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[11 Uniaxial compression tests were conducted on bioclastic sand and crushed calcite
crystals. Mechanical and chemical processes were investigated to better quantify
petrophysical properties of carbonates and their evolution with burial or during fault zone
processes. The grain size was in the range 63-500 pm, and the samples were saturated
with water in equilibrium with carbonate, glycol, decane, or air. During loading, effective
stress was increased to 32 MPa. Mechanical compaction processes (i.e., grain
rearrangement, crushing) could be separated from chemical processes (i.e., pressure
solution, subcritical crack growth). P and § waves monitored during the tests showed
low velocity in samples saturated with reactive fluids. This suggested that chemical
reactions at grain contacts reduced the grain framework stiffness. Creep tests were also
carried out on bioclastic sand at effective stress of 10, 20, and 30 MPa. No creep was
observed in samples saturated with nonreactive fluids. For all the samples saturated
with reactive fluids, strain as a function of time was described by a power law of time
with a single exponent close to 0.23. Parameters controlling creep rate were, in order

of importance, grain size, effective stress, and water saturation. Microstructural
observations showed that compaction of bioclastic carbonate sand occurred both
mechanically and chemically. Crack propagation probably contributed to mechanical
compaction and enhanced chemical compaction during creep. Experimental compaction
showed that compaction of carbonates should be modeled as a function of both
mechanical and chemical processes, also at relatively shallow depth and low

temperature.

Citation: Croizé, D., K. Bjerlykke, J. Jahren, and F. Renard (2010), Experimental mechanical and chemical compaction of
carbonate sand, J. Geophys. Res., 115, B11204, doi:10.1029/2010JB007697.

1. Introduction

[2] Compaction of sediments, i.e., porosity loss and den-
sity increase, induces changes in petrophysical properties of
rocks. These petrophysical properties are crucial to for
instance, model the stability of slopes, or for the determi-
nation of the elastic properties of the medium to image re-
servoirs using seismic waves or electromagnetic signals.
Processes leading to porosity loss in sediments may be
divided into mechanical compaction which is a function of
stress, and chemical compaction which is controlled by the
thermodynamics and kinetics of fluid-rock interactions
[Bjorlykke, 2003]. Pressure solution and subcritical crack
growth (stress corrosion) are two irreversible deformation
processes responsible of sediments compaction that are oc-
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curring in presence of reactive fluids [Weyl, 1959; Atkinson,
1982]. Even though these deformation mechanisms are
driven by stress, they are here considered as chemical
compaction processes since their rate is controlled by
chemical reactions such as fluid-rock reactions or diffusion
in a fluid phase. In carbonate sediments, unlike siliceous
sediments, mechanical and chemical processes occur
simultaneously from the surface, affecting each other [Athy,
1930; Weller, 1959; Fruth et al., 1966; Schmoker and
Halley, 1982; Bassinot et al., 1993; Ehrenberg, 2006]. In
carbonate sediments the interaction between the different
mechanical and chemical compaction processes, and the
effect of the various initial conditions and their relation to
diagenetic changes make porosity prediction difficult.

[3] The primary porosity of carbonates at the surface ran-
ges from 50 to 70% [Hamilton, 1976; Schmoker and Halley,
1982; Fabricius, 2003], grain rearrangement may therefore
be an important process of compaction during the first
hundreds of meters. Then, when sediments reach a locked
state, grain crushing becomes the main mechanism of
mechanical compaction [Chuhan et al., 2002; Karner et al.,
2005]. Stress-independent dissolution of thermodynami-
cally unstable minerals, e.g., aragonite or magnesian calcite,
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Table 1. Experimental Conditions for the Uniaxial Compaction Tests®
Mineralogy d® Pore Fluid d° Exp®
Room Temperature
Carbonate sand 250-500 5% NH,4CI solution saturated with respect to carbonate 52.1 T23
Water saturated with respect to carbonate 50.8 T30
Dry 61.0 T10
125-250 5% NH,4CI solution saturated with respect to carbonate 60.7, 61.7, 61.0, 55.7 T15, T16, T17, T35
Water saturated with respect to carbonate 61.8, 55.7 T18, T31
Water saturated with respect to carbonate 61.8, 55.7 T18, T31
N decane 53.9, 54.9 T20, T22
Dry 61.2,53.0 T19, T21
63-125 5% NH4CI solution saturated with respect to carbonate 59.6 T34
Water saturated with respect to carbonate 59.1 T29
50% water saturated 59.49 T33
with respect to carbonate, 50% Glycol 59.49 T33
97% Glycol 51.1 T36
Dry 58.9, 59.33 T28, T32
Calcite 250-500 Water saturated with respect to calcite 43.0, 44.9 T24, T26
Dry 44.5 T25
125-250 Dry 47.6 T27
50°C
Carbonate sand 250-500 5% NH,4CI solution saturated with respect to carbonate 61.7, 61.6 T7, T8
N decane 53.1 T12
Dry 60.6 T11
Calcite 100-500 5% NH,4CI solution saturated 44.6 T13
with respect to carbonate 44.6 T13

*The uniaxial stress was increased from 0 to 32 MPa.
®Grain size in pm.

