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Abstract 

Geothermal energy production often involves use of corrosion inhibitors. We per‑
formed rock mechanical experiments (room temperature; confining pressure of 
10/20/30 MPa) on typical reservoir rocks (Bentheim sandstone and Treuchtlinger lime‑
stone) in contact with two different inhibitor solutions or with demineralized water. 
The sandstone experiments show no discernible difference in rock strength between 
inhibitors or water, attributed to low quartz reactivity. The limestone experiments show 
a significant difference in rock strength (and Mohr–Coulomb envelope), dependent 
on inhibitor type, attributed to high carbonate reactivity. This implies that, depending 
on the reactivity of the rocks and local stress conditions, inhibitor leakage may lead to 
unpredicted reservoir failure.

Highlights 

– Triaxial tests of Bentheim sandstone and Treuchtlinger limestone are done at 
~20°C.

– Mohr-Coulomb envelope for sandstone not affected by inhibitors (3000 ppm).
– Limestone strength oppositely affected by 2 inhibitors compared to water.
– Sandstone reservoirs no change in risk of failure due to inhibitor leakage.
– Limestone reservoir show an increased risk of failure due to inhibitor leakage.

Keywords: Corrosion inhibitor, Physical rock properties, Rock–fluid interaction, 
Experimental rock mechanics

Introduction
Many low to moderate temperature geothermal systems in sedimentary aquifers com-
prise either sandstone or limestone reservoir rocks (Buijze et al. 2019). For example, in 
North-West Europe, geothermal systems in limestone reservoirs are common in the 
Molasse basin (Moeck et  al. 2020) and the Paris basin (Regnet et  al. 2015). Currently, 
the majority of Dutch geothermal systems are in sandstone reservoirs, and limestone 
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formations are promising targets for future systems (Boxem et al. 2015; Dutch Associa-
tion of Geothermal Operators (DAGO) 2018). In geothermal operations, hydrothermal 
fluid is extracted from the subsurface. This produced fluid can contain corrosive species 
(Nogara and Zarrouk 2018). When the steel well casing, or other parts of the geother-
mal plant come into contact with this fluid, they can deteriorate due to corrosion (e.g., 
Mundhenk et  al. 2013). This can lead to production problems and may require costly 
workovers. To prevent such problems, geothermal operators typically apply corrosion 
inhibitors. These inhibitors are designed to retard or prevent the chemical interactions 
leading to corrosion (Kelland 2014). A type of corrosion inhibitor that is often applied 
in geothermal operations is the film-forming corrosion inhibitor (e.g., Ghaziof et  al. 
2018; Huttenloch et  al. 2021; Watering and Veld 2019). This type of inhibitor adsorbs 
to the metal surface and forms a protective barrier that physically prevents corrosive 
chemicals from contact and interaction with the metal surface (McMahon 1991). Many 
film-forming corrosion inhibitors are organic amphiphiles (surfactants) with a nitrogen-
based polar headgroup and an apolar carbon-based hydrophobic tail (Watering and 
Veld 2019). The polar head interacts with the iron atoms on the surface. The tails will 
interact with components in the fluid, and form a film to create a barrier to the cor-
rosive elements (Kelland 2014). When used in a production scenario, corrosion inhibi-
tors are continuously injected in the production well (Watering and Veld 2019). This way 
the protective inhibitor film can form along the fluid path. When corrosion inhibitor is 
applied in geothermal operations, the injected concentration is usually up to 15 parts per 
million (ppm), and there is a small risk of inhibitor solution leaking into the geothermal 
reservoir (Watering and Veld 2019). It would be beneficial to know if there is an addi-
tional mechanical danger involved with corrosion inhibitors seeping into the reservoir 
given how frequently they are used. If a chemical agent would alter the absolute strength 
of the reservoir rock, unexpected fracturing could occur. This in turn has the potential to 
increase permeability, and thereby uncertainty with respect to doublet lifetime. Moreo-
ver, the fracturing of rock may lead to induced seismicity which has been a reason to 
discontinue production in numerous locations (Buijze et al. 2019).

Fracturing of rock is governed by stress-induced growth of micro-cracks and flaws, 
as described by Griffith’s theory of fracture (Jaeger et  al. 2007). As these flaws grow, 
they link together with other flaws to form macroscopic fractures, which is supported 
by both microstructural analysis of rock samples in different failure stages (e.g., Barn-
hoorn et al. 2010; Bruno and Nelson 1991; Hallbauer et al. 1973) and the high amount 
of microfractures observed near macroscopic fractures (Fossen 2010). The strength of a 
rock is thereby controlled by the initial presence of flaws and nucleation points of cracks, 
and how easily these flaws grow into a macroscopic fracture. Rock strength is usually 
affected by the presence of water. Generally speaking, limestone rocks (i.e., calcite based) 
are more reactive and soluble (Sjöberg and Rickard 1984) than sandstone rocks (i.e., 
quartz based) (Rimstidt and Barnes 1980). Despite this general inertness of quartz, sand-
stone rock strength is usually (but not always) reduced when the rock is in contact with 
water (up to 39%, see Baud et al. 2000; Hadizadeh and Law 1991; Heap et al. 2018). For 
sandstones, the strength reduction is commonly attributed to the reduction in specific 
surface-free energy, especially in clay-rich sandstones (Heap et  al. 2018). Sandstones 
are mostly negatively charged at the surface (Hilner et  al. 2015; Shehata et  al. 2015). 
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Mechanical testing of sandstone at room temperature using brines representative for 
geothermal sandstone reservoirs showed no additional effects of brine composition (rel-
ative to the water-wet strength) (Heap et al. 2018). Limestone often shows water-weak-
ening (up to 30%, see amonst others, Castagna et al. 2018; Lisabeth and Zhu 2015; Rutter 
1972a), and brines are shown to have an additional mechanochemical effect (Heggheim 
et al. 2005; Madland et al. 2011; Megawati et al. 2013; Pluymakers et al. 2021). The pres-
ence or absence of a mechanochemical effect is generally attributed to the reactivity of 
the constituents and their chemical reactivity (e.g., solubility) in the presence of water. 
For instance, water-weakening by dissolution and precipitation can strongly affect the 
mechanical rock strength. This process is controlled by the presence of common ions in 
the brine solution (Heggheim et al. 2005). However, not all changes in mechanical lime-
stone rock behaviour can be attributed to dissolution or mineral reactions even though 
the exact nature of the involved mechanisms are not yet fully understood (Pluymak-
ers et al. 2021). A limestone surface is usually slightly positively charged (Bassioni and 
Taha Taqvi 2015), and experiments on chalk in combination with brines suggest that ion 
adsorption to the mineral surface alters the surface charge which impacts the mechani-
cal behaviour (Megawati et al. 2013).

