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A B S T R A C T

Pressure solution is inferred to be a significant contributor to sediment compaction and lithification, especially in 
carbonate sediments. For a sediment deforming primarily by pressure solution, the compaction rate should be 
directly related to the rate of calcite dissolution, transport along grain contacts, and calcite reprecipitation. 
Previous experimental work has shown that there is evidence that deformation in wet calcite grain packs is 
consistent with control by pressure solution, but considerable ambiguity remains regarding the rate limiting 
mechanism. We present the results of laboratory compaction experiments designed to directly measure calcite 
dissolution and precipitation rates (recrystallization rates) concurrently with strain rate to test whether measured 
rates are consistent with predicted rates both in absolute magnitude and time evolution. Recrystallization rates 
are measured using trace element chemistry (Sr/Ca, Mg/Ca) and isotopes (87Sr/86Sr) of fluids flowing slowly 
through a compacting grain pack as it is being triaxially compressed. Imaging techniques are used to characterize 
the grain contacts and strain effects in the post-experiment grain pack. Our data show that calcite recrystalli-
zation rates calculated from all three geochemical parameters are in approximate agreement and that the rates 
closely track strain rate. The geochemically inferred rates are close to predicted rates in absolute magnitude. 
Uncertainty in grain contact dimensions makes distinguishing between surface reaction control and diffusion 
control difficult. Measured reaction rates decrease faster than predicted from standard pressure solution creep 
flow laws. This inconsistency may indicate that calcite dissolution rates at grain contacts are more complex, and 
more time-dependent, than suggested by geometric models designed to predict grain contact stresses.

1. Introduction

The carbonate mineral calcite is one of the most common constitu-
ents of sedimentary rocks in the Earth’s crust. The compaction and 
diagenesis of calcite-bearing sediments control the porosity, perme-
ability and strength of these sedimentary rocks. Understanding the 
mechanisms of diagenesis is the key to producing reliable predictive 
models of the properties and behavior of carbonate hydrocarbon reser-
voirs, aquifers, caprocks for geological storage and fault damage zones.

Although substantial progress has been made towards a mechanistic 
understanding of the diagenesis of carbonate sediments, considerable 
ambiguity remains as to the relative contributions of several mecha-
nisms. Porosity reduction can be caused by both mechanical processes, 
such as grain comminution and rearrangement, and chemical processes, 
such as authigenic carbonate precipitation. It is well known that at 

shallow burial depths, porosity loss is primarily driven by mechanical 
compaction (Scholle and Halley, 1985). The primary mechanism of this 
rapid initial compaction appears to be grain rearrangement facilitated 
by frictional sliding (Renard et al., 2001). At elevated deviatoric stresses, 
shear enhanced compaction can lead to further reductions in porosity 
(Zhu et al., 2010; Vajdova et al., 2010) but this process itself can be 
sensitive to fluid chemistry (Lisabeth and Zhu, 2015) and other chemical 
mechanisms play a central role at greater depths.

The two main chemically-coupled compaction mechanisms at play in 
carbonate sediments are pressure solution and subcritical cracking. 
Pressure solution is a process by which mass is moved from stressed 
grain contacts to unstressed adjacent pore walls (Weyl, 1959; Rutter, 
1983). Subcritical cracking is the slow growth of cracks through 
chemical weakening of crack tips (Atkinson, 1984), which can result in 
grain comminution, rearrangement and porosity reduction. A thorough 
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review of the observational and experimental literature on this subject is 
presented by Croizé et al. (2013), but for the sake of clarity, we will 
outline some outstanding questions.

Pressure solution creep has been suggested as an important mecha-
nism for compaction in sedimentary basins (Rutter, 1983) and for 
healing of faults (Hickman and Evans, 1995). The driver of pressure 
solution is stress-induced, elevated solubility at grain contacts leading to 
diffusion of dissolved species away from contacts and, in a closed sys-
tem, local reprecipitation in slightly supersaturated pore fluid (Lehner, 
1990; Spiers and Schutjens, 1990). In an open system, dissolved species 
may be advected away. Experimental studies of pressure solution in 
carbonate samples employing both oedometers and indenters at a range 
of grain sizes, stresses, temperatures and pore fluid chemistries have 
yielded inconsistent evidence for rate limiting steps; for instance, the 
early work of Baker et al. (1982) suggests surface reaction limitation 
based on the salinity dependence of recrystallization, while several 
studies (Spiers et al., 1990; Spiers and Schutjens, 1990; Zhang et al., 
2002; Croize et al., 2010) conclude diffusion limitation on the basis of 
the grain size dependence of creep rates. Diffusion-limited creep has 
become something of a consensus in the pressure solution literature; 
however, evidence for other rate limiting steps persists in the literature. 
Zhang and Spiers (2005a) report a reduction in creep upon the addition 
of Mg to pore fluids and an increase in creep with the addition of NaCl. 
Systematic study of the effect of phosphate in solution resulted in a creep 
rate consistent with reductions of calcite precipitation kinetics predicted 
due to the presence of phosphate (Jonasson et al., 1996; Zhang and 
Spiers, 2005b). Additionally, experiments at low pH exhibit evidence for 
both pressure solution and fracturing operating concurrently (Le Guen 
et al., 2007; Liteanu and Spiers, 2009). In limestones, even where 
pressure solution has been shown to be the likely mechanism, it is un-
clear whether dissolution is transport controlled or surface reaction 
controlled (e.g. Spiers and Schutjens, 1990). It is common for constitu-
tive relations describing relaxation processes like compaction creep to 
be agnostic to any specific mechanism due to the range of length- and 
timescales for concurrent processes (Snieder et al., 2017). However, 
because pressure solution entails successive dissolution and reprecipi-
tation, pressure solution should impart a characteristic trace geochem-
ical and isotopic signature to pore fluid governed by the fractionation of 
the respective elements and isotopes.

Much of the ambiguity concerning deformation due to pressure so-
lution stems from the ambiguous relationship between reaction rates 
and strain rates. Flow laws such as those discussed in Zhang et al. (2010)
and related studies ultimately relate the ratio of reaction rates to strain 
rates via the ratio of contact area to grain diameter, which is model- 
dependent. In addition, the formulation of surface reaction rate re-
mains uncertain due to ambiguity about the properties of intergranular 
films and to general uncertainties associated with the relationship of 
calcite dissolution rate to departure from equilibrium, especially when 
the solid surface structure may be complicated. To begin to address this 
ambiguity, we have run a series of flow-through calcite compaction 
experiments designed to quantitatively measure the dissolution and 
precipitation rates of calcite using three different geochemical in-
dicators. In this paper, we first describe the methodology, then report 
the measured geochemical data and concurrently measured mechanical 
data. We present a framework to analyze the pore fluid chemistry to 
recover bulk calcite reaction rates and finally discuss the results in the 
context of prevailing models and theories.

2. Experimental details

An extensive geochemical and isotopic assay of several potential 
calcite materials was made to determine the ideal material for experi-
ments. The sample material was monomineralic calcite derived from 
three different sources chosen to maximize contrasts in chemical prop-
erties and allow for optimal application of our techniques 
(Supplementary Material, Part 1). The calcite varieties were given the 

informal names of “Water Treatment Marble (WTM),” “Iceland Spar 
(MXS),” and “Junkyard marble (JYM).” Each is pure low-Mg calcite. The 
Iceland Spar is optical grade calcite from Mexico obtained from Ward’s 
Science and was used to produce starting solutions. WTM is granular 
calcite marble from Georgia used for water treatment (calcite filtration 
media Z, Pure Water Site). JYM is from a discarded marble weighing 
table. Two of the calcite samples (JYM and WTM) were used as column 
material, and were chosen for their Sr/Ca, Mg/Ca and 87Sr/86Sr ratios 
(Table 1), so that appropriate contrasts between the starting fluids and 
solids in the experiments would allow for accurate geochemical mea-
surement of calcite reaction rates.