“Initial porosity in percent.

dExperiment identification number.

followed by precipitation of calcite and dolomite may also
occur at shallow depth [Athy, 1930; Weller, 1959]. When
carbonate sediments contain unstable minerals early dia-
genesis may produce a strong framework mechanically stable
preventing further mechanical compaction [McLimans and
Videtich, 1989; Kopaska-Merkel et al., 1994; Croizé et al.,
2010a]. In such situation porosity loss will proceed by
pressure solution creep [Weyl, 1959] or a combination of
subcritical crack growth and pressure solution [Atkinson,
1982].

[4] Compaction curves, i.e., porosity or density versus
depth curves, are used as an input for basin modeling and
prediction of reservoir properties [Sclater and Christie,
1980; Audet and Fowler, 1992; Goldhammer, 1997; Giles,
1997]. In these studies, porosity loss is often described as
an exponential function of stress. However, chemical pro-
cesses during burial of carbonate sediments make prediction
of the relation between porosity and depth more challeng-
ing. Experimental compaction studies provide quantitative
data by linking various initial conditions to physical prop-
erties as a function of stress and fluid content and may
simulate both mechanical and chemical compaction.

[5] To image reservoirs, inversion of seismic data needs to
be done having a rather good understanding of the relation
between elastic wave propagation velocity and rock prop-
erties [Christensen and Szymanski, 1991]. However, seismic
wave propagation is strongly affected by porosity [Rafavich
et al., 1984] and the type of pore in presence [Anselmetti
and Eberli, 1993]. Seismic properties of rocks also depend
on microstructures [Wang, 1997], fractures and cracks
especially affecting S wave propagation [Diirrast and
Siegesmund, 1999; Couvreur et al., 2001], pore fluids
[Assefa et al., 2003], and grain size, shape and sorting
[Eberli et al., 2003]. The additional difficulty inherent to

carbonate rocks is the influence of fluid-rock interactions on
P and S waves measurements [Vanorio et al., 2008].

[6] The present study considers two type of carbonates.
While calcite has been used in a number of pressure solution
studies, bioclastic carbonates sand have been less studied
but may be more representative of natural sediments. The
purpose of the present study is to quantify both mechanical
and chemical compaction of these two materials. To this
end, bioclastic carbonates and crushed calcite crystals were
uniaxially compacted up to 32 MPa effective stress under
drained conditions. In addition creep tests were carried out
at constant vertical stresses of 10, 20, and 30 MPa. The
influence of pore fluid chemistry, grain size, mineralogy,
applied uniaxial stress and temperature was investigated.
Ultrasonic P and S wave velocities were recorded during
experiments. This study made possible to separate the
respective influence of mechanical and chemical mechan-
isms in carbonate compaction, and to link them to the
evolution of specific petrophysical properties, as well as
with P and S waves ultrasonic velocity.

2. Materials and Methods

2.1.

[7] Two different materials were used. First, Holocene
shell fragments from beaches near Tromse, northern Nor-
way, are primarily composed of magnesian calcite, i.e.,
high-magnesium calcite, with minor siliceous impurities.
Secondly, calcite crystals (Wards international) consisting
of more than 99% calcite were used. The samples were
crushed, sieved, and separated into three grain size frac-
tions. The grain size fractions used were very fine, 0.063 to
0.125 mm, fine, 0.125 to 0.250 mm, and medium, 0.250 to
0.500 mm. The main difference between the two types of

Samples and Analyses
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Table 2. Experimental Conditions for the Creep Compaction
Tests®

oi° d° Pore Fluid Byt Exp®
Room Temperature
30 250-500 5% NH4CI solution saturated with ~ 27.87 T23
respect to carbonate
Anisole 48.23 T6
Dry 43.57 T10
125-250 5% NH,4CI solution saturated with ~ 29.39 T35
respect to carbonate
63-125 5% NH4CI solution saturated with  33.26 T34
respect to carbonate
50% water saturated with respect to 32.87 T33
carbonate, 50% Glycol
97% Glycol 29.22 T36
Dry 39.46 T32
10 63-125 5% NH4CI solution saturated with ~ 35.22 T37
respect to carbonate
20 63-125 5% NH4CI solution saturated with ~ 31.15 T38
respect to carbonate
50°C
30 250-500 5% NH4CI solution saturated with ~ 37.49, 36.37 T7, T8
respect to carbonate
N decane 36.17 T12
Dry 43.41 T11
80°C
30 250-500 5% NH4CI solution saturated with  26.22 T39

respect to carbonate

?All the experiments were conducted at constant stress on bioclastic
carbonate sands.

PConstant applied stress in MPa.

°G grain size in ym.

dPorosity at the beginning of the creep test in percent.