Given the importance of limestone and sandstone reservoirs for the geothermal indus-
try, the frequent use of inhibitors and the different potential for mechanochemical 
effects of these common reservoir rocks, we set out to experimentally investigate how 
exposure to two commonly used corrosion inhibitors affects the mechanical proper-
ties of sandstone and limestone rocks. The tested specimens are analogues to geother-
mal reservoir rocks. Since these inhibitors are specifically aimed at adsorption and the 
formation of fluid films on material surfaces, we hypothesize they could be capable of 
influencing the mechanical behaviour of rocks as well, which in the end is governed by 
interactions between mineral surfaces. To our knowledge, there is no literature regard-
ing any interaction between rocks and inhibitor fluids, even though the consequences 
are potentially significant. Therefore, we have performed standard triaxial compressive 
tests on representative sandstone and limestone rocks in combination with demineral-
ized water or inhibitor solutions. Comparable triaxial tests have been performed on res-
ervoir rock analogues (e.g., Egert et al. 2018; Rudnicki 2004; Rutter and Glover 2012; Zhu 
et al. 1997). In this work, we use an exaggerated inhibitor concentration of 3000 ppm 
and two different commercially available corrosion inhibitors.

Methodology
We performed standard compressive triaxial tests on Treuchtlinger Marmor (limestone) 
and Bentheim sandstone samples. All experiments are listed in Table 2. For each rock 
type, we performed three test series using different fluid solutions for each series: DI 
water, commercial inhibitor type 1 and type 2 (see Table 3 for the compositions of inhib-
itor type 1 and 2). In each series experiments were performed at a confining pressure of 
10, 20 or 30 MPa and room temperature (approximately 20 °C).

In our experiment, the inhibitor concentration is high compared to the injection 
rate used by field operators in geothermal operations. These high concentrations could 
occur if the inhibitor agent accumulates in the reservoir, as mentioned by Zotzmann 
et  al. (2018). In this section, we propose a back-of-the-envelope calculation (Eq.  1) to 
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demonstrate how long it would take for the inhibitor to accumulate to a concentration 
equal to our test concentration of 3000 ppm. In this scenario, we assume that all the cor-
rosion inhibitor that is injected at the production well will eventually reach the reservoir 
at the same concentration of 15 ppm, i.e., a worst-case scenario where no inhibitor reacts 
inside the wellbore. As a consequence, the injected fluid will spread out radially from the 
wellbore in the reservoir. Since corrosion inhibitor is specifically designed to adsorb to 
solid surfaces, we assume that it adsorbs and accumulates near the wellbore, both verti-
cally and laterally. We assume it spreads vertically in a layer with a thickness of 10 m, 
and that it will adsorb laterally to the reservoir rock within a 50 m radius of the injection 
well. We furthermore assume that the reservoir is homogenous and that all pores are 
connected. These assumptions then leads to the following simple equation describing 
the time (T) it takes for the inhibitor accumulation to reach our test concentration.

where r is the deposition radius of the inhibitor, h is the reservoir height, φ is the res-
ervoir porosity,  qi is the production and injection rate,  ci is the concentration of the 
injected corrosion inhibitor, and  cd is the corrosion inhibitor concentration in the sub-
surface. Values for all these variables in Eq.  1 are listed in Table  1. The reservoir and 
operation parameters in our calculation are of a similar order of magnitude to the mod-
els described by e.g., Daniilidis et  al. (2021). The corrosion inhibitor dose is obtained 
from Watering and Veld (2019). Using these numbers provides an estimate that it could 
take approximately 2.7 years for the inhibitor to accumulate to the downhole concentra-
tion used in our experiment.

The Bentheim Sandstone is used as an example reservoir analogue for potential 
sandstone geothermal reservoirs, and the Treuchtlinger Marmor as an example reser-
voir analogue for potential carbonate geothermal reservoirs (Dinantian). Note that the 
Dinantian carbonates are geothermal targets in the Netherlands (Boxem et  al. 2015), 
and Upper Jurassic carbonate rock is a geothermal target in the southwest Bavarian 
Molasse Basin in Germany (Mijnlieff 2020). All samples had a diameter of 29.6 mm, and 
a length of ~ 60 mm, i.e., a length to diameter ratio of 2:1. Samples ends were polished to 
be plane-parallel within 100 µm. Increased porosity exerts a large weakening influence 
on rock strength (Baud et al. 2014; Carbillet et al. 2021; Zhang et al. 1990). Before test-
ing, the porosity of each individual sample was measured with a He-pycnometer after 
24 h + of drying in a 60 °C oven.

(1)T =

(

π × r2 × h× ϕ
)

(qi × ci)
× cd(365× 24)−1

Table 1 list of variables used in the calculation of the corrosion inhibitor accumulation

Variable Symbol Value

Production and injection rate qi 100  m3/hr

Reservoir thickness h 10 m

Reservoir porosity ϕ 15%

Corrosion inhibitor deposition radius r 50 m

Corrosion inhibitor dose ci 15 ppm

Final downhole inhibitor concentration cd 3000 ppm
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The Bentheim Sandstone is a member of the Vlieland Sandstone formation (Early Cre-
taceous) (Dubelaar and Nijland 2015). This formation is of Valanginian age. It is a quartz-
rich (> 90%) sandstone with minor amounts of feldspar and clay, and trace amounts of 
pyrite and other iron minerals (Klein et al. 2001; Peksa et al. 2015). Grain size has been 
reported to be homogenously distributed, with a median grain size 200–330 µm (Peksa 
et al. 2015). It is considered a homogeneous sandstone. Our samples exhibited a narrow 
range of porosity of 26–27.3%. Bentheim sandstone is a well-characterized sandstone, 
which has been frequently used in rock mechanics experiments (e.g., Bakker and Barn-
hoorn 2019; Blöcher et al. 2014; Klein et al. 2001; Klein and Reuschle 2003; Peksa et al. 
2015). After performing the deformation experiment a selection of samples were made 
into thin sections. These sections were analyzed using transmitted light microscopy. A 
part of the sample far away from the main damage zone is used as an indication of the 
microstructure of the starting material (Fig. 1a). Based on the thin sections, the samples 
consist mainly of monocrystalline quartz with trace amounts of opaque minerals, likely 
hematite or goethite (< 1%). It is a moderately sorted sandstone, with most grains rang-
ing from 0.1 mm to 0.5 mm. The grains have a subangular to subrounded shape, with 
occasional traces of fluid inclusions and/or microcracks. These observations are in line 
with the description given in Peksa et al. (2015). Repeatability experiments show a maxi-
mum strength variation of only 4.2 MPa, which is less than  < 4% of sample strength.

