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Abstract 16 

(Ultra) Small Angle Neutron Scattering (SANS/USANS) is a non-destructive 17 

technique suitable for characterization of porous structures from nano- to micro-pore size (1 18 

nm to 20 μm), which has been widely used to characterize accessible and inaccessible 19 

porosity in tight unconventional hydrocarbon reservoirs (e.g., shales). In this study, SANS 20 

and USANS are used to examine the degree of nano- to micropore uniformity of the rock 21 

body on sub-millimetre to centimetre scale. This study presents a test of the hypothesis of 22 

volume representativity of pore structure information measured by SANS and USANS for 23 

shale wafers (0.22-1 mm) cut from six North American unconventional shale cores of 24 

different maturities (New Albany Shale and Marcellus Shale). Experimental reproducibility 25 

of USANS is further investigated for two wafers measured using various acquisition times. 26 

All samples show that fluctuations of the relative intensity generally decrease from the 27 

USANS Q-range (pore size from around 200 nm to 20 μm) to most of the SANS Q-range 28 

(pore size from around 5 nm to 700 nm), and peaks in the SANS large-Q region (for pores 29 

smaller than about 5 nm). There is a positive correlation between the spatial fluctuation of the 30 

relative SANS intensity and the scattering power of shales. In addition, the scattering 31 

intensity and its fluctuations is larger for the less mature shale cores. Shale is known to be 32 

highly heterogenous and the hypothesis of uniformity does not apply at sub-millimetre scale 33 
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even for samples that appear homogeneous at visual inspection. This study presents an 34 

approach to minimise the variation through sample selection, data interpretation methodology 35 

and instrumental reproducibility tests. The best values of the microstructural spatial 36 

uniformity for the apparently homogeneous sections of a core (i.e., the SANS and USANS 37 

intensity variation) is less than ±10%. 38 

 39 

Keywords: SANS and USANS, shale, consecutive wafers, uniformity, volume-40 

representativity  41 



1. Introduction 42 

Pore structure information in unconventional reservoir rocks is important for 43 

hydrocarbon recovery in petroleum industry (Sun et al. 2020). Due to its low carbon footprint 44 

and abundant reserves, shale gas is considered a transitional energy source for the period of 45 

continued reduction of greenhouse gas emissions (Warpinski et al. 2009, Considine et al. 46 

2010, Sieminski 2021). However, production of hydrocarbons from unconventional tight 47 

formations is technically difficult and carries a significant economic and potential 48 

environmental cost (Lee et al. 2011, Cao et al. 2017, Silva et al. 2017, Radlinski et al. 2021, 49 

Sun et al. 2021). Most of the unconventional reservoirs have ultra-low permeabilities and 50 

porosities (Warpinski et al. 2009, Sander et al. 2017, Radlinski et al. 2021, Sun et al. 2022) 51 

and multiscale pore structures (from sub-nanometres to micrometres) (Clarkson et al. 2013, 52 

Melnichenko 2016, Sun et al. 2020, Blach et al. 2021); majority of hydrocarbons volume is 53 

trapped in the nano- and micropores (Sun et al. 2016, Blach et al. 2020). The entrapment of 54 

gas in the tight pore space is argued to be the reason for the low gas recovery (≤ 30%) 55 

obtained using the current fracturing methods (You et al. 2017, Sun et al. 2021). The 56 

migration, production and recovery rates are impacted by pore characteristics in the reservoir 57 

rocks (Chiang et al. 2018, Sun et al. 2020). 58 

Multiple techniques are required to systematically study the multiscale pore structure 59 

of unconventional reservoir rocks (Clarkson et al. 2013). Various experimental techniques 60 

have been used to characterize pore structure, including nuclear magnetic resonance (NMR) 61 

(Bowers et al. 2019), imaging methods (FE/FIB-SEM, TEM, STM, AFM) (Gu et al. 2015, 62 

Chen et al. 2020, Sun et al. 2020, Ge et al. 2022, Wang et al. 2022), high-pressure mercury 63 

intrusion and low-pressure gas (CO2 or N2) adsorption (Melnichenko et al. 2009, Clarkson et 64 

al. 2012, Clarkson et al. 2013, Sun et al. 2017, Liu et al. 2019). Each of these methods has 65 

limitations, such as finite range of pore sizes and a specific pore geometry assumed during 66 

interpretation of experimental data which makes it difficult to combine (and directly compare) 67 

the results. In addition, there are issues specific to invasive measurements, such as possible 68 

nano-structural damage caused by high pressures of mercury and differences in physical sizes 69 

of the Hg, N2 and CO2 molecular probes. Importantly, these techniques are not capable of 70 

examining the inaccessible (closed) pore space (Radliński et al. 2000, Clarkson et al. 2013, 71 

Bahadur et al. 2016, Melnichenko 2016, Sun et al. 2016, Sun et al. 2020, Radlinski et al. 72 

2021).  73 



In contrast, (Ultra) Small-angle Neutron Scattering (SANS/USANS) is a non-74 

destructive technique overcoming many of the above problems for pore characterization: (1) 75 

USANS combined with SANS can investigate the pore size scale from ~1 nm to around 20 76 

μm; (2) various types of samples can be used, such as free-standing solid sample slices 77 

(sensitive to directional rock matrix anisotropy) or coarse grains (for which the azimuthally 78 

averaged SANS profile reflects the spatially averaged rock matrix microstructure); (3) 79 

contrast matching techniques combined with SANS and USANS techniques effectively 80 

distinguish open and closed pores, accessible or inaccessible to the matching fluids 81 

(Radlinski 2006, Jackson et al. 2008, Anovitz et al. 2009, Sakurovs et al. 2012, Anovitz and 82 

Cole 2015, Bahadur et al. 2016, Melnichenko 2016, Sun et al. 2016, Sun et al. 2020, 83 

Radlinski et al. 2021). For these reasons, well-prepared volume-representative samples are 84 

necessary.  85 

Based on recent research on the multiple scattering (MS) effects in rocks and the 86 

consequent distortion of the absolute scale experimental SANS and USANS results (Ji et al. 87 

2022), the optimal sample thickness for MS-minimised data is in the sub-millimetre range 88 