“Experiment identification number.

samples is that the bioclastic sand contains mostly micro-
porous shells of moluscs, while the calcite samples are
constituted of rhomboedra with no microporosity. Magne-
sian calcite being more reactive than calcite, chemical
compaction is therefore easier to observe in bioclastic car-
bonate sand under laboratory conditions. The samples were
saturated with various fluids having different reactivity with
respect to calcite. Nonreactive fluids used were air and N-
decane. Reactive fluids were water saturated with carbonate,
water with 5% NH4CI saturated with carbonate, and mix-
tures of water and glycol (see Tables 1 and 2). Pore water
composition was analyzed before and after some experi-
ments. The cations were analyzed using an atomic absorp-
tion spectrometer from Varian Inc.

2.2. Uniaxial Compression Tests

[8] Drained uniaxial compression tests were carried out to
study the compaction of carbonate sand. The samples were
cylindrical with a radius of 2.5 cm and a height up to 3.1 cm.
Two odometers were used (Figure 1), one of them was
equipped with P and S waves receivers and senders, which
were glued onto the top and bottom filters.

[9] The volume of sand, V, poured into the odometer cell
was determined from the known mass of the sample and the
assumed grain density, p = 2.7 g cm . The initial height
allowed to determine the initial volume of the samples, V.
Values of initial porosities, ®; = (V;; — V,)/V,, are given in
Table 1.

[10] The load was controlled by a computer so that the
vertical stress, o, could be applied automatically at a given
loading rate. A pore pressure sensor fixed at the bottom
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outlet of the odometer allowed to control the pore pressure,
P,, in the samples. This enabled the determination of the
applied effective stress 0, = 01 — P,. The pore pressure was
always equal to atmospheric pressure, i.e., drained condi-
tions. For mechanical compaction tests, the vertical stress
was increased from 0 to 32 MPa at a rate of 2 MPa h™".

[11] In addition, creep tests were carried out at constant
vertical stresses of 10, 20 or 30 MPa for about one month. All
creep tests were preceded by a mechanical compaction phase
where the applied stress was increased to 2 MPa higher than the
creep stress. This overconsolidation made the samples
mechanically stable. Therefore time-dependent deformation
observed during creep was mostly due to chemical effects.

[12] Since the samples were confined into a cylindrical
steel cell no lateral strain was allowed, therefore the vertical
strain, €1, was equivalent to the volumetric strain, €,. Strain
values were obtained from the vertical displacement values,
Def and Def,, measured by two high-resolution displace-
ment sensors (LVDT). Strain values were calculated as
follows: €; = ((Def; + Def2)/2)/(h;)) x 100, where h; was the
initial sample’s height. For all themeasured values, o, Def;,
Def, and P, one data point per minute was recorded.

[13] Intragranular porosity, ®,, was determined from
available thin sections of the compacted samples, the mean
value was found to be &, = 0.27.

[14] The reproducibility of the stress-strain curves obtained
was controlled for few experiments. 0.1% difference in initial
porosity for tests T7 and T8 lead to 1% difference in final strain
at 32 MPa stress. The 3% difference in final strain obtained for
T15 and T16 may be related to the 1% difference in initial
porosity. From these observations it was concluded that the
results obtained were reproducible and representative of the
compaction behavior of the material used.

2.3. Ultrasonic Velocity Measurements

[15] Compressional and shear wave velocities were mea-
sured throughout the tests at regular time intervals using the

Load
_ Sensor _
C )
LVDT LVDT Holder
sensor
° T+ Fuid
Top Cap outlets
Z/P- S- Waves
| bt receivers
Filters—{ | - % and senders
specW
.;.\l.::'l "-"'|':='
Pore pressure sensorx -
Figure 1. Schematic view of an odometer cell. The top cap

is made of titanium grade 5; the rest of the cell is made of
stainless steel.
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Figure 2. (a) Example of stress-strain relationship obtained during mechanical compaction (SC, satu-
rated with respect to carbonate). (b) Comparison of the root-mean-square errors obtained when fitting
equations (1) (model 1) and (2) (model 2) to the present experimental data. Data (gray lines) collapsed
using the exponential stretched model (black line) for (¢) bioclastic sand saturated with nonreactive fluids,
(d) bioclastic sand saturated with reactive fluids, and (e) crushed calcite samples. (f) The 7 and (3 fitting
parameters were used to collapsed the data onto a single curve.

pulse transmission technique [Birch, 1960]. P and S wave
piezoelectric transducers were mounted inside the base and
filters of the odometer cell to measure P and S wave
velocities along the plug axis. Resonant frequency of the
crystals was 500 kHz. Compressional and shear wave
velocities were measured in the range 1000-2500 and 500—
1250 m s !, respectively. Although the resonant frequency
of the glued crystals may deviate somewhat from the one of
the pure crystal, the wavelength of the ultrasonic pulse is
assumed to range from 1 to 5 mm, which is less than the
plugs radius. This arrangement is most likely sufficient to
avoid diffraction phenomena and unwanted shape mode.
The signals were recorded on a computer, and first arrival

times were picked manually. Correction for equipment was
applied to the P and S wave velocities. First arrival times, #,,
were measured when no sample was present in the odom-
eter. This zero time was then subtracted from the picked
traveltime, f,,, measured with a plug present. The plug’s
compressional or shear wave velocity was then calculated as
follows: Vs = hy/(t,s — to), where hg is the height of the
sample.

