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Abstract
Water condensation in shales impacts its hydro-mechanical response. A mechanistic under-
standing of the pore-water system is made more challenging by significant anisotropy of 
pore architecture and nano-scale heterogeneity of pore surfaces. We probe the condensa-
tion response in two contrasting shales exposed to a vapor of contrast-matching water, as 
characterized by in  situ ultra-small/small-angle neutron scattering (USANS/SANS) tech-
niques under various relative humidities. One shale with a higher content of both kerogen 
and clay has rougher surfaces and higher anisotropy than the other shale (less clay and 
no kerogen) over length scales from 2.5 to 250  nm. Scanning electron microscopy with 
energy-dispersive spectrometry (SEM–EDS) analysis also confirms that the organic-rich 
shale presents more anisotropic microfabrics and higher heterogeneity compared to the 
other shale with less clay and no kerogen. USANS/SANS results show that water conden-
sation effectively narrows the pore volume in the way of reducing the aspect ratio of non-
equiaxed pores. For the shale with less clays and no kerogen under a relative humidity 
of 83%, a wetting film uniformly covers the pore-matrix interface over a wide range of 
length scale (1 nm–1.9 µm) without smoothing the surface roughness. In contrast, for the 
organic-rich and clay-rich shale with a strong wetting heterogeneity, condensation occurs 
at strongly curved hydrophilic asperities (1–10 nm) and smoothens the surface roughness. 
This is consistent with water vapor condensation behavior in a Vosges sandstone by Bro-
seta et  al. (Phys. Rev. Lett. 86:5313, 2001). Though well representing the condensation 
behavior of water vapor in mesopores/macropores (radii  >  1  nm), USANS/SANS tech-
niques could underestimate total water adsorption due to potential cation hydration and 
clay swelling in micropores (radii < 1 nm).
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1 Introduction

Shale is a fine-grained and porous sedimentary rock comprising an aggregate of various 
clay and other minerals/kerogen. Water penetration can alter the pore-scale properties of 
the shale, including changes in gas storage due to alteration of the pore structure, changes 
in gas permeability as a result of pore occlusion by liquid water, mechanical degrada-
tion due to the reduction of surface energy and/or mineral swelling, and the formation of 
hydrate in shales or sediments serving as hydrocarbon sources and/or sealing reservoirs. 
An improved understanding of the water condensation behavior at pore-scale is a basic pre-
requisite in deconvolving the role of water on hydrocarbon extraction (Eveline et al. 2017), 
 CO2 trapping (Andrew et al. 2014), wellbore stability (Ghassemi and Diek 2002), injection 
induced-seismicity (Elsworth et al. 2016), roof control in underground coal mining (Van 
Eeckhout 1976), and the formation of gas hydrates (Hesselbo et al. 2000), among others.

Shale-water interactions at pore scale are known to be complex. This complexity stems 
from the hydrogen-bonded nature of water (Luzar and Chandler 1996) and the interplay of 
serval factors including mineral type (Sposito et al. 1999), heterogeneity of kerogen and 
their spatial distribution (Bousige et al. 2016; Chiang et al. 2018; Yang et al. 2017), pore 
size distribution (Clarkson et al. 2013; Kuila and Prasad 2013; Sang et al. 2018; Zhao et al. 
2019), and pore connectivity (Liu et al. 2019; Melnichenko et al. 2012; Ruppert et al. 2013; 
Zhang et al. 2015). Firstly, variations in the distribution of minerals/kerogen with differ-
ent wetting characteristics further impart strong wetting heterogeneity (Van Lingen et al. 
1996). This strong wetting heterogeneity, also associated with the pore surface roughness 
(AlRatrout et al. 2018), makes it difficult to characterize levels and distributions of capil-
lary condensation based on Kelvin theory and/or other models (BJH; Barrett et al. 1951; 
Fisher et al. 1981), even if the pore-scale architecture may be otherwise imaged. Secondly, 
shales have a preferred orientation of particles/minerals as well as intervening pore struc-
ture sub-parallel to bedding as a result of long-term sedimentary compaction (Lash and 
Blood 2004; Loon 2008). This structural anisotropy imparts anisotropy in hydro-mechan-
ical properties of diffusivity (Van Loon et al. 2004), permeability (Blunt and King 1991; 
Hannon and Finsterle 2018), strength and modulus, and related acoustic velocities (Chi-
chinina et al. 2009). Quantifying water vapor condensation behavior in such preferentially 
oriented pores is crucial to recognize the role of water in these hydro-mechanical prop-
erties under a partial pressure of water vapor. Unfortunately, due to the multi-component 
character of shale with strong heterogeneity and pore anisotropy, it is very challenging to 
characterize the pore-scale water vapor condensation behavior based on traditional phys-
isorption measurement and imaging techniques.

Although mechanisms and impacts of water vapor adsorption in shales have been 
extensively reported, typically based on traditional gravimetric methods (Sang et al. 2020, 
2019; Seemann et  al. 2017; Zolfaghari et  al. 2017), limited studies probe the pore-scale 
condensation mechanisms and rationalize observed response. This is principally due to the 
innate complexity of the heterogeneity and anisotropy together with challenges related to 
the multi-scale pore structure as just mentioned. The distribution of water sorption in pore 
networks has been effectively probed by  N2/CO2 physisorption in moisture equilibrated 
mudstone/shale samples (Lahn et al. 2020; Zou et al. 2020). However,  N2/CO2 physisorp-
tion may be influenced by the effect of capillary occlusion by condensed water at pore 
throats. Besides,  N2 physisorption measurement at 77 K on the moisture equilibrated mud-
stone/shale samples may also be subjected to the effect of water expansion due to freez-
ing. Consequently, the effects of capillary occlusion and/or water expansion on the  N2/CO2 
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physisorption measurement will in turn influence the interpretation of the distribution of 
liquid water in the pore network. Furthermore, it remains challenging to understand the 
effect of water condensation in altering structural anisotropy and surface roughness, based 
solely on conventional physisorption methods. An in  situ small-angle neutron scattering 
(SANS) technique may be an alternative to solve these challenges.

