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Abstract Temperature changes and variations in pore fluid salinity may negatively affect the
permeability of clay‐bearing sandstones with implications for natural fluid flow and geotechnical
applications alike. In this study these factors are investigated for a sandstone dominated by illite as the clay
phase. Systematic long‐term flow‐through experiments were conducted and complemented with
comprehensive microstructural investigations and the application of Derjaguin‐Landau‐Verwey‐Overbeek
(DLVO) theory to explain mechanistically the observed permeability changes. Initially, sample
permeability was not affected by low pore fluid salinity indicating strong attraction of the illite particles to
the pore walls as supported by electron microprobe analysis (EMPA). Increasing temperature up
to 145°C resulted in an irreversible permeability decrease by 1.5 orders of magnitude regardless of the pore
fluid composition (i.e., deionized water and 2 MNaCl solution). Subsequently diluting the high salinity pore
fluid to below 0.5 M yielded an additional permeability decline by 1.5 orders of magnitude, both at 145°C
and after cooling to room temperature. By applying scanning electron microscopy (SEM) and mercury
intrusion porosimetry (MIP) thermo‐mechanical pore throat closure and illite particle migration were
identified as independently operating mechanisms responsible for observed permeability changes during
heating and dilution, respectively. These observations indicate that permeability of illite‐bearing sandstones
will be impaired by heating and exposure to low salinity pore fluids. In addition, chemically induced
permeability variations proved to be path dependent with respect to the applied succession of fluid salinity
changes.

1. Introduction

When the thermal and/or chemical equilibrium in geological formations is disturbed by variations in envir-
onmental conditions, permeability changes may occur. Understanding the mechanistic origin of these
changes in geological porous media is crucial to reconstructions and predictions of natural fluid flow within
the Earth's crust, as well as hydraulic properties in geotechnical applications, hydrocarbon (petroleum
and gas) exploitation, CO2 sequestration, nuclear waste disposal, and geothermal reservoir utilization
(e.g., Huenges, 2010; Juanes et al., 2006; Sundberg et al., 2009). As an example, seasonal heat storage in
geothermal aquifers and exploitation of geothermal reservoirs affect the temperature gradient within the
formation. Fluid composition may also significantly change in the course of producing and/or injecting
fluids from/into a reservoir.

Thermally induced permeability variations were previously investigated in various sedimentary rocks.
Contrary to intuition, it is commonly observed that a thermal expansion of the solid matrix leads to a pore
volume decrease and, consequently, a permeability reduction in intact rocks (Casse & Ramey, 1979;
Gräf et al., 2013; Somerton, 1980, 1992; Somerton et al., 1981), given that the microstructure of a
polycrystalline rock is heterogeneous in nature. In contrast, anisotropic thermal expansion might result in
thermal cracks (Wong & Brace, 1979), which may enhance permeability. A number of experimental studies
performed on Berea, Vosges, Upper Coal, and Fontainebleau sandstones indicate that increasing tempera-
ture causes a permeability decrease that in most cases is fully or at least partially recovered after cooling
(e.g., Jing, 1990; McKay & Brigham, 1984; Rosenbrand et al., 2015; Sun et al., 2016). In some cases, recovered
permeability can be slightly higher than the initial one (Baudracco&Aoubouazza, 1995). In contrast, the per-
meability of some low‐permeable sandstones was observed to be independent of temperature (Gobran
et al., 1987; Potter et al., 1980; Wei et al., 1986). The permeability of Berea sandstone to oil increased
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slightly with temperature in contrast to its permeability to water,
which decreases, and to gas, which is independent of temperature
(Casse & Ramey, 1979).

Chemically induced permeability changes in clay‐bearing sandstones
related to low‐salinity fluids are well‐known (e.g., Azari &
Leimkuhler, 1990; Khilar & Fogler, 1984; Kia et al., 1987; Mohan
et al., 1993; Mohan & Fogler, 1997; Mungan, 1968; Omar, 1990;
Rahman et al., 1995; Sharma et al., 1985; Yu et al., 2018). Generally,
permeability is not reduced unless the salinity is lower than a critical
salt concentration (CSC). In this case, the release and dispersion of

clay aggregates are triggered, clogging pore throats. The CSC depends strongly on the cation type within
the aqueous solution. K+

‐saturated clay‐bearing sandstones show a significantly lower CSC as compared
to that of Na+‐saturated sandstones (e.g., Azari & Leimkuhler, 1990). Bivalent cations like Ca2+ and Mg2+

stabilize permeability down to very low salt concentrations (Gray, 1966; Khilar & Fogler, 1984; Mohan
et al., 1993; Mungan, 1968). Derjaguin‐Landau‐Verwey‐Overbeek (DLVO) theory (Deraguin &
Landau, 1941; Verwey, 1947; Appendix A) is often applied to account for clay particle release (e.g.,
Bhattacharjee et al., 1998; Tchistiakov, 2000), but other types of theoretical models, incorporating hydrody-
namic interactions, were also derived in this regard (e.g., Bedrikovetsky et al., 2011, 2012; Russell et al., 2018).
Overall, clay particle release will occur when hydrodynamic forces and physico‐chemical repulsion domi-
nate over any process yielding attraction of the particles toward the pore walls (e.g., Tchistiakov, 2000).

Whether or not a clay‐bearing sandstone shows permeability variations upon changes in thermo‐chemical
conditions is strongly dependent on clay type (Wilson et al., 2014). In previous theoretical and experimental
studies, sandstones containing predominantly kaolinite received particular attention in this regard (e.g.,
Khilar & Fogler, 1983; Musharova et al., 2012; Rosenbrand et al., 2015; Schembre & Kovscek, 2005; You
et al., 2016). Here, for experiments, Berea sandstone has become a reference material. In contrast, experi-
mental investigations on sandstones containing illite as the dominant clay phase are scarce in this context.
This particularly concerns studies that were conducted at multiple temperatures and in combination with
salinity changes.

In this study, we conducted comprehensive long‐term experiments to systematically investigate changes in
rock permeability upon thermo‐chemical forcing. Flow‐through experiments on illite‐bearing sandstone
samples were complemented with extensive comparative microstructural investigations to explain the
observations mechanistically. In section 2 details of the experimental and analytical methodologies are
given. Section 3 reports the permeability and microstructural results which are integrated and discussed in
section 4.

2. Experimental and Analytical Methodologies
2.1. Sample Material

Flechtinger sandstone, a Lower Permian (Upper Rotliegend) sedimentary rock outcropping and commer-
cially mined at the Sventesius quarry near Flechtingen, Germany, was selected for the experiments.
Table 1 lists the mineralogical composition of the material measured by X‐ray powder diffraction (XRD)
indicating that illite is the dominant clay phase in this rock having a content of approximately 10% by
weight. Other clay types, for example, mixed‐layer clays, were only found in trace amounts.

Four cylindrical cores were drilled from a larger block. The sample material is homogenous in macroscopic
appearance but shows bedding as a result of sedimentation. In order to reduce any effect of texture and ani-
sotropy during the flow‐through experiments, all samples were cored perpendicular to the bedding.
Subsequently, samples were prepared with polished and plane‐parallel end faces having a diameter of
30 mm and a length of 40 mm. The four samples were labeled S2, FS1, FS3, and FS4, respectively. Sample
S2 was later used as the reference (starting) material to compare microstructural changes that had occurred
during the flow‐through experiments conducted with samples FS1, FS3, and FS4.