2.4. Microstructure Observation

[16] After completion of the compaction tests some of the
samples were impregnated with epoxy to make thin sections
of the compacted material. The central part of the sample
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Table 3. Results of Mechanical Compaction®

Epr By° s by 3, €5 €10 €32 VpS VplO Vp32 Vs Vsto Viaz
T23 52.1 43.91 38.45 28.12 14.53 22.02 32.85 1306 1670 2400 713 924 1249
T30 50.8 443 39.09 28.63 11.53 19 30.52 1337 1694 2402 699 898 1251
T10 61 55.8 52.14 43.58 11.55 18.22 30.29

T15 60.7 51.47 46.13 37.05 18.96 27 37.24 1329 1680 2439 670 826 1191
T16 61.7 51.82 46.47 37.2 20.28 28.15 38.42 1267 1598 2356 680 829 1179
T17 61 49.93 44.21 34.85 21.97 29.89 39.67 1282 1620 2309 662 824 1140
T35 55.5 45.34 39.79 29.4 18.4 25.82 36.37 1241 1560 2233 668 840 1174
T18 61.8 51.83 46.48 37.39 20.61 28.45 38.5 1235 1596 2329 682 834 1180
T31 55.7 46.39 41.14 31.4 17.26 24.54 34.92 1232 1555 2250 674 836 1187
T20 53.9 48.48 44.35 34.29 10.39 16.93 29.23 1161 1424 2020 603 759 1068
T22 54.9 48.79 44.54 34.71 11.66 18.33 30.23 1076 1359 1976 593 749 1063
T19 61.2 55.69 51.58 42.25 12.39 19.73 32.35 1229 1531 2126 650 806 1108
T21 53 48.38 44.75 34.97 8.8 14.67 27.09 1208 1506 2125 655 809 1145
T34 59.5 48.48 43.09 33.27 21.38 28.74 38.9 1178 1484 2194 646 799 1142
T29 59 48.29 42.95 33.49 20.86 28.23 38.17 1121 1432 2067 613 773 1085
T33 59.4 47.65 42.27 32.88 22.56 29.69 39.24 1167 1488 2188 632 789 1128
T36 51.1 39.24 35.87 29.21 19.41 23.55 30.36 1080 1396 2065 590 748 1101
T28 58.8 52.93 48.98 39.74 12.51 19.2 31.27 1113 1382 1958 596 747 1046
T32 59.2 52.86 48.83 39.61 13.64 20.37 32.24 1094 1364 1938 606 760 1062
T24 43 35.5 30.21 20.97 11.52 18.12 27.34 1545 1935 2659 835 1026 1403
T26 44.9 37.13 31.91 22.36 12.26 18.9 28.55 1573 1936 2621 809 988 1359
T25 44.5 37.7 33.01 24.03 10.78 16.93 26.41 1579 1937 2609 900 1064 1419
T27 47.5 40.47 35.77 26.71 11.79 18.14 27.88 1498 1861 2530 834 1015 1377
T7 61.5 51.75 46.45 37.52 20.4 28.3 38.6

T8 60.9 50.9 45.41 36.4 20.98 28.93 39

T12 54.1 49.63 45.94 36.16 8.8 14.91 27.56 1266 1566 2202 820 1110
TI11 60.5 56.31 52.45 43.41 9.74 17 29.99 1297 1614 2209 692 870 1154
T13 44.1 36.25 31.77 23.05 12.29 18.04 27.33

“Values of porosity (®, in%), strain (e, in %) and P and S wave velocities (¥, and ¥, in m s ) are given for vertical effective stress values of 5, 10, and

32 MPa (subscripts design the effective stress at which the value was taken).

"Experiment identification number.
“Initial porosity.

was used for thin sections, that were then imaged in a JEOL
JSM 6460LV scanning electron microscope (SEM). About
30 scanning electron micrographs were taken per samples.
Cracks were outlined manually and measured with the help
of an image processing software (ImageJ). The median
length value and the length distribution of the cracks were
then graphically depicted using box plot display [Velleman
and Hoaglin, 1981].

3. Results

3.1.

[17] The effects of pore fluid composition (Figure 2a),
grain size and mineralogy on the stress-strain relationships
were investigated. At effective stress of 32 MPa bioclastic
carbonate sand samples were more compressible than cru-
shed calcite samples (Table 3). Final strains, €35, obtained in
bioclastic carbonate sand ranged from 27.09 to 39.67%. For
crushed calcite samples the range of final strains was nar-
rower with €3, between 26.41 and 28.55%.