Calcite grains are rhombic with significant surface fines prior to 
cleaning. In Experiment 1, the JYM calcite grain size was constrained 
only to < 120 µm. It was also not ultrasonically cleaned prior to the 
experiment and was coated with a small amount of fine material 
(Supplementary Fig. S2b). In Experiment 3 the crushed WTM calcite was 
sieved to a grain size between 90 and 212 µm and rinsed several times 
ultrasonically in ethanol. After cleaning, calcite surfaces appeared free 
of fines (Supplementary Fig. S2a).

The calcite substrate material was weighed out and assembled into 
the loading column of a triaxial pressure vessel plumbed for fluid flow 
and capable of independent control of confining and axial stress. 
Detailed specification of the pressure vessel can be found in Voltolini 
et al. (2017). Axial pressure, confining pressure and fluid flow are all 
provided using computer controlled high pressure pumps (ISCO 500D) 
and measured using calibrated transducers (Honeywell LM-DV, 0.5 % 
accuracy). The flow rate, total volume and pressure from each pump are 
logged continuously during experiments. The downstream side of the 
pore pressure system was connected to an autosampler to facilitate serial 
pore fluid sampling. Axial stress is calculated using the axial pressure 
and sample diameter and the confining and pore pressures are measured 
using the transducers in the pumps. Axial deformation was measured 
using an LVDT affixed to the loading piston. As the granular sample was 
significantly more compliant than the loading system itself and the 
stresses remained low, the load column deformation was neglected. A 
PTFE heat shrink jacket was used to separate the granular calcite from 
the confining medium and the grain pack was sandwiched between 0.2- 
µm PTFE filters to prevent grains from entering the pore fluid lines. The 
sample was agitated mechanically and tamped down until the grain pack 
was flat and level. 2.7 g of calcite was used and uncompacted samples 
have an initial porosity of 48 %. Porosity was measured using the sample 
geometry and mass assuming the solid was 100 % calcite. Once the 
vessel was sealed it was put into a forced air oven (VWR Gravity Con-
vection Incubator) and confining pressure was applied using water as a 
confining medium and pore fluid lines connected. Temperature inside 
the oven was monitored throughout the experiment (HoboLogger 

Table 1 
Chemical and isotopic composition of calcite samples.

JYM WTM MXS

Ca wt % 38.13 37.85 39.29
Mg, wt % 0.12 0.58 0.11
Fe, wt % 0.03 0.05 ND
Mn, ppm 17.7 131 184
Li, ppm 1.78 0.70 0.43
Al, ppm 27.4 30.0 17.7
P, ppm 16.7 346 18.0
K, ppm 113 166 71
Zn, ppm 10.60 16.74 5.40
Sr, ppm 196 1115 337
Ba, ppm 2.38 2.33 0.13
Cu, ppm 24.4 6.17 ND
Cr, ppm 0.07 0.08 1.09
Pb, ppm 0.54 1.42 0.01
Sr/Ca (mmol/mol) 0.235 1.348 0.392
Mg/Ca (mmol/mol) 5.275 25.343 4.526
87Sr/86Sr 0.70919 0.70847 0.70957

H. Lisabeth et al.                                                                                                                                                                                                                                Geochimica et Cosmochimica Acta 385 (2024) 184–198 

185 



MX1101). Pore fluid for flow (starting solution) was carefully equili-
brated with the MXS calcite at 1 atmosphere pressure and room tem-
perature (Supplementary Figure S1) to minimize net dissolution during 
the experiments. A schematic and photo of the experimental apparatus is 
presented in Fig. 1.

We ran one 60-hour (Experiment1) and one 300 + hour-long 
(Experiment 3) triaxial compaction creep experiments on granular 
calcite while monitoring stress, strain, temperature and fluid chemistry. 
Experiment 2 was designed for X-ray analysis at the Advanced Light 
Source, was not fully characterized, and is described in the Supple-
mentary Material. Experiment 1 was conducted at a confining pressure 
of 5 MPa and an axial stress of 7 MPa while Experiment 3 was conducted 
at confining pressure of 10 MPa and axial stress of 15 MPa, roughly 
corresponding to depths of 100 and 500 m. All experiments were run at 
23 ◦C.

Confining pressure and axial pressure were raised to experimental 
conditions at a rate of 0.2 MPa/min simultaneously to ensure an initial 
hydrostatic stress state. The sample was then allowed to equilibrate for 
several hours. Pore fluid was then flushed through the system at a rate of 
5 mL/min until the core was saturated and an initial fluid sample of 6 mL 
was collected. The fluid flow rate was then reduced to 0.01 mL/min. The 
axial stress was then increased to experimental conditions immediately 
and held constant throughout the experiment. Fluid samples were taken 
continuously every 10 h, resulting in sequential 6 mL fluid samples. 
Blank fluid samples were taken directly from the pump throughout the 
duration of the test to monitor any possible evolution of the starting 
fluid. At the conclusion of the test, the system was depressurized and the 
sample removed for further analysis.

3. Results

3.1. Mechanical data

The mechanical behavior of the samples is consistent with typical 

creep compaction curves, initial fast compaction and deceleration as the 
experiment progresses; although, it should be mentioned there are 
several aspects of our experiments that deviate from typical creep 
compaction experiments. First, compaction experiments are typically 
performed odeometrically, with rigid walls. Our sample was allowed to 
expand laterally; this complicated the calculation of volumetric strain 
from axial strain, because we do not measure lateral strain directly. We 
calculate volumetric strain assuming a lateral expansion one tenth of the 
axial contraction. This assumption is derived from a complementary 
experiment run while performing in situ tomography (Supplementary 
Material, Part 3). Second, we do not hold pore pressure constant, but 
rather flow rate. As a result of changes in the pore network, the pore 
pressure increases during the experiment, leading to a reduction in 
effective stresses over time; therefore, ours are not constant stress ex-
periments (Supplementary Figure S7).

3.2. Chemical and isotopic data

We measure Ca, Mg, Sr and Sr isotopes in our effluent pore fluid. Ca 
concentrations are used to evaluate the bulk saturation state of our ex-
periments. Trace element and isotopic ratios are used to evaluate in-situ 
reactions. The concentrations of Ca, Sr and Mg in the experimental so-
lutions and starting carbonate minerals were measured using Induc-
tively Coupled Plasma Optical Emission Spectroscopy (ICP-OES). Sr 
isotope analyses for 87Sr/86Sr ratios were conducted in the labs of the 
Center for Isotope Geochemistry at Lawrence Berkeley National Lab and 
on the campus of the University of California, Berkeley using a Triton 
multi-collector magnetic sector thermal ionization mass spectrometer 
(ThermoFisher Scientific). Additional analytical details are provided in 
Supplementary Material, Part 1. Time series chemical data from Ex-
periments 1 and 3 are presented in Tables 2 and 3 and illustrated in 
Fig. 3.

Dissolved Ca in the effluent from both experiments varied during the 
experiments but was mostly within ± 10 % of the pre-saturated starting 

Fig. 1. Experimental apparatus. a) a schematic and b) photograph of the experimental setup.
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solution (Supplementary Figure S10). The Ca concentration variations 
reflect processes in the column because samples taken from the feed 
solution reservoir during Experiment 3 remained constant within 
analytical uncertainty (±3%). The Ca concentration measurements 
suggest that reaction with the calcite grains in the core are modifying the 
saturation state of the fluid, but we do not have accompanying data on 
pH and DIC to evaluate directly whether the fluid was out of equilibrium 
with calcite, because the effluent is exposed to air while it is accumu-
lating. It is important to note that calcite solubility increases with 
pressure, and our starting solutions would have been slightly under-
saturated at the elevated pressures of our experiments. The effluent Ca 
values in Experiment 3 are nearly all higher than the source fluid over 
the first 250 hrs (+5.5 % average), confirming that the starting solution 
was slightly undersaturated with respect to the bulk calcite grains in the 
pack. The Ca concentration variations in Experiment 1 are less system-
atic and smaller than in Experiment 3. Temperature fluctuated in both 
experiments (e.g. Supplementary Figure S7). An increase in temperature 
of 3 ◦C could, for example, cause a 5 % decrease in the equilibrium fluid 
Ca concentration, within range of the fluctuations we measure.