Compared to traditional physisorption methods, SANS is a noninvasive method for 
characterizing rock structure and pore-scale rock-fluid interaction (Bahadur et  al. 2014; 
Hall et al. 1998; Liu and Zhang 2020). SANS intensity I(Q), or neutron cross section per 
unit volume (in  cm−1), for a two-phase (matrix and pore) rock with randomly distributed 
pores can be expressed as follows:
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between SLDs of the rock solids and pore fluids. Provided that voids/pores are intruded/
occupied by a fluid with its SLD equals the rock solid, these occupied (or contrast-
matched) voids/pores would no longer contribute to the total scattering intensity. In this 
way, one may quantify the intruded fluids based on relevant models as detailed in the future 
sections.

We apply in situ ultra-small-angle and small-angle neutron scattering (USANS/SANS) 
techniques to characterize water (contrast-matching mixture of  D2O/H2O) condensation 
behavior in the anisotropic pore architecture of two shales under a spectrum of relative 
humidities (RH: 0–88%). At a specific partial pressure of the  D2O/H2O vapor, the pore 
spaces occupied by the condensed contrast-matching  D2O/H2O mixture no longer contrib-
ute to the neutron scattering intensity and thus may be quantified by the USANS/SANS 
technique in terms of the evolution of the degree of anisotropy, surface roughness, and pore 
size distribution at various relative humidities. These results are anchored against tradi-
tional macroscale measurements involving dynamic vapor sorption methods (DVS) to cor-
relate responses across spatial scales.

2  Materials and Methods

2.1  Mineralogical Compositions

The two shale samples were collected from the roof strata of two coal seams in Illinois 
Basin, one from Hymera (VI) coal seam at Bear Run Mine, Carlisle, Indiana, USA, the 
other from Herrin (No. 6) coal seam at Wildcat Hills Mine Equality, Illinois, USA. They 
are labeled as “Hymera” and “Herrin,” respectively. Chemical compositions were analyzed 
by X-ray diffraction (XRD) for mineral composition and by ultimate analysis for kerogen 
(Sang et  al. 2018). Ultimate analysis of carbon, hydrogen, and nitrogen, following the 
standard test method—ASTM D5373, presents 24.7% carbon, 2.5% hydrogen, and 0.41% 
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nitrogen (by weight), respectively. Total organic carbon (TOC) content was obtained by 
subtracting inorganic carbon quantified from XRD analysis from total carbon as quanti-
fied by ultimate analysis. We also conducted the vitrinite (R0) analysis and quantified the 
functionalized oxygen‐to‐carbon (O/C) atomic ratio in kerogen for the Herrin shale. As 
shown in Table 1, Hymera shale comprises 14.2% quartz and 85.8% phyllosilicate minerals 
including 21.5% illite, 29.3% muscovite, 28.9% clinochlore, 3.4% dickite, and 2.7% albite. 
Herrin shale comprises 17.7% quartz, 54.5% phyllosilicates, including 8.6% montmoril-
lonite, 29.3% illite, 5% muscovite, and 11.6 halloysite. Herrin shale also contains minor 
fractions of pyrite (3.1%) and dolomite (3.3%). In addition, Herrin shale contains 21.4% 
TOC with the vitrinite reflectance (R0) of 0.71% and the oxygen-to-carbon (O/C) atomic 
ratio of 5.0%. The carbon-to-hydrogen atomic ratio (H/C) based on the ultimate analysis is 
1.22. Therefore, kerogen in Herrin shale belongs to Type II. The distribution of kerogen, as 
shown based on the scanning electron microscopy (SEM) images in Sect. 2.2, and its over-
all hydrophobicity of kerogen leads to strong wetting heterogeneity of Herrin shale. Scat-
tering length densities (SLDs) are calculated as 3.6 × 10–10 cm−2 for the Hymera shale and 
3.8 × 10–10 cm−2 for the Herrin shale, using a weighted average of volume over all chemical 
components (Bahadur et al. 2014; Radlinski et al. 1996). The calculated SLD values based 
on the chemical components provide a reference for adjusting the ratio of deuterium oxide 
and hydrogen oxide  (D2O/H2O) to achieve the contrast matching condition when condensa-
tion occurs.

2.2  Scanning Electron Microscopy (SEM)

The fabric of the two shales and their elemental compositions were identified by SEM with 
energy-dispersive spectrometry (SEM–EDS). SEM images of the two shales are shown in 
Fig. 1a–h. Hymera shale, barren of organic matters (Fig. 1a–d, presents a relatively random 
particle microfabric lack of lamination. The lack of anisotropy of the Hymera shale could 
be due to shale bioturbation, which tends to randomize clay particle fabric and decrease 
the fissility of shale (Byers 1982, 1974; O’Brien 1987). In contrast, the organic-rich Her-
rin shale (Fig. 1e–h) presents a high degree of preferred orientation of particles as well as 
pores. This is also consistent with previous SEM studies (O’Brien 1987) on organic-rich 
black shales, which showed preferentially oriented microfabrics due to the lack of biotur-
bation. Note that these SEM images are in the micron scale, which may not well capture 
mesopores (< 50 nm) and macropores smaller than 250 nm. The preferential orientation 

