nm and 296 

500-1000 nm ranges, whereas the low calcite locations (C34A and H37A; <87%) exhibit two 297 

major peaks at 100-200 nm and 400-1000 nm in diameters. Unlike other locations, the C37A shows 298 

two peaks in the 400-1000 nm range. Fig. 11B and F show that the 1-10 nm range has the highest 299 

pore density (populations (Meyer and Klobes, 1999). The SSA of all sampling locations mostly 300 

falls in the 1-10 nm range, with two main peaks located at 1-4 nm and 5-7 nm (Fig. 11C and G). 301 

The high calcite beam spots (C3A, C10B, C16A, and C21B) show similar peaks in intensity and 302 

pore diameter range; on the contrary, the low calcite spot of C34A has no peaks between 5-7 nm, 303 

and rather a high peak at 10-12 nm. Furthermore, for the R sample, both high (R22A and 304 

R26A; >92%) and low calcite spots (R15A, R24C, R28A, and R30A; <89%) have peaks at similar 305 

pore diameters, but they have different intensities and widths. Moreover, the incremental SSAs of 306 

six locations have similar peaks but different intensities as well (Fig. 11C and G). As the large-307 

sized pores contribute  to the total surface area to a small extent, the surface area density in the 1-308 

10 nm is the highest in the plots of differential surface area (Fig. 11D and H). 309 

4 Discussion 310 

The areal heterogeneity of porosity and pore surface area was mapped out and visually displayed 311 

by the (U)SAXS scattering, which is attempted for an quantitative evaluation as well. Several 312 

statistical parameters such as the average, standard deviation, variance, maximum, minimum, 313 

and coefficient of variation were calculated to evaluate the dispersion degree of the (U)SAXS 314 

datasets, which, in another word, the degree of heterogeneity in the sampled volumes.  Table 3 315 

presents these parameters to evaluate the dispersion degree of porosity and SSA of both C and R 316 
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samples at three different observational scales which are whole sample, 2 cm×2 cm square (red 317 

squares in Fig. 7), and sampling position scales. Generally, the standard deviation, variance, and 318 

coefficient of variation are three most useful parameters to evaluate the spreading degree of a 319 

dataset. By comparing those parameters of whole C (observational area of 60 cm2) vs. whole R 320 

(40 cm2) samples, the results show similar standard deviation (porosity: 0.36 vs. 0.35; SSA: 1.68 321 

vs. 1.26), variances (porosity: 0.13 vs. 0.12; SSA: 2.83 vs. 2.32), and coefficient of variation 322 

(porosity: 0.21 vs. 0.22; SSA: 0.26 vs. 0.24). These similar statistical parameters indicate that 323 

these two samples have a similar degree of heterogeneity in porosity and pore surface area at 40-324 

60 cm2 observational scales. This is not surprising because the C and R samples were cut from 325 

the same original sample of a cylindrical shape, and are “homogeneous” at these scales. To show 326 

a better contrast of heterogeneity at different scales, the area with higher porosity and SSA in R 327 

sample was selected to be compared. When the observational scales decrease to a square of 2 328 

cm×2 cm (4 cm2) and sampling position scale (0.32 cm2), the averages gradually increase, 329 

whereas the coefficient of variation decrease; the standard deviation and variance vary 330 

differently due to the small number of data size. Overall, by comparing those parameters in 331 

evaluating the dispersion degree, the coefficient of variation is the best one to be employed to 332 

evaluate the areal heterogeneity of porosity and pore surface area. The smaller the coefficient of 333 

variation is, the less heterogeneous the sample is.  334 

In this study, the results of μXRF patterns show that the Ca abundance is inversely correlated with 335 

Si, Fe, Al, and K (Figs. 2-3) at sub-dm sampling scales. The (U)SAXS results illustrate that the 336 

porosity and SSA vary across the whole sample area (Fig. 7). Shales are fine-grained rocks being 337 

deposited and accumulated under low-energy aqueous environments, and the depositional process 338 

of laminations is a function of the in situ water energy and sediment supply (O’Brien 1996; 339 
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Fr´ebourg et al., 2016; Yawar and Schieber, 2017).  In a similar deposition environment, the only 340 

difference between adjacent laminations is the type of sediment supply. Fig. 12 shows cross-plots 341 

of calcite from XRD vs. porosity [from (U)SAXS], SSA [from(U)SAXS], TOC content (from 342 

