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Abstract The inelastic compaction of sandstone in the upper crust typically occurs at depths where
temperatures range from approximately 50°C to 150°C. Previous experimental studies have shown that even
this modest temperature increase can reduce the yield stress required to initiate inelastic compaction, and can
also enhance time‐dependent deformation within the brittle regime. However, the influence of these realistic
crustal temperatures on sandstone compaction over longer time scales has not yet been systematically explored.
We performed triaxial creep experiments on Bleursville sandstone at an effective pressure of 100 MPa and at
temperatures of either room temperature, 75°C, or 150°C. Our results show that the differential stress required
to initiate creep is up to 20 MPa lower at 150°C than at room temperature. In addition, at any given differential
stress, axial creep strain rates were more than an order of magnitude higher at 150°C.We also find that the
typical decrease in strain rate with increasing axial strain was less pronounced at higher temperatures. This
indicates that the stress sensitivity of the creep rate is reduced as temperature increases. Finally, we extrapolated
our experimentally derived creep laws for Bleursville sandstone and combined them with theoretical estimates
of pressure‐solution rates at lower stresses and strain rates. This shows that time‐dependent deformation at room
temperature is dominated by subcritical cracking across all conditions examined. In contrast, at 150°C,
Bleursville sandstone may begin to deform by pressure solution once strain rates fall below approximately
10− 9 s− 1.

Plain Language Summary In the Earth's crust, sandstones can deform and become more compact
under pressure. As temperature increases with depth, this compaction often occurs at temperatures between
50°C and 150°C. Most previous experiments have studied sandstone compaction at room temperature.
However, it remains unclear how increased temperature affects sandstone compaction, especially over longer
timescales, which are important for many geological processes. To investigate this, we carried out laboratory
experiments using Bleursville sandstone. We applied pressure and heated the rock to room temperature, 75°C,
or 150°C. We found that at 150°C, the sandstone was weaker and began to compact under lower stress
compared to room temperature. This weakening effect became even more pronounced in longer experiments.
We conclude that the increased weakening of sandstone over longer timescales at higher temperatures is likely
due to chemical reactions between the rock and the water.

1. Introduction
The inelastic compaction of sandstone corresponds to a permanent reduction in porosity, which can alter the
physical, chemical, and transport properties of the rock. Sandstone compaction can occur naturally or as a result of
anthropogenic influences on the subsurface, such as resource extraction or fluid injection. It is therefore observed
across a wide range of geological settings, environmental conditions, and time spans. The natural diagenesis and/
or the slow porosity reduction of porous rocks due to fluid‐assisted, stress‐driven mass transfer may operate over
time scales ranging from thousands to millions of years (Gratier et al., 1999; Rutter, 1976; Spiers et al., 2003). In
contrast, compaction in reservoir settings due to the human‐driven pore fluid extraction typically operates over
decades (Martin & Serdengecti, 1984; Pijnenburg et al., 2018; Shinohara et al., 2024), while compaction in fault
damage zones may occur even more rapidly, with dynamic compaction bands forming during seismic events
(Aben et al., 2017; Bésuelle & Rudnicki, 2004).

The macroscopic impact of sandstone compaction is evident in phenomena such as surface subsidence above
reservoirs (Fredrich et al., 2000; Geertsma et al., 1973) and the formation of compaction bands observed in the
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field (Fossen et al., 2007). These large‐scale manifestations are inherently governed by micro‐mechanical
deformation mechanisms, including grain fracturing (Baud et al., 2000; Heap et al., 2015; Wong et al., 1997),
slip at grain interfaces (Bernabe et al., 1994; Menéndez et al., 1996), plastic deformation of clay fractions
(Pijnenburg et al., 2018, 2019a), and dissolution‐precipitation processes (Niemeijer et al., 2002). While applied
stress is the primary control on these mechanisms, environmental factors such as temperature and fluid and rock
chemistry may also exert an important influence.

The complexity of these microscale processes can result in time‐dependent compaction behavior. Such time
dependency may arise from two nonexclusive end‐member scenarios: (a) time‐dependent stress evolution, for
example, tectonic loading or fluid withdrawal/injection, leading to instantaneous inelastic deformation, or (b)
time‐dependent creep under constant applied stresses that originates from processes such as subcritical cracking
and dissolution‐precipitation, where deformation may continue with increasing time (Brantut et al., 2013). In
sandstones, creep and stress relaxation experiments have shown that time‐dependent inelastic deformation can
occur in the macroscopically brittle regime (dilatant behavior) (Heap, Baud, Meredith, Bell, & Main, 2009; Jiang
et al., 2013; Ngwenya et al., 2001; Shengqi & Jiang, 2010) and also in the macroscopically ductile regime
(compactive behavior) (Heap et al., 2015; Pijnenburg et al., 2018).

In situations where grain fracturing is the dominant microscale phenomenon driving deformation, time‐dependent
deformation is often attributed to subcritical crack growth (Brantut et al., 2013). Subcritical crack growth occurs
as a result of chemical interactions between a reactive agent and the grain material of a stressed crack tip. These
chemical interactions act to weaken the chemical bonds at the crack tip which enables crack propagation at lower
applied stresses. The process of bond weakening is known as stress corrosion and in sandstones the primary
chemical interactions are thought to occur between quartz and water (Scholz, 1972). Subcritical cracking
potentially impacts the minimum stress level required for the onset of inelastic deformation. It has been
demonstrated theoretically and experimentally that microcracks within rocks (or individual grains) will readily
grow in the presence of a chemically active fluid at stress levels below the perceived critical limit through
subcritical cracking (Anderson & Grew, 1977; Atkinson & Meredith, 1987; Lawn, 1993). Subcritical crack
growth rates are highly sensitive to the applied stress, chemical environment and temperature (Lawn, 1993), and
all these factors have been shown to impact the time‐dependent deformation of sandstones in the brittle creep
regime (Brantut et al., 2013).

In the compactive regime, experimental data on time‐dependent deformation of sandstone remain limited.
Existing studies nevertheless indicate that compaction can be strongly rate dependent. Heap et al. (2015) showed
that localized compaction bands in Bleurswiller sandstone may form in a time‐dependent manner, with defor-
mation rates controlled by applied stress in a way comparable to that observed in the brittle (dilatant) creep
regime. Subsequent constant strain rate (CSR) experiments demonstrated that Bleurswiller sandstone exhibits a
reduction in peak strength at lower loading rates (Shinohara et al., 2024). The commonly assumed chemically
driven nature of rate‐dependent compactive deformation suggests that environmental factors may also exert an
important control on deformation rates. However, the influence of such factors, temperature in particular, has not
yet been systematically investigated. The potential importance of environmental controls is highlighted by the
work of Schimmel et al. (2022), who showed that pore fluid chemistry strongly affects uniaxial compaction in
Bentheim sandstone, with aqueous alkaline fluids promoting time‐dependent compaction.