The Treuchtlinger Marmor is also known as Jura-Marmor, Jura-Kalkstein and Treuch-
tling Marble. Despite the name "Treuchtlinger Marmor", this rock is actually of sedi-
mentary origin (Niebuhr and Pürner 2014). The Treuchtlingen Formation belongs to the 
Late Jurrasic (Middle Kimmeridgian, also known as the White Jura) (Mönnig 2006). In 
outcrop, it is light-yellow to blue-grey, fossil-rich  and fine-grained. It is characterized 
by thick and well-bedded silicate-sponge biostromes with abundant Tubiphytes (Koch 
and Weiss 2005). An example of the initial microstructure is shown in Fig.  1b. The 
Treuchtlinger Marmor samples used in this experiment were collected from an aban-
doned quarry near Ingolstadt, Germany. Carbonates are often highly heterogeneous, 
and to ensure sample-to-sample-comparability, all samples are hand-picked from adja-
cent blocks to be similar in looks, porosity and density. Initial porosity was between 7.7 
and 10.3%. Repeatability experiments show a strength variation of only 2–5 MPa, which 
is less than  < 3.5% of sample strength.

Fig. 1 Overview thin section starting material, obtained from thin sections of damaged samples but taken 
far away from the damage zone, for a Bentheim sandstone (BS‑09) and b Treuchtlinger Marmor (TM2‑3)
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The fluids used were either demineralised water, or solutions made with one of the 
two inhibitor solutions at 3000 ppm. This concentration was accomplished in two steps 
of weight-based dilution of the pure inhibitor with demineralised water. First, 10 g (g) 
inhibitor was mixed with 90 g demineralised water, and 30 g from the resulting mixture 
was mixed with 970 g of demineralised water.

One day prior to testing, four oven-dry samples were immersed in a beaker filled with 
500 millilitre (ml) of the targeted fluid (i.e., demineralised water, inhibitor 1 or inhibitor 
2). The beaker filled with the submerged samples was then placed in a vacuum desiccator 
and left under vacuum for approximately 30 min, until no more bubbles appeared, taken 
as the sign of saturation. The bath was covered with several layers of cling film, ensuring 
no evaporation could take place, and the samples were left at room conditions for 16 to 
24 h. Note that during this time minor calcium carbonate  (CaCO3) dissolution can take 
place, which could potentially slightly weaken the samples (Lisabeth and Zhu 2015). To 
check if a chemical reaction occurred (dissolution or precipitation), the pH value of the 
solutions was measured before and after the overnight saturation period, using measure-
ment strips with a resolution of ± 0.5. Post-bathing, pre-experimental sample weighing 
indicated that the porosity reached 75–100% saturation. Prior to testing the inhibitor 
1 solution had a pH of 6.5 and the solution of inhibitor 2 had an initial pH of 5.5. For 
the sandstone no change in pH was measured, indicating that no dissolution took place. 
For the limestone samples, a change in pH was measured after the overnight saturation 
period. The pH of both solutions increased to 7.0.

To perform the triaxial tests, we used a commercially available Hoek cell (Hoek and 
Franklin 1968), loaded into a loading frame equipped with an internal load cell with a 
range of 500 kN. An external direct displacement syringe pump (ISCO 65D) controls 
the confining pressure inside the Hoek cell with 0.5% accuracy. Piston displacement was 
measured using two high-precision linear variable differential transformers with a 2 mm 
range (LVDT). After the saturation period, the sample was placed inside the Hoek cell 
and the loading frame. Once the Hoek cell was in place, LVDT’s were placed and the 
confining pressure and axial load were increased in an alternating fashion. The axial load 
was kept between 1.4 and 4.2 MPa above the confining pressure (i.e., within the elastic 
regime of both sample types). Once the targeted confining pressure was reached, the 
sample was left to settle for ~ 15 min. The experiment began by loading the sample at a 
constant displacement rate, which coincided with an axial strain rate of  10–5  s−1. During 
the experiment the relative piston displacement, the axial force, the confining pressure 
and the fluid flow-rate from the ISCO pump were logged at 1 s intervals. All experiments 
were performed under drained conditions without additional pore fluid pressure. As a 
result the compressive action did not affect pore pressure, and the resulting stress equals 
the effective stress. Loading continued until the measured axial load dropped abruptly, 
indicating that macroscopic sample failure occurred. As soon as the samples failed, the 
unloading process was initiated, which followed a procedure opposite to the loading 
process. This method is, therefore, not suitable to study the effect of fluid on post-peak 
residual strength of these samples. During unloading, axial load was kept approxi-
mately 7.1 MPa above the confining pressure. Once a confining pressure of 0.3 MPa was 
reached, the sample was unloaded and demounted. The samples were removed as care-
fully as possible. After every test run, any part that had been in contact with pore-fluid 
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was thoroughly cleaned with demineralized water and ethanol, and afterwards dried, to 
ensure no cross-contamination of pore fluids.