Both Sr/Ca and Mg/Ca of the effluent start out 10 to 25 times higher 
than the values for the starting solution and then decrease and approach 
those of the starting solution (Fig. 3a, b). In analogous fashion, in the 
initial stages of Experiment 3, the effluent 87Sr/86Sr ratio is shifted to 
values far from the starting solution and toward that of the solid calcite 
(Fig. 3c). Later in Experiment 3, the effluent 87Sr/86Sr ratio increases 
and approaches that of the starting solution.

4. Estimation of calcite dissolution and precipitation rates

We use three, independent geochemical and isotopic measurements 
of effluent to estimate in-situ dissolution and precipitation rates. Our 
experiments are designed so that granular calcite is subjected to 
compression while simultaneously, fluid that is approximately saturated 
with calcite flows slowly through the sample. The starting composition 
of the fluid is constant and known, and the effluent from the compacting 
column is monitored for Ca, Mg, and Sr concentration, and the 87Sr/86Sr 
ratio of dissolved Sr. Because calcite has low solubility, small amounts of 
dissolution or precipitation of calcite measurably affect the fluid, 

Fig. 2. Details of axial strain vs time for (a) Experiment1 and (b) Experiment 3. The data can be fit with logarithmic functions, giving a value for strain rate of 
0.00257/t for Experiment 1 and 0.00114/t for Experiment 3, with time in hours. Mechanical data have been down-sampled for clarity.
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producing a difference in Mg/Ca, Sr/Ca and 87Sr/86Sr in the column 
effluent relative to the starting solution. For example, when calcite 
dissolves it releases Sr and Ca into the fluid in proportion to the Sr/Ca 
ratio of the dissolving calcite. When secondary calcite forms by pre-
cipitation from the solution, it forms with a different Sr/Ca ratio that is 
determined by the Sr/Ca partition coefficient (DSr) and the Sr/Ca ratio of 
the solution.

The measured geochemical changes can be modeled to yield an es-
timate of the mean rates of dissolution and precipitation within the 
column in units of fraction dissolved/precipitated per unit time (or 
time− 1). With the fluid starting and presumably remaining near equi-
librium, the expectation is that the only significant dissolution is driven 
by pressure solution at grain contact surfaces. The transit time of the 
fluid through the column is typically 1.02 h, which is much shorter than 
the 60 to 300 + hour duration of the experiments. Hence the effluent 
trace and isotope chemistry provides a near-real time estimate of the 
“reaction rate,” which can then be compared directly to the measured 
compaction rate, which also has units of time− 1. The Sr isotope ratio is 

another measure of fluid–solid chemical interaction, but unlike the Sr/ 
Ca and Mg/Ca ratios, it is only sensitive to calcite dissolution. During 
passage of the fluid through the column, the fluid 87Sr/86Sr ratio shifts 
gradually from the value in the starting fluid toward the value of the 
solid calcite, with the rate of change proportional to the calcite disso-
lution rate. The slower the rate of dissolution, the less the fluid 87Sr/86Sr 
changes during passage through the column. Changes in the fluid Sr/Ca 
and Mg/Ca are produced mainly in the calcite precipitation process 
while changes in fluid 87Sr/86Sr are produced only by calcite dissolution.

Our conceptual model is that calcite dissolution occurs on the contact 
surfaces between grains where contact area is low and effective stress is 
high. Because the total strain is small, the area of these contact surfaces 
is expected to be a small fraction of the total surface area of the grains. 
Precipitation should occur along unstressed grain surfaces in the larger 
pore spaces between grains provided it is not advected out of the system. 
The geochemical measurements allow us to independently assess the 
total amount of dissolution and precipitation occurring in the column, so 
we have also a measure of the degree to which the two are balanced 
during the experiments. Details of the mathematical model are pre-
sented in Supplementary Materials, Part 2.

5. Relationship between strain rate and calcite reaction rates

5.1. Direct comparison of strain and reaction rates

To begin our discussion of the relationship between reaction rate and 
strain rate, it is instructive to compare the two measured rates directly. 
The calculated volumetric strain rates and calcite reaction rates for the 
two experiments are summarized in Fig. 4. The strain rates measured for 
Experiment 3 are a little less than half those for Experiment 1. The 
calcite reaction rates in both experiments, assuming dissolution and 
precipitation rates are equal (i.e. Rd = Rp; Supplementary Material Part 
2), are systematic, with values about 5 to 10 times smaller than the 
strain rates, and decreasing through time in a manner analogous to but 
not exactly in proportion to strain rate. Experiment 1 shows a rapid 
initial decrease in reaction rate. The high starting value is inferred to 
reflect initial rapid dissolution of fines, an inference supported by the Ca 
concentration analysis described below. The recrystallization rates 
inferred from Mg/Ca are higher than those from Sr/Ca by a factor of 

Table 2 
Experiment 1 geochemistry results, JY marble substrate, < 120 µm grain size, 23 
◦C, 5 MPa confining pressure, 7 MPa axial stress.

Sample# flow 
rate

time Ca 
(mM)

Sr 
(µM)

Mg 
(µM)

Sr/Ca Mg/Ca

ml/ 
min

hr mmol/ 
mol

mmol/ 
mol

Calcite 
(JY)

     0.198 4.82

start fluid  0 0.592 0.111 2.18 0.188 19.6
1 0.1 0.4 0.651 1.175 31.81 1.805 27.1
2 0.01 3.3 0.619 0.345 10.39 0.557 30.1
3 0.01 8.3 0.562 0.326 10.18 0.580 31.2
4 0.01 13.3 0.540 0.260 7.47 0.481 28.7
5 0.01 18.3 0.523 0.224 6.69 0.428 29.9
6 0.01 23.3 0.548 0.208 6.42 0.380 30.9
7 0.01 28.3 0.541 0.194 7.12 0.359 36.7
8 0.01 33.3 0.543 0.187 7.12 0.344 38.1
9 0.01 38.3 0.568 0.185 5.76 0.326 31.1
10 0.01 48.3 0.594 0.192 5.72 0.323 29.8
11 0.01 53.3 0.605 0.179 5.35 0.296 29.9
12 0.01 58.3 0.623 0.185 5.35 0.297 28.9

Table 3 
Experiment 3 geochemistry results, Water treatment marble substrate, 90–212 µm grain size, 23 ◦C, 10 MPa confining pressure, 15 MPa axial stress.