At the crustal depths relevant to sandstone compaction, typically between 1 and 6 km, ambient temperature ranges
from 35°C to 200°C, depending on the local geotherm. Within this temperature range, recent experimental work
has shown that increasing the temperature from room temperature to 150°C weakens sandstones in the ductile
regime and to a lesser degree the brittle regime in short duration experiments (at strain rates of the order of 10− 5 s− 1,
(Jefferd et al., 2021)). In the compactive regime, three different sandstones experienced a reduction in the dif-
ferential stress required to cause inelastic compaction by 10%–30%, and there was also a reduction in the hydro-
static grain crushing pressure,P∗, by about 10%. The overall weakening at elevated temperature was attributed to a
combination of a reduction in fracture toughness and a potential slight increase in the rate of subcritical cracking
(Jefferd et al., 2021).

While the weakening effect of temperature in the presence of pore water is well established for short‐term,
constant strain‐rate experiments. The influence of elevated temperature on the time‐dependent compaction
behavior of sandstone remains poorly constrained. Experiments conducted in the brittle creep regime have
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demonstrated that a temperature increase from room temperature to 75°C increases the strain rate at a given
applied stress by 2–3 orders of magnitude (Heap, Baud, & Meredith, 2009). If the underlying creep processes in
the compaction creep regime are similar to those in the brittle creep regime, we also expect similarities in the
macroscopic temperature dependency of creep rates. An additional mechanism that could be expected to play a
role during compaction creep, especially at elevated temperature, is intergranular pressure solution. This
mechanism has been evidenced in high temperature (150°C) laboratory experiments on quartz aggregates
(e.g., (Dewers & Hajash, 1995; Niemeijer et al., 2002; Schutjens et al., 2021)), but its contribution to deformation
in consolidated sandstone is not yet clear.

Here, we aim to determine the effect of temperature on the rate of time‐dependent deformation in the compactive
deformation regime of sandstone. We conducted triaxial CSR and creep (constant stress) experiments on
Bleursville sandstone, and measured the impact of temperature change on creep deformation rate and its stress
dependency. We construct an empirical relationship between applied stress, temperature and creep rate for
Bleursville sandstone and include including predictions from intergranular pressure solution. At 150°C and strain
rates above 10− 9 s− 1, we find that creep is most likely driven by subcritical cracking.

2. Sample Material and Apparatus
The sandstone used was Bleursville sandstone from Bleurville, Vosges, north‐eastern France. This pale beige
colored sandstone has a starting porosity of 22.7% (±1.5%, measured with a helium pycnometer) and is composed
of 81 ± 2% quartz, 12% feldspar and 7 ± 2% mica. Its grains are spherical to sub‐spherical and have a reasonably
uniform diameter of about 0.12 mm. Earlier studies on Bleurswiller sandstone (a sandstone from a different area
of the quarry Bleursville sandstone comes from) have demonstrated that there is a transition from dilational to
compactive deformation at effective pressures above approximately 40–50 MPa (Baud et al., 2015; Fortin
et al., 2005; Heap et al., 2015). Cylindrical samples were cored from a single block perpendicular to the sedi-
mentary bedding, and the ends were ground flat. The final length of the samples was 52 mm and the diameter was
25 mm. Each sample was then washed with distilled water before being oven dried at 60°C for a minimum of
48 hr.

Experiments were performed using a conventional triaxial deformation apparatus in the Rock and Ice Physics
Laboratory at University College London. For a detailed description of the apparatus refer to Jefferd et al. (2021).
In brief, the triaxial rig operates by placing the rock sample in a rubber jacket and attaching the sample to a piston
assemblage, both of which are then placed inside a cylindrical pressure vessel. A confining pressure of up to
120 MPa can be applied to the sample by pressurizing silicone oil inside the pressure vessel using a servo‐
controlled hydraulic intensifier. With the sample separated from the confining fluid through the rubber jacket,
a pore pressure can then be imposed on the sample by using a separate servo‐controlled hydraulic intensifier. Both
the confining pressure and pore pressure can be maintained at a constant value for the duration of the experiment,
with a maximum deviation of ±0.1 MPa from the set point. An internal Linear Variable Differential Transformer
(LVDT) inside the pore pressure intensifier allows for the continuous monitoring of the reservoir volume of the
intensifier, which in turn is used to measure the porosity change of the sample.

The pressure vessel is located inside a 2,600 kN hydraulically operated loading frame, which can supply an axial
force to the sample through a servo‐controlled hydraulic piston. The axial load can be applied by operating the
piston in two distinct modes. The first operational mode involves moving the piston at a constant set displacement
rate (strain rate) and measuring the load required to maintain the constant rate of displacement. The second
operational mode is when the piston is placed in load control. In this mode, a target force is set and the piston will
continue to move axially to maintain the target force. In both modes the axial displacement is measured during the
experiment using an external LVDT and the axial load is measured using an external load cell. If required, the
whole pressure vessel and sample can be heated by three external band heaters to a maximum temperature
of 250°C.

3. Experimental Procedure
To evaluate how elevated temperature affects the rate of time‐dependent sandstone compaction, triaxial creep
experiments were performed. To ensure that the samples were in the fully compactive regime an effective
pressure of 100 MPa was used for all experiments.
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Before each experiment, the sample was saturated with distilled water under vacuum for at least 2 hr and all
experiments were performed with distilled water as the starting pore fluid. The saturated sample was fitted into a
rubber jacket and placed inside the triaxial machine. The confining pressure was then applied, initially by means
of a hand pump to a value of 8 MPa, which was then maintained by the servo‐controlled intensifier. A pore
pressure of 5 MPa was then applied at a rate of 0.05 MPa s− 1 and the sample was allowed to fully resaturate at
these pressures. The sample was considered to be fully saturated when the pore pressure intensifier volume ceased
to change. For experiments performed at elevated temperature, external heaters were then turned on to warm the
sample at an average heating rate of approximately 0.5°C min− 1. Experiments were primarily carried out at room
temperature or at 150°C, with a few additional experiments carried out at 75°C. In total it took approximately 5 hr
for the system to reach equilibrium at 150°C. Once the system had reached the target temperature, the confining
pressure was then increased to 105 MPa at a rate of 0.05 MPa s− 1 and left for a minimum of 2 hr to achieve
pressure and temperature equilibrium.

An axial differential stress was then applied by loading at a constant axial strain rate of 10− 5 s− 1, until a target
level of differential stress was achieved (as summarised in Table 1). Creep was then initiated by holding the stress
constant for a period of time. In this study, two different styles of creep test were performed: (a) single stress level
creep tests, which is when the differential stress is held constant until a target axial strain level was reached
(maximum 5% axial strain) and (b) stress stepping creep tests, where if at any point during the creep phase the
axial strain rate decreased to approximately 10− 8 s− 1 either a stress step increase of 10 MPa was applied or the
experiment was ended. The stress stepping technique is similar to that employed by Heap, Baud, Meredith, Bell,
and Main (2009); Heap et al. (2015) and it has the advantage of being able to gather data at multiple stress levels
on the same sample, therefore negating the issue of sample variability if multiple single stress level tests were
done. It is important to note however, that during a stress stepping experiment the starting strain of each step and
therefore the micro‐structural state of the sample will be slightly different for each stress step. In total, the ex-
periments varied in duration from a few days to a few weeks. At the end of the creep phase the axial load was
removed, followed by the lowering of the confining and pore pressures in a step wise manner. The external heaters
were then turned off and the whole vessel was allowed to cool before the sample was removed.