Table 1  Weight percentage of the mineralogical  compositionsa for the two shale samples (%)

a Musc. denotes muscovite; Clin. denotes clinochlore; Mont. denotes montmorillonite; Hall. denotes hal-
loysite; Dolo. denotes dolomite. TOC refers to total organic carbon
b TOC content (21.4%) was obtained by subtracting inorganic carbon in dolomite from total carbon as quan-
tified by ultimate analysis. The vitrinite reflectance (Ro) of kerogen was measured as 0.71%. The functional-
ized oxygen‐to‐carbon (O/C) atomic ratio is 5.0% (±1.6%), which was estimated by X‐ray photoelectron 
spectroscopy

Sample Phyllosilicate minerals

Quartz Illite Musc. Clin. Dickite Albite Mont. Hall. Pyrite Dolo. TOCb

Hymera 14.2 21.5 29.3 28.9 3.4 2.7 – – – – –
Herrin 17.7 29.3 5.0 – – – 8.6 11.6 3.1 3.3 21.4
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of these nanopores will be quantified based on the SANS study on thin sections of the two 
shales, as detailed in Sect. 3.1.

The elemental compositions of the two shales were also identpercentage of the min-
eralogical compositions ified by SEM–EDS spectrum analysis as shown in Figs. 2 and 3, 
respectively. Hymera shale (Fig. 2) mainly consists of the following elements: O, Al, Si, 
Fe, S, K, Mg, and Na, while lacks of carbon. At different locations of the SEM image 
as shown in Fig.  2a, the EDS spectrums present the same types of elemental composi-
tions and hence indicate that Hymera shale is relatively homogenous in terms of its mineral 

Fig. 1  SEM images showing variations of the microfabric for (a–d) Hymera shale and (e–h) Herrin shale

Fig. 2  SEM–EDS analysis of the Hymera shale. a SEM image; b–d EDS spectrums of the three selected 
elliptical zones as marked in the SEM image. The three spectrums show similar elemental compositions 
and indicate that the Hymera shale is relatively homogeneous
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types. The lack of organic matters in Hymera shale also leads to a more homogeneous 
wettability, which belongs to hydrophilicity due to the presence of inorganic minerals. In 
contrast, the EDS spectrums of the organic-rich Herrin shale, as shown in Fig. 3, show 
great discrepancy at three different locations and indicate a strong heterogeneous distribu-
tion of different minerals and organic matters. One can also observe from Fig. 3a that Her-
rin shale presents scattered organic matters embedded in inorganic minerals, which could 
cause a strong wetting heterogeneity considering the hydrophobicity of organic matters and 
the hydrophilicity of the inorganic minerals. The mineral/kerogen types of the two shales 
identified by SEM–EDS analysis are overall consistent with the mineralogical composi-
tions as shown in Sect. 2.1.

2.3  In Situ SANS Experiment

For the USANS/SANS experiments, the environment was humidity-controlled by using 
a 60%  D2O to 40%  H2O mixture (by weight) with an SLD in the liquidus of approxi-
mately 3.6 × 10–10 cm−2. The purpose of applying this mixture is to minimize the scat-
tering contrast between the shale matrix and condensed water. Although the two-phase 
assumption may not give an accurate SLD of the solid matrix, due to the chemical het-
erogeneity of shale, this approach has been widely accepted and adopted since the con-
tribution of chemical inhomogeneity to total scattering is usually less than 5–10% (Hall 
et  al. 1998; Melnichenko et  al. 2012; Radlinski et  al. 2004). Based on the two-phase 

Fig. 3  SEM–EDS analysis of the Herrin shale. a EDS layered image displaying the distributions of sulfur, 
carbon, aluminum, and SEM image; b EDS spectrum of pyrite  (FeS2); c EDS spectrum indicating a high 
content of organic matters; d EDS spectrum indicating a high content of aluminum phyllosilicate (or clay). 
The layered image shows a strong heterogeneous distribution of different minerals and scattered organic 
matters
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scattering assumption, pores occupied by the contrast-matching condensed  D2O/H2O 
will not contribute to neutron scattering–rendering the pores neutron transparent. Thus, 
the degree of water condensation in the pores can be directly quantified by comparison 
between the scattering patterns recovered under dry then prescribed humidity condi-
tions. Furthermore, since water sorption in the two shales presents no permanent hys-
teresis in water content to RH over three cycles (see supporting information Figure S1), 
the water sorption involves the only physisorption with no irreversible alteration of pore 
structure during the ad-/de-sorption process. Absent chemical interactions, we assume 
that the isotopic exchange of hydrogen between particle surfaces and the  D2O/H2O mix-
ture under the in  situ water vapor conditions is negligible at a laboratory time scale 
(Ruppert et al. 2013).

SANS experiments on thin prismatic sections  (150  µm) of the two shales (Fig.  4) 
were performed in this controlled in  situ water vapor environment using the CHRNS 
30 m SANS instrument at the Center for Neutron Research (NCNR) of the US National 
Institute of Standards and Technology (US-NIST). The sample-to-detector distances 
were chosen as 1 m, 4 m, 13 m, and 13 m with a lens to cover a total range of the scat-
tering vector of 0.0015  Å−1 < Q < 0.3  Å−1. The neutron wavelength λ was set at 6  Å 
with a wavelength spread Δλ/λ of 0.138. USANS experiments were performed using the 
high-resolution BT5 perfect crystal diffractometer (λ = 2.4 Å, Δλ/λ = 6%) at NCNR, with 
Q ranging from 3 × 10–5 to 0.0011 Å−1. The pore size was estimated from an empirical 
relationship between pore radius r of a polydisperse porous medium and the scatter-
ing vector Q as (Radliński et al. 2000): r ≈ 2.5/Q. Relative humidity during the in situ 
USANS/SANS measurement was controlled by two mass flow controllers (MFCs) by 
adjusting the ratio of dry gas to saturated water vapor, which was generated by a bub-
bler inserted into the liquid  D2O/H2O mixture. The temperature in the humidity cell was 
maintained at ~23 °C to avoid any potential for the condensation of water droplets on 
the shale surfaces. For each humidity condition, the dew point (< 23°) was also moni-
tored throughout the whole USANS/SANS procedure.