Samples FS1, FS3, and FS4 were vacuum‐dried in an oven at 60°C for 24 hr. They were then set under
vacuum in a desiccator chamber for 10 hr and saturated with deionized water for another 24 hr. Dry mass

Table 1
Mineral Composition of Flechtinger Sandstone From X‐ray Powder Diffraction

Minerals Content (wt%)

Quartz 60.6
Calcite 3.0
K‐feldspar 12.8
Albite 13.3
Illite 9.9
Hematite 0.4
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and saturated mass were measured to calculate the initial (connected) porosities yielding 9.2% for sample S2,
9.0% for FS1, 9.7% for FS3, and 10.9% for FS4, respectively. After the experiments, the samples were
vacuum‐dried again, in order to detect any potential dry mass loss.

2.2. Flow‐Through Apparatus and Sample Assembly

All experiments were performed with two flow‐through apparatuses with details described in Milsch
et al. (2008). Wetted parts in one of the devices are made of Hastelloy C‐276 for experiments with saline
fluids. Oil‐medium based confining pressure is generated with one ISCO 65D syringe pump. The pore fluid
system consists of two ISCO 260D syringe pumps, one upstream and one downstream, to apply pore pressure
and to realize flow. The flow rate can be as low as 0.001 ml/min.

Heating of the oil inside the pressure vessel is performed with a hollow‐cylindrical resistance heater capable
of 200°C. Two Pt100‐type Resistance Temperature Detectors (RTD) within the pressure vessel are closely
attached to the rock sample to monitor temperature. All pumps and their controllers are connected to a com-
puter program that permits data acquisition.

The saturated sample is jacketed with a Fluorinated Ethylene Propylene (FEP) heat shrink tubing and is
then mounted in the vessel. Afterward, the two sample ends are connected to the upstream and down-
stream pumps, respectively. The flow direction, generally, is from the bottom to the top side of the sample
but can be reversed for return permeability measurements. The upstream capillary forms a spiral around
the sample within the oil bath of the pressure vessel permitting the injecting fluid to heat up before entering
the sample.

2.3. Flow‐Through Experiments

Intermittent flow‐through experiments were carried out at constant temperature and pressure conditions.
Permeability k was measured applying steady‐state flow and was calculated using Darcy's law
(Brown, 2002; Darcy, 1856) directly. Q is the volumetric flow rate through the sample, A is the
cross‐sectional area, Δp is the differential pressure over the sample length L, and μ the dynamic fluid visc-
osity is adjusted depending on fluid type, salinity, temperature, and pore pressure:

k ¼ QμL
ΔpA

(1)

Due to the temperature difference in the pump cylinders and the pressure vessel, the flow rate Q through
the sample was corrected in accordance with the pump flow rate Qp and the fluid densities ρp at room
temperature and ρv at vessel temperature, respectively:

Q ¼ Qpρp
ρv

(2)

Pore pressure was maintained constant at 1 MPa and thus was high enough to prevent fluid boiling at the
maximum experimental temperature, that is, 145°C (Guildner et al., 1976). During the permeability mea-
surements the downstream pump was operated in constant pressure mode at 1 MPa, and the upstream
pump was maintained in constant flow rate mode. In dependence on sample permeability the flow rate
was varied to keep the pressure difference between the sample ends below 0.5 MPa to minimize the dis-
tortion of the effective stress state. As was observed, a permeability decrease could occur rapidly. Hence,
flow rate had to be adjusted timely to ensure that the upstream pressure would be limited to 1.5 MPa at
steady state. Confining pressure was held constant at 10 MPa throughout the experiments.

Temperature was increased and decreased stepwise by intervals of approximately 20°C between room tem-
perature and 145°C. An (active) temperature increase by 20°C took about 4 hr and (passive) cooling by 20°C
required up to 24 hr to ensure that the respective target temperature was homogeneously distributed
throughout the sample.

In addition to deionized water, three different NaCl solutions were used as the pore fluid with concentrations
of 0.5, 1.0, and 2.0M, respectively, exchanging pore fluid. Densities and dynamic viscosities of the fluids were
adjusted for the respective temperatures and pressures (Cooper, 2008; Joseph et al., 1981). At the initiation of
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experiments and during initial sample saturation (section 2.1), the pump cylinders and capillaries were filled
with deionized water. Fluid exchanges were performed by emptying the upstream pump cylinder and
refilling it with the next fluid of choice. The volume of the upstream capillary connected to the sample is
approximately 3 ml. Therefore, care had to be taken that the total fluid volume that flowed through the
sample was always large enough to ensure that the previous pore fluid was exchanged completely by the
new fluid. For all experiments, the final fluid that was flushed through a sample, again, was deionized
water to ensure that no salt precipitation would occur upon drying the samples in preparation for the
microstructural analyses. The total duration of the experiments with samples FS1, FS3, and FS4 was 54,
44, and 40 days, respectively.

It should be noted at this point that for none of the experiments there was an indication of oil intrusion from
the confining pressure into the pore fluid system. Any related experimental artifact yielding (apparent)
changes in permeability, therefore, can be excluded.

Table 2 shows the order of the permeating fluids used, the temperature steps, and the flow rate range of each
experiment. Sample FS4 underwent further experimental steps after those shown in Table 2 which are
beyond the scope of the present study. This likely overprinted the microstructure of this sample. For this rea-
son, our evaluations of microstructural changes associated with experimental measurements are made for
samples FS1 and FS3 as outlined in section 2.4.

Overall, the purpose of the experimental strategy was to investigate (a) the effect of a temperature increase
for isochemical fluid conditions in terms of permeability changes and their potential reversibility as a result
of a temperature decrease and return flow, respectively (sample FS1), (b) the potential hydrodynamic mobi-
lization of fines (sample FS3), and (c) the effect of a decrease in NaCl pore fluid salinity at two different tem-
peratures (samples FS3 and FS4).

2.4. Microstructural Analyses

Samples S2, FS1, and FS3 were examined to evidence and compare microstructural changes in the course
of the flow‐through experiments. Figure 1 shows the individual parts of the samples as used for the dif-
ferent analyses. For each sample, polished thin sections and saw‐cut thick sections, taken parallel and
perpendicular to the flow direction, were prepared and carbon coated. Scanning electron microscopy
(SEM) was used for qualitative imaging of illite and pore space microstructure in SE and BSE modes,
respectively. Electron microprobe analysis (EMPA) was applied on the thin sections to quantitatively
detect element content variations in illite. Two subsamples along the flow direction were prepared for
mercury intrusion porosimetry (MIP) to investigate porosity differences and changes in pore‐size
distribution.

In MIP, the pore diameter D is related to the capillary pressure Pc based on the Washburn (1921) equation:

D ¼ −
4γcos θð Þ

Pc
(3)

where γ ¼ 0.48 N/m is the surface tension and θ ¼ 140° is the contact angle of mercury. The fraction of
sample porosity for each pressure step during a measurement is expressed as ϕHg,i ¼ dVHg/Vs, where dVHg

is the incremental volume of the injected mercury and Vs is the sample bulk volume. Finally, the cumu-
lative (total connected) porosity is calculated as

Table 2
Summary of Experimental Conditions

Sample Permeating fluids Temperature steps (°C) Flow rate range (ml/min)

FS1 H2O 25 ↔ 40 ↔ 60 ↔ 80 ↔ 100 ↔ 120 ↔ 141 0.05–2.00
FS3 H2O → 2 M Na → 1 M Na → 0.5 M Na → H2O 25 ↔ 40 ↔ 60 ↔ 80 ↔ 100 ↔ 120 ↔ 145 0.02–2.00
FS4 H2O → 2 M Na → 1 M Na → 0.5 M Na → H2O 27 ↔ 40 ↔ 60 ↔ 81 ↔ 100 ↔ 122 ↔ 145 0.005–2.00

Note. H2O, 2 M Na, 1 M Na, and 0.5 M Na are deionized water, 2.0 M NaCl, 1.0 M NaCl, and 0.5 M NaCl solutions, respectively. The electrical conductivity of
deionized water was approximately 20 μS/cm at 25°C.
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ϕMIP ¼ ∑ϕHg; i (4)

The resulting porosity of sample S2 was 9.4%, which is in reasonable agreement with the value obtained
from saturation and weighing (section 2.1).