4. Results
To compare the various creep tests to one another, it is useful to include a reference CSR experiment at each creep
temperature used. During a CSR experiment the piston is advanced at a constant rate and the corresponding axial
stress is recorded. The CSR experiments presented (Figure 1a) are the same as those described by Jefferd
et al. (2021), and initially show a linear increase in differential stress with axial strain. A deviation away from
linearity in the pore volume data was used by Jefferd et al. (2021) to deduce the onset of macroscopic inelastic
compaction (C∗) at an effective pressure of 100 MPa occurred at 63 and 48 MPa at room temperature and 150°C
respectively. With increasing axial strain a rollover stress point was observed, with a small plateau in the stress
being subsequently reached, before strain hardening continues until the termination of the experiment. Increasing
the temperature from room temperature to 150°C reduces the plateau stress by about 15 MPa. At 75°C the

Table 1
Summary of Experimental Conditions

Experiment Number Temperature (°C) Type of experiment Diff. Stress (es) during creep (MPa) Max. Strain (%)

Bleursville Sandstone, Effective Pressure = 100 MPa

1 20 Single stress 93 5.1

2 150 Single stress 78 4.8

3 20 Single stress 77 2.2

4 75 Single stress 66 4.3

5 150 Single stress 66 5.2

6 20 Stress stepping 54, 64, 75, 85, 95 4.1

7 75 Stress stepping 58, 68, 78 4.4

8 150 Stress stepping 53, 63 4.1
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differential stress plateau occurred at 90 MPa, which is in between the 97 MPa plateau seen at room temperature
and the 80 MPa plateau seen at 150°C.

The differential stress levels for the highest stress creep experiments were picked to match the onset of the
differential stress plateaus observed during the CSR loading phase of each experiment, which resulted in a creep
stress of 93 MPa at room temperature and 78 MPa at 150°C (Figure 1a). The measurements of porosity change
(Figure 1b) show that all samples experienced compaction for the duration of the experiment and the total porosity
reduction was between 3% and 4% for all tests. The axial strain rate for the creep experiments initially remained
close to the value of 10− 5 s− 1 imposed during loading, up to 0.3% axial strain at room temperature and up to 0.8%
strain at 150°C. The strain rate then decreased in a log‐linear manner with increasing axial strain, so that the strain
rate at 4.8% axial strain was 1 × 10− 8 s− 1 at room temperature and 7 × 10− 8 s− 1 at 150°C (Figure 1c).

When the creep stress was set as low as 80% of the plateau stress (Figure 2), the strain rate during creep no longer
decreased in a log‐linear manner with increasing axial strain (Figure 2c). At room temperature, the strain rate
rapidly decreased from 10− 5 s− 1 at the onset of creep to 1 × 10− 8 s− 1 in just 0.7% axial strain. The rate of porosity
reduction of the room temperature test was greatly reduced for the last 0.5% axial strain. It is not clear what caused
this observation and as the effect only appears minor, it will not be interpreted further (Figure 2b). For the
experiment performed at 150°C and 80% of the plateau stress, the strain rate reduced to 10− 6 s− 1, where it
remained relatively constant for a further 2% axial strain, before decreasing in a log‐linear manner to 4 × 10− 8 s− 1

Figure 1. (a) Differential stress against axial strain for three constant strain rate (CSR) tests (dots) and two creep (Cp) tests
(line), at 150°C (red), and room temperature (blue). The stress level of the creep experiments closely matches the plateau
stress of the CSR tests. (b) Porosity change against axial strain for the experiments depicted in (a). A negative porosity reduction
indicates compaction. (c) Axial strain rate as a function of axial strain for the creep experiments shown in (a). The black dashed
line indicates a strain rate of 10− 5 s− 1 which is the strain rate of CSR experiments and the loading phase of the creep
experiments. In all figure parts the dotted vertical line indicates the onset of creep.
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at 5% axial strain (Figure 2c). In contrast to the room temperature and 150°C experiments, the creep experiment
performed at 75°Cwas carried out at the same differential stress (66MPa) as the 150°C experiment instead of 80%
of the plateau stress. The creep strain rate at 75°C also reduced at the onset of creep, at a rate between that of the
room temperature and 150°C tests. At approximately 2% axial strain, the 75°C test experienced a transient strain
rate increase by about half an order of magnitude before continuing to reduce, so that after 4.5% axial strain the
sample was creeping at a strain rate of 4 × 10− 8 s− 1 (Figure 2c), which is between the room temperature and the
150°C test results.

For the stress stepping experiments (Figure 3), the first differential stress used was 55MPa (±2MPa) and this was
increased by 10 MPa increments whenever the strain rate dropped below approximately 10− 8 s− 1, until about 4%
axial strain was accumulated. The stress steps were performed at a loading rate which was approximately equal to
10− 5 s− 1 and were therefore reflected as spikes in the strain rate evolution plotted against axial strain (Figure 3c).
The samples deformed at room temperature and 75°C experienced porosity reduction with increasing axial strain
at a similar rate to the samples deformed at CSR. The sample deformed at 150°C experienced more volumetric
compaction than those deformed at lower temperature, but it is not clear what caused this difference.

The strain rate for the room temperature test (Figure 3c) dropped to 10− 8 s− 1 after about 0.3% axial strain past the
start of the first creep phase. Two further stress increases of 10 MPa yielded very similar strain rate evolutions,
where after approximately 0.3% strain the strain rate decreased to 10− 8 s− 1. Only after the third stress step to a
differential stress of 75 MPa did the strain rate stay above 10− 8 s− 1 for a larger amount of axial strain. At 1.7%
axial strain, a transient increase was observed in the strain rate. Another stress step was performed at 2.5% axial

Figure 2. (a) Differential stress against axial strain for three constant strain rate (CSR) tests (dots) and three creep tests (line),
at 150°C (red), 75°C (green) and room temperature (blue). (b) Porosity change against axial strain for the experiments
depicted in (a). A negative porosity reduction indicates compaction. (c) Axial strain rate as a function of axial strain for the creep
experiments shown in (a). The black dashed line indicates a strain rate of 10− 5 s− 1 which is the strain rate of CSR experiments
and the loading phase of the creep experiments. In all figure parts the dotted vertical line indicates the onset of creep.
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strain, after which we observed a log‐linear decrease in strain rate to 3 × 10− 8 s− 1 at 4% axial strain. At 75°C, the
strain rate decreased to 10− 8 s− 1 within 1.5% axial strain from the onset of creep, with a just brief increase in strain
rate by half an order of magnitude at 1.6% strain. A total of two stress steps were carried out during this 75°C test,
at 2.6% and 3.4% axial strain. For the experiment carried out at 150°C the starting creep stress was 53MPa, which
was the lowest differential creep stress used in this study. At this stress level, it took a further 2% axial strain
before the strain rate reached the lower limit of 10− 8 s− 1 and a stress step was performed.