Fig. 4  SANS/USANS measurements on shale thin sections at different relative humidities. The samples 
were cut perpendicular to their bedding planes with to a thickness of 150 µm and mounted on a quartz slice 
for mechanical support
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The two shales were cut perpendicular to bedding planes into thin prismatic sections 
(Fig.  4). This particular orientation is to probe the structural anisotropy of the shales 
using a single normally incident neutron beam, as shown in Fig. 5a. Figure 5b shows 
a typical example of a two-dimensional (2D) SANS spectrum with elliptical scatter-
ing contours resulting from the structural anisotropy. The 1D scattering cross section 
I(Q) is shown relative to each of azimuthal angle φ and scattering vector Q in Fig. 5c, d 
respectively—recovered from the 2D SANS spectrum. The non-uniform distribution of 
scattering intensities with respect to azimuthal angle (Fig. 5c) directly infers anisotropy 
in the structure of the shale. From Fig. 5c, d, the scattering intensity at the same length 
scale (Q value) shows a clearly higher magnitude at 90°, relative to 0°, in the reciprocal 
space. This corresponds to flattened pores preferentially aligned sub-parallel to bedding 
in real space (Hall et al. 1986). These observations enable pore anisotropy of the two 
shales to be characterized based on an alignment factor calculated from the 1D scatter-
ing cross section I(Q) measured relative to azimuthal angle.

Fig. 5  Schematic representation of anisotropic pore structure of a shale imaged by SANS. a Thin sections 
cut perpendicular to bedding subjected to normal incidence; b 2D SANS spectrum illustrating elliptical 
scattering contours that suggests favorably aligned minerals/grains and pore structure; c one-dimensional 
scattering cross section I(Q) versus azimuthal angle φ; and d I(Q) versus scattering vector Q, reduced from 
the 2D SANS spectrum. Error bars for I(Q) vs. Q are too small to be apparent
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3  SANS Results and Discussion

3.1  Structural Anisotropy and Fractal Characteristics

Multi-scale structural anisotropy, from several Angstroms to several microns, is a perva-
sive feature in many shales but limited work has focused on quantifying the pore anisot-
ropy (Anovitz et al. 2015; Gu et al. 2015; Hall et al. 1986; Leu et al. 2016; Liu and Zhang 
2020). Figure 6 shows the combined SANS and USANS profiles under dry condition with 
the scattering intensity I(Q) reduced in the directions parallel and perpendicular to bed-
ding. SANS profiles were reduced from the 2-D scattering intensity distribution (Fig. 5b) 
by sector averaging at 0° and 90°, representing the structure both perpendicular and paral-
lel to bedding, respectively. Slit-smeared USANS data, measured both perpendicular and 
parallel to bedding, were converted into the SANS pinhole geometry and then merged with 
the SANS data. Notably, for the same scattering vector, scattering intensity averaged at 
90° (bedding-parallel) is larger than that at 0° (bedding-perpendicular). This implies the 
bedding-parallel extension, or bedding-perpendicular flattening, of pores as illustrated in 
Fig.  5a with a preferred orientation and resulting anisotropy. The Herrin shale appears 
more preferentially oriented or anisotropic than the Hymera shale—indexing by a larger 
discrepancy in the scattering intensities between the two directions (Fig. 6). This is consist-
ent with the SEM images shown in Fig. 1 that Herrin shale presents a more preferentially 
oriented microfabric than Hymera shale. The Herrin shale exhibits the least discrepancy at 
a Q value of approximately 0.01 Å−1, indicating the least anisotropy of pores with radii of 
the order of ~25 nm. The degree of pore anisotropy may be quantified based on an align-
ment factor.

Annularly averaging the scattering intensity distribution over the detector enables the 
scattering intensity I(Q, φ) to be defined for the two shales as a function of azimuthal angle 
at different Q values (0.02 Å−1, 0.04 Å−1, 0.06 Å−1, 0.08 Å−1, 0.1 Å−1) as shown in Fig-
ure S2 (Supporting information). Instead of being uniformly distributed over the range of 
azimuthal angles, from 0° to 360°, which is typically the case for a sample cut parallel 
to bedding and indicating a random orientation of pores (Gu et  al. 2015), the scattering 

Fig. 6  Combined SANS and USANS scattering cross section I(Q) versus scattering vector Q for both (a) 
the Hymera and (b) the Herrin shales under the dry condition. 1-D SANS data, both perpendicular and par-
allel to bedding, were reduced from 2-D scattering intensity distributions by sector averaging at 0° (minor 
axis) and 90° (major axis) with an incremental azimuthal angle of ± 10°. 1-D slit-smeared USANS data, 
measured in directions both perpendicular and parallel to bedding, were converted into the SANS pinhole 
geometry and then merged to the SANS data
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intensities for these two shales (cut perpendicular to the bedding) show an approximately 
sinusoidal distribution with azimuth. The degree of preferential orientation of the pores 
can be quantified by an alignment factor Af(Q) given by the following equation (Hongla-
darom et al. 1996).