2.5. Initial Rock Microstructure

Figure 2 shows micrographs of the starting material (sample S2) at different magnifications. Figures 2a and
2b were taken on the polished thin sections in BSE mode. Pores and pore throats, as those shown in
Figure 2a, represent the typical flow paths. Pores and pore throats are partially filled with illite and, occa-
sionally, some fines. The widths of pore throats are significantly smaller than those of the pores. Figure 2b
shows that illite can occur as aggregates with both open and compact appearance. Within the pores and pore
throats, illite develops three structural types: tangential illite, pore‐lining illite, and pore‐filling illite, respec-
tively (Desbois et al., 2016; Wilson et al., 2014). The compact tangential illite has variable thickness and is
directly attached to the grain walls. The pore‐lining illite is either connected to the tangential illite or directly
to the grain walls. The pore‐filling illite, with both fibrous and platy morphologies, appears to be mostly
unconnected but can link to other illite types or the grain walls. Overall, these three types of illite are not
uniformly distributed within the pores and pore throats. Moreover, they play a dominant role in defining
the rock's transport properties.

Figures 2c–2f, taken on saw‐cut thick sections in SE mode, display images of the different illite types within
the pore space. The pore‐lining illite shown in Figure 2c is located in a pore throat and stretches toward the
pore space, while its other end is tightly bound to tangential illite. Figure 2d presents an example of
pore‐filling illite in a pore throat. In this case, the platy illite crystals form aggregates and partially clog
the pore throat. Flocculent fibrous illite, as shown in Figure 2e, is found occasionally within the pore space
and is classified here as pore‐lining illite. All grain walls were found to be coated with tangential and/or
pore‐lining illite (Figure 2f), and both illite types are authigenic (Desbois et al., 2016; Wilkinson &
Haszeldine, 2002; Wilson et al., 2014).

3. Results
3.1. Flow‐Through Experiments and Permeability

Figure 3 displays the permeability evolution of each sample (FS1 in (a), FS3 in (b), and FS4 in (c)) as a func-
tion of temperature during the total progress of each experiment. All individual permeability values (dots) as

Figure 1. Schematic sketch of sample preparation for the different microstructural analyses. (a) Cylindrical core sample
and locations of thin and thick sections prepared for scanning electron microscopy (SEM) and electron microprobe
analysis (EMPA); (b) top and bottom portions of the samples used for mercury intrusion porosimetry (MIP).
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well as details of other experimental parameters are provided in Appendix B and in Cheng and
Milsch (2020). To recall, all experiments started with deionized water as the pore fluid.

For sample FS1 (Figure 3a), when heating the sample from 25 to 80°C, permeability decreased by approxi-
mately 1.5 orders of magnitude from 5.0 to 0.2 mD (1 mD ¼ 0.987 × 10−15 m2) with no further significant
changes up to 141°C. Subsequent cooling to 41°C did not yield permeability recovery. A subsequent (second)
heating‐cooling cycle had a negligible effect on permeability. Finally, reversing the flow direction did not
affect permeability which thus did not recover as a result of return flow. In summary, once temperature
increases beyond approximately 80°C, the permeability of this rock decreases significantly and irreversibly
when deionized water is used as the pore fluid with (almost) no more changes observed afterward.

Figure 2. Scanning electron micrographs in BSE and SE modes of the starting material (sample S2) at different magnifications. (a) Representative microstructure
of pores and pore throats in Flechtinger sandstone; (b) structural types of illite found in the pore space (tangential, pore‐lining, and pore‐filling);
(c) pore‐lining illite bound to tangential illite; (d) platy pore‐filling illite within a pore throat; (e) fibrous pore‐lining illite within a pore; (f) tangential and platy
pore‐lining illite covering the pore walls.
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For sample FS3 (Figure 3b), to investigate a possible effect of fine particle migration on permeability due to
hydrodynamic interactions and before any temperature or salinity changes, more than 1,100 ml of deionized
water was injected into the sample at a flow rate of 2.0 or 1.0 ml/min. Permeability first decreased from 25.2
to 17.0 mD and then remained constant until the end of this experimental stage. Subsequently, the pore fluid
was exchanged by a 2.0 MNaCl solution, after which permeability recovered to 19.0 mD. The following tem-
perature increase from 25 to 145°C caused permeability to decrease log‐linearly, again by approximately 1.5
orders of magnitude, from 19.0 to 0.6 mD. At 145°C, pore fluid salinity was reduced stepwise to 1.0 and 0.5 M
NaCl with only a marginal effect on permeability (0.6 to 0.5 mD). In contrast, when deionized water was
reintroduced, permeability decreased significantly from 0.5 to 0.02 mD. Cooling to room temperature only
yielded a negligible permeability increase from 0.02 to 0.04 mD. Total permeability reduction thus spanned
over three orders of magnitude. In summary, hydrodynamically induced fine particle migration in this rock
is negligible for the present flow rate range and as long as no thermo‐chemical alteration of the illite and
pore space microstructure has been induced. Permeability is reduced at temperature increases also for high
NaCl salinity pore fluids. A further decrease in permeability is observed when deionized water is reintro-
duced at high temperature. The permeability is reduced after a successive temperature increase‐salinity
decrease sequence is (nearly) irreversible when temperature is decreased again.

Sample FS4 (Figure 3c) experienced a similar series of steps as imposed on sample FS3, the key difference is
that temperature was decreased before the salinity decrease which then was performed at room temperature.
Firstly, after a flow of 32ml of deionizedwater, permeability had decreased slightly from 24.3 to 21.8mD. The
pore fluid was then replaced by a 2.0 M NaCl solution after which permeability had slightly recovered to
22.8 mD. Subsequent heating from 27 to 145°C led to a permeability decrease from 22.8 to 0.5mD after which
cooling to 28°C, again, yielded virtually no permeability recovery. At 28°C salinity was decreased by succes-
sive fluid exchanges (1.0 M NaCl, 0.5 M NaCl, and deionized water) with the same effects as those observed

Figure 3. Permeability as a function of temperature for samples FS1 (a), FS3 (b), and FS4 (c). Each dot is a steady‐state
permeability measurement at some constant temperature level and at constant confining and pore pressures,
respectively. Systematic successions of temperature and salinity changes were implemented with implications for
permeability summarized in this figure and detailed in section 3.1.
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for sample FS3. The final permeability of sample FS4 was 0.01 mD. In summary, the observations reported
before for sample FS3 are reproducible for identical procedural steps and possess an excellent quantitative
comparability. The previously observed permeability decrease as temperature is increased for high NaCl
salinity pore fluid conditions is also irreversible when temperature is directly decreased. Finally, a severe
and further permeability reduction is observed upon a salinity decrease at low temperatures.