5. Discussion
5.1. Summary of Key Observations

The single stress level creep tests (Figures 1 and 2) and the stress stepping creep test (Figure 3) show a few key
qualitative trends. In general, the porosity reduction as a function of axial strain was similar between samples
deformed under both CSR and constant stress conditions, which shows that the volumetric change of the sample is
linked to the axial strain of the sample. This relationship does not appear to be measurably affected by strain rate.
The Young's modulus of all of our experiments was between 6 and 11 GPa and showed no relationship with
temperature, which is in concordance with the results of Jefferd et al. (2021). The variation in the Young's moduli
is likely down to sample heterogeneity and small misalignment of the piston at lower stresses.

The creep experiments showed that in general, the axial strain rate decreased progressively with increasing strain
under a constant differential stress. At all temperatures, the creep stress greatly influenced the creep strain rate.

Figure 3. (a) Differential stress against axial strain for three constant strain rate (CSR) tests (dots) and three creep tests (line),
at 150°C (red), 75°C (green) and room temperature (blue). (b) Porosity change against axial strain for the experiments
depicted in (a). A negative porosity reduction indicates compaction. (c) Axial strain rate as a function of axial strain for the creep
experiments shown in (a). The black dashed line indicates a strain rate of 10− 5 s− 1 which is the strain rate of the CSR
experiments and the loading phase of the creep experiments. In all panels, the dotted vertical line indicates the onset of creep.
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More specifically, the rate of decrease in axial strain rate with increasing strain is greater at lower applied stress,
that is the strain rate decays more rapidly at low stress than at high stress. For example, at room temperature, a
creep stress of 93MPa required 4% of axial strain past the onset of creep to reach a strain rate of 10− 8 s− 1, whereas
at a differential stress of 70 MPa only 1% of axial strain was required to reach a strain rate of 10− 8 s− 1. At 150°C a
differential stress of 78 MPa required 4.5% axial strain to slow to a strain rate of 10− 8 s− 1, compared to 2% axial
strain at a differential stress of 53 MPa.

The general trends in our experiments are very similar to those observed by Heap et al. (2015). In our highest
creep stress (Q = 93 MPa) room temperature experiment the strain rate after 4% total axial strain was 1 × 10− 7

s− 1 compared to 8 × 10− 8 s− 1 at 4% total axial strain in the highest creep stress experiment (Q = 92MPa) of Heap
et al. (2015). The comparability of the data between the two studies is useful in deducing any possible deformation
styles or mechanisms, as accurate post deformation visual inspection of our samples at the macro and micro scales
was not possible due to sample alteration/destruction during removal from the apparatus or jacket deterioration
caused by the long experiment duration and P/T conditions.

5.2. Comparison Between Constant Strain Rate and Creep Experiments

From a qualitative viewpoint, the continuous decrease in strain rate during creep is observed at the axial strains
values where linear strain hardening is typically seen in CSR tests. Therefore, at a given amount of axial strain the
creep experiments have experienced a “stress deficit” compared to the reference CSR test. Creep experiments on
sandstone in the dilatant brittle regime, have demonstrated that the strain rate evolution throughout an experiment
mirrors the difference in differential stress (ΔQ) between a creep experiment and a reference CSR experiment.
Brantut et al. (2014) observed that the lowest strain rate during brittle creep (i.e., transition from primary to
tertiary creep) occurred when the magnitude of ΔQ was largest. In our compactant creep experiments, the strain
rate decreases continuously with increasing axial strain, which is analog to a continuous region of primary creep
seen in the brittle regime. We can then use a similar approach employed by Brantut et al. (2014), where the
difference in differential stress between the CSR and each creep experiment can be related to the strain rate ratio
between the tests. The stress difference ΔQ taken between two samples undergoing different deformation his-
tories makes physical sense only if it is taken at the same microstructural state of the samples (Brantut
et al., 2014). Here, in absence of in situ direct measurements of the microstructure, we follow Brantut et al. (2014)
and use the inelastic axial strain as a proxy for microstructural state. It is a reasonable choice since inelastic axial
strain is the manifestation of microstructural changes, and naturally corrects for the variations in samples' static
moduli. The inelastic strain (ϵIE) is calculated for the duration of the experiment ϵIE = ϵtotal − Q/E, where (ϵtotal)
is the total axial strain, and E is the Young's modulus. ΔQ is then calculated by subtracting the creep differential
stress from the ever increasing CSR differential stress at a given inelastic strain.

For all experiments the strain rate at the onset of the first creep phase is equal to the imposed 10− 5 s− 1 of the CSR
loading period. Following the start of the creep phase the strain rate decreases with time and increasing axial
strain. The strain rate at both room temperature (Figure 4) and at 150°C (Figure 5) reduces as ΔQ becomes more
negative. The strong dependence of the strain rate on ΔQ is clearest shortly after the start of the creep phase. At
this point, the samples have only undergone minimal inelastic strain (<1%) and are therefore more likely to be in a
similar microstructural state. Once more strain is accumulated and the microstructural state of each sample be-
comes more different from one another some slight discrepancies are observed. For example, the two experiments
performed at creep stresses of 66 and 78 MPa and 150°C (Figure 5), had very similar strain rates from 2% to 4%
inelastic strain, despite the difference in ΔQ being almost 15 MPa. The experiment performed at Q = 66 MPa
experienced a slight strain rate increase of half an order of magnitude.

Occasionally during our experiments, the strain rate increased by up to an order of magnitude for a brief period,
such as the experiment performed at Q = 66 MPa. In the study from Heap et al. (2015), compaction creep ex-
periments were carried out on the comparable Bleurswiller sandstone and it was noted that periods of increased
strain rate also occurred and these coincided with a surge in acoustic emission activity. Post‐processing of the
acoustic emissions showed that the bulk of the deformation occurring during these compactant events were
located in localized sub‐horizontal compaction bands. In our experiment, the periods of strain rate increase were
generally observed during the creep experiments with lower differential stress, such as in Figures 2 and 3. The
observed increase in strain rate occurred around 1.5% axial strain, which is approximately the same amount of
strain as the rollover and plateau in the CSR experiments. The rollover and plateau is often associated with the
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weakening of the rock and moving away from strain hardening behavior due to the introduction of widespread
damage (localized or diffused) in the sample. Jefferd et al. (2021) showed through microstructural imaging that
when Bleursville sandstone was deformed to 5% strain under CSR conditions at the same P/T conditions used in
this study, the areas of high damage and grain fracturing were not in discrete compaction bands, as seen in Heap
et al. (2015) but in more diffusive bands throughout the sample. While we cannot be fully confident that the
damage mechanism is the same in this study, the logic of Brantut et al. (2014), where axial strain was used as
proxy for microstructural state of the sample implies that the increased periodic strain rates observed in this study
also coincide with a compactant event and possibly the formation of diffusive compaction bands. Following a
compactant event, it is possible that this caused a weakening of the rock (or part of the rock), which caused the
observed higher strain rate following it.