Note that, though the Hoek cell has advantages in terms of quick sample placement 
and operability, slight modifications in microstructure due to removal of the sample 
from the sleeve cannot be excluded, as the samples may be further damaged as they are 
removed from the sleeve. Our microstructural efforts pertained mainly to the limestone 
samples due to the significant mechanochemical effect of fluids. Selected samples are 
scanned post-experimentally with a NanoTom microtomography-scanner (commonly 
referred to as a CT-scanner). In a CT-scanner, x-rays are used to obtain a non-invasive 
internal image of the scanned objects. We used an operating voltage of 180  kV and a 
current of 0.5 mA. The images have a voxel size of (28 µm)3 or (56 µm)3. The follow-
ing samples were scanned: BS-17 (voxelsize 28 µm), TM2-4 (voxelsize 56 µm), TM2-5 
(voxelsize 56 µm) TM2-8 (voxelsize 28 µm), TM3-6 (voxelsize 28 µm) and TM3-1 (vox-
elsize 56 µm). Sample BS-09  (Pc 20 MPa, tested with water), TM4-2  (Pc 20 MPa, tested 
with water), TM2-2  (Pc 20 MPa, tested with inhibitor 1) and TM2-3  (Pc 20 MPa, tested 
with inhibitor 2) are impregnated with blue epoxy resin, and imaged using optical light 
microscopy.

Compressive stress and compressive axial strain are defined as positive. The principal 
normal stresses are denoted as σi with σ1 > σ2 = σ3 = Pc where σ1 is the axial stress and 
Pc is the confining pressure. The differential stress is denoted as σdiff = σ1 − σ3 . The rock 
strength is defined as the peak differential stress (σdiff )max . The axial strain is the ratio of 
the change in sample length over the original sample length. The axial strain is denoted 
as ǫ1 = dL/L0 . The slope of the linear part of the stress—strain curve is used to deter-
mine the Young’s Modulus (denoted as E). We have used the Mohr–Coulomb failure cri-
terion to characterize the experimental results, defined by |τ| = S0 + µσn , where τ is the 
shear stress, S0 stands for the cohesion, and µ is the coefficient of friction and σn is the 
normal stress (Jaeger et al. 2007).

Results
Sandstone

The stress–strain curves are shown in Fig. 2. At all confining pressures, failure occurred 
brittle, marked by an abrupt drop in the axial load. Values for strength and Young’s 
Modulus are given in Table 2. The values for the sandstone Young’s modulus range from 
21.6 to 25.1 GPa, without any dependence on fluid type and a slight positive trend with 
increasing confining pressure. Repeat experiments were performed at 10 MPa for inhibi-
tor 1 and 2, and the range in sandstone rock strength at this confining pressure is 4 MPa, 
less than 3.5% of peak strength. At all confining pressures, the variation of rock strength 
between the different fluids is within this range, independent of fluid type.

The Mohr–Coulomb failure criteria for all three fluid types are constructed with the 
peak stresses (Fig. 3). The corresponding values for S0 are 20 ± 3; 18 ± 3 and 19 ± 3 MPa, 
respectively, for demineralised water, inhibitor 1 and inhibitor 2. The friction coefficient 
µ is 0.80 ± 0.07; 0.80 ± 0.07 and 0.81 ± 0.06, respectively. From these results, it is clear 
that the exposure to inhibitor 1 or inhibitor 2 compared to exposure to demineralised 
water had no discernible effect on any of the mechanical rock parameters, which is in 
line with the lack of change to the pH during the overnight bath.



Page 8 of 22Kortram et al. Geothermal Energy           (2023) 11:17 

Fig. 2 Sample strain (axial) versus differential stress (σdiff) curves for Bentheim sandstone samples, obtained 
at different confining pressures  (Pc). Legend is the same for all three panels and shown in panel c. To improve 
readability, the repeat experiments (performed at 10 MPa) are assigned a purple colour instead of yellow. 
Stress–strain curves are not influenced by fluid type. a sandstone with water; b sandstone with inhibitor 1 
(3000 ppm); c sandstone with inhibitor 2 (3000 ppm)

Table 2 Experimental conditions and main characteristics of all experiments

E is the Youngs Modulus,  S0 the cohesion and µ the friction coefficient obtained from the Mohr–Coulomb failure criterion. TS 
and CT indicate whether ‘thin sections’ or ‘computerized tomographic scans’ were made, respectively

Sample 
number

Fluid Pc [MPa] Porosity 
[%]

Density 
(kg/m3)

(σdiff)max 
[MPa]

E [GPa] S0 
[MPa]

µ [−] CT/TS

Bentheim sandstone

 BS‑05 DI 30 26.5 2.03 176.7 24.5 20 ± 3 0.80 ± 0.07

 BS‑09 DI 20 26.9 2.03 148.9 24.1 TS

 BS‑07 DI 10 26.7 2.03 110.3 23.5

 BS‑04 1 30 26.0 2.06 173.8 24.6 18 ± 3 0.80 ± 0.07

 BS‑01 1 20 26.8 2.02 144.8 24.4 TS

 BS‑10 1 10 27.3 2.01 106.5 21.6

 BS‑11 1 10 26.7 2.01 110.7 23.1

 BS‑17 2 30 27.1 2.02 177.3 25.1 19 ± 3 0.81 ± 0.06

 BS‑16 2 20 26.6 2.01 145.9 24.5

 BS‑15 2 10 27.2 2.01 110.1 23.2

 BS‑14 2 10 26.6 2.05 109.4 23.4

Treuchtlinger marmor

 TM3‑6 DI 30 8.8 2.52 205.6 49.7 33 ± 5 0.67 ± 0.07 CT

 TM4‑2 DI 20 10.3 2.53 180.2 42.5 TS

 TM4‑1 DI 10 10.2 2.55 152.9 43.9 CT

 TM2‑4 DI 10 8.3 2.53 157.2 50.1 CT

 TM2‑8 1 30 8.3 2.56 217.4 46.6 59 ± 10 0.43 ± 0.11 CT

 TM2‑2 1 20 7.8 2.53 201.9 39.1 TS

 TM2‑5 1 10 8.8 2.56 191.4 46.6 CT

 TM2‑6 2 30 7.7 2.51 241.8 52.7 23 ± 3 1.01 ± 0.05

 TM2‑3 2 20 8.5 2.52 205.9 45.3 TS

 TM3‑1 2 10 8.3 2.48 146.9 39.1

 TM2‑7 2 10 8.7 2.49 148.2 45
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Limestone

