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Introduction

Geological applications such as geothermal energy

Strength  Porosity . .
> and CO, storage operations mainly target porous
" rocks, where pore fluid chemistry can dramatically
—|— alter rock mechanical behavior. While siliciclastic
rocks show chemical weakening primarily during
ductile deformation’, carbonates present unique
I challenges due to their high reactivity and rapid

\J

dissolution-precipitation kinetics.

Figure 1: schematic representation of a geo-

thermal reservoir, and the strength and porosi-
ty variations with pressure and temperature.
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Below critical depths (from ~2-3 km), porous
reservoir rocks transition from localized failure
(maintaining permeability) to ductile compaction
(drastically reducing permeability). The change in
deformation mode is named Localized to Ductile
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Figure 3: Strength versus fluid chemistry during localized and ductile deformation for a silicatic
sandstone. Strength is affected by fluid presence and chemistry during ductile deformation.
From Lazari et al. (2025).

What do we know so far about the deformation of porous
carbonates? And what is the effect of different ionic species on
localised and ductile deformation of porous carbonates?

Methods

We performed triaxial experiments on Tavel limestone (84% calcite, 7.5% quartz, 6%

phyllosilicates) with 11 to 15% porosity, chosen for its homogeneity and fine grain size.

- P_ .. of 20 MPa (localized deformation) and 100 MPa (ductile deformation) with a constant
strain rate €’=10° s'7;

calculation;

Constant P, 10 MPa and AP, of 1 MPa to ensure fluid flow and allow for permeability

Deformation up to €=10%;

Electrical conductivity measured between 0.1 Hz and 1 MHz every 15 minutes;
Ultrasonic seismic velocity measured every 15 minutes;

Fluid sampling at the beginning and end of each experiment.

Samples were deformed either dry or saturated with several water solutions spanning widely
In pH and ionic composition:

solution (pH 2);

- deionized water with 4 MPa of CO, (pH 5);

- deionized water (pH 6);

solution (pH 7);

solution (pH 7);

- 6 M NaCl solution (pH 7);

- 0.1 M NaOH solution (pH 13).
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Figure 4: a) Experimental setup for
the triaxial experiments, including
a detaill of the electrical
conductivity setup. b) SEM BSE
image of intact Tavel limestone.

The rock is composed of a calcite

micritic matrix and recristallized
bioclasts, with round-ish pores up
to 50 ym in diameter. ym-sized
quartz crysals are scattered
between larger calcite crystals.
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Carbonate deformation in the literature
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Figure 5: a) Yield P-Q diagram for constant strain rate triaxial and uniaxial experiments on various limestones from
the literature, performed dry or with chemically inert fluids. b) experiments performed with acqueous solutions

spanning various

compositions.

Experiments on dry carbonatic rocks in the literature highlight how the failure envelope is mainly
controlled by the porosity of the rock. Adding a fluid retains a first-order control of porosity but
increases the scatter in the yield envelope.
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Water generally weakens the strength of carbonatic rocks, but the effects are extremely
rock-dependant, and cannot be generalized from the available literature data.
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Figure 7: mechanical and physical measurements of experiments performed at P__. = 20 MPa
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cursor to failure.

Figure 8: a) dendritic dissolution pattern at the inlet of a sample deformed with

. b) CT scan segmentation
highlighting wormholes at the inlet of a sample deformed with water and CO,. ¢c) SEM BSE of a sample deformed
with deionized water, showing a shear band filled with gouge.

Samples deformed with present superficial dendritic dissolution patter at the downstream
side of the sample, indicating fast dissolution happening at the fluid inlet. Samples deformed
with water and CO, show wormholes a few mm deep, concentrated closer to the shear fracture.
Samples deformed with other solutions don’t show macroscopically visible features besides the
shear fracture. At the microscope, all samples present one or multiple shear fractures filled with
gouge, as well as twinned crystals next to the shear zone.
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Figure 9: a) Peak and yield stress versus porosity of all the experiments on Tavel limestone performed at 20 MPa.
b) Weakening compeared to the dry strength accounting for porosity variation.

Both peak and yield stress are strongly sensitive to porosity. To isolate the effect of fluid presence
and chemistry, we normalize each saturated experiment by the dry stress predicted at its specific
porosity.

Samples deformed with the solution show a 50% weakening in yield stress, compared to
20% of deionized water, but the same peak stress weakening of deionized water, around 20%.
Samples deformed with and water + CO, show a similar behaviour with a yield weakening
of 25 and 30%, respectively.

We propose that the lower yield stress in -saturated solution reflects: (1) the absence of
crack-tip blunting, which lowers the stress required to propagate existing cracks, and (2) early
onset of pressure solution, since the pore fluid is already at calcite saturation from the start of
deformation.
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Figure 10: mechanical and physical measurements from experiments performed at P__.
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Figure 12: a) Stress at 5% strain and yield stress versus porosity of all the experiments on Tavel limestone
performed at 100 MPa. b) Weakening compeared to the dry strength accounting for porosity variation.

Samples saturated with a fluid show large variability between replicates, preventing an identifica-
tion of eventual differences between fluid chemistries. Weakening spans from 60% to 10%
strengthening.
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Conclusions

Localized deformation
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Tavel limestone deforming in the localized regime shows stronger water weakening than a silicatic
sandstone under the same conditions. Notably, samples saturated with solution show
the largest yield weakening of the dataset (~50%, compared to ~20% for deionized water). We
attribute this to the absence of crack-tip blunting: unlike the other fluids, the equilibrated solution
does not dissolve crack tips, allowing cracks to propagate at lower stress. Once crack propagarion
IS Initiated, however, the stress required to bring the sample to failure does not substantially
change.

Ductile deformation
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While a silicatic sandstone has been shown to be weakened by both flluid presence and chemis-
try when deforming in the ductile regime’®, Tavel limestone is less sensitive to fluid presence.
Samples deformed with a solution induces the largest weakening out of the
solutions tested, while a NaOH solution leads to a strength comparable to the dry samples.

We propose that the coexistance of several micromechanical processes and their different sensi-
tivity to fluid chemistry leads to a complicated response of porous carbonate rocks to fluid chem-
Istry.

- Water weakening in carbonatic rocks is rock- and deformation

regime-specific.

- Elecrical conductivity and V_, poentially indicate onset of dilatancy.

- Tavel limestone shows 20% water weakening regardless of the regime,
the exposure to a CaCO_-saturated solution can reduce yield stress down
to 50% of its dry value, while the exposure to a basic soluion decreases
weakening.

- The coexistance of several micromechanisms during deformation make
predicting the effect of fluid chemistry on porous carbonates challenging.
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