3.2. Microstructural Evolution

The SEM micrographs in Figure 4 of both the starting material (sample S2) and the samples after the
flow‐through experiments (FS1 and FS3) show changes in pore throat and illite microstructures. For ima-
ging of the pore throats (Figures 4a–4c), the micrographs were taken in BSE mode on the polished thin sec-
tions. The walls of pore throats, like the one shown in Figure 4a (sample S2), are completely lined with illite
significantly reducing the original grain‐to‐grain distance and resulting in narrow but open flow channels.
In contrast, the pore throat in Figure 4b (sample FS1) is virtually closed after the applied heating and cooling
cycles. The same is true for the pore throat in Figure 4c (sample FS3) after the succession of temperature
cycling and fluid exchanges. In comparison to sample FS1, the appearance of the pore throat filling in sam-
ple FS3 suggests that the illite particles not only were compacted but also experienced some amount of

Figure 4. Comparison of the microstructure of the samples before and after the flow‐through experiments. Scanning
electron microscope (SEM) images of the vertical polished thin and saw‐cut thick sections, respectively (Figure 1).
BSE mode images taken of the thin sections show: (a) open pore throats in the starting material (sample S2);
(b) closed pore throat after temperature cycling only (sample FS1); (c) closed pore throat after the temperature cycle
and the fluid exchanges (sample FS3). SE mode images taken of the thick sections might indicate changes in illite
morphology, comparing images of (d) starting material (sample S2) and flow‐through experimental samples (e) FS1 and
(f) FS3 (see section 3.2).
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displacement yielding illite particle pile‐ups. Nominally closed pore throats were also found in sample S2.
However, they appear at a significantly larger number in samples FS1 and FS3.

For imaging of the illite microstructure (Figures 4d–4f), the micrographs were taken in SE mode on the
saw‐cut thick sections. Overall, at the μm‐scale, morphological changes were hard to detect, and possibilities
of definite statements are very limited. However, the wider surface of the platy pore‐lining illite aggregates in
the starting material (sample S2; Figure 4d) appears slightly smoother than observed in Figure 4e (sample
FS1) or Figure 4f (sample FS3). Here, the images suggest some small degree of surface roughening and clay
platelet loosening that might have resulted from heating (sample FS1) and, additionally, from the fluid
exchanges (sample FS3).

Figure 5 shows the pore‐size distribution in samples FS1 (Figure 5a) and FS3 (Figure 5b) after the
flow‐through experiments compared to the startingmaterial (sample S2) as obtained frommercury intrusion
porosimetry (MIP) and evaluated according to Equations 3 and 4. Weight measurements (section 2.1) indi-
cate that the dry mass loss of the samples associated with fluid flow is very small, in the range of 30 mg (FS1)
to 100 mg (FS3). This indicates that nearly all material that could potentially be mobilized (i.e., approxi-
mately 6.7 g of illite) is still contained within the respective sample.

For sample FS1 (Figure 5a), the cumulative (total connected) porosity curves of the bottom and the top por-
tions (Figure 1) are virtually identical, indicating a very similar pore‐size distribution after the experiment.
However, compared to the starting material (sample S2), the cumulative porosity of both subsamples
decreased slightly in the course of the experiment, that is, by approximately 0.4% porosity. In connection
with the evolution of permeability (section 3.1) these observations strongly suggest that (1) the hydraulic
properties of the starting material are governed by pores and pore throat sizes of 0.2 μm and below, (2) tem-
perature cycling resulted in partial and irreversible pore throat closure predominantly in this pore‐size
range, and (3) there was no displacement of solid material from the bottom to the top of the sample as fluid
flowed.

For sample FS3 (Figure 5b), there is a significant mismatch in the pore‐size distributions of the top and bot-
tom portions of the sample. The overall decrease in cumulative porosity is large, particularly in the top por-
tion where porosity is reduced by 1.9%. The fraction of pores affected most by the microstructural changes
has increased to pore sizes of approximately 1 μm in the bottom portion and 3 μm in the top portion of
the samples. The additional decrease in sample permeability as a result of the fluid exchanges is mirrored
by these structural alterations of the pore space. Moreover, the mismatch in the pore‐size distributions of
the two subsamples suggests displacement of material in the direction of flow that progressively piles up
yielding additional pore throat closure over an extended pore size range.

Figure 5. Cumulative porosity as a function of pore diameter measured by mercury intrusion porosimetry (MIP).
(a) Sample FS1 in comparison to the starting material (sample S2) with results for the bottom and top portions (Figure 1)
indicated in blue and red, respectively. (b) Sample FS3 in comparison to sample S2. Overall, contrasting changes in
pore‐size distribution are evident that relate to the effects of temperature cycles (FS1) and the additional fluid exchanges
(FS3) as outlined in section 3.2.
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It should be noted that the use of sample S2 as the starting material reference may yield a small uncertainty
in the comparison of total porosities in the order of 0.2%. This, however, does only marginally affect the rea-
soning that a reduction in the contribution of the smaller pore size fractions to total porosity yields the
observed permeability changes in FS1 and FS3. This is supported by the fact that both the S2 and FS1
porosity‐pore size curves are, otherwise, absolutely identical in their characteristics up to the inflection point
at around 4 μm (Figure 5a).

Pore‐filling illite was further investigated using electron microprobe analysis (EMPA; at 8 kV and 1.2 nA
with 5 μm probe size) on polished thin sections of samples S2, FS1, and FS3. Element concentrations of
Na, K, Si, Al, Ca, and Mg were measured. Fe was not detected. In the following, we focus attention on con-
centrations of Na+, K+, Ca2+, and Mg2+ given that these are the exchangeable cations of illite. Table 3 lists
the measured (median) concentrations of the respective oxides within the different samples. For each thin
section, measurements were performed at 14 to 17 locations.

Figure 6. Concentrations of Na (a), K (b), Ca (c), and Mg (d) oxides in pore‐filling illite before (sample S2) and after
(samples FS1 and FS3) the flow‐through experiments as measured by electron microprobe analysis (EMPA) on
polished thin sections. The solid line and the open triangle in the respective box indicate the median and mean of each
data set, respectively. Individual symbols (x) above and below the error bars are measured data but statistical
outliers. In the box plots, the boxes signify the lower and upper quartiles, Q1 and Q3, of the data sets, respectively.
The upper and lower horizontal error bar lines indicate the largest and smallest data values for Q3 + 1.5 IQR and Q1–1.5
IQR, respectively, where IQR is the interquartile range equal to Q3–Q1. Overall, significant changes in ionic
elemental concentration are only evident for Na+ in sample FS3 as outlined in section 3.2.