(around 0.5 mm, depending on the scattering power of sample materials). However, there is 89 

no systematic study on volume-representativity and uniformity of such prepared thin wafers. 90 

Due to the high cost and limited availability of SANS and USANS instruments, it is a 91 

common practice to limit analysis to a single wafer which has been cut from a core sample 92 

that appears homogeneous under visual inspection. The general assumption then is to take 93 

this single wafer as a representative sample for the entire core. The Australian Nuclear 94 

Science and Technology Organisation (ANSTO) allocated beam time to our group to perform 95 

the first verification of this fundamental assumption, sufficient to measure 43 wafers of six 96 

sets of shales. These results were needed to test compatibility of SANS and USANS 97 

measurements which by necessity were performed on different samples due to destructive 98 

experimental conditions (e.g., high-pressure, high-temperature and solvent application, etc).   99 

In this study, systematic SANS and USANS measurements were performed for 100 

consecutive sample wafers sliced from six shale cores with various organic matter content 101 

and different thermal maturity. The primary aim is to examine the nano- and microstructure 102 

uniformity and volume-representativity of thin wafers (t ≈ 0.2 – 1.0 mm) of the rock under 103 

investigation at SANS and USANS regions. This study thereby intends to provide a solid 104 

basis for future quantification of variability of the population density of scatterers, used for 105 

subsequent upscaling studies from core scale to reservoir scale. It is particularly important as 106 

an input data set for a variety of explicit numerical upscaling methods including the 107 



calculation of upper and lower bounds of physical properties at the reservoir scale (Liu and 108 

Regenauer-Lieb 2021).  109 



2. Background of small angle neutron scattering 110 

SANS and USANS (Agamalian et al. 1997) are established techniques for 111 

microstructural research on geological materials (Schmidt 1982, Bale and Schmidt 1984, 112 

Wong et al. 1986, Lucido et al. 1988, Winans and Thiyagarajan 1988, Schmidt et al. 1989, 113 

Allen 1991, Radliński et al. 1999, Radliński et al. 2000, Melnichenko et al. 2009, Clarkson et 114 

al. 2013, Bahadur et al. 2016, Sun et al. 2018, Blach et al. 2021). Radlinski et al. (1996) 115 

originally proposed to use SANS to detect hydrocarbon generation in tight mudstones. 116 

Theoretical foundations for interpretation of scattering from shale have been developed by 117 

Radliński et al. (2000), Radlinski (2006), Melnichenko (2016), Jackson et al. (2008), Sun et 118 

al. (2020) and Radlinski et al. (2021). 119 

The basic principle of scattering is expressed as the relationship between the 120 

scattering intensity I(Q) and the neutron scattering vector Q (Q = 4πsinθ/λ), where 2θ is the 121 

scattering angle between the incident and scattered beams and λ is the neutron wavelength 122 

(Melnichenko et al. 2009, Anovitz and Cole 2015, Sun et al. 2020). For many sedimentary 123 

rocks a two-phase approximation can be used for data interpretation; this simplification is a 124 

consequence of the similar scattering length density (SLD) for various solid inorganic and 125 

organic rock components and significant difference of SLD between the solid rock matrix 126 

and the pore content (Radliński et al. 2000, Melnichenko 2016, Sun et al. 2018). The 127 

differential scattering cross-section (dσ/dΩ)(Q), equivalent to the intensity I(Q)) is expressed 128 

as: 129 

��
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where ∆� is the function of SLD difference between the rock matrix (��) and the pore space 131 

(��), V0 is the average pore volume, S(Q) is the structure factor and  132 

∆��




 = ��� − ����Φ�1 − Φ�                                          (2) 133 

where Φ is total porosity. The SLD for any particular rock matrix (��) is given by a closed 134 

formula (Radlinski et al. 1996); it can be calculated using the NIST SLD calculator, based on 135 

the bulk density and empirical chemical formulas and volume fraction of each compound in 136 

the rock matrix (https://www.ncnr.nist.gov/resources/activation/); details for rocks used in 137 

this study have been described elsewhere (Ji et al. 2022). 138 

In this study, we interpret SANS and USANS results using the Porod Invariant (for 139 

total porosity) and the Polydisperse Spheres structural model (PDSP) which assumes that the 140 

shape of pores is spherical (spatially isotropic). Detailed calculations were performed using 141 



the PRINSAS software (Radliński et al. 2000, Hinde 2004, Bahadur et al. 2015), based on the 142 

following formula (Espinat 1990, Zhang et al. 2020, Blach et al. 2021): 143 

���� =  ��� − ������ � ���� [����]� �

�
����, ��!�                          (3) 144 

where N0 is the concentration of pores, f(r) is the probability density distribution for pore 145 

sizes, ���� =
"

#
$�# is the pore volume and F0(Q,r) is the form factor of spheres with a radius 146 

r normalised to unity at Q=0. 147 

Given the power law I(Q) (fractal-like) scattering of rocks studied here, we use a 148 

model-independent Bragg-law-like approximate relationship between the pore radii r* that 149 

dominate the scattering intensity and the corresponding scattering vector Q: r* ≈ 2.5/Q 150 

(Radliński et al. 2000, Melnichenko et al. 2012, Sun et al. 2020). Subsequently, the total 151 

porosity (Φ), the probability density distribution for pore sizes, f(r), specific surface area for 152 

various molecular probe sizes, SSA(R) and the incremental pore volume ((dV/dr)(r)) have 153 

been estimated.  154 



3. Experimental Methods 155 

3.1 Samples 156 

Five New Albany Shale (SDH-308, McAtee-2798, Gibson-3997, Hardin-IL2, and 157 

Hardin-IL3) rocks and one Marcellus Shale (Marcellus-7084) rock have been measured 158 

(Table 1), with organic matter maturity ranging from immature to post-mature (vitrinite 159 

reflectance (Ro), a measure of thermal maturity of the organic matter, ranging from 0.5% to 160 

1.41% for the New Albany Shale samples and Ro = 2.5% for the Marcellus Shale sample). 161 

Samples of Hardin-IL2 and Hardin-IL-3 were obtained from outcrops and their maximal 162 

sample depths have been estimated from the corresponding Ro values; full information has 163 

been published elsewhere (Blach et al. 2021, Radlinski et al. 2021). In total, 43 wafers have 164 

been prepared; all were measured at ambient conditions using SANS and 17 using USANS 165 