5.3. “Activation Stress” of Ductile Creep

For each of the creep experiments it is generally observed that the strain rate decreases as ΔQ becomes more
negative, regardless of the temperature used. However, the rate at which the strain rate decreases with a more
negative ΔQ is affected by the temperature (Figure 6a), with the experiments conducted at elevated temperature
displaying a slower decrease with a decreasing ΔQ. In previous work which looked at the brittle creep of
sandstone, Brantut et al. (2014) established that the strain rate at a given value of ΔQ could be described by

ϵ̇creep ≈ ϵ̇0 exp(ΔQ/σ∗), (1)

Figure 4. (a) Differential stress plotted against inelastic axial strain for a constant strain rate (CSR) test, marked CSR (dots)
and three creep tests, marked Cp (lines), performed at room temperature. (b) The difference in differential stress between the
creep tests and the CSR test as a function of inelastic axial strain. (c) Axial strain rate plotted as a function of inelastic strain
for the creep experiments in (a). The black dashed line indicates a strain rate of 10− 5 s− 1 which is the strain rate of CSR
experiments and the loading phase of the creep experiments.
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where ϵ̇creep is the instantaneous strain rate during creep, ϵ̇0 is the reference strain rate from the CSR experiment
and σ∗ is an activation stress, which determines the stress dependency on the observed strain rate.

The concept of the stress deficit and what it represents when comparing creep and CSR experiments is explicitly
described by Brantut et al. (2014). However, in summary, the stress deficit corresponds to the difference in
irrecoverable work (or input energy) required to achieve some unit of inelastic strain. In our “fast CSR” ex-
periments the microstructural evidence presented in Jefferd et al. (2021) suggested that microfracturing and pore
collapse facilitated macroscopic compaction of the samples. These processes are essentially brittle in nature and
due to the short timescales involved are assumed to occur when the local stress intensity factor KI reaches some
critical value KIC, which is determined by the fracture toughness of a mineral. The magnitude of KI depends on
the local grain geometry and the applied external macroscopic stress. As the differential stress is lower during the
creep experiments than during the CSR experiments the average magnitude of KI must also be lowered, which
means that the stress deficit can also be thought of as a KI deficit.

In our experiments, the strain rate reduction as ΔQ decreases appears to be relatively temperature insensitive
when ΔQ is greater than approximately − 10MPa (Figure 6a). As ΔQ continues to becomes more negative the rate
of strain rate decrease is less at elevated temperature and this is reflected in the activation stress becoming greater
(activation stress is represented by the gradient of the curves in Figure 6a). Once ΔQ becomes less than − 10 MPa
the room temperature experiments have an activation stress of between 2.5 and 4 MPa, compared to values of
between 4.5 and 5.5 MPa at 75°C, and 5 and 6 MPa at 150°C. The increasing activation stress with increasing
temperature signifies that the stress sensitivity of the time‐dependent deformation is lower at higher temperatures.

Figure 5. (a) Differential stress plotted against inelastic axial strain for a constant strain rate (CSR) test, marked CSR (dots)
and three creep tests, marked Cp (lines), performed at 150°C. (b) The difference in differential stress between the creep tests
and the CSR test as a function of inelastic axial strain. (c) Axial strain rate plotted as a function of inelastic strain for the creep
experiments in (a). The black dashed line indicates a strain rate of 10− 5 s− 1 which is the strain rate of CSR experiments and the
loading phase of the creep experiments.
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In the work by Heap et al. (2015), an activation stress of around 4 MPa was determined for compaction creep
experiments performed on Bleurswiller sandstone at an effective pressure of 80 MPa and at room temperature.

From the strain rate curves (Figures 4 and 5) it is clear that not every sample followed the exact same evolution of
strain rate with increasing axial inelastic strain, as some experiments underwent a notable compactant event(s)
and some experiments did not. The variable evolution of strain rate with increasing axial strain between different
samples indicates that the microstructural evolution varies between samples in different experiments. To assess
how the strain rate evolves as a function of ΔQ when the samples are more microstructurally similar, the value of
ΔQ and the strain rate can be measured at 1% inelastic strain for each experiment (Figure 6b). Assuming that at
zero ΔQ the strain rate is 10− 5 s− 1. An activation stress of 3.3 MPa at room temperature, 4.9 MPa at 75°C and
6.5 MPa at 150°C was measured (Figure 6b).

The difference in the activation stress at different temperatures implies that at higher temperatures the strain rate is
less sensitive to an increase in ΔQ. Additionally, we observe that at lower values of ΔQ, the strain rate is less
dependent on temperature than when ΔQ is larger (Figure 6b).

The trend of strain rate as a function of ΔQ (Equation 1) is useful for comparing the sensitivity of a change in
stress to strain rate at a given temperature. These data can then be recast in terms of deformation rate versus
absolute differential stress, if we assume that ΔQ = 0 MPa corresponds to the reference strain rate of 10− 5 s− 1

(Figure 7). From the CSR tests, the differential stress required for a strain rate of 10− 5 s− 1 at 1% inelastic strain is
100 MPa at room temperature and 80 MPa at 150°C, reflecting a 20 MPa reduction. In contrast, at a strain rate of
10− 7 s− 1, the differential stress required is 85 MPa at room temperature and 53 MPa at 150°C, which is a dif-
ference of 32 MPa. At the intermediate temperature of 75°C, the stress difference to the room temperature test
changes from 11 MPa at 10− 5 s− 1 to 19 MPa at 10− 7 s− 1, showing that even a modest temperature increase of
55°C is enough to both weaken the rock in the short duration CSR experiments and also to alter the time‐
dependent behavior in the longer duration creep experiments. The larger stress differences observed at the
lower strain rates indicate that elevated temperature has a more pronounced weakening effect at lower defor-
mation rates.

Figure 6. (a) The axial strain rate plotted as a function of increasing ΔQ for the duration of the experiments. The blue lines
represent room temperature experiments, green line represent 75°C and red lines represent 150°C. (b) The markers indicate
both the axial strain rate and ΔQ at 1% inelastic strain. The lines represent an empirical model and are calculated using
Equation 1.
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The temperature dependency of the activation stress can be understood by considering the creep law (Equation 1)
as the macroscopic manifestation of thermally activated rate process. In that framework, the activation stress can
be written as

σ∗ ≈ C × RT /V∗, (2)

where R is the ideal gas constant, T is the absolute temperature, V∗ is an activation volume and C is a numerical
factor accounting for the geometry and statistics of the volume elements undergoing thermally activated defor-
mation (e.g., microcracks in the context of subcritical crack growth, see Brantut et al. (2014)). The activation
stress extracted from our data set seems to be proportional to temperature (Figure 8), with a mean factor V∗/C of
6.0 × 10− 4 m3/mol (with a range of 5.5–7.4 × 10− 4 m3/mol). This value is 6–20 times larger than the molar
volume of plagioclase feldspar and quartz, respectively, assuming C is of order unity or smaller. In the brittle
regime, Brantut et al. (2014) derived an explicit expression for the factor C for a wing‐crack like model, but it is
not fully clear whether that expression applies in the ductile regime, where grain crushing is likely more dominant.
That being said, Equation 17 of Brantut et al. (2014) suggests that C may be on the order of 0.01, i.e., much less
than 1. If C is indeed significantly smaller than 1, then the corresponding activation volume V∗ would be

Figure 7. The markers show the axial strain rate and differential stress at 1% inelastic strain. The lines represent an empirical
model, and are calculated using Equation 1. Included in black is the room temperature data from Heap et al. (2015).