LECO), and S2 value (from pyrolysis) of 12 selected sub-samples from the C and R samples. It 343 

shows a negative relationship between calcite and porosity (correlation coefficient R2=-0.7852; 344 

N=12), SSA (R2=-0.4748), TOC (R2=-0.7358), and S2 (R2=-0.8641).  This negative relationship 345 

between calcite and porosity indicates that calcite contents are inversely related to the extent of 346 

pore space. In addition to pores being observed between the mineral crystals, Louck et al. (2012) 347 

reported that pores are also presented in pyrite framboids and clay aggregates. From the XRD 348 

results and SEM images in this study, the pyrite and clay minerals are only present in the low-349 

calcite regions. Within the pyrite framboids and clay aggregates, those intraparticle pores provide 350 

an extra pore space and pore surface area in these lower--calcite locations, which lead to higher 351 

porosity and pore surface area compared with higher-calcite spots. Reed et al. (2009) and Frebourg 352 

et al. (2016) also pointed out that the recrystallization of calcite will eliminate its original texture 353 

and the calcite overgrowth will fill the pore networks, and therefore, porosity could decrease in the 354 

high calcite content regions. In the thin sections photos (Fig. 6A, C, and H), the calcitic fossils are 355 

observed to be dissolved and reprecipitated as crystalline calcite and only a couple of molded 356 

fossils are visible. Therefore, in the higher-calcite spots, the porosity is expected to be lower than 357 

that in the lower-calcite spots.  358 

Many other studies also report that the organic matter can provide a certain amount of porosity for 359 

the organic matter-rich shale as a result of petroleum generation (Curtis et al., 2012; Ko et al., 360 

2016; İnan et al., 2018; Wang et al., 2020; Bai et al., 2021). However, in this Eagle Ford Shale 361 

sample, pyrolysis results indicate that organic matter is at best in the early oil window, and SEM 362 
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observations show an absence of pores within the organic matter particles. Therefore, the 363 

contribution of organic matter-hosted pores to porosity and pore surface area is negligible in this 364 

sample. Overall, for this carbonate-rich Eagle Ford Shale, the increase in siliceous minerals and 365 

pyrite will lead to high porosity and pore surface area. Several studies on various shales have 366 

reported that high porosity is not necessarily related to high silica content (Yang et al., 2016; Wu 367 

et al., 2019; Shu et al., 2021), but might be related to clay mineral contents (Ross and Bustin, 2008; 368 

Chen et al., 2016).  Calcite also shows a weak negative relationship to the surface area, but the R2 369 

is only 0.4748. Clay minerals have a much higher surface area than calcite and quartz (Clouter et 370 

al., 2001; Michot and Villieras, 2006; Montes-Hernandez et al., 2008; Kuila and Prasad, 2013), 371 

however, our Eagle Ford Shale sample has a very limited amount (less than 1%) of clays from the 372 

XRD analyses. In addition, TOC and S2 contents show a good negative relationship (R2= 0.7358 373 

and 0.8641) with calcite. Many studies suggested that Fe can stimulate organic matter productivity 374 

(Tribovillard et al., 2015; Frebourg et al., 2016; Zhang et al., 2017); ss with the clay minerals, 375 

however, the composition of pyrite cannot be accurately calculated due to its low abundance in 376 

this sample.   377 

Since the cross-plot of calcite and porosity shows a good correlation (R2=-0.7852), the Ca signals 378 

on the μXRF maps can be directly correlated to the porosity. Based on the normalized Ca intensity 379 

data, the porosity of each lamination shown in Fig. 4G and H can be calculated. Therefore, the 380 

sedimentary textures map (Fig. 4G and H) can be filled with calculated porosity of each lamination 381 

to generate a porosity-lamination map to uniquely reflect the porosity changes among laminations 382 