(Table 2 and Supplementary Material B). The details for all samples are provided in 166 

Supplementary Material A1, A2 and A3. 167 

Table 1. Shale sample information. The sample depth for Hardin-IL2 and Hardin-IL3 is only 168 
approximate.  169 

Abbreviated  

sample name 

Ro 

(%) 

Total Organic 

Carbon (TOC) 

(weight%) 

Organic 

matter  

maturity 

Sample 

Depth Sample location 

(m) 

SDH-308 0.5 14.4 immature 75.3 
Harrison County, 

Indiana 

McAtee-2798 0.7 6.6 
mid-

mature 
852.8 Pike County, Indiana 

Gibson-3997 0.84 5.9 
mid-

mature 
1218.3 

Gibson County, 
Indiana 

Hardin-IL2 1.04 8.4 
late 

mature 
1402.1 Hardin County, Illinois 

Hardin-IL3 1.4 3.6 
post-

mature 
1645.9 Hardin County, Illinois 

Marcellus-7084 2.5 3.4 
post-

mature 
2159.2 Pennsylvania 

  170 



Table 2. Number and thickness range of shale wafers used in this study. Full details are 171 
provided in Supplementary Material B. 172 

Sample type 
SANS USANS 

Number of 
wafers 

Thickness range 
(mm) 

Number of 
wafers 

Thickness range 
(mm) 

SDH-308 9 0.68 - 0.92 not done not done 

McAtee-2798 5 0.79 - 0.83 3 0.79 

Gibson-3997 8 0.81 - 0.94 3 0.84 - 0.90 

Hardin-IL2 8 0.57 - 0.83 3 0.79 - 0.80 

Hardin-IL3 8 0.76 - 0.87 3 0.79 - 0.82 

Marcellus-7084 5 0.22 - 1.00 5 0.22 - 1.00 
  173 



3.2 Instruments and Data Processing 174 

SANS and USANS measurements were conducted at the Australian Centre for 175 

Neutron Scattering of the Australian Nuclear Science and Technology Organization 176 

(ANSTO), Lucas Heights, New South Wales, Australia. Three instruments were used: a 177 

double-crystal USANS instrument (Kookaburra), a 40m monochromatic SANS instrument 178 

(Quokka), and a time-of-flight (TOF) SANS instrument (Bilby). For USANS measurements, 179 

two neutron wavelengths (λ = 2.37 Å and 4.74 Å) were used, which cover the Q range from 180 

1.5×10-5 to 2×10-3 Å-1 (Rehm et al. 2013). For the pinhole SANS instrument Quokka (Gilbert 181 

et al. 2006, Wood et al. 2018), in total four configurations were used to cover the Q-range 182 

from 6 × 10-4 to 0.5 Å-1 with 10% wavelength resolution: (1) MgF2 focussing lens (λ = 8.1 Å) 183 

at the sample to detector distance (SDD) equal to the source to sample distance (SSD): SDD 184 

= SSD = 20 m; (2) SDD = SSD = 20 m, λ = 5 Å; (3) SDD = SSD = 8 m, λ = 5 Å and (4) SDD 185 

= 1.3 m, SSD = 4 m, λ = 5 Å. For the TOF SANS instrument (Bilby), neutron wavelengths 186 

from 2 Å to 20 Å were used to cover the Q-range from ~1×10-3 Å-1 to ~1.5 Å-1; the scattering 187 

intensity has been simultaneously measured for the full wavelength range, with an option to 188 

perform data reduction using an arbitrarily selected wavelength range (Sokolova et al. 2019, 189 

Ji et al. 2022). Prior to the measurements proper, the background scattering intensity (from 190 

empty beam and empty cell) was measured and subtracted from experimental data (Kline 191 

2006, Jackson et al. 2008, Melnichenko 2016, Ji et al. 2022, Sun et al. 2022). Intensity 192 

profiles were confirmed to be isotropic and were radially averaged and reduced to absolute 193 

units using laboratory-provided standard software packages: Python scripts were written for 194 

the analysis software Gumtree for USANS data reduction (Xiong et al. 2017) and Mantid for 195 

desmearing (Arnold et al. 2014). NCNR macros written in IGOR software and modified for 196 

the pinhole SANS (Quokka) data reduction (Kline 2006, Wood et al. 2018), and Python 197 

scripts written in Mantid for the TOF SANS (Bilby) data reduction (Arnold et al. 2014).  198 

 For SANS, the experimental statistical errors (error bar at 1-sigma) in the initial files 199 

are determined by averaging the 2D to 1D data and thus, with increasing Q, a greater number 200 

of pixels are utilised in the averaging; this, however, is not compensated by the rapidly 201 

decreasing scattering function. It is important to note that other factors (instrument 202 

configuration) also contribute to statistical uncertainty. For USANS, the experimental 203 

statistical errors are determined by counting statistics at each point which is typically targeted 204 

to be 3% (1000 neutron counts per Q-value). To calculate relative intensity variations, the 1D 205 

data for each dataset were averaged, and then each curve was normalised by this average at 206 



each fixed Q, always using standard error propagation as implemented in Mantid (Arnold et 207 

al. 2014). The standard deviation (Altman and Bland 2005) is used to calculate the scattering 208 

intensity variation (sigma variation) and measurement statistical errors (sigma uncertainty). 209 

The dominant contributor to the overall variation is then quantitatively analysed as the 210 

variation dominated by the sample heterogeneity can be approximated by a difference 211 

between the squared sigma variation and the squared sigma uncertainty.  212 



4. Results and Discussion 213 

4.1 SANS and USANS results 214 

In this section, SANS results for six sets of consecutive shale wafers and USANS 215 

results for five of the sets are presented. For each set of wafers, we examine the 216 

reproducibility of the scattering intensity and the consequent uniformity of the nano- and 217 

microstructure of the original rock core on a sub-millimetre to centimetre scale. In addition, 218 

the variability of USANS results (which is generally larger than the scatter of the 219 

corresponding SANS results) was investigated by repeated measurements of the same sample. 220 

  221 

4.1.1 SANS results for SDH-308 wafers  222 

The SDH-308 wafers sliced from the immature New Albany Shale core originating 223 

from Harrison Country, Indiana. The sample depth is 75.3 m, Total Organic Carbon (TOC) is 224 