Table 3
Median Concentrations of Na, K, Ca, and Mg Oxides in Pore‐Filling Illite Before and After the Flow‐Through Experiments

Sample/section Na2O (wt%) K2O (wt%) CaO (wt%) MgO (wt%) No. of locations

S2 0.03 7.65 0.28 1.25 16
FS1 0.06 7.91 0.35 0.98 16
FS3_1 0.19 7.24 0.35 1.09 17
FS3_2 0.14 8.12 0.43 1.03 14

Note. The values for S2 and FS1 relate to the respective vertical thin sections (Figure 1). The designations FS3_1 and
FS3_2 denote measurements taken on the vertical and the bottom thin sections of this sample, respectively.
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Figure 6 presents box plots of Na (a), K (b), Ca (c), and Mg (d) oxide concentrations in pore‐filling illite for
the different samples (S2, FS1, and FS3), respectively. In all samples, K+ is evidently the most abundant
exchangeable cation in this illite. Conversion of the median concentrations from wt% to mol/g was then per-
formed by applying 2ω/(M z), where ω andM are the weight percent concentration and molecular weight of
the respective oxide, and z is the valence of the corresponding cation, respectively. This yields that the
pore‐filling illite within the starting material (sample S2) contains 0.01 mmol/g Na+, 1.62 mmol/g K+,
0.05 mmol/g Ca2+, and 0.31 mmol/g Mg2+, respectively. It should be noted that Mg2+, in addition to the
exchangeable sites in the interlayer, can also be located in the octahedral layer (Anderson et al., 2010).
Compared to the starting material, the relative changes of K+, Ca2+, and Mg2+ in both samples FS1 and
FS3 are negligible. This is also true for Na+ in FS1. In sample FS3, however, there is a substantial increase
in Na+ content that corresponds to the long‐term exposure of the illite contained in this sample to NaCl solu-
tions of high salinity during the experiment. Overall, the EMPA analyses yield for FS3 and yield the maxi-
mum Na+ content in pore‐filling illite after the experiment was 0.11 mmol/g with a median of
0.05 mmol/g. From this result one can infer that the cation exchange capacity (CEC) of this illite is no more
than approximately 0.11 mmol/g. Both maximum and median Na+ concentrations will later be used in
section 4 in connection with Derjaguin‐Landau‐Verwey‐Overbeek (DLVO) theory.

4. Discussion

Any decrease in permeability implies a decrease in the effective cross sectional area of the pore space that
permits flow. In the present case this may occur by thermo‐mechanical compaction of the rock yielding pore
throat closure or unfavorable migration of clay particles within the pore space stimulated hydrodynamically,
thermally, or chemically.

The key observations of this study that require discussion are as follows:

(1) Initially, all samples were saturated with deionized water but upon flow, permeability at room tempera-
ture remained high and only changed slightly (section 4.1).

(2) Increasing temperature stepwise to 145°C yielded a progressive and irreversible permeability decrease by
1.5 orders of magnitude in all samples regardless of the pore fluid composition investigated (section 4.2).

(3) Sample permeability decreased further when progressively diluting a previously introduced 2 M NaCl
pore fluid below approximately 0.5 M. This observation was made both at room temperature and 145°C
(section 4.3).

4.1. Hydraulic Sample Behavior at the Start

The application of DLVO theory for deionized water pore fluid conditions to our results suggests that repul-
sions between illite particles and between illite and the grain walls are strong (section 4.3). The fact that per-
meability remained high upon first saturation with deionized water implies that the clay fraction in this
sandstone, initially, is strongly attached to the pore walls. Therefore, any permeability decrease observed
later upon dilution of a saline NaCl pore fluid requires some kind of weakening mechanism by the subse-
quent fluid exchange that permits particle release upon flow.

Path‐dependent permeability changes have been described before (Kwon et al., 2004; Mohan et al., 1993),
indicating that high K+ contents within the interlayer and the presence of divalent cations like Ca2+ or
Mg2+ on the exchangeable sites of the crystal lattice have a stabilizing effect on the clay fraction in the pore
space of sandstones (Mungan, 1968). The EMPA results presented in section 3.2 suggest that this is also the
case for the illite clay in Flechtinger sandstone, at least initially and at room temperature. Consequently,
when sample FS3 was initially flushed at room temperature with a substantial amount of deionized water
(section 3.1) permeability only changed slightly. This observation was also made for sample FS4 although
the respective fluid volume was smaller. This implies that an effect of purely hydrodynamic fines migration
on permeability in the pristine rock is negligible at the applied flow rates. This conclusion is supported by the
small mass loss measured for both samples FS1 and FS3 as well as the absence of fines migration evidenced
by MIP for sample FS1 (section 3.2).
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For samples FS3 and FS4 it was observed that an exchange of the preexisting deionized water pore fluid by a
2MNaCl solution at room temperature resulted in a slight permeability increase (section 3.1). As was shown
by Moore et al. (1982) for a swelling type of clay (montmorillonite), salinity‐induced changes in electrical
double layer (EDL) thickness result in variations of the size of clay particles that are exposed to the pore
space and, consequently, of the effective cross sectional area available for flow of the free pore fluid.
When increasing the salinity of the fluid, the thickness of the EDL decreases yielding an increase in perme-
ability. Whether this mechanism, in fact, also operates in (nonswelling) illite needs to be investigated further
but might yield hints to explain the present observations.

However, for longer time periods and enhanced by elevated temperatures, when deionized water in the pore
space is exchanged for the highly concentrated NaCl solution, the partial replacement of the divalent cations
of illite grains by Na+ may occur, allowing more hydrodynamic dispersion of illite particles (Mungan, 1968;
Rahman et al., 1995). Increased Na+ content in sample FS3, as measured by EMPA (section 3.2) suggests that
this weakening mechanism is important. At this stage the rock continues to behave in agreement with
DLVO theory as will be shown below in section 4.3.

4.2. Effects of Temperature Changes

All samples in this study, FS1, FS3, and FS4, experienced substantial permeability reductions as temperature
was increased from room temperature to 145°C regardless of the pore fluid composition, that is, deionized
water or 2 M NaCl solution. Furthermore, this permeability damage was not recovered when temperature
was decreased. This irreversible decrease was also not changed by reversing the direction of fluid flow.

The thermal strain of a rock resulting from heating generally contains elastic and inelastic components
which are related to its microstructure and mineral composition (Gräf et al., 2013; Pei et al., 2016; Wong
& Brace, 1979). Hence, any thermally induced permeability decline should be partially reversible when
decreasing temperature. Evidently, this is in disagreement with the present observations suggesting that
the pore throats were closed, at least partially, by compressive stresses resulting from thermal expansion
of the rock matrix under confinement (McKay & Brigham, 1984; Somerton, 1980; Somerton et al., 1981;
Weinbrandt et al., 1975). The degree of thermal strain that was attained at 80°C (FS1) or ultimately at
145°C (FS3 and FS4) reflects purely inelastic and thus irreversible deformation. Mechanistically this relates
to the comparatively lowmechanical strength of fine grained illite (e.g., Cebell & Chilingarian, 1972; Tanaka
et al., 1997; Vaidya et al., 1973), the high illite content within the rock (i.e., 10 wt%), the illite microstructure
in the pore space, and the fact that illite completely covers the pore walls (Figure 2). Overall, this reduces the
load‐bearing capacity of the rock at the pore scale yielding some degree of inelastic compaction sufficient to
reduce the effective cross sectional area of the pore throats that, in combination, define the hydraulic proper-
ties of this sandstone (section 3.2; Figure 5).

Mineral dissolution reactions may also result in permanent changes of permeability (e.g., Yasuhara
et al., 2015), particularly at elevated temperatures, since the dissolution rates will increase when heating
a fluid‐rock system that is in chemical disequilibrium. In contrast, cooling would potentially lead to over-
saturation of some species in the pore fluid and thus mineral precipitation, consequently affecting perme-
ability as well. However, in this study, after temperature was increased to the next level and had stabilized
after a few hours (section 2.3) permeability was immediately measured and always showed to be less or
equal to its value at the former (lower) temperature (Figure 3). This implies that the change (if any) likely
had occurred concurrently to heating or shortly afterward. Moreover, a longer duration of stagnant flow
(about 1 day) at elevated (maximum) temperature yielded no or only a marginal change in permeability
(Appendix B) for both samples FS1 (deionized water; 141°C) and FS3 (2 M NaCl; 145°C). Not least, there
is no indication of any substantial hydraulic effect of mineral precipitation upon cooling as permeability
remained more or less constant as temperature was decreased to ambient conditions (Figure 3).
Consequently, in this study, a significant effect of dissolution‐precipitation reactions on the permeability
of the sandstone samples during the temperature cycles is neither obvious nor likely as the respective rates
of change differ significantly.