[18] To further investigate the mechanisms leading to
porosity loss, the present data were first fitted with the
exponential law proposed by Athy [1930]. This law, often
used to describe porosity loss in sedimentary basins, can be
expressed as follows:

Porosity Loss Under Increasing Stress

<I>(cr,> :<I>oexp(FJ/>7 (1)

with ® the porosity, ®, the initial porosity, and F a com-
paction factor which value depends upon the sediments

compositions [Royden and Keen, 1980] and acts as a fitting
parameter. Granular media compaction can alternatively be
viewed as a progress of the grains from an initial perturbed
configuration toward an equilibrium state involving a
number of different relaxation phenomena [Knight et al.,
1995]. Therefore the present data were also fitted by a
stretched exponential law, which best describes relaxation in
disordered systems [Philippe and Bideau, 2002],

Wee0) e

with 7 and 3 two free parameters related to the relaxation
phenomena involved. These two existing compaction
models were fitted to the present set of data. The root-mean-
square errors, i.e., measurement of the differences between
values predicted by the models and the actual values, are
displayed in Figure 2b. The fits of the data are about 20
times better when using the stretched exponential law.

[19] All the experimental data were collapsed onto a sin-
gle stretched exponential curve using the relation described
in equation (2) (Figures 2c, 2d, and 2e). The model fits well
the bioclastic sand saturated with nonreactive fluids data.
For bioclastic carbonate sand saturated with reactive fluids
and crushed calcite the model initially deviates from the
observed data, indicating that several mechanisms may be
responsible for porosity loss at short timescale. However,
the model fits well all the data after this initial stage. Dif-
ferent values of T and 3 were attributed to each experiment
in order to obtain the best fit possible. Values of 7 range
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Figure 3. (a) Effect of the grain size on stress-strain curves for bioclastic sand either saturated with
water with respect to carbonate (SC) or dry. (b) Strain-grain size relationship (equation (3)) for sam-
ples with an initial porosity lower than 60%. (c) The parameter 3 (equation (2)) as a function of grain size
for both samples saturated with reactive and nonreactive fluids.

between 61 and 96 MPa for experiments in which the
samples were saturated with reactive fluids, between 87 and
147 MPa for samples saturated with nonreactive fluids, and
between 47 and 68 MPa for calcite samples. Values of 3
range between 0.58 and 0.74 for samples saturated with
reactive fluids, between 0.68 and 0.80 for samples saturated
with nonreactive fluids, and between 0.64 and 0.72 for
calcite.

3.1.1. Effect of the Pore Fluid Chemistry

[20] For all the grain sizes tested, bioclastic sand was
more compressible when saturated with reactive fluids (e.g.,
fine bioclastic carbonate sand in Figure 2a). The difference
between strain, €, obtained in samples saturated with reac-
tive fluids and strain in samples saturated with nonreactive
fluids increased up to a vertical stress of 2 to 3 MPa. At
effective stress greater than 2-3 MPa €cactivefiuid
€nonreactivefluid 1S rather constant. Bioclastic carbonate sam-
ples tested saturated with reactive or nonreactive fluids
could be discriminated from each other using values of (8
and 7 obtained by fitting the data with equation (2) (grey
dashed line in Figure 2f).

[21] In crushed calcite samples, unlike bioclastic carbon-
ate sand, very little increase of compaction was observed in
tests carried out with water saturated with respect to calcite
compared to those conducted dry. Two percent more strain
at 32 MPa occurred in T26 (water saturated with respect to
calcite) compared to T25 (dry) (Table 3). No definite dif-

ference between reactive and nonreactive fluids was found
for the § and 7 values (Figure 2f).

[22] Another feature was that samples saturated with
glycol compacted more than samples saturated with decane
(Table 3).

3.1.2. Effect of Grain Size

[23] Indry tests, grain size does not have a significant effect
on the stress-strain relationship (Figure 3a). In bioclastic
carbonate sand saturated with reactive fluids, compressibility
is greater in finer samples (Figures 3a and 3b). The effect of
grain size on crushed calcite samples was not tested.

[24] The initial grain rearrangement process in samples
having an initial porosity greater than 60% is most likely
greater than in samples starting with lower porosity. This
influenced their overall compaction curve. Samples with
initial porosity ®, < 60% show a good correlation between
strain and grain size (Figure 3b). This correlation could be
expressed as

1
-Cc—,
€ a0

®3)
with e the strain in percent, d the mean grain size in
micrometer, and C a constant. The grain size exponent, n,
slightly decreased with increasing stress, n = 0.35, 0.24,
0.14, at effective stresses of 5, 10 and 32 MPa, respectively
(Figure 3b).
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Figure 4. Microstructures observations. (a) Bioclastic carbonate sand of grain size 125-250 pm before
experiments. Grain crushing at the grain-to-grain contacts after mechanical compaction in (b) calcite sam-
ple, (c) dry bioclastic carbonate sample, and (d) bioclastic carbonate sample saturated with reactive fluid.
(e) Scanning electron micrograph of sample T18. The arrows point out the cracks parallel to the main
stress axis. (f) Box plots showing the mean crack length for samples T15, T16, T18,T20, and T19,
i.e., bioclastic carbonate sand samples with grain size 125-250 pm.

[25] While no correlation was found between grain size
and 3 (equation (2)) for samples saturated with nonreactive
fluids, [ increased with grain size in samples saturated with
reactive fluids (Figure 3c).