(Fig. 13). Although the porosity does not show a large change within the same lamination, the 383 

fractures often related to local tectonic activities can offset the lamination and lead to porosity 384 

variation. Loucks and Reed (2016) and Wang et al. (2021a) pointed out that an opening of fractures 385 



18 
 

is related to different mechanisms such as the desiccation of clay minerals and devolatilization of 386 

bitumen; in addition, the fractures introduced with those two mechanisms are relatively short in 387 

length (mm-μm scale). Fig. 13 does not show this type of fractures, and therefore it is reasonably 388 

believed that the fractures in this sample could be introduced by other mechanisms. The local 389 

tectonic movement will stimulate the generation of fractures which can offset a lamination by 390 

micrometers to a meter (at scales larger than meters, the fracture is called a fault). Gottardi and 391 

Mason (2018) reported that the observed fractures  in the same study area of Eagle Ford Shale 392 

were related to the post-Laramide stress relaxation and progressive exhumation. In this Eagle Ford 393 

sample, the lamination offset is limited to μm-mm scales, and it will not impact porosity 394 

measurements at the 2.5 cm-diameter scale of core plugs, but will affect petrophysical analyses at 395 

sample sizes at sub-mm scales (e.g., 100s μm used for gas physisorption, a common approach to 396 

determining PSD). However, other studies (Gillen et al., 2019; Zhang et al., 2019; Xu et al., 2020) 397 

reported that some lamination offsets can be at the cm-m scale; such a large-scale offset will lead 398 

to variable results from two cores which are distanced at meters apart. Overall, a cross-scale study 399 

and appreciation of the subsurface heterogeneity need multi-disciplinary methodologies such as 400 

these reported in this work.    401 

As shown from the sample size-dependent heterogeneity being visually and statistically 402 

determined by the procedures presented in this study, researchers should be very careful when 403 

selecting sample sizes in conducting petrophysical studies on geological samples. Even the sub-404 

samples coming from a core sample but different positions, the parameters of pore structure, 405 

mineral compositions, and organic richness could still show a difference. Therefore, understanding 406 

the extentof cross-scale heterogeneity at sub-decimeters to micrometers is critical in characterizing 407 
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rock samples in a more confident way; this will need continuing efforts with multi-approach and -408 

disciplinary studies for porous media (e.g., Zhao et al., 2021). 409 

5. Conclusions  410 

This study investigates the areal heterogeneity of mineral compositions, pore structure, and organic 411 

matter composition on two sub-dm-sized samples from an outcrop of Eagle Ford Shale. Even 412 

though it is not visible to the naked eye, the spatial heterogeneity can be observed across the whole 413 

sample volume with the help of μXRF and (U)SAXS. Based on the relationship between 414 

compositions and measured porosity from (U)SAXS, the porosity at other non-measured locations 415 

can be extrapolated, and the sedimentary-textural maps can be associated with the calculated 416 

porosity. The capabilities of quickly and non-destructively analyzing dm-scaled samples and 417 

providing good resolutions of μm to cm of those two techniques for areal heterogeneity studies 418 

open up a wide range of potential applications to many geological fields such as mineralogy, 419 

petrology, sedimentary geology, environmental geology, energy geology, and astrogeology.  420 

Utilizing the developed methodologies and workflow in this work, future studies will include 421 

geological rocks of various lithologies and grain sizes, assisted with complementary petrophysical 422 

analyses such as mercury intrusion porosimetry and nuclear magnetic resonance, to qualitatively 423 

and quantitatively assess the heterogeneity of pore structure and its implications in the energy 424 

geosciences studies of carbon and hydrogen storage.      425 
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Table 1 Results of mineral composition (XRD), TOC content (LECO), and pyrolysis (HAWK) for the Eagle Ford Shale samples. 579 

Sample ID 

Mineral composition (wt.%) 
TOC 

(wt.%) 

Pyrolysis 

Quartz Calcite Pyrite Clays  S1 (mg 
HC/g) 

S2 (mg 
HC/g) 

S3 (mg 
CO2/g) 

Tmax 
(°C) 