Figure 8. The calculated activation stress from our experiments as a function of temperature. A line is added using the
relationship shown in Equation 2 and a V∗/C value of 6.0 ×10− 4 m3/mol.
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comparable to the molar volumes of the mineral constituents of the rock. This would imply that the rate‐limiting
step in the creep process operates on a scale incorporating a few molecules.

The degree of approximation made in the determination of activation stress, and the semi‐empirical nature of the
creep law (Equation 1) limits our ability to draw any strong conclusions regarding the deeper meaning of the
activation volume. Despite these limitations, our simple approach provides a consistent explanation for the
change in stress dependency at increasing temperature, and is consistent with more mechanistic models estab-
lished in the context of creep in the brittle regime driven by subcritical crack growth (Brantut et al., 2014).

5.4. Possible Temperature Sensitive Time‐Dependent Micro‐Mechanical Mechanisms

The creep experiments have demonstrated that sandstone deformation in the ductile regime exhibits a time de-
pendency in the temperature range of 20 to 150°C. The results show that the effect of elevated temperature on
time‐dependent deformation in the ductile regime appears to be twofold. Firstly, at a given differential stress the
observed strain rate is higher at 150°C than at room temperature and secondly, the stress sensitivity of the
decreasing strain rate with increasing axial strain is reduced.

Several micro‐mechanical mechanisms have been proposed to explain the development of inelastic sandstone
compaction under both laboratory conditions and in natural environments. For sandstones with a mixed miner-
alogy and containing small amounts of clay, such as the Bleursville sandstone used in this study, triaxial
deformation experiments have indicated that the deformation of grain boundaries and intergranular sliding is
likely the dominant inelastic deformation mechanism at smaller axial strains (<0.5%) (Bernabe et al., 1994; David
et al., 2001; Menéndez et al., 1996; Pijnenburg et al., 2018, 2019a). At higher axial strains (>0.5%), the primary
inelastic deformation mechanism likely transitions to intragranular cracking and cataclastic flow (Baud
et al., 2000; Bernabe et al., 1994; Heap et al., 2015;Menéndez et al., 1996;Wong et al., 1997). Typically, the onset
of widespread intragranular fracturing is observed as the stress‐strain relationship deviates away from linearity,
which is often at approximately 0.5%–1% axial strain (Menéndez et al., 1996; Wong & Baud, 1999).

Under an effective pressure of 100 MPa Bleursville sandstone has a macroscopic yield point (C∗) at approxi-
mately Q = 63 MPa at room temperature and Q = 48 MPa at 150°C (Jefferd et al., 2021). All but one of the creep
stresses used was higher than the respective yield stress and when the creep stress was below the yield stress, only
minimal additional inelastic strain was detectable (Figure 3).

The deformation of grain boundary structures and potentially any clay deposited there could contribute to the
deformation in the early stages of our experiments. The average grain size of Bleursville sandstone is approxi-
mately 100 microns, but the undeformed grain boundary thickness is of the order of a few microns (Jefferd
et al., 2021; Pijnenburg et al., 2019b). Therefore even if the entire grain boundary thickness was to be removed,
the total strain would not be able to reach much above 1% total strain. Furthermore, Pijnenburg et al. (2019b)
theoretically established that the thin nature of grain boundaries means that the compaction of the grain
boundaries, which is caused by the release of fluids from the internal clay structures, is likely instantaneous on the
time scale of these experiments. Clay deformation in the grain boundaries is therefore not likely to contribute
much to the inelastic strain occurring after 0.5% strain or in any of the time‐dependent deformation.

Our experiments indicate that the weakening at elevated temperature is enhanced at lower strain rates. This effect
could originate from thermally activated rate‐dependent friction between grain contacts. There is experimental
evidence that gouge material produced from Scholteren sandstone, (a sandstone compositionally akin to
Bleursville sandstone) exhibits velocity‐strengthening behavior, that is the friction coefficient is lower at slower
sliding velocities, in a ring‐shear set‐up (Arts et al., 2024; Hunfeld et al., 2017). Hunfeld et al. (2017) observed
that an increase in sliding velocity of 2 orders of magnitude resulted in an increase in friction coefficient from 0.58
to 0.62. Uncertainties remain however about how friction data produced on gouge in a ring shear set‐up can be
applied to compaction in the bulk granular sandstone. There is also currently no known experimental data which
has systematically assessed the role of temperature on the velocity‐strengthening observed, making it difficult to
conclude how internal friction may play a role in our experiments.

As mentioned previously, subcritical crack growth could be the dominant deformation mechanism producing
time‐dependent compaction creep in the conditions of our experiments. The accumulation of inelastic strain
through microcracking requires both of the serial operating processes of microcrack generation and growth, and
sliding on the newly formed microcracks. If we assume that the frictionally controlled sliding on the microcrack is
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not the rate controlling process and the microcrack formation is, we can say that the strain rate when grain
fracturing is involved is essentially the macroscopic manifestation of the microcrack growth velocities. As
described by Atkinson and Meredith (1981), subcritical cracking produces crack growth rates several orders of
magnitude lower than those generated by cracking at critical conditions. Therefore, at lower strain rates, where on
average the microcrack growth rate is slower, the contribution of subcritical cracking is expected to be larger.

The temperature dependence of the creep compaction rate, as described by the semi‐empirical Equation 1 and a
temperature‐dependent activation stress (Figure 8, Equation 2), is consistent with subcritical crack growth.
Double torsion experiments have shown that crack growth velocity is increased in quartzites (Atkinson, 1980) and
in sandstones containing other minerals including feldspars and clays (Nara et al., 2011). The work of Nara
et al. (2011) established that for the feldspar and clay rich Shirahama sandstone a temperature increase of a modest
30°C was sufficient to increase crack growth velocities by almost an order of magnitude. At lower effective
pressures under which sandstone deforms in a more macroscopically brittle manner, Heap, Baud, and Mer-
edith (2009) demonstrated using triaxial deformation experiments on three different sandstones that (a) a direct
weakening effect was observed when the deformation temperature was increased from room temperature to 75°C
at identical strain rates and that (b) the stress sensitivity on strain rate during stress stepping brittle creep ex-
periments was reduced. Both points are similar to what we observed in our experiments.