where the absolute value of Af(Q) approaches 1 for the case when scattering is concen-
trated solely at an azimuthal angle of 90°, representing the extremely preferential orienta-
tion of the non-equiaxed pores, or approaching 0 for an isotropic scattering distribution, 
representing randomly oriented pores. According to Eq.  (2), the alignment factor over 
different Q ranges (0.002–0.1  Å−1) for both the Hymera and Herrin shales were com-
puted and are shown in Fig. 7. For Q in the range 0.002–0.1 Å−1, corresponding to pore 
radii of 2.5–125  nm, the Herrin shale has overall larger alignment factors (0.13–0.34) 
than the Hymera shale (0.03–0.12), indicating more preferentially oriented pores and 
greater resulting anisotropy in the Herrin shale, which is consistent with the SEM results 
in Sect.  2.2. The degree of anisotropy also varies with the pore size as demonstrated in 
Fig. 7. Anisotropy decreases in the Hymera shale with increasing pore radii in the range 
2.5–125  nm. Anisotropy in the Herrin shale decreases with increasing pore radius for 
mesopores (pore radii <25  nm) but increases with increasing pore radius for macropo-
res (pore radii > 25 nm). These trends are also consistent with the 1-D scattering pattern 
plotted as a function of scattering vector Q in directions of both perpendicular and par-
allel to bedding, as shown in Fig.  6. Note that the alignment factors for Q in the range 
0.002–0.1 Å−1 were obtained by reducing the 2D SANS spectrum. Pore anisotropy in the 
USANS region (Q < 0.002 Å−1) were not quantified by these alignment factors—due to the 
fact that the 1-D slit-smeared USANS data were collected merely in the directions perpen-
dicular and parallel to bedding (scattering intensity data are unavailable for intervening 

(2)Af (Q) =
∫ 90

◦

0
I(Q,�) cos 2�d�

∫ 90
◦

0
I(Q,�)d�

Fig. 7  Alignment factor Af versus the scattering vector Q (proxy for pore radius) under dry conditions
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azimuthal angles). From Fig. 6, at Q < 0.002 Å−1, corresponding to macropore radii larger 
than 125 nm, the Herrin shale exhibits relatively high pore anisotropy while the Hymera 
shale exhibits relatively low pore anisotropy. Again, this is consistent with the SEM results 
(Fig. 1) regarding particle/pore orientation of the two shales.

Over length scales from a few nanometers to a few microns, the roughness of the pore-
matrix interfaces can be quantitatively described by a fractal dimension fD, estimated by 
the power-law exponent α and recovered from the slope of the SANS scatting pattern as 
(Bale and Schmidt 1984): fD = 6 − α. fD approaches 2 for smooth interfaces and asymptotes 
to 3 for infinitely rough, volume filling, interfaces (Radliński et al. 1999; Wong et al. 1986; 
Zhang et  al. 2017). From Fig.  6, the combined USANS and SANS profiles for the two 
shales, and especially for the Herrin shale, present a “hump” in the direction perpendicu-
lar to bedding for a Q approximately equal to 0.01 Å−1—corresponding to a pore radius 
of 25 nm. This feature possibly results from the spatial ordering of flattened pores with a 
size ~25 nm and resulting from sedimentary compaction (Hall et al. 1986). Fractal dimen-
sions for the two shales were estimated from the scattering pattern in the direction paral-
lel to bedding (sector averaging at 90°), present as a straight line in log–log space (Sup-
porting information Figure S3) and reflecting the power-law characteristics of fractal pore 
surfaces. As shown in Figure S3, in the range of the scattering vector Q, from 0.001 to 
0.1  Å−1 (length scale of 2.5–250  nm), and under dry conditions, the average slopes are 
−3.26 for the Hymera shale and −3.15 for the Herrin shale—corresponding to surface 
fractal dimensions fD of 2.74 and 2.85, respectively. This indicates that the Herrin shale 
has rougher grain-grain and pore surfaces than the Hymera shale over the range in length 
scale 2.5–250 nm. The evolution of surface roughness at different relative humidities will 
be discussed subsequently in Sect. 3.2.2.

3.2  Impacts of Water Condensation in Anisotropic and Fractal Pores

Wetting fluid distribution within pores at a prescribed relative humidity (RH) can be 
described by two limiting regimes (Broseta et al. 2001; Steele et al. 1996), as schemati-
cally represented in Fig. 8. First, condensing fluid fills strongly curved concave surfaces 
(small radii) to form a capillary wetting regime (Broseta et al. 2001). This regime requires 
a significantly high pore irregularity (as quantified by fractal dimension) combined with 
adequate water content, surface tension, and wettability. The other limiting regime is to 
form a flat fluid film covering the entire pore surface and having a homogeneous thickness 
(Broseta et al. 2001). This limiting regime corresponds to a strong pore-fluid interaction, 
small pore irregularity and smooth surfaces. In this section, water condensation within ani-
sotropic pore spaces is described based on the in  situ SANS results with respect to the 
alignment factor, fractal dimension, and pore size distributions noted for the dry samples.

SANS scattering patterns for the two shales under different relative humidities are 
shown in Fig. 9 and Fig. 10. Compared to the dry condition, scattering intensity for the 
Hymera shale (Fig. 9) for Rh ~ 41% remains almost unchanged over the entire range of the 
scattering vector Q, except for a slight decrease at larger Q (>0.08 Å−1). This suggests a 
slight condensation of water in pores with radii smaller than ~3 nm at a Rh of 41%. At a 
Rh of 83%, however, the intensity drops dramatically over the whole range of Q values, 
indicating the form of the water condensation over pore sizes in the range 1–250 nm. For 
the Herrin shale, as shown in Fig.  10, instead of a sharp decrease in intensity over the 
entire Q range at high relative humidity, negligible changes are observed in the scatter-
ing intensity for the Herrin shale over the smaller Q range, and there is a gradual decrease 
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in intensity with increasing Rh in the higher Q range. This SANS scattering pattern, as a 
function of relative humidity, for the Herrin shale is consistent with that for Vosges sand-
stones (Broseta et  al. 2001), revealing that water condenses in the most strongly curved 
asperities instead of covering the entire surface as a flat wetting film. Details of the water 