The stress–strain curves are shown in Fig. 4. Sample failure occurred brittle at all con-
fining pressures, marked by an abrupt drop in the axial load. Values for strength and 
Young’s Modulus are given in Table 2. The Young’s Modulus varies between 39 and 53 
GPa, without a clear dependence on fluid type or confining pressure. The repeatability 
was tested at 10 MPa on samples saturated with water and with inhibitor 2, and was 
within 4 MPa (less than 3% of the sample strength at this confining pressure). Sam-
ple strength depends systematically on confining pressure and fluid type (see Fig. 4), 
where at 10  MPa samples saturated with inhibitor 2 are weaker, followed by water, 
followed by inhibitor 1. At 20 MPa, water-saturated samples are weakest, followed by 
inhibitor 1 and 2, which exhibit almost equal strength. At 30  MPa, water-saturated 
samples remain weakest, followed by inhibitor 1, and samples saturated with inhibitor 

Fig. 3 Mohr–coulomb failure envelopes on shear stress (τ) versus normal stress (σ) plots for Bentheim 
sandstone. Legend is the same for all three panels. The pink area labelled  RMC indicates the uncertainty which 
was estimated based on the repeat experiments. Slope (friction coefficient µ ~ 0.8, see Table 2) and intercept 
(cohesion  S0 ~ 19 MPa, see Table 2) are unaffected by fluid type. a sandstone with water; b sandstone with 
inhibitor 1 (3000 ppm); c sandstone with inhibitor 2 (3000 ppm)

Fig. 4 Sample strain (axial) versus differential stress (σdiff) curves for the Treuchtlinger Marmor limestone 
samples, obtained at different confining pressures  (Pc). Legend is the same for all three panels and shown 
in panel c. To improve readability, the repeat experiments (performed at 10 MPa) are assigned a purple 
colour instead of yellow. Stress–strain curves are significantly influenced by fluid type, with different effects 
depending on the confining pressure. a Limestone with water; b Limestone with inhibitor 1 (3000 ppm); c 
Limestone with inhibitor 2 (3000 ppm)
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2 or the strongest in the dataset. For all three fluid types the peak stress depends lin-
early on the confining pressure (Fig. 5).

The Mohr–Coulomb failure criteria (Fig.  6) for limestone in contact with the three 
fluid types are constructed with the peak stresses from the stress–strain curves. The 
corresponding values for S0 are 33 ± 5; 59 ± 10 and 23 ± 3 MPa, respectively, for water, 
inhibitor 1 and inhibitor 2. The friction coefficient µ is 0.67 ± 0.07; 0.43 ± 0.11 and 
1.01 ± 0.05, respectively. Exposure to inhibitor 1 or inhibitor 2 compared to water each 
had a significant and opposite effect on the Mohr–Coulomb parameters. Compared 
to water, the exposure to inhibitor 1 increased the cohesion and decreased the friction 
coefficient, whereas inhibitor 2 decreased the cohesion and increased the friction coeffi-
cient. Prior to testing, the inhibitor 1 solution had a pH of 6.5 and the solution of inhibi-
tor 2 had an initial pH of 5.5. After the overnight saturation period the pH value of both 
solutions increased to 7.0, indicating that minor dissolution has taken place in both sam-
ples, and the samples exposed to inhibitor 2 experienced more dissolution than those 
exposed to inhibitor 1.

Fig. 5 σ1‑σ3 plot for the limestone samples, showing different trends for the relationship between σ1 and σ2 
depending on the pore fluid

Fig. 6 Mohr–coulomb failure envelopes on shear stress (τ) versus normal stress (σ) plots for Treuchtlinger 
Marmor limestone. Legend is the same for all three panels. The pink area labelled  RMC indicates the 
uncertainty which was estimated based on the repeat experiments. a limestone with water, with a cohesion 
of 33 ± 5 MPa and a friction coefficient of 0.67 ± 0.07; b limestone with inhibitor 1 (3000 ppm), with a 
cohesion of 59 ± 10 MPa and a friction coefficient of 0.43 ± 0.11; c limestone with inhibitor 2 (3000 ppm), 
with a cohesion of 23 ± 3 and a friction coefficient of 1.01 ± 0.05
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Optical microscopy

Sandstone tested with water

Since there is no effect of fluid on failure mode or mechanical strength, only one 
sandstone sample has been extensively analysed. Sample BS-09 has been chosen as 
the representative sample for the mechanical behaviour of the Bentheim samples. The 
fracture consists of a central damage zone, surrounded by a symmetric zone up to 
2 mm wide of increased density of intragranular micro-cracks, see Fig. 7a. The cen-
tral damage zone is up to 500  µm wide and consists of a gouge with micrometre-
sized grains, i.e., a strong grain size reduction compared to the starting material, and 
intensely fractured. The grains in the damage zone contain more micro-cracks than 

Fig. 7 Microstructures of samples deformed at 20 MPa confining pressure, all obtained with under 
cross‑polarized light. a BS‑09, Bentheim sandstone deformed with water. b TM4‑2, Treuchtlinger Marmor 
limestone deformed in the presence of water. Gouge‑filled localized shear‑zone with boundary shear 
zones, about 100 µm wide. c TM2‑2, Treuchtlinger Marmor limestone deformed in the presence of inhibitor 
1 (3000 ppm). Incohesive sample, visible, intact, islands in main shear zones, seperated by highly localized 
fractures, and minimal gouge development. d TM2‑3, Treuchtlinger Marmor limestone deformed in the 
presence of inhibitor 2 (3000 ppm). e TM2‑3 shown at a greater magnification to show the fracture and 
damage zone
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the starting material, most of which originate and terminate on the grain contacts. 
This type of cracks are a typical result of grain-on-grain contact and are classified as 
Hertzian fractures (Fischer-cripps 2000).

Limestone tested with water

Sample TM4-2, tested at 20  MPa, is taken as the representative sample for the 
Treuchtlinger Marmor tested with DI water, i.e., the reference sample. The fracture is 
a localized zone of fault gouge of approximately 100 µm width, where in one ~ 600 µm 
stretch (Fig. 7b) the entire zone has been preserved. This shows that inside this dam-
age zone there are boundary shear zones, as well as occasional localized zones with 
a 20° angle to the shear zone boundaries, resembling the orientation in Riedel shear 
zones. There are no clear displacement indicators along the shear zone. The fracture 
aperture varies but appears to be no greater than 0.3 mm, where the residual gouge is 
present irregularly and with variable thickness.