sample # flow rate t Ca Sr Mg Sr/Ca Mg/Ca 87Sr/86Sr
ml/min h mmol/kg umol/kg umol/kg mmol/mol mmol/mol (±0.001 %)

calcite (WT)      1.283 22.17 0.708468
start fluid  0 0.591 0.85 2.0 1.44 3.38 0.710134
1 fast flush 0 0.634 2.14 21.7 3.37 34.16 0.709006
2 0.01 5 0.544 4.19 51.0 7.69 93.77 0.708719
3 0.01 15 0.590 2.84 29.8 4.82 50.51 0.708906
4 0.01 25 0.623 1.66 12.5 2.65 19.99 0.709296
5 0.01 35 0.616 1.23 7.0 2.00 11.38 0.709583
6 0.01 45 0.623 1.11 5.0 1.78 7.96 0.709756
7 0.01 55 0.646 1.09 4.0 1.68 6.24 0.709850
8 0.01 65 0.642 1.03 3.4 1.60 5.36 
9 0.01 75 0.633 1.01 3.1 1.59 4.95 0.709968
10 0.01 85 0.628 0.97 2.9 1.54 4.61 
11 0.01 95 0.626 0.97 2.9 1.55 4.58 0.709988
12 0.01 105 0.631 0.96 2.8 1.52 4.44 
13 0.01 115 0.623 0.95 2.8 1.53 4.49 0.710015
15 0.01 135 0.618 0.93 2.7 1.50 4.34 0.710018
17 0.01 153 0.626 0.96 2.8 1.53 4.54 
19 0.01 173 0.629 0.94 2.6 1.49 4.21 
22 0.01 203 0.616 0.92 2.7 1.50 4.31 0.710034
27 0.01 253 0.638 0.95 2.9 1.49 4.58 0.710066
56 0.01 543 0.606 0.89 2.5 1.46 4.16 0.710116
74 0.01 723 0.611 0.90 3.9 1.48 6.39 0.710084
B1  ~25 0.578 0.82 2.5 1.43 4.34 
B4  ~320 0.589 0.85 2.2 1.45 3.71 
start fluid (2)  0 0.588 0.85 2.2 1.44 3.73 
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about 1.5 in Experiment 1, but lower by factors of 1.2 to 1.5 in Exper-
iment 3. These differences cannot be changed by adjusting the partition 
coefficients within reasonable bounds, and indicate that Mg/Ca parti-
tioning may be more sensitive to mineral and fluid compositional 

variations than is Sr/Ca partitioning (Mucci and Morse, 1983). To 
simplify discussion, in the following we focus mainly on the rates 
determined from Sr/Ca and 87Sr/86Sr.

The ratio of reaction rate to strain rate in Experiment 1 increases 

Fig. 3. Chemical data (a) for Experiment 1 and chemical (b) for Experiment 3 and Sr isotopic data (c) for Experiment 3. In Experiment 1 the Sr/Ca and Mg/Ca data 
are used to calculate the calcite reaction rates. In Experiment 3, the starting fluid Sr/Ca and Mg/Ca were set to be close to the equilibrium values so they are 
somewhat less sensitive for determining reaction rates, but their relative constancy in the experiment makes the interpretation of the Sr isotope data simpler. Calcium 
concentration is set to be near the equilibrium value and stays nearly constant during the experiments.

Fig. 4. (a) Calcite-fluid recrystallization rates (R, in units s− 1) calculated from fluid Sr/Ca and Mg/Ca versus time in benchtop Experiment 1 with applied stress of 2 
MPa. D values of 0.05 for Sr/Ca and 0.01 for Mg/Ca were used, but the results are insensitive to these assumed values within their likely range. (b) Reaction and 
strain rates for Experiment 3 with applied stress of 5 MPa; dissolution rate, Rd, based on 87Sr/86Sr measurements, and precipitation rate, Rp, based on Sr/Ca and Mg/ 
Ca. Approximate volumetric strain rates are from the logarithmic fit to the data (Fig. 3b). Background exchange rates are based on the experiments of Chanda et al. 
(2019) using the geometric surface areas for our grain packs (3 m2/mol for Experiment 1 and 1 m2/mol for Experiment 3).
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from 0.04 to 0.2 during the course of the experiment (Fig. 6a). The Ca 
concentration analysis suggests that Rd = Rp within 10 to 20 %, so the 
derived rates from the simple analysis are relatively accurate 
(Supplementary Material, Part 3). In Experiment 3, there is an extended 
early pulse of high reaction rate, even though fines were absent from the 
calcite. The reaction rate-to-strain rate ratio based on Sr/Ca and 
87Sr/86Sr and using the logarithmic fit to the strain data shown in 
Fig. 3b, is about 0.3 at 25 h, decreases systematically to 0.08 to 0.1 at 80 
h and then gradually increases toward 0.15 at 200 to 300 h. The latter 
part of this sequence is similar to that of Experiment 1. Initial differences 
and later convergence suggest that mechanisms other than pressure 
solution, such as fine dissolution and cracking, may be controlling the 
fluid chemistry early in experiments. The dissolution rates derived from 
87Sr/86Sr in Experiment 3 are slightly higher than the recrystallization 
rates derived from the elemental ratios. The small difference implies that 
Rd > Rp, meaning there is a small amount of net dissolution.

5.2. The geometric relationship between dissolution and strain

Our data provide a measure of the total rate of calcite dissolution and 
precipitation occurring in the column, but the strain due to pressure 
solution is determined by the dissolution per unit area on the grain contact 
surfaces (e.g. Zhang and Spiers, 2005a). In the following section, we 
describe how calculated recrystallization rates relate to pressure solu-
tion strain rates, and how they compare to the measured strain rates in 
the experiments. We use the standard model for pressure solution strain 
first proposed by Weyl (1959) and more recently parameterized by 
Zhang et al (2010). This model is illustrated in its simplest form in Fig. 6, 
adapted from He et al (2013). Although the model is a simplification of 
the actual sample geometry, it is useful in that it provides relationships 
between strain, grain size, reaction rates, and diffusion effects that can 
be used to assess general features of compaction experiments (Zhang and 
Spiers, 2005a; Zhang et al., 2010).

In our discussion we focus on dissolution at the grain contact surfaces 
because it is responsible for the observed sample volume reduction. Our 
discussion of reaction rates is also focused on dissolution and the geo-
metric controls on pressure solution rates on grain contacts. As noted in 
Zhang et al (2010) and elsewhere, dissolution rates can be affected by 
precipitation rates in the larger pores if that process is sluggish enough 
to affect the saturation state of the fluid phase on grain boundaries. Our 
geochemical approach constrains both dissolution and precipitation 
rates, which we can show to be subequal, although there is evidence for 
slightly faster dissolution. The rate equations for both processes are 
essentially indistinguishable at small strains (Zhang et al. 2010) so our 
conclusions based on dissolution rates would not be affected if precipi-
tation control is also important. It should also be noted that excess 
dissolution of 10− 10 s− 1 over the course of 200 h (Figure S10) would 
result in removal of only 0.007 % of the solid mass and hence does not 
contribute significantly to measured strain.

Fig. 6 represents two spherical grains of diameter d with a circular 

contact surface of radius a, the area of the contact surface is πa2, the 
approximate surface area of an individual grain is πd2, and the grain 
volume is πd3/6. If dissolution on the contact surfaces is causing each 
surface to migrate toward the grain center at a velocity vs, which is the 
area-normalized dissolution rate in m/s, the distance between the two 
grain centers decreases at a rate 2vs. The distance between the two grain 
centers can be called 2x where, at small strains, x ≈ (d2/4 − a2)0.5. The 
strain inherent in this model system, relative to two spheres that are 
barely touching, is ε = 1 – 2x/d. The instantaneous strain rate is dε/dt =
vs/x. For small strains of order 1 %, x ≈ d/2, and strain rate can be 
approximated as dε/dt ≈ 2vs/d. The fractional rate of dissolution of the 
grains, which is the reaction rate as measured geochemically in our 
experiments, is: Rd = 12vsa2/d3 (=2vsπa2/(πd3/6) = 2vsAcontact/Vgrain) 
The ratio of this reaction rate to the volumetric strain rate (data in 
Fig. 5), for the spherical grain model is: 

Fig. 5. Reaction rate – strain rate ratios for (a) Experiment 1 and (b) Experiment 3. The results from Mg/Ca are slightly higher for Experiment 1 and lower for 
Experiment 3.