The SEM image of sample FS1 (Figure 4b) in comparison to sample S2 (Figure 4a) provides further evidence
of compaction and irreversible pore throat closure after the experiment. This is supported by the MIP mea-
surements in Figure 5a, where overall porosity of sample FS1 has decreased by partial disappearance of the
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smallest pore throat‐size fraction (i.e., 0.2 μm and below). Qualitatively sample FS3 has inherited the same
microstructural changes during heating as sample FS1, but some features (Figures 4c and 5b) have evolved
further as fluids were exchanged (section 4.3). The same should apply to sample FS4 that showed reprodu-
cible changes in absolute and relative permeability during heating.

In contrast to the similar reductions in permeability by magnitude, a minimum permeability threshold was
only apparent for sample FS1 by 80°C (Figure 3a). For samples FS3 and FS4, up to 145°C, this was not
obvious (Figures 3b and 3c). Whether this relates to the differences in pore fluid composition or subtle var-
iations in sample microstructure is yet unclear and will require further investigations.

Our microstructural evidence demonstrates that permeability reductions with temperature measured in this
study are thermo‐mechanically induced. However, in other cases and particularly in kaolinite‐bearing
sandstones, elevated temperatures may favor clay detachment and migration as a result of amplified repul-
sive forces (e.g., García‐García et al., 2006; Schembre et al., 2006; Schembre & Kovscek, 2005; You
et al., 2015, 2016). The results of the MIP measurements for sample FS1 (Figure 5a) and negligible mass loss
for both samples FS1 and FS3 (section 3.2) demonstrate that migration of fine particles is very limited in our
heated samples, before fluids are exchanged. This is different from the behavior of sandstones dominated by
kaolinite as the clay fraction (e.g., Rosenbrand et al., 2015; Schembre & Kovscek, 2005). Fine particle migra-
tion, in the present sandstones, becomes important when pore fluids are diluted from 2 M to below 0.5 M
NaCl at room temperature and 145°C (section 4.3).

4.3. Effects of NaCl Salinity Changes

Permeability damage in clay‐bearing sandstone following a decrease in pore fluid salinity has been observed
and investigated in numerous prior studies (e.g., Gabriel & Inamdar, 1983; Khilar & Fogler, 1984;
McDowell‐Boyer et al., 1986; Mohan et al., 1993; Mohan & Fogler, 1997). DLVO theory has often been
applied to explain these observations (e.g., Schembre & Kovscek, 2005; Sharma et al., 1985). In the following,
this will be performed for a model sandstone of high quartz content with secondary illite that closely resem-
bles Flechtinger sandstone. A sphere‐plate model is used to express both illite particle‐to‐tangential illite
interactions and illite particle‐to‐quartz grain surface interactions (Kia et al., 1987) (section 2.5; Figure 2).
The general theory is summarized in Appendix A, and the parameterization specific to illite is outlined in
the following.

The net surface charge of illite is approximately 1.60 mmol/g, while its cation exchange capacity (CEC) is
typically in the range 0.10–0.40 mmol/g (Smith, 1967), resulting from some amount of nonexchangeable
K+ ions in the interlayer. The net surface charge density of illite σillite is related to the ratio between the
CEC and the illite specific surface area Sa:

σillite ¼ NA · e · CEC
Sa

(5)

where NA is the Avogadro constant and e is the elementary charge. The CEC depends on the net charge of
the clay faces and is variable with pH. The charge of clay edges is generally negative in alkaline solutions
and positive in acidic ones, while the charge of the crystal surfaces is negative in both cases (Al‐Ani &
Sarapää, 2008). Here, a pH‐neutral environment is considered and the specific surface area of illite Sa is
taken as 156 m2/g (Kahr & Madsen, 1995). Based on the EMPA analysis (section 3.2) the CEC of illite
is chosen to be either 0.11 or 0.05 mmol/g as maximum and median values, respectively, associated with
the Na+ content in illite of sample FS3. Finally, a salinity‐ and temperature‐independent net surface
charge density of illite is assumed, and all other temperature‐dependent parameters are taken from litera-
ture as outlined in Appendix A.

The calculated total interaction free energy (Figure 7) may be attractive (negative) or repulsive (positive) at a
given separation distance, depending on fluid salinity and temperature. For a NaCl salinity reduction from
2.0 to 0.5 M, illite‐to‐illite interactions continue to be attractive at either CEC (Figures 7a and 7b), and
illite‐quartz interactions are attractive at low CEC (0.05 mmol/g; Figure 7d). Repulsive forces and increases
in the separation distance between the illite particles and the quartz surfaces are predicted by DLVO theory
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only for high CEC (0.11 mmol/g, Figure 7c). Furthermore, temperature variations at temperatures between
28 and 145°C have a very minor effect on the respective energy‐separation dependence at high salinity
conditions (i.e., 0.5 to 2.0 M), particularly, when a low CEC (0.05 mmol/g; Figures 7b and 7d) is assumed.

Below NaCl concentrations of approximately 0.5 M the energy‐separation dependences in Figure 7 become
repulsive for all types of interactions and both CEC. To exemplify the trend for deionized water conditions,
calculations were performed for an NaCl concentration of 0.1 M as shown in Figures 7a–7d. In this case, a
temperature dependence of the respective interaction energy can be observed, particularly for illite‐to‐quartz
interactions, and repulsion is realized at higher temperatures (Figures 7c and 7d).

In both experiments with samples FS3 (Figure 3b) and FS4 (Figure 3c) a further decrease in permeability was
observed when a 0.5 MNaCl solution in the pore space was exchanged to deionized water, irrespective of the
temperature (i.e., 28 or 145°C) at which this exchange was conducted. The SEM (Figure 4c) and MIP
(Figure 5b) observations outlined in section 3.2 supported by the outcome of the DLVO calculations
(Figure 7) above demonstrate that this decrease was due to clay particle mobilization and subsequent clog-
ging of pores and pore throats with overall very minor mass loss toward the outside of the samples.

Virtually all pore walls are covered with illite (Figure 2); thus, it can be assumed that the pore fluid is mostly
in contact with illite rather than quartz (or some other mineral constituent of the rock; Table 1). Mobilized
particles thus would be predominantly pore lining and pore filling illite types (section 2.5; Figure 2). From
Figures 7a and 7b (0.1 M NaCl lines) it can be inferred that the amount of released clay particles and the

Figure 7. Total interaction free energy between illite particle and illite plate (a and b) and between illite particle and
quartz plate (c and d) as a function of separation distance at 28°C (dashed lines), 145°C (solid lines), and at different
NaCl salinities. A 0.1 M NaCl solution was used to illustrate the pore fluid exchange from 0.5 M NaCl to
deionized water during the experiments with samples FS3 and FS4. The cation exchange capacity (CEC) is assumed to be
0.11 mmol/g in (a and c) and 0.05 mmol/g in (b and d), respectively.
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release rate at a given fluid flow rate should only marginally depend on temperature. Moreover, a higher
CEC favors and amplifies clay mobilization.