14.4 weight % and the thermal maturity of organic matter is low (Ro is 0.5%; Table 1). The 225 

thickness of wafers ranges from 0.68 mm to 0.92 mm (Table 2 and Table B1); the physical 226 

appearance of the opposing large faces for each wafer is illustrated in Figure 1 (SANS and 227 

USANS measurements characterise the bulk of each slice and were performed with a 228 

randomly selected face exposed to the incident beam of neutrons). The inconsistent order of 229 

sample names is due to the loss of some samples in previous destructive studies. 230 

 231 

Figure 1. Sample physical appearance (two large faces) for SDH-308 shale wafers, white 232 

circle indicates the presence of visible inorganic veins on the sample surface. 233 

 234 



Figure 2 shows the results of calibrated SANS measurements of the absolute value of 235 

the scattering intensity; two-dimensional scattering patterns (not shown) were isotropic and 236 

the azimuthally averaged SANS intensity profiles appear on the log-log scale to be uniform 237 

(Figure 2a). Figure 2b shows the relative SANS intensity calculated for each wafer, 238 

normalised to the wafer-average intensity at each fixed Q-value; the largest departures from 239 

the average are observed for the thicker wafers L5 and L8 (Table B1). The vertically 240 

expanded view presented in Figure 2c indicates that in most of the SANS Q-range the relative 241 

scattering intensity varies within the limits of about ±15% with the largest variation of ~20% 242 

for wafer L8 in the large-Q region (Table B1).  243 

Variation observed in the large-Q SANS region (Figure 2c) may be caused by the 244 

incoherent scattering on various amounts of hydrogen present in the remnant water and (or) 245 

moisture bound in the pores, the fingerprints accidentally left on the sample surface and the 246 

water bound in smectite (abundant in New Albany Shale; see Supplementary Material Table 247 

A1). In addition, propagated measurement statistical errors also contribute to the variation, 248 

(section 4.2). Fluctuations of the relative intensity in the SANS small-Q range observed for 249 

the thickest wafers (L5, L6, L8 and L9; Figure 2c and Table B1) may be indicative of the 250 

onset of multiple scattering (MS) effects (Ji et al. 2022). Also, wafers L5, L8 and L9 have 251 

discoloured stripes visible on both surfaces (Figure 1) due to inorganic veins (possibly quartz 252 

or calcite) that may affect the volume-average microstructure and, consequently, enhance the 253 

departure of SANS intensity from the average.  254 

 It is evident that the departure from the average SANS profile is most likely caused by 255 

the heterogeneity of the rock fabric on the centimetre scale and/or details of the preparation 256 

and handling procedures. The former provides useful information on its own under various 257 

investigations of the shale, while the latter should be eliminated at the sample preparation and 258 

handling stage to minimise the experimental errors, which is also one of the main purposes of 259 

this study. In this study we do not consider the effect of mineralogical variation on the 260 

variability of scattering data. Earlier studies (Bahadur et al. 2018) have shown that 261 

mineralogical changes do not significantly affect SANS result. Their effect becomes only 262 

apparent when performing contrast matching experiments, which reveal that mineralogical 263 

changes influence accessibility of fluids to the pore space. 264 

For the reduction of sample variability sets of wafers were selected with minimum 265 

geometrical artefacts by discarding those with physical imperfection (e.g., scratches, cracks 266 

and removable residues on the sample surface) or potentially susceptible to the MS effects 267 



(L5, L6, L8 and L9 for this wafer set); SANS results for the selected “artefact reduced” 268 

subset of wafers are shown in Figure 2d. Thicknesses of these wafers are similar, ranging 269 

from 0.68 to 0.81 mm (Table 4). Compared to the SANS results for the full set of wafers 270 

(Figure 2c) there is much less relative intensity variation between the samples (Figure 2d), in 271 

general reduced from around ±15% to ±10% (see details in Table B1).  272 

SANS results presented in Figure 2 (a-c) illustrate the degree of the rock core 273 

inhomogeneity on the centimetre scale. The investigation aims to additionally provide a 274 

baseline for the selection of multiple sets by a careful visual inspection (here called further on 275 

“artefact reduced”) used in laboratory-controlled destructive physical or chemical 276 

environments. For instance, for a representative study of a homogeneous sub-volume of the 277 

rock core, samples which contain visible physical imperfections or the excessively thick 278 

wafers (potentially susceptible to MS effects) should be identified and removed at the sample 279 

selection stage, inorganic veins or other inherent heterogeneities should be identified and 280 

carefully considered prior to measurements. If this is not possible or impractical, the 281 

potentially problematic samples should be used with experimental or interpretative 282 

modifications, such as a choice of a smaller beam diameter, application of MS treatment 283 

techniques (Jaksch et al. 2021), or selection of a MS-minimised Q-range (Ji et al. 2022). 284 



 285 

Figure 2. SANS intensity results for SDH-308 shale wafers: (a) SANS scattering intensity 286 
profile for nine shale wafers; (b) relative scattering intensity variation for each wafer (the 287 
intensity profile for each wafer is shifted up for clarity); Magnification of the relative 288 
scattering intensity variation for (c) nine wafers and (d) the artefact reduced data set; the 289 
numbers above the x-axis indicate the general variation range for each Q range. 290 
 291 

4.1.2 SANS and USANS results for McAtee-2798 wafers 292 

McAtee-2798 wafers were cut from a mid-mature New Albany Shale core from Pike 293 

Country, Indiana (the sample depth 852.8 m), which contained medium thermal maturity 294 

organic matter (TOC = 6.6 weight %, Ro = 0.7%; Table 1). In total, five wafers with similar 295 

thicknesses (0.79-0.83mm) were measured using SANS and three using USANS (Table 2). 296 

The physical appearance of the two faces parallel to the bedding plane for each sample is 297 

illustrated in Figure A1 (Supplementary Material A); the azimuthally averaged SANS and 298 

desmeared USANS intensity profiles are presented in Figure 3a and Figure 4 (a, b), 299 

respectively.  300 

The desmearing processing of USANS data may artificially magnify and introduce 301 

random errors (Jackson et al. 2008, Ji et al. 2022). Thus, this study focuses on the original 302 

smeared data in the analysis of intensity variations. Furthermore, as the instrument does not 303 



collect the scattered intensity at precisely the same Q value at consecutive scans, the 304 

interpolation written in the Python scripts is used for USANS (Kookaburra) data processing 305 