Hydrogen 
Index 

Powder sample 7.3 91.2 0.8 0.7 N/A 
C3 6.2 93.8  nd 1.4 0.1 7.4 0.3 435 538 

C10 6.1 93.9  nd 1.5 0.2 8.4 0.2 434 575 
C16 5.2 94.8  nd 1.3 0.3 7.9 0.2 435 605 
C21 6.9 91.6 1.6 nd 1.5 0.2 9.7 0.2 435 659 
C34 10.8 85.6 3.7 nd 2.2 0.2 14.4 0.2 434 660 
C37 11.7 87.0 1.3 nd 2.2 0.2 14.9 0.3 434 669 
R15 14.2 84.7 1.1 nd 2.6 0.2 17.0 0.2 435 645 
R22 6.3 93.7  nd 1.4 0.2 8.7 0.4 434 633 
R24 13.8 84.0 2.3 nd 1.7 0.2 12.9 0.3 435 769 
R26 7.6 92.4  nd 1.6 0.2 10.6 0.2 435 659 
R28 11.1 88.9  nd 1.9 0.2 12.0 0.2 435 649 
R30 15.1 82.7 2.2 nd 2.9 0.3 19.7 0.3 435 676 

nd: not detected. 580 

 581 

 582 

 583 

 584 

 585 

 586 

 587 

  588 
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Table 2 Porosity, pore size distribution, specific surface area and its distribution data for six subsample locations in the C and R 589 
samples from (U)SAXS analyses. 590 

Sample ID Position ID Porosity 
(%) 

PSD (%) SSA 
(m2/g) 

SSA in the intervals of pore diameters (%) 

1-10 nm 10-50 nm 50-100 nm 100-1000 nm 1-10 nm 10-50 nm 50-100 nm 100-1000 nm 

Circular (C)  

3A 1.52 0.37 14.00 6.52 79.11 5.25 9.29 76.78 3.78 10.16 

10B 1.30 0.59 14.36 7.93 77.12 4.87 13.67 71.65 4.23 10.45 

16A 1.08 0.67 17.38 7.37 74.59 4.92 12.63 75.78 3.27 8.33 

21B 1.33 0.52 14.46 7.34 77.68 4.84 12.49 73.01 4.06 10.45 

34A 2.00 0.67 14.75 7.65 76.94 8.57 13.49 74.07 3.59 8.86 

37A 2.43 0.55 8.53 7.22 83.70 5.14 22.55 53.40 6.88 17.17 

Rectangular 
(R)  

15A 2.19 0.60 11.52 6.63 81.26 7.30 15.41 69.36 4.01 11.23 

22A 1.22 0.81 14.96 7.59 76.63 5.29 16.18 71.34 3.62 8.85 

24C 1.94 0.65 13.85 7.47 78.04 7.66 14.14 72.40 3.68 9.78 

26A 1.74 0.88 16.10 7.39 75.64 8.71 15.31 74.11 2.92 7.66 

28A 1.73 0.76 16.00 7.24 76.01 8.40 13.63 75.57 2.96 7.83 

30A 2.50 0.76 13.93 7.16 78.15 10.84 15.17 73.03 3.20 8.60 

 591 

 592 

 593 

 594 

 595 

 596 

 597 

 598 

 599 
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Table 3. Statistical analyses of the degree of dispersion of (U)SAXS dataset. 600 

Parameters# Porosity (%) SSA (m2/g) 
 

 
Circular (N=132) 2 cm×2 cm square 

(N=15)  Position 37 (N=4) Circular (N=132) 2 cm×2 cm square 
(N=15)  Position 37 (N= 4)  

Area (cm2) 60 4 0.32 60 4 0.32  

Avg. 1.72 2.18 2.68 6.55 7.99 7.27 
 

SD 0.36 0.44 0.29 1.68 1.63 1.32 
 

Var. 0.13 0.19 0.08 2.83 2.64 1.73 
 

Max. 3.04 3.04 3.04 14.06 10.78 8.75 
 

Min. 0.82 1.65 2.39 3.34 5.14 5.14 
 

CV 0.21 0.20 0.11 0.26 0.20 0.18 
 

 
Rectangular (N=72) 2 cm×2 cm square 

(N=14)  Position 30 (N=2) Rectangular (N=72) 2 cm×2 cm square 
(N=14)  Position 30 (N=2)  