From a theoretical point of view, the two‐fold effect of temperature on creep rate is also consistent with estab-
lished subcritical cracking models. For instance, as described byWiederhorn (1974), the crack growth rate (ν) due
to subcritical cracking facilitated by stress corrosion, follows the form,

ν = ν0 exp[−
ΔH + 2V∗KI/

̅̅̅̅̅
πρ

√

RT
], (3)

where ν0 is a pre‐exponential factor, ΔH is an activation enthalpy, R is the gas constant, T is the absolute
temperature, KI is the stress intensity factor, V∗ is an activation volume and ρ the radius of the crack tip.
Increasing the temperature impacts crack velocity via both the activation enthalpy, which provides a direct in-
crease in ν, and via the activation volume, which reduces the KI sensitivity and thus the stress sensitivity of ν.
These effects are qualitatively similar to our results and our semi‐empirical creep law (Figure 7), and are in line
with previous results obtained in the brittle creep regime (Brantut et al., 2014). Equation 3 also highlights how an
increase in the stress deficit (ΔQ) corresponds to a decrease in the strain rate. At a given microstructural state, the
cracks with the lowest KI deficit will continue to grow the fastest. After the “easy” cracks break, the remaining
cracks have a greater KI deficit and will grow slower, which corresponds to a lower strain rate.

An additional deformation process which could lead to the time‐dependent compaction observed in our exper-
iments is intergranular pressure solution. Deformation via pressure solution is driven by the dissolution of ma-
terial at highly stressed grain interfaces followed by the diffusion of the material through pore wall fluid films and
finally the precipitation of material at lower stressed grain boundaries (e.g., Niemeijer et al., 2002; Rutter, 1976).
The rate of deformation associated with pressure solution results from the slowest operating process out of;
dissolution, diffusion and precipitation, and in a pure quartz system the rate controlling process is likely the rate of
dissolution (Renard et al., 2000). It is anticipated that at depths greater than 5 km in the crust, intergranular
pressure solution may well be the dominant driving force of time‐dependent deformation (Niemeijer et al., 2002;
Rutter, 1976; Spiers et al., 2003). Pressure solution is known to have a temperature dependence and 150°C is
regularly assumed to be toward the lower bound temperature of detectability in quartz rich rocks (e.g., Niemeijer
et al., 2002; Rutter, 1976). Various attempts have been made to establish kinetic based models for the rate of
pressure solution and by using the model of Pluymakers and Spiers (2015), we can calculate an estimated strain
rate of diffusion controlled pressure solution (ϵ̇ps) for a quartz based system of imperfectly packed, granular
aggregate, which is given by

˙ϵps =
As

d
Is[exp(

σe
nΩ
RT

Z
F

q
q − 2ϕ

) − 1], (4)

where As is a geometric factor and is equal to 6 for 3D isotropic compaction and 2 for 1D compaction (Pluymakers
& Spiers, 2015), d is the mean grain size, σe

n is the effective macroscopic normal stress and can therefore be given
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by σ1 − Pp, Ω is the molar volume of quartz, R is the gas constant, T is the absolute temperature, Z is the grain
coordination number and can be equated to 6 for a cubic system (X. Zhang et al., 2010), F is the grain shape factor
and can be equated to π for spherical grains (Pluymakers & Spiers, 2015), q is a geometric term that equals double
the maximum porosity of a pack of regular spherical grains at the point where the grains are just touching (i.e., 0.8
to 0.1) (Pluymakers & Spiers, 2015), ϕ is the porosity, and Is is the dissolution rate constant and can be given by
αk+Ω. α corresponds to a grain boundary shape factor and can be assumed to equal 0.9 (van Noort et al., 2008). k+
is the geochemical dissolution rate constant for the unstressed solid, which for quartz has a value of 0.1–1
×10− 5 mol m− 2 s− 1 at 150°C (R. Zhang et al., 2015). Using Equation 4, the strain rate for a pure quartz system
with a grain size of 120 microns is likely on the order of high 10− 10 s− 1 and 10− 13 s− 1 at 150°C and 20°C,
respectively.

When using Equation 4 to calculate the strain rate due to pressure solution we assume that there is no minimum
temperature at which pressure solution can occur. We also neglect the possible existence of a minimum threshold
stress below which the rate of pressure solution is zero (van Noort et al., 2008). We also acknowledge that the rate
of pressure solution calculated for a pure quartz based system may be lower than in a polymineralic system with
quartz, feldspar and clays present. The dissolution, diffusion and precipitation rate of quartz may be locally
increased by 2 orders of magnitude if clay or mica is present next to quartz in the grain boundary (Gundersen
et al., 2002; Oelkers et al., 2000; Renard et al., 1997). In any case, the deformation rate from pressure solution is
typically lower than the lowest rate achieved in our experiments, making this process unlikely to play a significant
role in the conditions tested.

5.5. Extrapolation to Low Stress States

Our laboratory results can be extrapolated to longer time‐scales by combining the two existing creep laws (from
subcritical cracking and pressure solution) into a composite creep law. In a system where two or more inde-
pendent deformation processes are operating in parallel to one another, the macroscopic strain rate is controlled by
the fastest deformation mechanism. To determine under what conditions subcritical cracking or pressure solution
might be the rate‐controlling deformation process, we constructed a composite creep law based on the applied
stress and the grain size of the material, summing the contribution of each deformation mechanism to compute the
total strain rate. The strain rate expected solely from pressure solution is calculated from Equation 4 and the strain
rate expected as a result of stress corrosion cracking is calculated by inserting the obtained values of the activation
stresses shown in Figure 7 into Equation 1, which translates to

ϵ̇ = 1 × 10− 5 exp (
Q − 99
3.3

), (5)

at room temperature and

ϵ̇ = 1 × 10− 5 exp (
Q − 80
6.5

), (6)

at 150°C.

The total strain rate predicted at both temperatures is dominated by the subcritical cracking process at high stress,
and switches gradually to pressure‐solution at lower stress (Figure 9). At 150°C, our simple extrapolation of the
subcritical cracking creep law implies that pressure solution should not be dominant even at stresses as low as a
few 10s of MPa. At ambient temperature, the switch to pressure‐solution is anticipated at strain rates of the order
of 10− 13/s, which reinforces the above conclusion that pressure solution is unlikely to be playing a role in the
deformation of Bleursville sandstone even at the lowest strain rates reached in our experiments.

A further factor to consider with the interpretation of the predicted strain rates in Figure 9 is that the strain rates
calculated using Equations 4–6 only represent the strain rates at a specific chosen microstructural condition,
which we simplify as given by a constant strain. The calculations for the rate of subcritical cracking were based on
the stress strain rate relationship at 1% axial inelastic strain and therefore do not capture the decrease in strain rate
due to the increasing difficulty of producing cracks and crushing grains as strain increases. However, the acti-
vation stresses obtained in Figure 6a were comparable to those obtained at 1% strain in Figure 6b. It is therefore
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probable that they should hold true for at least a few percent strain. Likewise, the stress amplification factor (B)
and the grain packing factor (f ) in Equation 4 will also decrease with strain, leading to a reduction in the pressure
solution strain rate.