Fig. 6. Illustration of the relationships between grain contact surface area, 
strain due to dissolution on the contact surface, grain diameter, and grain 
volume, adapted from He et al. (2013). The velocity vs is the dissolution rate 
averaged over the contact surfaces. The width or aperture of the contact zone is 
δ, which affects diffusion of dissolution products to the intergranular pore 
space. This 2-grain model is sufficient to describe any packing geometry of 
uniform spherical grains.
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Rd = 6
Acont

Agr

dεv

dt
=

6a2

d2
dεv

dt
(1) 

Equation (1) applies if all strain is due to pressure solution on grain 
contact surfaces, but the measured reaction rate (Rd) does not distin-
guish between reaction and diffusion control. The result is that the re-
action rate as we measure it relates to the pressure-solution strain rate, 
but only though the ratio of contact surface area to total grain surface 
area.

Equation (1) indicates that the ratio of reaction rate to strain rate is a 
measure of the grain contact surface area, and through the relationships 
depicted in Fig. 6, also a measure of strain. We can first ask whether the 
implied a/d values based on the measured values of (dεv/dt)/R are 
reasonable given the amount of measured strain in the experiments. In 
Fig. 7, we show the inferred a/d values, calculated using Equation (1)
and the data in Fig. 5, and how they change with time in the two ex-
periments, as well as the “total strain” calculated from the inferred a/ 
d and ε = 1 – 2x/d.

In Experiment 1, using the Sr/Ca data, the behavior is qualitatively 
as expected. As the grain pack compacts during the experiment, a/d in-
creases, meaning the area of the contact surfaces increases. The total 
amount of strain inferred from the a/d values based on Sr/Ca is in the 
range 2 to 4.5 %, which is in the right range, but the inferred increase in 
strain between 10 h and 60 h (4 %) is much larger than measured (0.4 
%). For Experiment 3, the first 60 to 80 h of the experiment are much 
different from what is expected when we use the logarithmic fit (Fig. 3b) 
to describe the strain rate versus time. Between the start and about 50 h, 
the inferred values of a/d are much higher than expected, reflecting high 
reaction rates, peak at about 15 h and then decrease until about 80 h. 
This behavior is an indication that the initial deformation of the sample 
was more complex than can be approximated by pure pressure solution. 
Starting at 80 h, the geochemically inferred strain systematically in-
creases from about 2 to 3 % to about 5 %. As with Experiment 1, the total 
amount of strain is reasonable, but the increase in strain between 80 and 
250 h is larger than the measured strain increase, which is less than 0.1 % 
(Fig. 3b). The conclusion from this analysis is that the reaction rates 
measured in Experiment 1 with Sr/Ca are close to what is needed to 
explain the strain by pressure solution, and in Experiment 3 the reaction 
rates are initially too high relative to strain rates, indicating that there 
was additional reaction that was not contributing to strain. Early in 
experiments, the contact stresses are the highest, which may result in 
fracturing, leading to changes in surface area and angularity of grains 
and causing enhanced dissolution (e.g. Heidug 1991).

5.3. Comparison of measured reaction rates and strain rates

The next stage of our analysis is to evaluate the area-normalized 
pressure-induced dissolution rates that are implied by our strain rate 
data, by converting them to units normally used for reaction rates (mol/ 
m2/s) and comparing them to the measured reaction rates. The disso-
lution rates needed to account for the strain by dissolution on grain 
contacts can be calculated from the strain rate and the grain size. Using 
the expression derived above, the dissolution velocity is vs = (dε/dt)(d/ 
2). The velocity in m/s can be converted to mol/m2/sec by multiplying 
vs by the density of calcite in mol/m3 (2.7 × 104). The resulting rates 
(Fig. 8), 3.5 × 10− 7 to 2 × 10− 9 mol/m2/s, are about 85 % to 0.5 % of the 
calcite dissolution rate constant at 25 ◦C used by Zhang et al (2010) (4 ×
10− 7 mol/m2/s).

The measured reaction rates are related to the rates calculated from 

Fig. 7. Values of a/d and strain calculated from Sr/Ca and Mg/Ca using Equation (1) and the measured ratio of calcite dissolution/precipitation rate and strain rate 
as depicted in Fig. 5. Also shown are the strain values calculated from a/d values for Sr/Ca and Mg/Ca data using the geometric relationships between the dimensions 
a, x, and d from the uniform sphere model (Fig. 6). (a) Experiment 1. (b) Experiment 3.

Fig. 8. Dissolution rates of calcite on grain surfaces calculated from measured 
strain rate and from the measured reaction rates divided by 6a2/d2. The value 
of 6a2/d2 used is the Zhang et al. (2010) model value based on measured strain 
(Fig. 7). For comparison, the rate constant for calcite dissolution is about 4 ×
10− 7 mol/m2/s at 25 ◦C (Zhang et al., 2010). Grain size used for this calculation 
is 80 µm for Experiment 1 and 160 µm for Experiment 3.
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strain rate by the factor 6a2/d2. To make the comparison we use the 6a2/ 
d2 values that are “predicted” by the Zhang et al (2010) model based on 
total strain (Fig. 8). For Experiment 1, the measured rates are close to the 
rates deduced from strain rate during the first half of the experiment and 
then diverge to higher rates. For Experiment 3, the measured rates agree 
with the rates deduced from strain rate after 50 h but are too high before 
that. The high values suggest that there was additional reaction that was 
not contributing to strain, possibly due to fracturing, reducing grain size 
and exposing new highly reactive grain surfaces. An important obser-
vation is that measured reaction rates are close to what is needed to 
account for the measured strain and strain rates after roughly 80 h.

5.4. Microstructural observations of grain boundary structure.

Estimates of a/d from the geochemical data, mostly in the range of 
0.08–0.16 (Fig. 7) can be compared directly to microstructural mea-
surements. The a/d parameter applies strictly only for grain boundaries 
that can be characterized by a single contact area and grain diameter 
using a close packing of spheres as a model, but it is useful as a reference 
in analyzing the more complex situation involving angular grains of a 
range of sizes. The evolution of grain boundary structure determines the 
relative contribution of subcritical cracking and pressure solution as 
well as whether pressure solution is reaction or diffusion limited, by way 
of determining the stress intensification factor and the size of the contact 
surfaces. We can gain insight by examining SEM images of experimental 
material prior to and after reaction (Fig. 9).

The contacts between grains are not uniform; they vary from ~ 1 µm 

to ~ 30 µm in width. Using an average grain diameter of 160 µm, this 
puts a/d between 0.01 and 0.2, roughly in agreement with the estimate 
from the measured strain to reaction rate ratios (Fig. 8). The variation is 
large, which is not surprising given the microstructure of the grain pack. 
The average value of a/d is close to 0.10 or 0.15, which is the range 
inferred from the experimental data after total strain had reached about 
4 %.

There are several ways that the geometry of our samples contrast 
with a close packing of uniform spheres. Firstly, the general shape of 
calcite grains is more cuboid than round, thus they have points, edges 
and faces instead of uniform curved surfaces. The initial material is 
rhombs of calcite with sharp corners. As opposed to the one type of 
contact possible between spheres, there are six: point on point, point on 
edge, point on face, edge on edge, edge on face and face on face. There is 
evidence in the SEM images that pressure solution dominates where 
contacts are formed by points or edges, which would have the highest 
stress (Fig. 9g,h). The actual contact area of each of these is likely further 
complicated by roughness. Secondly, the range of grain size and shape in 
our experiments leads to a different porosity evolution than expected 
from uniform spheres. The minimum porosity of a close packing of 
uniform spheres is ~ 0.26. For a random packing of spheres the mini-
mum is 0.36, while our samples vary from ~ 0.32–0.27 over the course 
of an experiment (see Supplementary Material). The observations from 
our experiments are different from the expected porosity evolution due 
to the uniform truncation of close-packed spheres, although as noted 
below, predictions using the simple geometric model with unform 
spheres are not far from our experimentally determined strain rates.