Limestone tested with inhibitor 1

Sample TM2-2, tested at 20  MPa, is taken as the representative sample for 
Treuchtlinger Marmor tested in the presence of inhibitor 1 (3000 ppm). At this con-
fining pressure, this sample exhibits a higher peak stress than the reference sample 
tested with water. There is no visible damage zone near the main fracture, and the 
sample has completely split, i.e., there is epoxy separating the two sides of the frac-
ture. The edges of the fracture appear dark, taken as an indication of grain size reduc-
tion and strain localization. Even when residual parts of the damage zones remain as 
islands separated by anastomosing fracture branches, no gouge formation is visible, 
instead there are pieces of fractured wall-rock without visible grainsize reduction in 
an epoxy matrix (Fig. 7c).

Limestone tested with inhibitor 2

Sample TM2-3, tested at 20  MPa, is taken as the representative sample for 
Treuchtlinger Marmor tested in the presence of inhibitor 2 (3000 ppm). At this con-
fining pressure, this sample is similar in strength as TM2-2. The fracture is a narrow 
highly localized zone, partly infiltrated and separated with epoxy, with grains and air 
bubbles at irregular intervals. Zooming in on the intact parts of the damage zone, it is 
a highly localized zone up to 20 µm in width, with dark edges assumed to be bound-
ary shear zones. There is minimal gouge development, and larger calcite grains can 
contain abundant microcracks of variable orientation (Fig. 7d).

To sum up, both inhibitors exhibited a difference in both cohesion and friction 
coefficient in the Mohr–Coulomb criterion compared to DI water, where inhibitor 1 
increased the cohesion and decreased the friction coefficient, and inhibitor 2 did the 
inverse. Even though on the scale of microtomography (Fig. 9 in Appendix I) there are 
no obvious differences in microstructure, the greater detail provided by the optical 
microscope shows a correlation between microstructure and fluid type. Going from 
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water to inhibitor 1 to inhibitor 2, gives a decreasing amount of grain size reduction 
and an increase in localization.

Discussion
The abrupt failure, combined with the microstructural evidence, indicates that all 
samples (sandstone and limestone) failed in a brittle manner. Moreover, all experi-
ments show that an increased confining pressure results in increased rock strength, 
which is expected within the brittle field for both sandstone (Heap et al. 2009; Yang 
et al. 2012) and limestone (e.g., Rutter 1972a, b; You 2010). Note that, in experimental 
rock mechanics, when testing under confining pressure, the use of three experiments 
per condition is frequently done (Baud et al 2000; Castagna et al 2018; Lisabeth and 
Zhu 2015), especially when samples are from a narrow porosity range (e.g., Descamps 
et al. 2012). There is no discernible difference in the mechanical rock properties for 
the Bentheim sandstone when comparing the samples that were saturated with water 
to the samples that were saturated with one of the inhibitors. However, there was a 
significant difference for the Treuchtlinger Marmor samples. In the following, we 
will first discuss potential reasons for the lack of response in Bentheim sandstone, 
followed by potential reasons for the significant effects observed in Treuchtlinger 
Marmor. This will be followed by a discussion on the implications of the results for 
geothermal reservoirs.

Sandstone

In most environments at or near the Earth’s surface, especially at temperatures up to 
100 °C or so (i.e., medium temperature geothermal heat), quartz is considered to be 
chemically inert (Mackenzie and Gees 1971; Rimstidt and Barnes 1980). Therefore, 
the lack of change in mechanochemical properties of sandstone upon exposure to 
high inhibitor concentrations of 3000 ppm can be attributed to the chemical inertness 
of the prevalent quartz minerals in the Bentheim sandstone. Our results imply that 
even if inhibitor leaks into a sandstone reservoir at low temperatures (i.e., with low 
chemical reactivity) no mechanochemical consequences are expected.

However, the adsorption kinetics of organic matter to quartz depend on factors such 
as the ionic strength, the nature of divalent cation, the pH, the adsorbent content and 
the temperature (Jada et  al. 2006), where a change from 20 to 40 or 60° increases the 
sorption of organic matter significantly. When sorption of natural organic matter occurs, 
it can lead to a modification of the surface charge (Jada et al. 2006). The change in sand-
stone strength in the presence of water is usually considered to be the result of a change 
in surface interactions (Atkinson and Meredith 1981; Heap et al. 2018). Therefore, we 
postulate that the sorption of inhibitors may lead to changes in sandstone strength 
under those conditions where the quartz surface would be reactive. This indicates that 
the inhibitor-sandstone interactions in high enthalpy reservoirs or reservoirs with ini-
tially complex pore fluids (in terms of salinity or pH) would require additional research.
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Limestone

The different inhibitors have different chemical compositions (Table 3), and could there-
fore exhibit different inhibitor-limestone reactions. Given that only the limestone sam-
ples were affected by inhibitors, potential factors that may alter rock strength are likely 
related to the chemical reactivity of carbonate, the main component of limestone. In the 
following, we will discuss first why sample heterogeneity and uniform dissolution cannot 
explain these results, followed by a discussion on the potential effects of local dissolu-
tion, grain contact lubrication and zeta potential.

Limestone is often highly heterogeneous. However, there are three reasons why we 
consider the change in strength to be a true effect and not a consequence of hetero-
geneous samples. First, a careful sample selection, using samples within 2% porosity 
(Helium-pycnometry as well as density-based calculations) combined with a visual 
inspection, created a homogenous sample batch. This is confirmed by the lack of cor-
relation between sample strength and measured porosity and/or density. Second, 
repeat experiments were performed at 10 MPa for samples saturated with water, and 
for samples saturated with inhibitor 2, and strength fell within 4  MPa, whereas the 
differences between the fluid types were 10–50 MPa, i.e., 5–25%, which is significant 
and comparable to the magnitudes previously reported for water-weakening in sand-
stones and limestones. For comparison, water-weakening in sandstones is reported 
by Baud et al (2000) to be 5–17%, for low strain rates and 200 MPa confining pressure 
up to 15%, and Heap et al (2018) showed that sandstones in a geothermal reservoir 
exhibited 24–39% water-weakening. For limestone, Castagna et al. reported 10–30% 
weakening on Comiso limestone and Rutter (1972a, b) showed up to 30% weakening 
on Solnhofen limestone. Changes in strength due to the presence of different chemis-
try were shown to be up to ~ 25% due to the presence of carbonate ions (Lisabeth and 
Zhu 2015), 50% due to the presence of  MgSO4 (Pluymakers et al. 2021). Third, there 
is a strong positive correlation between σ1 and σ3 (Fig. 5), which shows a systematic 
change in mechanical strength that also correlates with observable differences in 
post-failure microstructures.