(Arnold et al. 2014) to achieve direct comparison. The result with error bars is reported in 306 

Figure B5. 307 

Figure 3a demonstrates that SANS intensity profiles on the log-log scale are uniform 308 

in most of the SANS Q-range, with the exception of the wafer L2 in the large-Q region 309 

(deviation by up to around 40%; Figure 3b). For other wafers, the variation of relative 310 

scattering intensity stays within the limits of about ±10% in most of the SANS Q-range 311 

(Figure 3 and Table B2). The “selected” subset excludes wafer L2 (because of the deviation 312 

described above) and wafer L6 (which may be subject to MS, as shown in the small-Q region 313 

in Figure 3b), which have also been used for USANS measurements; SANS intensity 314 

variation in most of Q-range is below ±5% and around ±10% in the large-Q region (Figure 315 

3c). The causes of the outlying SANS results for wafer L2 are not clear as its physical 316 

appearance is uniform (Figure A1).  317 

 318 
Figure 3. SANS intensity results for McAtee-2798 shale wafers: (a) SANS scattering 319 
intensity profile for five shale wafers. Magnification of the relative scattering intensity 320 



variation for (b) five shale wafers and (c) three selected wafers (further measured in the 321 
USANS). 322 

 323 

Figure 4. USANS scattering results for three McAtee-2798 shale wafers: MS-minimised 324 
absolute scattering intensity profile (desmeared) at (a) λ = 2.37 Å and (b) λ = 4.74 Å. 325 
Magnification of the relative USANS scattering intensity (smeared) variation for 326 
measurement at (c) λ = 2.37 Å and (d) λ = 4.74 Å. Results including error bars (uncertainties) 327 
caused by the counting statistics and experimental procedures are shown in Figure B5, 328 
Supplementary Material B. 329 

Figure 4 shows the MS-minimised results (the distorted intensity affected by MS 330 

effects at the USANS small Q-region has been excluded) based on the recent MS study (Ji et 331 

al. 2022). Figure 4a and Figure 4b indicate the uniformity of the scattering intensities of three 332 

McAtee-2798 shale wafers with around ±10% variation in the USANS Q region (measured 333 

using λ = 2.37 Å and 4.74 Å, respectively). In general, the variation of relative USANS 334 

intensity measured using λ = 2.37 Å is slightly larger for λ = 4.74 Å (Figure 4 (c, d)), and 335 

about twice the relative intensity in most of the SANS Q-range (Figure 3c). Plots of the 336 

relative USANS intensity with error bars are shown in Figure B5 (Supplementary Material). 337 

 A more quantitative analysis for the standard deviation of the overall scattering 338 

intensity variation and statistical errors of the measurements is included in Supplementary 339 

Material Table B8 and Table B9. This shows that in the SANS range, the statistical errors (1 340 



sigma) are on the order of 2%, and the overall scattering intensity variation is 3% to 22%, 341 

demonstrating that the sample variation is dominating the overall variation. In the USANS 342 

range, on the other hand, the data shows that the overall variation (3-7%) is comparable to the 343 

statistical errors (4-6%), demonstrating that both the measurement uncertainty (statistical 344 

errors) and sample variation significantly contribute to the observed overall variation.    345 

Detailed results and interpretation for cores Gibson-3997, Hardin-IL2, Hardin-IL3 346 

and Marcellus-7084 are provided in Supplementary Material B.  347 



4.1.3 USANS instrumental reproducibility 348 

 The use of precisely oriented perfect crystals of Si in the design of USANS 349 

instruments makes experimental results very sensitive to small fluctuations of the ambient 350 

temperature (due to thermal expansion) and remnant mechanical strain which may cause 351 

deformation of the elements of the neutron optics (Agamalian et al. 1997). These issues are 352 

not entirely eliminated by the careful design of modern USANS instruments, as evidenced by 353 

the need to compensate for the often-occurring shift of the maximum of the rocking curve 354 

Bragg peak between consecutive experimental runs (note that the measured angles and angle 355 

increments are very small; as an example, the direct beam in the short wavelength 356 

configuration has a full width at half maximum of 3×10-4 degrees, and the full measurement 357 

typically spans 0.03 degrees). This inherent instrumental instability may affect the 358 

reproducibility of USANS results. To quantify this aspect of the experimental procedure, 359 

USANS measurements (using λ = 2.37 Å) were conducted for two wafers: Gibson-3997 L8 360 

and Marcellus-7084 L10 (a fresh wafer with the thickness of 0.7 mm, cut from the same 361 

Marcellus core). Wafer L8 has been scanned in two consecutive one-hour runs over a limited 362 

Q-range and wafer L10 has been consecutively measured using eight acquisition times (from 363 

3 hours to 14 hours; Table 3). Two measurements improved counting statistics (2000 instead 364 

of 1000 target counts per data point), resulting in a reduced statistical error (1-sigma) in the 365 

measured data from 3% to 2%, and the other measurements were varied over the number of 366 

points and point spacing (Table 3). Particular choice of acquisition time usually is a 367 

compromise between the statistical error (count accuracy) and the amount of the available 368 

beam time; statistical error (standard deviation) for a Poisson process is the square root of the 369 

number of counts (Pomme et al. 2015); for instance, the rate of 1000 counts per a single Q-370 

value routinely used in this work corresponds to a 3% statistical error. Alternatively, it is 371 

possible to trade data density for improved accuracy and reduce the number of data points per 372 

run (especially the Q-points with low scattering intensity, which require a long acquisition 373 

time). 374 

Figure 5a shows that for sample L8 (Gibson-3997) the instrumental reproducibility of 375 

USANS intensity is better than ±4%. However, this 4% variation is mainly contributed by the 376 

measurement statistical error (Table B10). Figure 5b shows that for the eight measurements 377 

performed on the Marcellus-7084 L10 wafer, the instrumental reproducibility is better than 378 