Fig. 8  Schematic of water condensation within heterogeneous pores in shale. The two limiting regimes, i.e., 
capillary wetting regime and wetting film regime, are determined by the pore irregularity, water content, 
and wettability (Broseta et al. 2001; Steele et al. 1996)

Fig. 9  SANS scattering profiles of the Hymera shale under relative humidities of 0%, 41%, and 83%, 
plotted as a function of the scattering vector Q. The insets are zoomed-in values for Q in the range 0.08–
0.28 Å−1
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sorption characteristics in shale pores are discussed in subsequent sections considering the 
evolution of the alignment factor, surface roughness, and pore size distribution. We also 
observe from Figs. 9 and 10 that the scattering curves exhibit a flat background at high 
Q (>0.2 Å−1), possibly induced by incoherent scattering of hydrogen atoms in minerals/
kerogens or micro-scale inhomogeneities (Bahadur et al. 2014; Mastalerz et al. 2012). The 
higher flat background at higher relative humidity indicates more incoherent scattering of 
hydrogen atoms due to adsorbed water on the mineral/particle surfaces or on water con-
densed in the micropores. In this study, the incoherent scattering background is subtracted 
(Clarkson et al. 2013; Stefanopoulos et al. 2017) for the interpretation of pore anisotropy, 
surface roughness, and pore size distribution.

3.2.1  Decrease in Pore Anisotropy

Figure 11 shows scattering intensity plotted with azimuthal angle under different Rh values 
for a scattering vector Q of 0.06 Å−1 (pore radii ~4.2 nm). For the Hymera shale, scat-
ting intensity shows a slight change at Rh ~ 41%, with an obvious drop at Rh ~ 83%, likely 
due to water condensation. Scattering intensity of the Herrin shale decreases progressively 

Fig. 10  SANS scattering profiles of the Herrin shale under different relative humidities, plotted as a func-
tion of the scattering vector Q with a zoomed-in view at Q in the range 0.03–0.1 Å−1

Fig. 11  Scattering intensity I(φ) versus azimuthal angle φ for different relative humidities at Q = 0.06 Å−1
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with increasing Rh at this Q value. These trends are consistent with the SANS patterns 
at this Q range shown in Figs. 9 and 10. The variation in scattering intensities at differ-
ent azimuthal angles indicates preferentially aligned pore structures. Equation (2) was used 
to determine the alignment factors for different mesopore radii (2.5 nm, 3.1 nm, 4.2 nm, 
6.3  nm, 12.5  nm, 16.7  nm, 25  nm), corresponding to selected Q values of 0.01, 0.015, 
0.02, 0.04, 0.06, 0.08, and 0.1 Å−1, as a function of relative humidity (Fig. 12). Overall, the 
alignment factor decreases with increasing relative humidity for the two tested shales, sug-
gesting that water condensation within pore spaces tends to “isotropize” the preferentially 
oriented pores. Considering that the SLD of the liquid  D2O/H2O mixture is equal to that of 
the shale matrix and that pore orientation is free from the effect of water condensation, the 
decreasing alignment factors with increasing Rh values may be due either to the presence of 
a thicker wetting film on the walls or due to capillary condensation that completely fills the 
pore space. Both the two possible mechanisms reduce the aspect ratio of the non-equiaxed 
pores and decrease the resulting pore anisotropy as a result of water condensation. Under-
standing this “isotropizing” effect is important since it potentially influences porohydro-
mechanical properties such as relative permeability and damage in anisotropic shales and 
other related media (Kwon et al. 2004; Shao et al. 2005).

Since the Hymera shale contains only hydrophilic minerals, the Kelvin radius for capil-
lary condensation in the Hymera shale can be evaluated as 5.6 nm at an Rh of 83% and a 
temperature of 23 °C. Pores with radii of curvature larger than 5.6 nm tend to be covered 
by thin wetting films, while those with radii of curvature smaller than 5.6 nm will be filled 
with capillary water. Alignment factors in the Herrin shale for larger mesopores (pore radii 
of 12.5 nm, 16.7 nm, and 25 nm) remain almost unchanged at different humidity conditions 
(0–88%), indicating that water condensation in these pores has an insignificant effect. For 
smaller mesopores (pore radii of 6.3 nm, 4.2 nm, 3.1 nm, and 2.5 nm), the alignment fac-
tor shows a progressive decrease with increasing Rh and approaches a constant value for 
Rh > 72–88%. At lower relative humidity, wetting films cover the hydrophilic pore/particle 
surfaces. As humidity increases, the thickness of the wetting film grows until the pores are 
totally filled with condensed water, at which stage (>72%) the alignment factor approaches 
a constant value as relative humidity is further increased (88%). This is also consistent with 
the trend of change in the alignment factor at Rh of 72 and 88% that the smaller the pore 
radii, the closer the alignment factor is to a constant. At the highest relative humidity (83% 
for the Hymera shale and 88% for the Herrin shale), the alignment factors for the selected 

Fig. 12  Evolution of alignment factor as a function of relative humidity for the two shales at different pore 
scales (Q from 0.01 to 0.1 Å−1)
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length scales have still not reached zero—this may result from either the inaccessibility of 
pores and/or the presence of hydrophobic kerogen pores where no condensation occurs at 
high relative humidity, as shown in Fig. 8. The accessibility of shale pores, which is not 
addressed in this study, can be estimated by SANS studies based on liquid  H2O/D2O mix-
tures or high-pressure  CD4 injection (Bahadur et al. 2014; Liu et al. 2019; Melnichenko 
et al. 2012; Ruppert et al. 2013). Regardless, the presence of both hydrophilic clays and 
hydrophobic kerogen in the Herrin shale renders discriminating between pores covered by 
wetting films or filled with condensation products a challenge, due to the wetting heteroge-
neity (Hiller et al. 2019; Van Lingen et al. 1996).