Table 3 Composition of the inhibitors, labelled here inhibitor 1 and inhibitor 2

The ethoxylated amine salt is a nitrogen-based compound, as is the thio-ureum. Pyridinium is the conjugate acid of 
pyridine, which is often used as an organic base in chemical reactions. The general structure of the inhibitors is a polar head 
with a long non-polar tail

Product/ingredient name Weight %

Inhibitor 1

 Ethoxylated amine salt 10 ≤ … ≤ 25

 1,2‑ethaandiol  ≤ 10

 2‑(2‑butoxyethoxy)ethanol  ≤ 10

 Quaternairy ammoniumcompounds, benzyl‑alkyldimethyl‑, chlorides  ≤ 5

Inhibitor 2

 Pyridinium, 1‑(fenylmethyl)‑,ethylmethylderivates, chlorides 10 ≤ … ≤ 25

 Thio‑ureum  ≤ 5

 Alcohols, C8‑10, ethoxylated  ≤ 3

 Propaan‑2‑ol  ≤ 3

 Alkyl dimethylbenzyl ammonium chloride ADBAC/BKC (C12‑16)  ≤ 1
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The experiments were performed with pre-saturated samples without any addi-
tional fluid pressure. Therefore, any reaction that occurs would probably take place 
before the experiment starts. Since both inhibitor-enriched fluids are slightly acidic. 
An obvious candidate to change the sample microstructure and thereby strength 
would be uniform dissolution during the saturation time. During the saturation pro-
cess for both inhibitors, the pH value increased slightly, indicating some carbonate is 
dissolved. Prior to testing, the inhibitor 1 solution had a pH of 6.5 and the solution 
of inhibitor 2 had an initial pH of 5.5. After the overnight saturation period, the pH 
value of both solutions increased to 7.0. The sample dimensions and weight (roughly 
100 g) and the quantity of fluid used (around 500 ml for four samples) were similar 
for both datasets. The dissolution of carbonate occurs according the following set of 
reactions:

Combining these two equations shows that each mole of solid carbonate that dis-
solves leads to 2  mol of  H+ in solution. Using the pH changes that were measured, 
with a 0.5 pH of measurement error, means that for inhibitor 1 the pH changes (from 
6–6.5 to 7) can be explained if in each sample 1.3 to 5.6 µgr of carbonate dissolves. 
For inhibitor 2 (pH changes from 5–6 to 7) per sample 5.6–61.9 µgr needs to dissolve. 
With an initial weight of ~ 100 g this means < 0.1% overall porosity change per sam-
ple. Dissolution means the porosity increases. Multiple authors note an inverse rela-
tionship between rock strength and porosity, which makes intuitive sense: a higher 
porosity would mean there is less rock material to support applied load, effectively 
increasing the force on the individual rock particles (Hoshino 1974; Kelsall et al. 1986; 
Pvrikryl 2001). A change in porosity has been cited before as the cause for sample 
weakening (Arson and Vanorio 2015; Clark and Vanorio 2016; Lisabeth and Zhu 
2015; Vialle and Vanorio 2011). If samples would simply have been uniformly weak-
ened due to uniform dissolution by contact with either inhibitor solution, one would 
expect uniform weakening at all confining pressures, and/or potentially a decrease in 
cohesion for the different inhibitors compared to water. Even though the pH change 
indicates that for both inhibitor solutions very minor dissolution occurred, inhibitor 
1 samples actually exhibit an increase in cohesion. Combining this with the minor 
amount of sample material that dissolved makes uniform dissolution highly unlikely 
as a potential explanation for the observations.

Local dissolution can lead to crack tip blunting. Rostom et  al. (2013) performed in 
low-velocity crack propagation experiments in single calcite crystals. They suggested 
that calcite dissolution may cause crack tip blunting, which explains the slowdown of 
crack growth and which could potentially strengthen samples. If this occurred in our 
Treuchtlinger Marmor samples during the saturation process before the experiment, 
the existing microcracks in the limestone could become blunter, and it would become 
less easy for cracks to start to grow. During brittle failure the microstructure normally 
evolves in three stages (Hoek and Martin 2014), where (i) at 40–60% of peak stress new 

(2)CaCO3 (s) + H2CO3 (aq) ↔ Ca2+- (aq) + 2HCO3− (aq)

(3)HCO3− (aq) ↔ CO32− (aq) + H+
(aq)
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cracks initiate; (ii) at 60–70% stable crack growth occurs; and (iii) at 70–90% unstable 
crack growth commences, leading to failure. The mechanism of crack tip blunting does 
not affect the number of crack nucleation points, it only impedes crack propagation. As 
such this mechanism has the potential to affect peak stress differently at each confining 
pressure. It also implies a negligible effect on elasticity, since only the shape of the nucle-
ation points of cracks is changed. It could also explain why the final microstructures 
show different amounts of fault gouge. This could potentially explain our observations.

The corrosion inhibitors used in our experiments are designed to form a fluid film on 
solid surfaces. These inhibitors have a different composition, and thereby the fluid film 
(if it indeed forms in limestone) would potentially have different characteristics. In these 
rock mechanics experiments, the different inhibitors affect not only cohesion but also 
the slope of the Mohr–Coulomb envelope. This slope gives the friction coefficient as well 
as the angle of internal friction, which suggests that the inhibitors have the potential to 
change intergranular lubrication, perhaps via a change of local viscosity due to the water 
being confined in the pores (Bowen and Yousef 2003). This could potentially alter the 
friction coefficient between granular contacts. A similar effect is observed in wet chalks 
and shales. Water is drawn and held in pore spaces by strong capillary forces created by 
surface bonding energies and water surface tension. Thin water films separate the grains, 
and the motion in mobile fluid layers promotes grain movement (Dobereiner and De 
Freitas 1986; Morgenstern et al. 1974). On the basis of these experiments, there are no 
grounds to fully reject this hypothesis. It should be noted here that before the experi-
ment, the porosity in these rocks is 75–100% filled with fluid, and there is no fluid res-
ervoir connected to the samples. This means that as soon as cracks grow or new cracks 
open, there is very little driving mechanism towards wetting the newly created surfaces, 
apart from surface interactions. Newly formed cracks are, therefore, potentially not fully 
wet. This would explain why there is no effect of the inhibitor on the failure dynamics 
itself in this study (i.e., no change in failure class type I or II, such as reported by Pluy-
makers et al. 2021).