Fig. 9. SEM images of experimental material. Overviews of a) unreacted material, b) Experiment 1 at 2 MPa nominal axial stress and c) Experiment 3 at 5 MPa 
nominal axial stress. Grain-scale views of d) unreacted material, e) experiment 1 and f) experiment 3. g) close-up view of impinging, rough contact from Experiment 
1. h) evidence of grain-indentation accompanied by fracturing from Experiment 3.
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The structure of individual contacts also varies from a simple planar 
circular contact, and implies that the “island-channel” model of grain 
contacts (e.g. deMeer et al., 2005) is a better description of the grain 
contacts in our experiments than the depiction of Fig. 6. To quantify this, 
the roughness of individual calcite grains was measured using a vertical 
scanning interferometer (Zygo NewView 7300). Calcite grain surfaces 
have structures on a range of scales. On the scale of grains, steps and 
cleavage plains separate relatively flat surfaces with relief on the order 
of 10 µm (Fig. 10). Along these relatively flat surfaces, there is 
nanometer-scale roughness (Fig. 10e). This roughness means a contact 
with 100’s of square microns of nominal area has only several square 
microns of real contact area. This suggests that additional factors may 
need to be added to the expression for surface reaction rate that account 
for the difference between actual contact area undergoing dissolution, 
nominal grain scale contact area, and the corresponding differences in 
stress. The roughness data also imply that the channels between grains 
have an aperture of 10’s of nanometers in contrast to the 1 nm 
commonly assumed in diffusion models (e.g. Spiers and Schutjens, 
1990), and substantial tortuosity, both of which would influence 
diffusion.

It is evident that fracturing processes play a role in both experiments 
3. There are some fractures present in unreacted materials, which may 
have been induced during the grinding, sieving and initial handling; 
however, most of the fractures evident in reacted samples occurred 
during compaction. The sample from Experiment 3 exhibits the most 
substantial fracturing (e.g. Fig. 9f), which may help explain the excess 
reaction inferred by geochemical measurements (Fig. 7) and discussed in 
section 5.3.

6. Comparison of model predictions and experimental results

6.1. Thermodynamics of thin film vs. island channel models of pressure 
solution

The key concept for describing pressure solution in calcite is that the 
solubility of calcite increases with pressure or interfacial normal stress at 
constant temperature. Consequently, referring to the model diagram 
(Fig. 6), if a stress is applied to a grain pack, and a normal stress is 
concentrated on the grain-grain contact surfaces, the fluid pressure 
within the fluid film at those contacts is in equilibrium with that normal 
stress and is higher than that in the open pore space (Lehner, 1990). The 
resulting normal stress difference should cause the calcite to dissolve at 
the contact surfaces and re-precipitate in the pores. The increase of 
calcite solubility with hydrostatic pressure can be written approximately 
in the form: 

Keq(P) = Keq(P0)exp
(

P − P0

Pr

)

(2) 

where Keq is the solubility product constant, and Pr is a scaling pressure 
equal to RT/vcc ≈ 67 MPa at 25 ◦C (Zhang et al., 2010) and using the 1 
atmosphere molar volume of calcite. Consequently, if the effective 
excess fluid pressure on the grain contacts is denoted as peff, excess sol-
ubility can be written as: 

Keq

(
P+ peff

)
= Keq(P)exp

(
peff

Pr

)

(3) 

Fig. 10. Results of vertical scanning interferometry of calcite grain. a) contour map of grain surface, b) raw data showcasing fine structure, c) volume rendering of 
sample surface, d) line profile across large steps, e) line profile across smooth surface.
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In a calcite grain pack held at a hydrostatic pressure, P, the solubility of 
calcite overall will be higher than at 1 bar, but the calcite will have no 
tendency to dissolve if the fluid has equilibrated with the calcite at 
pressure P. The calcite at the grain contacts would tend to dissolve only 
because the effective pressure in the fluid film within the contacts is 
higher by peff. In the model we assess in the next section, the effective 
pressure on the fluid is assumed to be: peff = Bσe, where σe is the applied 
stress on the grain pack and B is a geometric factor that accounts for the 
concentration of stress on the grain contact surfaces (Zhang et al., 2010).

Another model for the grain contacts, sometimes referred to as the 
“island-channel” model, is that they are rough, and stress is concen-
trated at asperities. In this case, all or most of the calcite dissolution 
could occur at the asperities where stresses may reach GPa levels, at 
least until the asperities are dissolved away. In this model the pressure in 
the grain contact fluid is equal to that in the pores and the increase in 
calcite solubility is due to stress effects on the thermodynamic stability 
of the solid at the asperities. If the length scale of the islands or asperities 
within the grain-grain contact regions is much smaller than the contact 
radius (a in Fig. 7), then Lehner (1990, 1995) has shown that equation 
(3) still applies, in an approximate sense, at the grain-grain contact 
scale. If the islands are larger, however, the solubility would be a 
function of the normal and shear stresses on the solid asperities, but a 
highly simplified version would just account for the concentration of 
normal stress, and could be written as: 

Keq
(
σgb
)
= Keq(P0)exp

(
(σgb/Aasp)

2
/Kcc

Pr

)

(4) 

where Kcc is the bulk modulus of calcite (about 70 GPa), σgb is the 
average stress on the grain boundaries (=Bσe), and Aasp is the fractional 
area of the asperities on grain contact surfaces. The expressions in 
equations (3) and (4) are equal when Aasp = (peff/Kcc)1/2, which occurs 
for plausible values of Aasp in the range 0.02 to 0.1 (assuming that σgb =

peff) which also are consistent with our observations of grain contacts 
discussed in Section 5.

It is worth noting that the formulation for the pressure-dependence 
of calcite solubility has some uncertainty, especially for pressures 
greater then 100 MPa. For example, McDonald and North (1974)
measured the increase of calcite solubility with pressure and found that 
the scaling pressure was 43.5 MPa, equivalent to ΔVr ≈ 5.7 × 10− 5 

m3/mol, which is about 50 % larger than the molar volume of calcite. 
The calcite log Keq data from the Soltherm thermodynamic database 
(Palandri, 2015), which has solubility parameterized to 500 MPa, can be 
fit better with Pr ≈ 90 MPa, but a good fit requires a polynomial rather 
than the exponential form. For our purposes we use the formulation of 
Equation (3) with Pr = 67 MPa, since use of the other values would not 
change our conclusions significantly.

6.2. Pressure solution flow laws

One model for pressure solution is that the rate of dissolution of 
calcite at the grain contacts is controlled by diffusion of calcite disso-
lution products through a thin film to the open pores. As discussed 
above, the same concept applies to grain contacts with a very fine island 
and channel structure (Lehner 1990,1995). The rate of this diffusive flux 
is proportional to calcite solubility (with suitable caveats because it can 
be affected by the species in solution), so it is expected that the 
compaction rate (dε/dt) will vary with the effective pressure on the 
grain boundary fluid as: 

dε
dt

∝exp
(

peff

Pr

)

− 1 (5) 

The diffusion-limited compaction rate also depends on the radius of the 
grain contact surfaces and the effective thickness and viscosity of the 
fluid film (Zhang et al., 2010).