±5%, (and a little higher at high Q-range, where counting statistics degrade). A statistical 379 

analysis shows that the standard deviation of the observed variation for both samples (2-5%) 380 



lies well within the standard deviation of the statistical errors (3-5%) (Table B10). This 381 

demonstrates that the observed variability can be attributed in all cases to the counting 382 

statistics, and that there is no additional instrument contribution detected.  383 



Table 3. Acquisition times for Gibson-3997 L8 and Marcellus-7084 L10 measured in the 384 
USANS (λ = 2.37 Å).  385 

Sample 
name 

Run name 
Acquisition 
time (hours) 

Counts 
Maximal  

time 
Points Step size 

Limited  
high Q 

Gibson-
3997 
L8 

L8_1 1 1000 1200 16 15 2.2E-04 

L8_2 1 1000 1200 16 15 2.2E-04 

Marcellus-
7084 
L10 

14 14 2000 2400 40 10 1.2E-03 
7.5_1 7.5 1000 1200 40 10 1.2E-03 

5 5 1000 1200 27 15 1.2E-03 
4 4 1000 1200 22 18 1.1E-03 

3.5 3.5 1000 1200 19 20 9.0E-04 
3 3 1000 1200 19 25 9.0E-04 

6.5 6.5 2000 2400 19 20 9.0E-04 
7.5_2 7.5 1000 1200 40 10 1.2E-03 

  386 

 387 

Figure 5. Magnification of the USANS relative scattering intensity variation results used to 388 
quantify instrumental stability: (a) two consecutive measurements for wafer Gibson-3997 L8; 389 
(b) wafer Marcellus-7084 L10 measured using eight different acquisition times.  390 



4.2 Summary of SANS and USANS results for six shale cores 391 

 This study has examined the uniformity of the SANS (pore size range from 2 nm to 392 

700 nm) and USANS (pore size range from  200 nm to 20 μm) scattering intensity for a 393 

number of sub-millimetre thick wafers cut from about 1 cm long oriented core intervals from 394 

unconventional shales of varying thermal maturity, obtained from five locations in the New 395 

Albany Shale and the Marcellus Shale Formations in North America: six sets of consecutive 396 

shale wafers measured using SANS and five sets measured using USANS.  397 

Scattering intensity at a fixed scattering angle (represented by a Q-value) is proportional to 398 

the concentration of pores of the radius about 2.5/Q (Equation 3) and, therefore, is a proxy for 399 

the spatial uniformity of the fractional porosity on the centimetre scale. Due to the limited 400 

beam time allocated, for most samples the USANS acquisition time has been optimised and 401 

the low scattering datapoints at the high Q-end have not been measured. Therefore, these 402 

results demonstrate a general similarity of the USANS scattering intensity in the limited Q-403 

range only (Q<2×10-4 Å-1), hence the SANS and USANS data do not overlap and are 404 

discussed separately. In general, the measured intensity variation with the pore size (relative 405 

to the average) is about ±15% in most of the SANS Q-range and about ±20% in the large Q-406 

region (pore size < 5 nm) for the majority of studied wafers (Figure 3b). In general, most of 407 

the variation in the SANS Q-range is contributed by microstructural heterogeneity of the rock 408 

core (Li et al. 2017). However, in the USANS Q-region and large-Q SANS region (Q>1×10-1 409 

Å-1) for some rocks, the observed variations are dominated by both the measurement 410 

statistical errors and the rock heterogeneity (See Supplementary Material Table B8 and Table 411 

B9). Factors that contribute to the centimetre-scale spatial fluctuation of SANS intensity 412 

along the core (discussed in detail in sections 4.1 and listed in Tables 4 and 5) are as follows: 413 

1. Physical imperfection and (or) inherent heterogeneities in the rock matrix. 414 

2. Multiple scattering effects in the SANS small-Q region for relatively thicker 415 

wafers.  416 

3. Alteration of the near-surface pore structure due to the invasive sample 417 

preparation and handling procedure. 418 

4. Incoherent scattering from hydrogen nuclei presents in water (moisture), 419 

bound water (smectite) and organic matter hosted in the pore space (dominant 420 

in the SANS large-Q region).  421 

5. Experimental and data processing factors: statistical errors caused by the 422 

counting protocols (about 1.5% in SANS low-Q data, 2.5% in SANS high-Q 423 



data and 4.0 - 6.0% for USANS data) and imprecise data match between 424 

various SANS configurations. 425 

6. Importantly, USANS measurements are highly reproducible and coincide 426 

within the experimental uncertainty stemming from the counting statistics 427 

(typically 3%). 428 

In most of the SANS Q-region, there is an approximate correlation between the 429 

relative scattering intensity variation and the thermal maturity (quantified by Ro; Table 1): the 430 

lower the thermal maturity of the shale, the greater the intensity variation in most of the 431 

SANS Q-range (with the exception of the post-mature Hardin-IL3 core, extracted from an 432 

outcrop; Figure 6a). Moreover, a positive correlation between the relative intensity variation 433 

results and the sample scattering power (defined as τ = -ln(TSAS), Ji et al. (2022)) is revealed 434 

using the experimentally determined USANS TSAS values (λ = 2.37 Å) for wafers from 435 

different cores with similar thicknesses (Supplementary Material; Table B11; Figure 6b). 436 

Note that TSAS is the small angle scattering transmission, which reflects the total porosity of 437 

shale wafers (i.e., the larger total porosity, the larger scattering power (Ji et al. 2022). There is 438 

no apparent correlation between the intensity variation and the total organic carbon (TOC) 439 

(Figure 6c).  440 



 441 

Figure 6. The correlation between the relative intensity variation in most of SANS Q-range 442 
and (a) the sample depth; (b) scattering power; (c) total organic carbon (TOC, weight %). 443 
 444 

Table 4. Summarised relative intensity variation in various Q-ranges for six sets of shale 445 
wafers measured using SANS.  446 

Sample name 
Number 
of wafers 

Thickness 
range 
(mm) 

Relative intensity variation (%) 