While our extrapolations have suggested that at the temperature and pressure ranges used in our experiments,
pressure solution is not a dominant driving source of deformation, one important aspect that has not been
explicitly considered is grain size. Equation 3 demonstrates that the rate of subcritical crack growth is determined
by the local stress intensity factorKI and is therefore affected by the macroscopic applied stress, the grain size and
grain shape. Additionally, the rate of pressure solution is known to be highly grain size dependent. For example,
reducing the grain size in 4 by a factor of 10 to 12 microns increases the calculated pressure solution rate from
high 10− 10 s− 1 to mid 10− 9 s− 1. While the grain size of Bleursville sandstone is fairly regular at about 100–120
microns, there are some much smaller grains present (Jefferd et al., 2021). It is therefore possible that some of the
smaller grains may be deforming via pressure solution while the larger grains deform via stress corrosion
cracking. However, in the absence of a more complete creep law for subcritical cracking that would include grain
size, composition and porosity, it is difficult to fully extrapolate our simple stress corrosion model to very low
stresses and strain rates or to sandstones of different microstructural characteristics. Overall, the extrapolation
indicates a dominance of subcritical cracking processes at elevated temperature, but this is subject to caution since
the empirical relationship (1) has only experimental support for low stress deficits (a few tens of MPa).

5.6. Implications for Crustal Deformation Processes

Crustal strain rates involving sandstone deformation can cover many orders of magnitude. For example, the
generation of compactant deformation bands in fault damage zones during dynamic seismic events may occur in
under a second (Aben et al., 2017), whereas anthropogenic induced compaction of reservoir rocks through hy-
drocarbon extraction typically operates over decadal time‐scales. In turn, however, this human induced
compaction is still many orders of magnitude faster than natural diagenesis or tectonic loading (Mazzotti &
Gueydan, 2018).

The extrapolations of the empirical creep rates obtained in the laboratory combined with theoretical pressure
solution laws suggest that at typical crustal strain rates of 10− 13 s− 1 to 10− 14 s− 1 it would appear that the dominant
long term deformation mechanism would be pressure solution at an effective pressure of 100 MPa and a tem-
perature of 150°C. However, when crustal deformation occurs at higher strain rates, such as after a seismic event
or during the depletion of reservoirs, it is possible that deformation may be caused by subcritical cracking.
Deformation bands or compaction bands are often thought to occur in the compactant quadrant of a damage zone
surrounding a fault (Fossen et al., 2007; Torabi et al., 2021). From micostructural analysis (Aben et al., 2017;
Bésuelle & Rudnicki, 2004) it is clear that the formation of deformation bands involves the fracturing and
breaking of grains, something which cannot be facilitated by pressure solution. As subcritical cracking can lead to

Figure 9. An extrapolation of the empirical creep rates obtained in the laboratory combined with the calculated pressure
solution rates for Bleursville sandstone at an effective pressure of 100MPa. At a temperature of 20°C (blue), 75°C (green) or
150°C (red). Included in circles is the measured strain rate at 1% axial inelastic strain from the experiments.
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the fracturing of grains in the compactant regime (Heap et al., 2015) it is possible that deformation bands can be
formed or at least grow in a time‐dependent manner and are therefore sensitive to temperature.

Many instances of sandstone compaction which are of importance to humans occur as a result of hydrocarbon
extraction and geo‐storage practices. Typically, the depths of the hydrocarbon reservoirs is around 2–4 km where
the effective pressures and temperatures are lower than in this study (Pijnenburg et al., 2018). The operational
duration of a reservoir is also much shorter than typical geological timescales and therefore the measured
compactant strain rates can be of the order of 10− 11 s− 1 to 10− 12 s− 1 (e.g., NAM (2016)). A reduction in depth, and
therefore temperature, has been shown to suppress pressure solution more than subcritical cracking, therefore, it is
possible that in certain reservoir settings, subcritical cracking may play a role in generating inelastic compaction.
It is also recognized that all of our experiments were performed with water as the pore fluid, whereas in the crust,
both the natural and human introduced fluids will have greatly different chemical properties and pH; and therefore
may impact stress corrosion cracking and pressure solution differently.

The work by Jefferd et al. (2021), demonstrated that an elevated temperature of 150°C weakens sandstones even
over short term time‐scales. Here, we have shown that over longer timescales, the effect of elevated temperature
becomes even more pronounced as time‐dependent deformation mechanisms start to play a role. The two main
observations are that (a) at higher temperatures the stress level required for any (measurable) inelastic time‐
dependent deformation is lowered, and that (b) the stress dependence on time‐dependent deformation is
reduced at higher temperatures. It is therefore important that any models which take into account inelastic
sandstone deformation over long periods of time include the effect of temperature when calculating the expected
strain rates due to time‐dependent processes.

6. Conclusions
We presented results from a series of compactant creep experiments performed at either room temperature, 75°C
or 150°C at a constant effective pressure of 100 MPa on Bleursville sandstone. Different values of differential
stress were used in each experiment to establish the stress sensitivity of creep at each tested temperature. In all
conditions, experiments showed a decreasing axial strain rate with axial strain increased. At differential stresses
between 55 and 75 MPa, the experiments performed at 75°C or 150°C continued to creep at detectable levels,
whereas at room temperature, strain rates fell below the measurable limit of 10− 8 s− 1. At any given differential
stress, creep rates were faster at elevated temperatures (75°C or 150°C) than at room temperature. In addition, the
stress sensitivity of creep decreased with increasing temperature, as measured by an increase in the empirically
derived “activation stress” from 3.3 MPa at room temperature to 4.9 MPa at 75°C and 6.5 MPa at 150°C. The
change in stress sensitivity of creep with increasing temperature can be interpreted in terms of an activation
volume for the creep process, which is found to be commensurate with the molecular volume of the mineral
constituents of the tested rock. The overall phenomenology of creep in the compactant, ductile regime is
consistent with a mechanism driven by subcritical crack growth. In particular, the increased strain rate at higher
temperatures can be attributed to an increase in subcritical crack growth velocities, which is in line with previous
experimental work in the brittle creep regime. By comparing the derived empirical relationship of subcritical
cracking with theoretical models of pressure solution it was concluded that pressure solution likely controls the
rate of sandstone compaction over long geological timescales (at strain rates of 10− 9 s− 1 or below), the rate of
subcritical cracking is likely sufficient to influence crustal deformation or reservoir mechanics at intermediate
strain rates (10− 9 s− 1 and above). The rates of subcritical cracking were observed to have a temperature de-
pendency and should be integrated into future models examining sandstone compaction and deformation under
varying thermal conditions.
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Erratum
The originally published version of this article contained a typographical error. Figure 9 has been replaced to
include the axis labels and numbers. This may be considered the authoritative version of record.
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