A key point for estimating surface reaction-controlled dissolution 
rates is the effect of increasing solubility with pressure on dissolution 
rate. In general, calcite dissolution rate (Rs) is written in the form: 

Rs = ksA
(
1 − Qsp/Keq

)n (6) 

where n is reaction order, determined empirically and typically in the 
range 1 to 4 (e.g. Adkins et al., 2021) and A is a number between zero 
and 1 that can account for the density of reactive sites per unit total 
surface area of solid. Hence, using the pressure dependence of Keq from 
Equation (3), the effect of the excess grain boundary stress on dissolu-
tion rate would be of the form: 

Rs = ksA
[

1 − exp
(
− peff

Pr

)]n

(7) 

And hence: 

dε
dt

∝A
[

1 − exp
(
− peff

Pr

)]n

(8) 

The solubility of calcite as a function of pressure (Equation (3) is rela-
tively straightforward to estimate because it is controlled by thermo-
dynamics. Surface reaction rate (Equation (6) is different because it is 
influenced by other factors. An important aspect of Equations (7) and (8)
is that dissolution rate and strain rate reach a limiting value as stress 
increases so that at high effective stress, there is little dependence of 
strain rate on stress unless stress affects A.

Accounting for the geometric factors implied by Fig. 6, the expres-
sion for diffusion-limited compaction rate (dεd/dt) is (ZSP, 2010): 

ε̇d =
DSC
d3

(

exp
peff

Pr
− 1
)

fd (9) 

The parameter product DSC includes the ionic diffusivity (D=10− 10 m2/ 
s at 25 ◦C), the film thickness on the grain contact surfaces (S ≈ 10− 9 m), 
and the solubility of calcite at 0.1 MPa and 25 ◦C in units of volume/ 
volume (C ≈ 2.13 × 10− 6). For the surface reaction-controlled (disso-
lution-limited) compaction rate (εs) the expression is (adapted from ZSP, 
2010): 

ε̇s =
ksA
d

(

1 − exp
− peff

Pr

)n

fs (10) 

Equation (10) is different from that in ZSP (2010) but gives the same 
results for σeff < 10 MPa, n = 1 and A=1. The geometrical factors fd and fs 
are, for small strains fs ≈ 6 and fd ≈ 24d2/a2. Equation (10) shows that 
the maximum strain rate occurs when peff/Pr ≫ 1. Dong et al (2018) re-
ported calcite dissolution rates in seawater up to 25 MPa and showed 
that ks increases by about 3x above 7 MPa, a factor we have not included 
in our modeling. Variations in the mechanism of dissolution (e.g. Adkins 
et al., 2021) can change the value of n, and passivation by fluid com-
ponents such as Mg2+, Mn2+, SO4

2− (Zhang and Spiers, 2005a) would 
affect A.

Equations (5) to (10) apply if dissolution is controlled by the 
chemistry and thermodynamics of the fluid in the intergranular film and 
does not include the effect of stress on the thermodynamic stability of 
the solid phase at the contact surfaces (DeBoer, 1977; his equation (7). 
The alternative model is that the fluid pressure at the grain contacts is 
equal to the pressure in the pore fluid and the dissolution on the grain 
contact surfaces is concentrated at asperities and caused by the increase 
in free energy of the solid phase in response to stress. The formulation of 
that model, discussed further below, parallels equations (6) to (10) when 
the island-channel structure is very fine (Lehner 1990, 1995), but for a 
coarse asperity, the exponential term would be replaced by that in 
equation (4).
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6.3. Subcritical cracking creep flow law

For completeness we also estimate what is predicted from the theory 
of compaction controlled by subcritical cracking creep (SCC). Estimates 
of strain rates from SCC can be made using the empirical flow law of 
Brantut et al. (2013). Rates obtained from this flow law require the use 
of parameters that are acquired experimentally, but the estimates have 
been shown to be insensitive to small differences in parameter values 
within reasonable ranges (Brantut et al., 2014): 

ε̇SCC = ε̇0exp
(

Q − Qpeak

σ*

)

(11) 

where ε̇SCC is the strain rate due to SCC, ε̇0 is the reference strain rate at 
which other parameters are derived (for our purposes ≈ 10− 6 s− 1), Q is 
the effective axial stress, Qpeak is the peak stress at the reference strain 
rate, and σ* is the activation stress. For our experiments, the exponential 
term is of order 0.01, so the predicted SCC rates are order 10− 8 s− 1, 
which is not far from the observed strain rates. The parameters used for 
our calculations are listed in Table 1 and the results for both Experiment 
1 and Experiment 3 plotted in Figs. 12 and 13.

6.4. Thin film model

In our experiments, we measured strain and strain rate and have a 
reasonable estimate of average grain size, so it is possible to predict 
strain rate versus time using equations (9) and (10). (see Table 4).

The results are shown in Fig. 11 and include the SCC model. A 
summary of the parameters used in the models is provided in the Sup-
plementary Materials, Part 4.

For both experiments we use n = 3 (equation (10) for calcite disso-
lution kinetics, based partly on the results of Dong et al (2018) who 
showed that pressure had little effect on reaction order, and other 
studies showing reaction order between 2 and 4.5 (cf Adkins et al., 
2021). Using n = 2 would not change the results significantly. We use 
the equation for log Ksp given in ZSP (2010), and the values they use for 
ks (1.6 × 10− 11 m/s) and DS (10− 19 m3/s). For Experiment 1 the SCC 
model gives the right order of magnitude for the strain rate but does not 
provide a good fit to the measurements. The diffusion-control model 
rates are too low, and the dissolution control model rates are too high 
and neither captures the time dependence of the rates. For Experiment 3, 
where the applied stress is higher, the SCC model again gives the right 
order of magnitude rates, but only the diffusion-control model provides 
a good fit to the data, and only for the second half of the experiment. The 
dissolution-control model rates are too high overall and do not change 
enough with time but can account for the high strain rates early in the 
experiment. If absolute strain is decreased, the diffusion-control model 
can be made to fit the measurements for Experiment 1, but for Experi-
ment 3 both pressure solution model rates increase by large factors and 
make the agreement with measurements worse. Although there is un-
certainty due to the model rate dependence on total strain, it appears 
from application of the models that the strain rates we measured may 

Fig. 11. Calculated and measured strain rates using the ZSP (2010) model with 
specified strain, n = 3 for reaction rate kinetics (equation (10) and DS=10− 19 

m3/s for the diffusion-control model (equation (9). (a) Experiment 1 and (b) 
Experiment 3. SCC curves are predictions of the Brantut et al. (2014) model for 
subcritical crack-controlled creep.

Fig. 12. Calculated and measured strain rates using the proposed island- 
channel version of the ZSP (2010) model with specified strain, n = 3 for re-
action rate kinetics, Kcc = 70 GPa, and DS=10− 18 m3/s for the diffusion-control 
model (equations (9) and (10), but using the exponential expression from 
equation (4). (a) Experiment 1, using Aasp = 0.04 and (b) Experiment 3 using 
Aasp = 0.08.
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have a significant component of reaction control, and either there is a 
transition from reaction toward diffusion control or the reaction rates 
vary with time more than the model predicts.

6.5. Island-channel model

The model results shown in Fig. 11 can be compared to analogous 
models using equation (4) to describe the effect of stress concentration 
on grain contacts on the solubility of calcite. This type of model in-
troduces another parameter (Aasp) and would be more consistent with a 
greater film thickness S (deMeer et al., 2005). For illustration, the model 
results (Fig. 12) are calculated for DS=10− 18 m3/s and constant Aasp =

0.04 for Experiment 1 and 0.08 for Experiment 3. The values of Aasp are 
chosen to bring the model rates close to the measured rates but are 
consistent with our observations of grain contact surfaces. The island- 
channel model may be more realistic in that it does not require the 
grain boundary fluid pressure to be elevated relative to the pore fluid. It 
is a different conceptual model, with different implications for the 
controls on calcite dissolution, but in other respects still leads to the 
same question about the relative roles of surface reaction and diffusion 
in controlling pressure solution creep.