Once mobilized, illite particles may form a suspension with the pore fluid and migrate downstream as fluid
flows through the rock until they are deposited in some pore constriction (Figure 4c). This behavior, now, is
similar to that of kaolinite‐bearing sandstones (e.g., Rosenbrand et al., 2015). From the upstream toward the
downstream side of sample FS3 there is a progressive increase in the accumulation of particles reducing the
effective sample porosity systematically and shifting the interval of the affected pore size fraction toward lar-
ger pore radii (Figure 5b).

5. Conclusions

Comprehensive flow‐through experiments on permeability changes in illite‐bearing (Rotliegend) sandstone
were performed at multiple and systematically varied temperature and NaCl fluid salinity conditions. The
experiments were complemented with an application of Derjaguin‐Landau‐Verwey‐Overbeek (DLVO) the-
ory and comparative microstructural investigations performed by scanning electronmicroscopy (SEM), elec-
tron microprobe analysis (EMPA), and mercury intrusion porosimetry (MIP) on both the starting material
and the tested samples. The experimental and analytical observations were mechanistically interpreted
yielding the following conclusions.

Permeability of sandstones containing illite as the dominant clay phase, even at substantial amounts, may be
insensitive to changes in pore fluid salinity. This departure from DLVO theory predictions may be due to
high K+ and Ca2+ or Mg2+ contents within the illite crystal lattices. As a result, illite particles are strongly
attached to the pore walls and resist hydrodynamic mobilization.

Permeability of illite‐bearing sandstoneswith narrowpore throats dominating the rock's hydraulic properties
may be very sensitive to heating, yielding (nearly) irreversible and thermo‐mechanically induced pore throat
closure. This effect is observed both for low (deionizedwater) and high (2MNaCl solution) porefluid salinity.

When an initially present low salinity fluid (i.e., deionized water in the case) is exchanged by a high salinity
NaCl solution (e.g., 2 M) before heating, a partial replacement of the divalent ions in the illite crystal lattices
by Na+ may occur, as detected by EMPA. This yields an additional reduction in permeability as NaCl pore
fluid salinity is subsequently decreased to below 0.5 M. This permeability reduction is observed at high tem-
perature (i.e., 145°C) and at room temperature and is in agreement with predictions from DLVO theory.
Mechanistically, this permeability decrease is chemically induced and results from clay particle mobiliza-
tion, transport, and subsequent deposition in pores and pore throats.

In summary, illite‐bearing sandstones may show substantial and largely irreversible permeability variations
following temperature and fluid salinity changes. The respective underlying thermo‐mechanical and chemi-
cal processes identified operate independently but are path dependent with respect to the applied fluid sali-
nity sequence. Any such natural or geotechnically used rock system may thus be susceptible to permeability
reduction with consequences for the evolution of fluid flow when changes in the here investigated para-
meters occur or are induced.

Appendix A: Calculation of the Particle Interaction Energy by DLVO Theory
According to DLVO theory, the total interaction free energy between two (solid) phases in an aqueous solu-
tion can be calculated by combining the London‐van der Waals attraction VvdW and the, commonly repul-
sive, electrical double layer (EDL) interaction VEDL (Leite et al., 2012). In addition, the extended Born
potential VBR is a short‐range (<0.5 nm) molecular interaction resulting from the overlap of electron clouds.
Its magnitude is negligible in comparison to VvdW and VEDL for particle separations larger than 0.5 nm
(Khilar & Fogler, 1987). In the following, all other possible interactions (e.g., Tchistiakov, 2000) are
neglected and the total interaction free energy thus is expressed as

Vtotal ¼ VEDL þ VvdW þ VBR (A1)

Considering a sphere‐plate geometry, the van der Waals interaction free energy at a separation distance d
is defined as (Bergström, 1997; Gregory, 1981)
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Vi; i
vdW dð Þ ¼ −

A131rp
6d

(A2a)

for illite particle to illite plate interactions and

Vq; i
vdW dð Þ ¼ −

A132rp
6d

(A2b)

for illite particle to quartz plate interactions, respectively, where rp is the particle radius. Here and based
on the SEM observations (Figure 2), an average particle radius of 1.2 μm is assumed. The Hamaker con-
stant A characterizes the interaction between clay minerals (subscript 1) and the grain walls (subscript 2)
separated by an aqueous fluids (subscript 3) (Israelachvili, 2011)
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where kB ¼ 1.381 × 10−23 J/K is the Boltzmann constant, T is the absolute temperature, and
h ¼ 6.626 × 10−34 Js is the Planck constant. ε1, ε2, and ε3 are the dielectric permittivities, n1, n2, and n3
are the refractive indexes, and the subscripts 1, 2, and 3 denote clay, quartz, and NaCl solution, respec-
tively. νe ¼ 3 × 1015 s−1 is the main electronic absorption frequency (Israelachvili, 2011). The dielectric
permittivity of illite ε1 is taken from Josh and Clennell (2015). The dielectric permittivity of quartz ε2 is
independent of temperature in the range between 20 and 175°C according to Stuart (1955). Finally, the
temperature and salinity dependent dielectric permittivity of an NaCl solution ε3 is given, for example,
by Marshall (2008) and Maribo‐Mogensen et al. (2013). A constant refractive index n1 ¼ 1.59 is assumed
(Friedrich et al., 2008), and the temperature‐dependent indices n2 and n3 are taken from Leviton and
Frey (2006) and Aly and Esmail (1993), respectively.

According to Gouy‐Chapman theory (Butt et al., 2006), the net surface charge density σillite defines the sur-
face potential Ψ1 of illite as expressed by the Grahame (1947) equation:

Ψ1 ¼ 2kBT
ze

ln
σilliteffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

8NAcε0εrkBT
p þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2illite

8NAcε0εrkBT
þ 1

s0
@

1
A (A4)

where c is the cation concentration in the solution, z is the valence of the respective cation, e is the ele-
mentary charge, and NA is the Avogadro constant. ε0 ¼ 8.854 × 1012 C2/Nm2 is the vacuum permittivity,
and εr is the relative permittivity of the solvent given by Maribo‐Mogensen et al. (2013). The counter‐ions
that extend from a negatively charged surface into the aqueous solution result in a diffuse EDL. The thick-
ness of this EDL is known as the Debye screening length κ−1, which is expressed as

κ−1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε0εrkBT
NAce2z2

s
(A5)

Assuming a constant surface charge density where the surface charges are uniformly distributed on the
illite crystals, the surface potentials of two illite phases are equal. Consequently, the interaction free
energy of the EDL for the illite particle to illite plate system is (Gregory, 1975):

Vi; i
EDL dð Þ ¼ 64πrpkBTNAcz

2κ−2tanh2 zeΨ1

4kBT

� �
e−κd (A6a)

Similarly, for the illite particle to quartz plate system the interaction free energy is
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where the surface potential of quartz Ψ2, approximated by the zeta potential, is temperature dependent
(Ramachandran & Somasundaran, 1986; Rodríguez & Araujo, 2006; Schembre & Kovscek, 2005) and
decreases as temperature increases.

Finally, the extended Born potential is expressed as (Ruckenstein & Prieve, 1976):

VBR dð Þ ¼ Aσ6
c

7560
8rp þ d

2rp þ d
� �7 þ 6rp − d

d7

" #
(A7)

where the collision diameter σc ¼ 0.5 nm is assumed to be constant (Elimelech et al., 2013).