3.2.2  Surface Roughness Due to Water Condensation for Tested Shales

Fractal dimensions for these two shales under different humidities were estimated from the 
SANS scattering pattern over the Q range of 0.001–0.1 Å−1 (length scale of 2.5–250 nm). 
As shown in Fig. 13, for Rh of 41% and 83%, the fractal dimension of the Hymera shale 
remains almost constant, indicating that condensing water covers the surface with a wetting 
film instead of totally filling strongly curved asperities (Broseta et al. 2001; Cheng et al. 
1989). The surface roughness of the Herrin shale, as quantified by the fractal dimension 
fD, decreases continuously with an increase in relative humidity. This “smoothing” effect 
is primarily induced by water condensing and filling-in strongly curved asperities (Broseta 
et al. 2001; Cheng et al. 1989). Different from previous studies where a Porod behavior of 
a smooth pore-matrix interfaces (fD = 2) is observed at smaller length scales (Broseta et al. 
2001), the surface roughness of the Herrin shale does not disappear (fD > 2) even at an Rh 
of 88%. There are several possible explanations for this behavior. Firstly, shale heteroge-
neity due to various mineralogical compositions results in rough pore-particle interfaces 
where contrast matching can never be fully achieved. Secondly, variations of wettability 
among clays, kerogen, and other minerals induce a strong wetting heterogeneity of the 
shale and hence the water will only condense at strongly hydrophilic pore-mineral inter-
faces and not at hydrophobic pore-kerogen interfaces. In this case, water can only “defrac-
talize” the strongly curved pores in hydrophilic clays while hydrophobic kerogen pores will 
retain rough surfaces, which are still detectable by SANS. Lastly, inaccessible pores may 
also contribute, to some extent, to the rough surfaces which are free from condensation—
as they are inaccessible to the water. The effect of inaccessible pores may be eliminated by 
subtracting the scattering intensity measured under vacuum from the scattering intensity 

Fig. 13  Evolution of fractal 
dimension as a function of rela-
tive humidity for the two shales
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under contrasting conditions. Unfortunately, the effect of inaccessible pores is ignored both 
in this study and previous studies (Broseta et al. 2001)—leaving this to future studies to 
quantify the role of inaccessible pores on water condensation behavior.

3.2.3  Pore Size Distribution

A polydisperse spherical particle (PDSP) model, as implemented in the PRINSAS software 
(Hinde 2004; Radlinski 2006), is used to retrieve the pore size distributions for the imaged 
media under different humidity conditions. For the Hymera shale, pore volume distribu-
tion is invariant at relative humidities of 0% and 41% (Fig. 14), indicating that water con-
densation is excluded below a relative humidity of 41%. For Rh < 83%, however, a signifi-
cant decrease in pore volume is observed over a large range of pore sizes (radii from 1 to 
250 nm). Considering that the surface roughness of the Hymera shale for Rh < 83% remains 
near constant (Fig. 13), the decrease in pore volume over the wide pore size range is mainly 
due to the uniform coverage of a wetting film over the pore surfaces. For the Herrin shale, 
differential distributions of pore volume (Fig.  15) are essentially unchanged at relative 
humidity values of 10% and 27% except that smaller mesopore volumes (~1 nm in radius) 
slightly decrease with increasing humidity. Under increasing relative humidities of 60%, 

Fig. 14  Differential distributions 
of pore volume for the Hymera 
shale under relative humidities 
of 0%, 41%, and 83%, based on 
a polydisperse spherical (PDSP) 
model

Fig. 15  Differential distributions of pore volume for the Herrin shale under relative humidities of 0%, 10%, 
27%, 60%, 72%, and 88%, based on a polydisperse spherical (PDSP) model
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72%, and 88%, mesopore volumes of radii in the range 1–10 nm significantly decrease the 
increase in relative humidity. This indicates that condensation occurs in mesopores of radii 
<  10  nm as relative humidity increases. From Fig.  15, there is negligible change in the 
volume of large pores (radii > 10 nm). The decrease in the pore size distribution, for radii 
in the range 1–250 nm for the Hymera shale and in the range 1–10 nm for the Herrin shale, 
indicates that water condensation “homogenizes” the shale pore architecture by narrowing 
the pore volume over these pore size ranges.

3.3  Water Condensation Behavior in Large Pores by USANS

USANS patterns under different humidity conditions determine the water condensation 
behavior in the large pore architecture. 1-D slit-smeared USANS data were measured 
under different humidity conditions in the direction perpendicular to the bedding planes 
(Supporting information Figure S4 and S5). Due to the mismatch in the humidity condi-
tions relative to that for the SANS experiment, we discuss the USANS data (smaller Q 
ranges) separately, without merging them with the SANS data (detailed extensively in the 
earlier sections). USANS scattering intensity for the Hymera shale at a relative humidity 
of 33% remains almost identical as under the dry condition—water condensation is practi-
cally absent for large pores (radii ≥ 250  nm). At Rh ~ 83%, a slight decrease of the scat-
tering intensity occurs at Q ≥ 1.3e−4  Å−1, corresponding to water condensation on pore 
(≤1.9  µm) surfaces. In such large pores, it is difficult to form a capillary regime, due 
to the lack of small radius curvature (i.e. from Kelvin theory). Instead, the wetting film 
may form at the hydrophilic pore surfaces due to a strong pore-water interaction. Based 
on both Figure S4 (Supporting information) and Fig.  9, scattering intensity at Rh ~ 83% 
decreases over a broad range of scattering vectors from 1.3e–4 Å−1 to 0.2 Å−1 (pore radii 
1.3 nm–1.9 µm). This is considerably different from the scattering intensity for the Herrin 
shale, which remains almost unchanged over Q ranges from 3e−5 to 0.001 Å−1 (pore radii 
250 nm–8.3 µm) for USANS profiles for Rh < 75% (Supporting information Figure S5) and 
from 0.001 to 0.025 Å−1 (10–250 nm) for SANS profiles for Rh < 88% (Fig. 10). This indi-
cates that water barely condenses in the larger pores for the Herrin shale, which is also 
consistent with the previous observation that water condensation in larger mesopores (radii 
10–25 nm) and macropores (radii > 25 nm) is insignificant (Fig. 15).