Another potential difference between the inhibitors and demineralized water could be 
the zeta potential at the rock–liquid interface. A film-forming corrosion inhibitor, which 
potentially adsorbs to the solid surface, could also affect the electric double layer in the 
first nanometres of fluid at the rock–fluid interface. This may also change the forces 
between the limestone rock particles, and a similar mechanism was postulated before 
for limestone-brine interactions (Megawati et al. 2013; Pluymakers et al. 2021) However, 
to reject or accept this hypothesis direct zeta potential measurements should be made, 
which is outside the scope of this manuscript.

Implications for limestone reservoirs

Production fluid temperatures are 60–100  °C in the Netherlands (Watering and Veld 
2019), and temperature is a controlling factor on zeta potential, rock deformation behav-
iour and the rates of most chemical reactions [usually according to the Arrhenius law 
(e.g., Connors 1990)]. However, for limestone in particular, carbonate solubility (and 
therefore reactivity) decreases with an increase in temperature (Plummer and Busenberg 
1982). This means that performing experiments at room temperature provides, reactiv-
ity-wise, a worst-case scenario.
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When planning a geothermal well, characterisation of reservoir conditions and sub-
surface geophysical information can help optimize geothermal project planning and 
reduce the risk of well failure (Daniilidis et al. 2021; Finger and Blankenship 2012). Our 
findings suggest that rock strength depends not only on confining pressure—and thus 
depth—but also on fluid type, this could lead to unexpected failure when fluids would 
leak into the reservoir (this effect is illustrated in Fig. 8). The depth of geothermal reser-
voirs in the Netherlands ranges from 1.5 to 3 km (Watering and Veld 2019). Horizontal 
stresses in the Netherlands at 3 km depth are postulated to reach over 40 MPa (Mechelse 
2017). This value is slightly above the maximum confining pressure tested here. Different 
limestone types may exhibit a different brittle-ductile transition, and thereby a different 
potential for fluid–rock interaction. Our findings indicate that high concentrations of 
inhibitor would lead to significant changes. A steady leak into the reservoir during 2 or 
3 years of production could lead to such concentrations, which is a short period com-
pared to the decades of lifetime projected for most geothermal doublets. Future research 
should include if there is a critical concentration at which mechanochemical effects of 
inhibitor on limestone become significant. Moreover, a full hazard and operability analy-
sis in limestone reservoirs should include the potential for leakage and a determination 
of the likelihood of scenarios under which a concentration build-up could occur.

Conclusion
We set out to experimentally investigate whether mechanical rock properties are affected 
by exposure to corrosion inhibitors that are commonly used in a geothermal production 
setting. This was done by performing triaxial compressive tests on Bentheim sandstone 
or Treuchtlinger Marmor limestone samples that were saturated with inhibitor solutions 
versus samples saturated with demineralized water. We found the following:

Sandstone exposure to the different inhibitors had no effect on the maximum sup-
ported peak stress before failure or Young’s Modulus, and correspondingly no effect on 
the Mohr–Coulomb failure criterion parameters cohesion and friction coefficient. The 

Fig. 8 Imaginary stress initial stress states (grey) shifted towards the origin of a Mohr–Coulomb failure 
envelope, showing that failure depends on the initial stress state and on which fluid has leaked into the 
reservoir



Page 18 of 22Kortram et al. Geothermal Energy           (2023) 11:17 

cohesion exhibited by Bentheim sandstone samples exposed to demineralized water or 
inhibitor solution was 19 MPa, the Mohr–Coulomb friction coefficient was 0.80, and the 
Young’s modulus for individual experiments varied between 21.6 and 25.1 GPa. The lack 
of change with exposure to inhibitor is attributed to the chemically inert nature of the 
quartz grains.

Limestone exposure to corrosion inhibitors led to significant changes in maximum 
supported peak stress, though without any systematic effect on Young’s modulus 

Fig. 9 Overview of 2D slices of the samples scanned with microtomography. At this scale, there is no 
discernible systematic difference in fracture patterns between samples exposed to different fluid types
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(39.1–52.7 GPa). The two tested inhibitors led to opposite effects on cohesion and fric-
tion coefficient. Limestone samples saturated with demineralized water exhibited a 
cohesion of 33 MPa and a friction coefficient of 0.67. Inhibitor 1 increased cohesion to 
59 MPa but decreased the friction coefficient to 0.43, and inhibitor 2 decreased cohesion 
to 23 MPa, but increased the friction coefficient to 1.01. Microstructural investigation of 
samples tested at a confining pressure of 20 MPa shows a decreased grain size reduction 
and increased localization going from demineralized water to inhibitor 1 to inhibitor 
2. These changes in limestone strength are attributed to the reactivity of carbonate, the 
main component of limestone. However, the exact cause for this interaction between the 
limestone and inhibitor fluids is not yet fully understood. Potential explanations include 
local dissolution of flaws, leading to more blunt flaw-edges and thereby less easy crack 
propagation, and/or a change in properties of the fluid film in the grain boundaries, 
e.g., a local change in viscosity which may affect the intergranular friction coefficient, 
or a change in zeta potential, changing the attractive and repulsive forces between grain 
surfaces. This conclusion is important to the geothermal community, since it implies 
an a priori estimate of reactivity can be made if an effect on rock mechanics should be 
expected given the reservoir geology and pore fluids expected downhole.

Appendix
3‑D X‑ray Appendix

Several samples tested at 10 and 30 MPa were scanned (see Table 2; Fig. 9). The only 
sandstone sample scanned in 3-D was BS07, tested at 30 MPa, since the rest fell apart 
upon removal from the vessel. This sample exhibited one clean shear fracture, with a 
location-dependent aperture (higher near the sample boundaries; see Fig. 9d). The lime-
stone samples at low confining pressure exhibit a fracture network of variable fracture 
density (Fig. 9a–c), and the samples tested at 30 MPa exhibited one clean shear fracture 
(Fig. 9e–f). With the scale of observation possible using the CT scanner, there is no obvi-
ous systematic difference between the fluid types, nor any obvious correlation between 
microstructure and strength.
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