Appendix B: Experimental Data of the Permeability Measurements

Table B1
Sample FS1

No. Stage
Temperature

(°C)
Permeability

(mD)
Max flow rate (ml/

min) Fluid
Total time

(hr)
Flow

direction

1 1 25 5.016 2 H2O 2 Bottom to top
2 40 3.407 2 H2O 8 —

3 58 0.636 1 H2O 27 —

4 76 0.254 0.3 H2O 35 —

5 79 0.184 0.25 H2O 98 —

6 96 0.155 0.2 H2O 103 —

7 117 0.143 0.2 H2O 108 —

8 119 0.158 0.2 H2O 123 —

9 140 0.197 0.4 H2O 127 —

10 2 121 0.209 0.3 H2O 132 —

11 118 0.217 0.3 H2O 146 —

12 97 0.205 0.3 H2O 152 —

13 81 0.193 0.25 H2O 155 —

14 80 0.191 0.25 H2O 156 —

15 61 0.175 0.1 H2O 173 —

16 43 0.158 0.05 H2O 197 —

17 3 60 0.168 0.1 H2O 202 —

18 78 0.168 0.2 H2O 222 —

19 95 0.182 0.2 H2O 248 —

20 118 0.212 0.3 H2O 270 —

21 141 0.212 0.4 H2O 274 —

22 4 141 0.222 0.5 H2O 296 —

23 120 0.229 0.4 H2O 321 —

24 96 0.223 0.3 H2O 342 —

25 80 0.222 0.3 H2O 367 —

26 61 0.190 0.15 H2O 391 —

27 43 0.183 0.1 H2O 412 —

28 43 0.151 0.05 H2O 606 —

29 5 43 0.144 0.05 H2O 804 Top to
bottom

30 43 0.145 0.05 H2O 846 —

31 43 0.144 0.05 H2O 1,281 —

Notes. Stages 1–4 indicate the respective temperature increase or decrease; during Stage 5 the flow direction was
reversed.
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Table B2
Sample FS3

No. Stage
Temperature

(°C)
Permeability

(mD)
Max flow rate
(ml/min) Fluid

Total volume
(ml)

Flow time
(hr)

Cumulative flow
time (hr)

Total time
(hr)

Flow
direction

1 1 25 25.229 2 H2O 176 3.17 3.17 4 Bottom to top
2 25 22.777 2 H2O 380 3 6.17 22 —

3 25 21.258 1 H2O 594 3.63 9.8 50 —

4 25 17.007 1 H2O 794 3.33 13.13 74 —

5 25 16.673 1 H2O 836 0.68 13.81 284 —

6 25 16.673 1 H2O 1,082 4.1 17.91 290 —

7 2 25 16.673 1 H2O 1,101 0.32 18.23 525 —

8 25 19.013 1 2.0 M Na 1,116 0.25 18.48 552 —

9 41 12.148 1 2.0 M Na 1,126.5 0.17 18.65 622 —

10 61 7.493 1 2.0 M Na 1,133.5 0.12 18.77 625 —

11 81 3.970 1 2.0 M Na 1,139.5 0.1 18.87 642 —

12 98 2.216 1 2.0 M Na 1,144.5 0.08 18.95 645 —

13 121 1.150 1 2.0 M Na 1,148.5 0.07 19.02 649 —

14 145 0.606 1 2.0 M Na 1154.5 0.1 19.12 666 —

15 3 145 0.621 1 2.0 M Na 1,158.5 0.07 19.19 693 —

16 145 0.598 1 1.0 M Na 1,170.5 0.2 19.39 713 —

17 145 0.524 1 0.5 M Na 1,193.5 0.38 19.77 715 —

18 145 0.020 0.03 H2O 1,195.74 1.3 21.07 720 —

19 4 121 0.024 0.03 H2O 1,200.42 2.67 23.74 747 —

20 99 0.025 0.03 H2O 1,207.225 3.8 27.54 789 —

21 81 0.026 0.03 H2O 1,212.98 3.2 30.74 813 —

22 61 0.029 0.03 H2O 1,218.418 3 33.74 836 —

23 41 0.036 0.03 H2O 1,223.446 2.8 36.54 860 —

24 29 0.035 0.02 H2O 1,252.074 23.8 60.34 1,049 —

Notes. Stage 1: flow‐through experiment with a large volume of deionized water; Stage 2: fluid exchange and temperature increase from 25 to 145°C; Stage 3:
salinity decrease from 2 M NaCl to deionized water at 145°C; Stage 4: temperature decrease from 145°C to room temperature.

Table B3
Sample FS4

No. Stage
Temperature

(°C)
Permeability

(mD)
Max flow rate
(ml/min) Fluid

Total volume
(ml)

Flow time
(hr)

Cumulative flow time
(hr)

Total time
(hr)

Flow
direction

1 1 27 24.295 2 H2O 14.45 0.2 0.2 1 Bottom to top
2 27 24.295 2 H2O 19.45 0.08 0.28 69 —

3 27 22.982 1 H2O 24.45 0.08 0.37 117 —

4 27 22.982 1 H2O 26.95 0.05 0.42 141 —

5 2 27 21.803 1 H2O 31.95 0.08 0.5 262 —

6 27 22.817 1 2.0 M Na 44.95 0.27 0.77 263 —

7 42 19.177 1 2.0 M Na 49.95 0.08 0.85 268.5 —

8 62 10.218 1 2.0 M Na 57.45 0.13 0.97 284.5 —

9 81 4.502 1 2.0 M Na 60.95 0.06 1.03 292.5 —

10 100 2.532 1 2.0 M Na 63.95 0.05 1.08 308.5 —

11 122 0.651 1 2.0 M Na 66.95 0.05 1.13 332.5 —

12 145 0.445 0.5 2.0 M Na 69.95 0.1 1.23 340 —

13 3 122 0.468 0.5 2.0 M Na 72.35 0.08 1.32 405 —

14 100 0.475 0.5 2.0 M Na 75.35 0.1 1.42 412 —

15 81 0.502 0.5 2.0 M Na 78.75 0.1 1.52 429 —

16 62 0.526 0.4 2.0 M Na 82.55 0.16 1.67 436.5 —

17 42 0.561 0.3 2.0 M Na 84.45 0.1 1.77 452.5 —

18 29 0.565 0.2 2.0 M Na 86.45 0.17 1.94 475.3 —

19 4 28 0.542 0.2 1.0 M Na 93.75 0.61 2.55 477.3 —

20 28 0.519 0.2 0.5 M Na 103.5 0.81 3.36 479 —

21 28 0.009 0.002 H2O 114.13 22 25.36 502 —

22 28 0.010 0.003 H2O 119.204 26 51.36 528 —

23 27 0.009 0.005 H2O 137.219 44 95.36 957 —

Note. Stage 1: flow‐through experiment with a small volume of deionized water; Stage 2: fluid exchange and temperature increase from 25 to 145°C; Stage 3:
temperature decrease from 145°C to room temperature; Stage 4: salinity decrease from 2 M NaCl to deionized water at room temperature. FS4 underwent addi-
tional procedures beyond Stage 4 which are excluded from the present study.
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Data Availability Statement

In addition to being fully documented within this paper, all experimental data were submitted to the GFZ
Data Repository for public availability and can be accessed online (10.5880/GFZ.4.8.2020.005).
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