3.1.3. Microstructures in the Bioclastic Carbonate
Sand

[26] Grain crushing or collapse of the internal grain
structure on the edge of bioclastic carbonate grains was
observed in thin sections (Figures 4c and 4d). The internal
porosity remained unchanged in the center of each grain,
while at the grain-to-grain contact internal porosity was
drastically reduced. This edge deformation mechanism
seems to be mainly mechanical since samples compacted
dry and samples saturated with reactive fluids show about
the same deformation pattern. The crushed rims appear,
however, slightly thicker in samples saturated with reactive

fluids (Figures 4c and 4d). In crushed calcite samples the
crack density is higher compared to the bioclastic carbonate
samples (Figure 4b).

[27] Thin sections also showed that crack propagation
occurred during experiments (Figure 4e). Crack length
correlated positively with carbonate solubility in the differ-
ent fluids used (Figure 4f), which might be an indication that
subcritical crack growth was active [4nderson and Grew,
1977].

3.1.4. Ultrasonic Velocity Measurements Under
Increasing Stress

[28] P and S wave velocities increased with increasing
stress and decreasing porosity, for all grain sizes and pore
fluid compositions tested (Table 3). The increase of P and S
waves with decreasing porosity was linear. V), ranged from
705 to 2440 m s ! and V, from 535 to 1250 m s . In
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Figure 5. (a) P wave velocities, (b) S wave velocities, and (c) bulk moduli as a function of porosity for
bioclastic carbonate sand (d = 125-250 pum) saturated with various fluids. The color represents the applied
vertical effective stress. (d) P wave velocity for all the samples tested as a function of total porosity. Sam-
ples saturated with reactive fluids are black (o = 32 MPa) or gray (o; = 10 MPa), and dry samples are
open. Dashed lines correspond to results obtained with the PGSO model [Ruiz and Dvorkin, 2009].

Figures 5a, 5b, and 5c¢, V), V;, and bulk moduli are displayed
as a function of porosity for 10 samples. The samples can be
split in two groups characterized by different initial poros-
ities. Even though the initial sample porosities were differ-
ent, the initial velocity measurements are similar indicating a
strong effect of the applied vertical effective stress on the
ultrasonic velocity measurements.

[20] At a given vertical effective stress, bulk moduli of
samples saturated with reactive fluids are greater than bulk
moduli of samples saturated with nonreactive fluids (Figure
5c¢). The two different initial porosity groups show the same
bulk modulus-porosity relationship.

[30] To investigate further the effect of effective stress,
pore fluid composition, and porosity on the propagation of
ultrasonic waves in the present bioclastic carbonate sand,
data were compared to a rock physics porous-grain soft-
sand model (PGSO) similar to the model described by Ruiz
and Dvorkin [2009] (Figure 5d). This model considers the

samples as a pack of elastic porous grains. The effective
bulk and shear moduli of the dry granular frame, K, and
Hary, Were obtained from equations (3)—(5) of Ruiz and
Dvorkin [2009]. The Hertz-Mindlin moduli at the critical
porosity, ®. = 0.4, were calculated using a coordination
number of 5 [see Ruiz and Dvorkin, 2009, equation (4)].
Effective bulk and shear moduli of the porous grains, K, and
I, Were determined using the differential effective medium
model [Norris, 1985; Mavko et al., 2009]. In the present
study, the inclusion were considered as spherical and the
coupled system of differential equations was solved using
spheres inclusion shape coefficients [Berryman, 1995;
Mavko et al., 2009]. The inclusions volumetric concentra-
tion was set equal to the internal porosity of the grain, ®,,
and were filled with water. Saturated bulk moduli, K, were
calculated following Gassmann [1951] fluid substitution
theory.
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Figure 6. Effect of grain size on V), and V as a function of stress for (a and b) bioclastic carbonate sand
saturated with reactive fluids, (c) dry bioclastic carbonate sand, and (d) dry crushed calcite. (e) Acoustic
impedance at 32 MPa vertical effective stress as a function of grain size for dry samples and samples sat-

urated with reactive fluids.

[31] At effective stress greater than 10 MPa, it was pos-
sible to compare the present data to the PGSO model (Figure
5d). P wave velocities at 32 MPa effective stress were
plotted against porosities for samples saturated with reactive
fluids and dry samples (Figure 5d). Figure 5d separates data
into two groups. The first group (tests T19, T15, T16 and
T18) have initial porosities greater than 60%, while the
second group (tests T20, T21, T22, T31 and T35) have
porosities lower than 60% (Table 1). The PGSO model was
used to fit the data varying values of differential pressures,
P, acting on the grains from 5 Pa to 50 MPa. Samples with
greater initial porosities display higher P wave velocities
and could be fitted by a PGSO model with P = 50 MPa,

while a P equal to 5 MPa fitted the samples having initial
porosities lower than 60%. The dry samples had less
porosity and lower P wave velocity but could be fitted the
same way than the saturated samples having velocity lower
than expected by the theory.