3.4  Condensation Behavior Across the Scales: SANS vs. DVS

Dynamic water vapor sorption (DVS) isotherms were obtained at 23  °C by measure-
ment of the mass change in shale powder samples under different relative humidities. The 
experimental procedures can be found in our previous study (Sang et al. 2019). The results, 
shown in Fig. 16, indicate that overall saturation estimated from SANS is lower than that 
recovered by DVS. There are two possible reasons for the underestimation of water vapor 
sorption estimated from the SANS data. First, micropore filling occurs in even the smallest 
of the small pores/rough-surfaces (radii < 1 nm), including those below the measurement 
resolution of USANS/SANS—this is an intrinsic limit in the scattering intensity at high Q 
where signal and incoherent background noise can no longer be separated. Second, cation 
hydration in clay minerals increases the surface area and hence provides more sites for 
water vapor adsorption. The presence of this invisible surface area, developed as a result of 
complex surface chemistry, has been demonstrated previously (Aylmore and Quirk 1967; 
Diamond and Kinter 1956; Sang et al. 2019). In particular, for the Herrin shale containing 
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8.6% montmorillonite, cation hydration in the interlamellar spaces and hydration-induced 
interlayer swelling at microscale (radii < 1 nm) could result in a dramatic contribution to 
total water adsorption potential, as illustrated in Figure S6 (Supporting information). Also, 
as suggested by the X-ray diffraction patterns of montmorillonite under controlled humid-
ity (Cases et al. 1992), two or three sheets of water sheets may form in the interlamellar 
space (causing swelling) at Rh between 0.5 and 0.93. Clay swelling in the Herrin shale is 
likely the major factor controlling the dramatic underestimation of the saturation by SANS 
techniques. For the Hymera shale absent expansive clays, saturations evaluated from SANS 
data match those based on the DVS method at least at high relative humidity (83%), sug-
gesting that the contribution of cation hydration and micropore filling to the total water 
adsorption is insignificant at high relative humidity. As shown in Fig.  14 and in Figure 
S4, water film covers almost an entire pore size classification (pore radii from ~ 1  nm 
to ~ 1.9 µm) for the Hymera shale at an Rh of 83%, contributing to the dominant role of 
water adsorption relative to micropore filling and cation hydration (Fig. 16). To summa-
rize, USANS/SANS techniques work well to characterize water condensation behavior in 
shale mesopore/macropores. For samples containing high clay content and a large number 
of micropores, SANS techniques are incapable of precisely estimating the complete water 
sorption behavior.

4  Conclusion

In situ ultra-small/small-angle neutron scattering techniques were applied to study the 
water condensation behavior in shales exposed to a vapor of contrast-matching water. This 
is achieved by characterizing the evolution of pore orientation and anisotropy, fractal char-
acteristics of pore surfaces, and pore size distribution of two contrasting organic-rich and 
inorganic shales, both dry and under a spectrum of relative humidities (up to 88%). Several 
main conclusions are drawn as follows.

Pores in shale are typically non-equiaxed (i.e. aspect ratio >1) and are anisotropically 
oriented, preferentially with long axes parallel to bedding, and support fractal interfaces. 
The Hymera shale’s lack of organic matters exhibits a broadly decreasing anisotropy, cor-
responding to a decreasing preferential orientation of non-equiaxed pores, with an increase 

Fig. 16  Degree of saturation estimated by SANS and dynamic water vapor sorption (DVS) isotherms
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of pore radii from 2.5 to 125 nm. The organic-rich Herrin shale also exhibits a decrease in 
anisotropy with an increase in pore size at the mesoscale (pore radii < 25 nm) but increas-
ing anisotropy at macroscale (pore radii  >  25  nm). Compared to the Hymera shale, the 
organic-rich Herrin shale exhibits a higher pore anisotropy and comprises rougher pore 
surfaces over length scales in the range 2.5–250 nm. SEM–EDS analysis also confirms that 
Herrin shale presents more anisotropic microfabrics and higher heterogeneity than Hymera 
shale.

The distribution of pore volumes decreases with increasing relative humidity, implicat-
ing water condensation in multi-scale shale pores. For the Hymera shale with less wetting 
heterogeneity, a wetting film uniformly covers the pore-matrix interface over a wide range 
of scale (~1 nm–1.9 µm) without smoothing/defractalizing the pore surfaces. For the Her-
rin shale with highly heterogeneous wetting characteristics, mesopore (radii of 1–10 nm) 
condensation occurs on strongly curved hydrophilic asperities and tends to smooth the 
surface roughness. Regardless of the form of either the flat wetting film on pore-matrix 
surfaces or the condensed water in-filling the pore volume, the impact of water condensa-
tion is to homogenize and isotropize the pore structures by narrowing the pore volume and 
reducing the aspect ratio of the non-equiaxed pores.

Finally, USANS/SANS techniques are capable of characterizing water condensation 
characteristics in shale mesopore/macropores based on contrast-matching water vapor 
sorption. However, the limitation is that they may underestimate the total water adsorption 
due to the involvement of micropore filling, cation hydration, and clay swelling processes, 
operating at the micropore scale (pore radii <1 nm).
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