Q<1E-2 1E-2<Q<1E-1 Q>1E-1 

SDH 
-308  

Original 9 0.68 - 0.92 ±15 ±15 ±20 
Artefact reduced 5 0.68 - 0.81 ±9 ±8 ±11 

McAtee 
-2798 

Original 5 0.79 - 0.83 ±12 ±15 ±40 
Selected* 3 0.79 ±5 ±4 ±10 

Gibson 
-3997 

Original 8 0.81 - 0.94 ±7 ±8 ±14 
Artefact reduced 5 0.81 - 0.90 ±5 ±7 ±14 

Selected* 3 0.84 - 0.90 ±4 ±5 ±8 
Hardin 

-IL2 
Original 8 0.57 - 0.83 ±6 ±8 ±16 

Selected* 3 0.79 - 0.80 ±4 ±7 ±11 
Hardin 

-IL3 
Original 8 0.76 - 0.87 ±9 ±12 ±22 

Selected* 3 0.79 - 0.82 ±4 ±8 ±18 
Marcellus 

-7084 
Original/USANS 5 0.22 - 1.00 ±6 ±7 ±15 

* See also USANS result (Table 5).  447 



Table 5. Relative intensity variation for five sets of shale wafers measured using USANS. 448 

Sample name 
Number of 

wafers 

Thickness 
range 
(mm) 

USANS Relative intensity 
variation (%) 

 λ = 2.37 Å  λ= 4.74 Å 

McAtee-2798 3 0.79 ±10 ±9 

Gibson-3997 3 0.84 - 0.90 ±5 no data 
Hardin-IL2 3 0.79 - 0.80 ±9 no data 

Hardin-IL3 3 0.79 - 0.82 ±8 no data 

Marcellus-7084 5 0.22 - 1.00 ±13 ±14 
  449 

4.3 Spatial variation of the pore size distribution on the centimetre scale in the 450 

Marcellus-7084 core 451 

Spatial variation of the pore structure in the studied shale cores has been examined 452 

using the fits of joined SANS-USANS results to the PDSP numerical model coded in the 453 

PRINSAS software (which assumes spherical pore shapes; (Hinde 2004)). 454 

Figure 7 (a, b) illustrates the MS-minimised USANS and SANS combined scattering 455 

intensity and relative intensity plots for five Marcellus-7084 shale wafers, respectively 456 

(detailed SANS and USANS results are presented in section B4). The combined scattering 457 

intensity plots appear very uniform; the shaded regions (grey, yellow and green) mark the 458 

fluctuation results in the USANS Q-range, most of the SANS Q-range and the SANS large Q-459 

region, respectively. The result calculated for the combined scattering intensity is of a similar 460 

or slightly larger magnitude than fluctuations of the separate USANS and SANS scattering 461 

intensity (Figure 7b and Figure B4). Figure 7(c, d) shows PRINSAS-determined results; on 462 

the log-log scale the probability density distributions for pore sizes, f(r), the specific surface 463 

areas measured by different probe sizes, SSA(R), and the incremental pore volumes, dV/dr, 464 

appear very similar, even though small discrepancies occur for several Q-values in both 465 

SANS and USANS Q-regions. Fluctuations of the incremental pore volume, dV/dr, appear to 466 

be most evident in the USANS Q-region (Figure 7d). The PRINSAS-determined porosities, 467 

average pore volumes, pore concentrations and their variability, which were calculated using 468 

the combined SANS-USANS data for each wafer, are compiled in Table 6.  469 

Results listed in Table 4 (spatial variation of SANS intensity), Table 5 (spatial 470 

variation of USANS intensity) and Table 6 (spatial variation of the porosity, average pore 471 

size and pore concentration) indicate that the spatial variation of PRINSAS-determined 472 

microstructural properties is of the same order as the variation of the scattering intensity in 473 

the most of the SANS Q-range (about ±9%, Figure 7b). The relative variation of PRINSAS-474 



determined microstructural parameters has also been determined for SANS data obtained for 475 

the five artefact-reduced SDH-308 wafers, SANS-USANS combined data for three selected 476 

wafers of McAtee-2798, Gibson-3997, Hardin-IL2 and Hardin-IL3; the results are close to 477 

the relative SANS intensity variation (Table 4 and Table 7). However, using the Q-limited 478 

USANS scans for Gibson-3997, Hardin-IL2 and Hardin-IL3 wafer sets may not accurately 479 

estimate the microstructural properties, because the Q-range of data gap between two 480 

scattering methods (e.g., USANS and TOF-SANS) requires significant extrapolation and 481 

interpolation of the SANS small-Q or the USANS large-Q region, which may create artefacts. 482 

In general, the cores hosting immature to the mid-mature organic matter have more variable 483 

SANS intensity and larger total porosity than the late to post-mature shales (Mastalerz et al. 484 

2018). However, this conclusion may be affected by the selection of two under-determined 485 

parameters used in PRINSAS computations: the experimentally estimated value of the SANS 486 

large-Q background and the scattering length density (SLD) of TOC for each shale; in the 487 

absence of detailed chemical analysis of the organic matter for the New Albany Shale cores, 488 

the SLD of the organic matter component has been approximated by analogy with coals of 489 

similar thermal maturity (Radlinski et al. 2004). In addition, we assumed the nominal specific 490 

density of the mineral rock matrix components.  491 

Table 6. PRINSAS-determined porosity, average pore volume, and pore concentration using 492 
MS-minimised SANS-USANS combined scattering intensity for five Marcellus-7084 wafers. 493 
The variation of pore properties calculated for each wafer is normalised to the wafer-average 494 
property value. 495 

Sample 
name 

PRINSAS-determined pore properties (SANS+USANS) 

Porosity 
(%) 

Variation 
(%) 

Average Pore 
Volume (cm3) 

Variation 
(%) 

Pore Concentration 
(cm-3) 

Variation 
(%) 

Lh 4.5 -3.1 1.26E-19 2.8 3.58E+17 -6.0 
Lf 4.7 1.5 1.32E-19 8.4 3.56E+17 -6.6 
Le 4.7 0.2 1.18E-19 -3.4 3.94E+17 3.4 
Ld 4.8 3.4 1.20E-19 -1.8 4.00E+17 5.1 
Lc 4.5 -2.1 1.15E-19 -6.1 3.96E+17 4.0 

  496 



Table 7. The averaged PRINSAS-determined pore properties and related variation using 497 
SANS intensity of SDH-308 wafers, SANS-USANS combined intensity of McAtee-2798, 498 
Gibson-3997, Hardin-IL2, Hardin-IL3 and Marcellus-7084 wafers. Note: symbol * makes 499 
wafers measured using USANS Q-limited scan. 500 