[32] P and S wave velocities increased with increasing
grain size in both bioclastic carbonate sand and crushed
calcite samples (Figures 6a, 6b, 6¢, and 6d). A positive
correlation exists between the P wave acoustic impedance,
I, = V,p, and grain size,

Ip(0) = A+ Blog(d); (4)

9 of 17



B11204 CROIZE ET AL.: CARBONATE SAND COMPACTION B11204
A) 1.2 | =—T23, 5% NH,CI SC 1B) — T34, 5% NH4CI SC
= = T6, anisol = = T33, 50% WSC + 50% Glycol
1H T10, dry = = T36, 90% Glycol
— T32, dry ,
R 08f /
£ /
© 0.6 d =250 - 500 pm d=63-125um y .
N o =30 MPa 6 =30 MPa e
0_4 L "o' ”,'
/s s
0.21 /‘
’
~ -
05 - = -
10 10 10 10
C)1.2 | ——T34, 30 MPa D) r| ——T23, 250-500 um
T38, 20 MPa = = T35, 125-250 um
1= = T37,10 MPa T34, 63-125 um
X 0.8 Pore fluid: 5% NH4CI SC Pore fluid: 5% NH4CI SC /
c d=63-125um o =30 MPa
© 06}
0
041
02 / 1
0= o 2 2 0 2
10 10 10 10 10 10
E)1.2’ —T39,70°C ’F) T11, 50 °C|
= =T7,50°C / —T10, RT
1H= = T8,50 °C r
. T23, RT
X038t
O\C' Pore fluid: 5% NH4CI SC d= 250Dr)’/500 m
T 06} d =250 -500 pm - H
n
041
0.2t
02 - 0 2 -2 0 2
10 10 10 10 10

Time (hour)

Time (hour)

Figure 7. Strain versus time (logarithm scale for the time) for creep of bioclastic carbonate sand. If not
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where (o) is the P wave acoustic impedance at a given
stress and d is the mean grain size. Good correlation was
obtained for samples saturated with reactive fluids (Figure
6e). No satisfactory relation between acoustic impedance
and grain size was found for the dry samples.

3.2. Creep

3.2.1. Effect of Pore Fluid Composition, Grain Size,
Temperature, and Stress

[33] No deformation was observed during creep of sam-
ples saturated with nonreactive fluids, i.e., air or decane.
Significant deformation was, however, observed in samples
saturated with a solution of 5% NH,4Cl water in equilibrium
with carbonates or in samples saturated with glycol or ani-
sole. The amount of strain found in samples saturated with
reactive fluids increased with water saturation (Figures 7a

and 7b), applied stress (Figure 7c), and decreasing grain size
(Figure 7d). Only a minor temperature effect was observed on
samples saturated with reactive fluids (Figure 7¢), and no effect
was observed on the dry samples (Figure 7f), the range of
temperatures used in the various experiments was small,
however.

[34] Both magnesium and calcium concentration
increased in the pore water during the water saturated tests
(Table 5). The [Mg*]/[Ca*'] ratio in the pore water also
increased resulting in a relative buildup of magnesium
concentration in the pore water.

[35] In glycol or anisole saturated samples, the measured
strain values were intermediate between dry samples and
samples saturated with a solution of 5% NH4Cl water in
equilibrium with carbonate (Figure 7 and Table 4).
Increasing the water/glycol ratio also enhanced compaction.
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Table 4. Creep Results”

Exp €40 €1004 €250h a? P° Vp40h Vpl 00/ Vpl 50/ Vsaon Vsio0n Viison
T23 0.19 0.28 0.40 0.11 0.65 2521 2545 2575 1304 1317 1330
T6 0.09 0.15 0.05

T35 0.46 0.59 0.72 0.21 0.90 2347 2395 2423 1323 1244 1256
T34 0.62 0.80 0.98 0.27 0.92 2307 2343 2395 1197 1228 1244
T33 0.47 0.59 0.73 0.20 0.89 2301 2338 2372 1170 1197 1223
T36 0.34 0.42 0.50 0.14 0.95 2162 2174 2222 1136 1163 1175
T37 0.12 0.16 0.21 0.06 0.83 1693 1707 1713 867 875 888

T38 0.27 0.35 0.47 0.12 0.87 2084 2109 2156 1094 1100 1116
T7 0.43 0.65 0.91 0.25 0.75

T8 0.47 0.68 0.92 0.25 0.75

T39 0.31 0.42 0.52 0.14 0.87 2493 2552 2617 1276 1296 1309

*Values of strain and P and S wave velocity after 40, 100 and 250 h of creep.

® Values of the fitting parameters « and p in equation (5) as Q.
“In equation (7).

[36] To better understand the parameters controlling creep
in the present study, the entire data set was fitted with a
power law of time, ¢ (Figure 8a),

G(1) = (5)
with j between 1 and 11, the number of creep experiments
taken into consideration. In the present study the time
exponent 6 is close to 0.23 for all experiments. The com-
paction parameter, oy, was used as a scaling parameter to
collapse all the data on the theoretical curve (black line
Figure 8a) for which o = 1. Since « is a time-independent
factor, it is possible to quantify the respective influence of
the tested parameters alone [Renard et al., 2001].