6.6. Surface reaction versus diffusion-control

Our results suggest that there may be a significant role for reaction- 
controlled compaction in our experiments. It is instructive to evaluate 

whether this is to be expected based on our interpretation of the ZSP 
model, and how expectations would change if there were different re-
action rates or diffusion limitations. One approach is to determine the 
critical grain size where dissolution- and diffusion-control strain rates 
should be equal, which can be calculated by equating the rate expres-
sions in equations (9) and (10) and solving for the average grain size, d, 
as a function of peff and total strain (Fig. 13). This analysis applies to the 
thin-film model. The corresponding graph for the island-channel model 
would be similar but more complicated because of the additional 
parameter Aasp.

The calculated critical grain size has a minimum at σeff = 67 MPa and 
increases at both higher and lower stresses. The increase at low stress is 
due to the nonlinear kinetic formulation (n = 3) and may be exaggerated 
since there are experimental data suggesting that reaction order de-
creases to 1 or even less than 1 at small departures from equilibrium 
(Adkins et al., 2021). The field where diffusion-limited dissolution 
predominates expands with increasing strain. Reaction-control should 
predominate at small strains for grain size up to 10 µm, and in general 
for grain sizes < 3 µm. For the 80 to 160 µm grains in our experiments 
pressure solution could start in the reaction-controlled regime but 
should be diffusion controlled for strain > 1 %. Indeed, the predicted 
strain rates for diffusion-control are much slower than for reaction- 
control (Figs. 12, 13), but the measured strain rates in both experi-
ments are higher than the predictions for diffusion-control. Two factors 
might expand the reaction-control regime substantially. Reaction rates 
are likely to be slower than equation (10) predicts, due to limitations in 
reactive surface area on the grain contract surfaces (A ≪ 1), and the DSC 
factor in equation (9) could be larger (deMeer et al., 2005) as depicted 
with the curve for DS=10− 18 m3/s. Both these factors are likely to apply 
for the island-channel model too.

6.7. Time-dependent surface reaction rates

In our experiments we measured strain rate and reaction rate 
concurrently, and although the strain rates predicted for reaction control 
are higher than the measured rates, the discrepancy is not so large at the 
beginning of the experiments. There is a possibility that the strain rates 
are reaction-controlled throughout the experiments and slow with time 
because the dissolution rates slow with time. In this scenario, the problem 
in modeling the strain rate is not in accounting for the change in ge-
ometry (and hence peff) with strain, but in predicting the time- 
dependence of dissolution rates. The observation that strain rates in 
our experiment are roughly inversely proportional to grain size is also 
consistent with a significant role for reaction-control (equation (10), 
although this conclusion should be mediated by the relatively wide 
range of grain sizes in our experiments.

The 1/t evolution of strain rate in both of our experiments, a 
behavior that is commonly observed (Zhang and Spiers, 2005a; Zhang 
et al., 2010), could be significant in the context of reaction rate varia-
tions in that it is not obviously expected from the ZSP geometric models. 
Equation (9) predicts that strain rates should decrease exponentially, 
and the prediction from equation (10) depends strongly on the departure 
from equilibrium and other factors. The island-channel model has the 
potential to match the observations, if for example the asperity popu-
lation changes systematically with time and strain. Another possibility is 
that the 1/t rate evolution could be an indication that strain rates are 
reaction-controlled and that the reaction rates vary as 1/t, a possibility 
that is not accounted for in the existing theory but would be consistent 
with other observations of mineral-fluid reaction rates. For example, 
calcite dissolution rates in nature tend to be both slower than predicted 
from laboratory experiment-derived kinetic parameters, and to decrease 
with time roughly as 1/time (Zhang et al., 2023 and references therein) 
presumably due to processes that passivate the reacting calcite surface 
over time under otherwise constant conditions (e.g. Reeves and Roth-
man, 2013). This same dependence is inferred from natural weathering 
processes affecting silicates (White and Brantley, 2003).

Fig. 13. Calculated process predominance diagram for diffusion- and reaction- 
control of pressure solution creep in calcite grain packs based on equations (9) 
and (10) (n = 3, Pr = 67 MPa, DS=10− 19 m3/s, ks = 1.6 × 10− 11 m/s). Dashed 
curve shows the effect of increasing DS to 10− 18 m3/s. Average grain size and 
(calculated) effective stress range for Experiments 1 and 3 also shown. Slower 
reaction rates would move all curves to larger grain sizes. For the dissolution 
kinetic formulation given in ZSP (2010) the critical grain size is 3 µm at 0.1 % 
strain decreasing to 0.5 µm at 5 % strain, with no dependence on grain 
boundary stress.

Table 4 
Parameters used in calculations using the Brantut et al (2013) flow law.

Parameter Value

Grain size, d 100 μm
Molar volume of calcite,Ω 3.69 × 10− 5 m2.mol− 1

Gas constant, R 8.3145 J mol− 1 K− 1

Temperature, T 297 K
Reference strain rate, ε̇0 

a 10− 6 s− 1

Activation stress, σ* b 2 MPa
Peak stress, Qpeak 

a 10.4 MPa for Experiment 1; 14.5 MPa for Experiment 3

a extrapolated from Wang et al. [2018].
b from Brantut et al. [2014].
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7. Conclusions

The primary conclusion from the results of granular calcite 
compaction experiments and the use of geochemical data to determine 
the in-situ reaction rates, is that the reactions predicted from theory 
qualitatively track the mechanical compaction of our samples and occur 
at rates that are the right order of magnitude to account for strain. All 
three types of chemical data we use (Sr/Ca, Mg/Ca, 87Sr/86Sr) yield 
comparable reaction rates that are generally consistent with the 
observed compaction if it is controlled by dissolution on mineral grain 
contact surfaces. The calculated reaction rates are within the range ex-
pected if the solubility of calcite along the grain contact surfaces is 
enhanced due to an effective pressure that is higher than the applied 
stress by factors of about 10 to 70, or by much higher stresses concen-
trated at asperities on grain contact surfaces. However, measured re-
action rates decrease more quickly with time than is predicted by the 
grain contact stress evolution in the Zhang et al. (2010) model. The 
measured reaction rates, and the measured strain rates, decrease 
approximately as 1/time, which could result from an intrinsic time- 
dependence to the reaction rates as observed in other contexts 
involving calcite dissolution and precipitation, or as a consequence of 
asperities being systematically eliminated during compaction.

Our results demonstrate that the method of using trace element and 
isotope ratios to monitor in-situ reactions can be a powerful tool for 
deconvolving the relative roles of different deformation mechanisms, 
and to better understand the role of temperature, stress and chemical 
environment on the evolution of sediments. This tool will require further 
development and testing, but may also be applicable to more compli-
cated systems such as polymineralic samples and more complex pore 
fluid compositions, as well as to assess the effects of reaction retardants 
such as Mg and SO4, and expedients such as NaCl (e.g. Zhang and Spiers, 
2005a). Our results also show that the structure of grain boundaries is 
central to understanding both the relative contributions of cracking and 
pressure solution and the rate-limiting step during pressure solution. 
More accurate flow laws would need to account better for the evolving 
structure of grain boundaries during chemical–mechanical deformation, 
as well for time-dependence of chemical reaction rates under otherwise 
constant or slowly evolving conditions.
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Supplementary information is provided in four sections: Section 1
provides additional experimental details including on sample prepara-
tion, measurement procedures and precision, background on Sr and Mg 

distribution coefficients, pore pressure and permeability evolution 
during the experiments, and analysis of the effect of unequal dissolution 
and precipitation rates. Section 2 descibes the details of the model used 
to predict reaction rates from fluid chemistry. Section 3 describes the 
results of Experiment 2, carried out at Beamline 8.3.2 at the Advanced 
Light Source. Section 4 is a list of symbols, parameters, and formulae 
used in the manuscript. Supplementary material to this article can be 
found online at https://doi.org/10.1016/j.gca.2024.09.018.
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