Sample 
name 

Wafer 
number 

Averaged PRINSAS-determined pore properties 

Porosity 
(%) 

Variation 
(%) 

Average 
Pore 

Volume 
(cm3) 

Variation 
(%) 

Pore 
Concentration 

(cm-3) 

Variation 
(%) 

Instrument 

SDH-308 5 5.1% ±6 2.00E-19 ±5 2.56E+17 ±8 SANS 
McAtee-

2798 
3 7.5% ±1 7.09E-20 ±4 1.05E+18 ±5 

SANS + 
USANS 

*Gibson-
3997 

3 9.4% ±3 7.98E-20 ±6 1.18E+18 ±4 
SANS + 
USANS 

*Hardin-
IL2 

3 4.7% ±1 2.08E-19 ±6 2.26E+17 ±6 
SANS + 
USANS 

*Hardin-
IL3 

3 4.8% ±3 3.63E-19 ±4 1.33E+17 ±7 
SANS + 
USANS 

Marcellus-
7084 

5 4.6% ±3 1.22E-19 ±8 3.81E+17 ±7 
SANS + 
USANS 

  501 



 502 

Figure 7. MS-minimised SANS-USANS combined results for five Marcellus-7084 wafers: (a) 503 
scattering intensity; (b) magnification of relative scattering intensity variation; PRINSAS-504 
determined microstructural properties: (c) f(r) and SSA(R); (d) dV/dr. 505 

506 



5. Conclusion and Recommendations 507 

SANS and USANS measurements have been performed on six American 508 

unconventional shale cores. Tests for intensity uniformity and volume-representativity of 509 

consecutive submillimetre wafers sliced in the direction of the sedimentation plane were 510 

performed. For each core, the SANS and USANS intensity results for the corresponding set 511 

of slices remain within the range of ±15% from the average for most of the Q-range, and the 512 

fluctuation can be reduced to less than ±10% by a careful sample preparation and data 513 

processing (e.g., using artefact reduced wafer sets (Table 4)). We consider this number as a 514 

measure of the statistical equivalence of individual slices, which is controlled by the 515 

centimetre-scale homogeneity of the core pore structure (for pore sizes extending from ~1 nm 516 

to 20 μm) and the rock matrix chemical composition of consecutive wafers (with a spatial 517 

resolution of below 1mm). In other words, the fluctuation of SANS and USANS intensity 518 

determines to what degree each wafer can be considered a representative sub-sample 519 

(representative volume) of the core.  520 

There are several factors that may cause the scatter of experimental results from slice 521 

to slice, including the inherent heterogeneities (e.g., inorganic veins), physical imperfections 522 

of wafers (e.g., regions of damage and residues left on the wafer due to sample preparation 523 

and handling), multiple scattering (MS) effects for relatively thick wafers, possible near-524 

surface pore structure damage caused by preparing overly thin wafers, and the incoherent 525 

scattering from hydrogen atoms present in the bound water and the organic matter, which 526 

may cause a relatively large variation in the SANS large-Q range (for Q≥ 0.1 Å-1). Additional 527 

artefacts may be caused by experimental statistical errors (generally larger in the SANS 528 

large-Q range and the USANS Q-range), imprecise data matching between the SANS and 529 

USANS Q regions and (or) various SANS configurations, experimental noise, and 530 

instrumental reproducibility (typically ±3%). For the core material studied here, the statistics 531 

of the scattering intensity uniformity (obtained by comparing the relative intensity of each 532 

wafer) can be improved by up to ±7% when the above problems have been eliminated; this 533 

emphasizes the importance of careful sample preparation, sample selection and data 534 

processing procedures before and during SAS studies, especially when multiple samples are 535 

used. For all cores studied in this work, the spatial (wafer-to-wafer) variation of 536 

microstructural properties (determined by fits to the microstructural PRINSAS polydisperse 537 

spheres model), including the total porosity, averaged pore volume and pore concentration, is 538 

reflecting the relative variation of the corresponding scattering intensity; therefore, the 539 



relative intensity of the SANS and USANS intensity is a reasonable proxy for the relative 540 

variation of the microstructural parameters.  541 

Results of SANS measurements reveal an approximate correlation between the 542 

intensity variation and thermal maturity of the organic matter (Figure 6a), as well as a strong 543 

positive correlation between the relative intensity variation (in most of the SANS Q-range) 544 

and the scattering power, τ, of shale (Figure 6b). The value of τ has been estimated from 545 

measurements of TSAS for wafers from each sample set in the USANS Q-region (using λ = 546 

2.37 Å; Table B10). The intensity variation - τ correlation could not be reliably tested in the 547 

USANS Q-range due to the small number of samples studied using USANS.  No  correlation 548 

is apparent between the intensity variation and TOC (Fig. 6c). 549 

A potentially worrying result is the large (up to 18%) relative intensity variation of 550 

consecutive wafers in the SANS large-Q region (Table 4) and the USANS Q-region (Table 5), 551 

which suggests that representative samples may not be reliably selected from adjacent wafers 552 

due to excessive variability. However, the variability of pore properties calculated from these 553 

results is partially compensated and reduced to less than ±10 % (Table 7). It is concluded that 554 

selection of representative samples by using consecutive wafers is a robust approach for the 555 

purpose of microstructural studies. 556 

In general, the scattering intensity variation between consecutive wafers decreases 557 

from the USANS Q-range (measured using λ = 2.37 Å) to the SANS mid-Q range (i.e., for 558 

Q<0.1 Å-1); the maximal variation is observed in the SANS large-Q region. It is evident that 559 

larger variations of the scattering intensity (and, consequently, total porosity) occur in cores 560 

hosting less mature organic matter. The robustness of this observation is evidently affected by 561 

the methodology of sample selection, data interpretation and instrument-specific 562 

reproducibility.  563 

To conclude, for the cores of the New Albany Shale and the Marcellus Shale studied 564 

here, the SANS and USANS data acquired from appropriately selected submillimetre wafers 565 

are volume-representative for the about one-centimetre-deep core material with an error of 566 

less than ±10%. 567 
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