Area (cm2) 40 4 0.32 40 4 0.32  

Avg. 1.61 2.01 2.45 6.89 8.41 9.67 
 

SD 0.35 0.33 0.05 1.52 1.38 1.17 
 

Var. 0.12 0.11 0.00 2.32 1.91 1.37 
 

Max. 2.50 2.50 2.50 10.84 10.84 10.84 
 

Min. 0.93 1.36 2.40 3.95 6.50 8.49 
 

CV 0.22 0.16 0.02 0.22 0.16 0.12 
 

 601 

#  Avg.: average; SD: standard deviation; Var.: variance; Max.: maximum; Min.: minimum; CV: coefficient of variation.   602 

 603 
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Figure 1. Workflow of sample preparation (A) and experiments at different sampling locations 604 
(yellow dots: X-ray scattering; a blue rectangle: thin-section petrographic microscopy; orange 605 
squares: XRD, SEM, TOC and pyrolysis) for Circular (Fig. 1B) and Rectangular (Fig. 1C) 606 
samples. Note that the circular sample, rectangular sample, and the bedding plane is 607 
perpendicular to each other. 608 
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Figure 2. (A) Sample photo and (B-I) elemental distribution of Ca, Si, Mg, Mn, Fe, Al, Na, and 618 
K from μXRF for the circular-shaped wafer sample (Fig. 1B). 619 
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Figure 3. (A) Sample photo and (B-I) elemental distribution of Ca, Si, Mg, Mn, Fe, Al, Na, and 629 
K from μXRF for the rectangular-shaped wafer sample (Fig. 1C). 630 
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Figure 4. Elemental intensities of Ca, Si, and Fe for (A-C) Circular and (D-F) Rectangular 646 
samples as well as the interpretation of sedimentary features (G-H).   647 
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Figure 5. Sampling positions for thin-section petrography (A-H) and analyses of SEM, XRD, 658 
TOC, and pyrolysis (Fig. 1B-C). 659 
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Figure 6. Thin-section petrographic photos of selected positions marked in Figure 5.  678 
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Figure 7. (U)SAXS mapping results of porosity (A-B) and SSA (C-D) distribution for Circular 681 
and Rectangular samples of Eagle Ford Shale. 682 
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Figure 8. WAXS results for sampling positions of high calcite (A and C) and high siliceous 692 
minerals (B and D) in Circular and Rectangular samples. 693 
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Figure 9. SEM images of the Circular sample: (A) C3, interparticle pores between minerals; (B) 710 
C10, interparticle pores and calcite matrix; (C) C16, calcite matrix; (D) C21, interparticle pores 711 
between minerals; (E) C34, pyrite; (F) C34, clay minerals and intraparticle pores; (G) C37; 712 
organic matter; (H) C37; clay minerals and intraparticle pores; and (I) C37; interparticle pores 713 
between minerals. 714 
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Figure 10. SEM images of the Rectangular sample: (A) R15, pyrite and clay minerals; (B) R22, 725 
pores in calcite matrix; (C) R24, interparticle pores and calcite matrix; (D) R26, interparticle 726 
pores and calcite matrix; (E) R28, pyrite; (F) R28, organic matter; (G) R28, interparticle pores; 727 
(H) R30; pyrites; and (I) R30; clay minerals. 728 
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Figure 11. Comparison of incremental (Aand E) and differential (B and F) porosity; incremental 739 
(C and G) and differential SSA (C and D) with pore diameters for six subsample locations on the 740 
Circular and Rectangular samples. 741 
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Figure 12. Relationships between calcite content (from XRD) with A: porosity [from (U)SAXS]; 744 
B: SSA [from (U)SAXS]; C: TOC (from LECO); and D: S2 (from pyrolysis). 745 
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Figure 13. Sub-decimeter-scale areal heterogeneity of porosity distribution and sedimentary 749 
features for (A) Circular and (B) Rectangular samples.   750 
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