[37] Grain size, d, vertical effective stress, o, and water
saturation, w, affected creep of bioclastic carbonate sand in
various ways (Figure 8 and Table 4). The compaction
parameter, «, could be expressed as a function of the above
mentioned parameters as follows:

(6)

with ¢y, ¢, ¢3, ¢4, and ¢s material-dependent constants. Creep
deformation was mostly affected by grain size, then by the
applied vertical effective stress and to a lesser extent by the
water concentration resulting in the following ranking of
equation (6) parameters: ¢, >> ¢3 > ¢4 (Figures 8b, 8c, and 8d).

[38] The samples compacted at 50 and 70°C both showed
more creep than the sample compacted at room temperature
(Figure 7¢ and Table 4). More deformation was observed in
samples at 50°C than the one at 70°C probably related to
higher initial porosities in tests T7 and T8. Tests T23 and
T39 with similar starting porosity also showed a similar
creep development. However, the temperature effect was
rather small, with « increasing from 0.11 to 0.14 for T
increasing from 22°C to 70°C.

[39] For power law creep, with a low value of the expo-
nent, there is for some materials a possibility that the creep
does not behave as a power law, but rather like a logarithm
in time. To test this hypothesis, the strain rates (with a slope
of —1 in the case of logarithmic creep) rather than the strain
should be fitted. This hypothesis was tested. The strain rates,
¢e/ot = ¢, decreased from 1.26 x 107°-1.97 x 10 * to 1.71 x
107*-1.69 x 10°° min".

[40] In the present study, a linear strain rate decrease in
the log-log space as a function of time was observed after

a = cjexp(cd + ¢30) + caw + cs,

200 min of creep (Figure 8e¢), and could be expressed as a
power law:

e=Et?, (7)
with p the strain rate decay exponent and £ a constant. The
strain rate decay exponent p was somewhat affected by the
different parameters tested (Figure 8f), but was always
significantly smaller than 1 (Table 4), indicating that the
power law in time best represent the best fit.
3.2.2. Ultrasonic Velocity Measurements During Creep

[41] During creep tests, P and S wave velocities increased
linearly with strain, ¥, = ae + b. The V), to V; ratio stayed
constant during creep tests and was comprised between 1.9
and 2.0 for all the tests. The effects of pore fluid, grain size,
and applied uniaxial stress on velocity is shown in Figure 9.
S wave velocity was not affected by the pore fluid compo-
sition, and was influenced in a similar way as P wave
velocity by grain size and applied stress. Samples saturated
with water or with a mixture of 50% water and 50% glycol
had the same P wave velocity while the samples saturated
with 97% glycol showed lower velocities (Figure 9a). V,
increased of 8% in water saturated samples (T34, T33) from
the end of the loading phase until 250 h of creep. For the
same period of time, a smaller velocity increase was
observed when the sample was saturated with 97% glycol,
i.e., 7% increase in test T36 (Table 4).

[42] As observed during the initial mechanical phase of
the tests, P and S wave velocities increased with increasing
grain size and stress (Figures 9b and 9c). However, com-
paction being faster in finer grained samples, velocity also
increased faster, i.e., 8.4% increase from the end of the
loading phase to 250 h of creep in T34 against 6.8% in T23
(Table 4).

4. Discussion

4.1. Porosity Loss With Increasing Stress

4.1.1. Effect of Carbonate Dissolution

[43] The amount of chemical compaction is given by the
difference between the strain in samples saturated with
reactive fluids and the lower strain in samples saturated with
nonreactive fluids. Chemical compaction rate being con-
trolled by diffusion or reaction kinetics, its observed amount
is therefore related to the loading rate used (2 MPah™'), i.e.,
slower loading rate would produce greater difference
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between compressibility of samples saturated with reactive
and nonreactive fluids. More chemical compaction was
observed in bioclastic samples than in crushed calcite
samples. This is probably related to the fact that calcite is
both thermodynamically more stable and less soluble than
magnesian calcite [Morse and Mackenzie, 1990; Stumm and
Morgan, 1996], and that the surface area available for
chemical reaction was higher in the bioclastic carbonate
sand. This suggests that at least part of the chemical com-
paction observed in bioclastic carbonate samples is related
to carbonate dissolution. An other indication for active
dissolution in the present study is that in samples saturated

12

r creep test T34. (f) The p exponents as a function of

with reactive fluids the compressibility increased with
decreasing grain size (Figures 3b and 3c). In finer grain-
sized samples the mean coordination number is higher than
in coarser samples [Lange, 1984], resulting in the observed
increased dissolution in fine-grained samples saturated with
a reactive fluid, i.e., pressure solution.
4.1.2. Effect of Stress Corrosion

[44] Cracks propagated parallel to the main stress axis and
the length of the cracks correlated positively with grain
solubility and was therefore depending on the nature of the
fluid (Figures 4c and 4d). Crack propagation occurred faster
in water-saturated samples. In addition, compressibility of
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bioclastic sand was higher in the presence of glycol than
decane (Table 3). Subcritical crack growth occurs in brittle
material at stresses lower than the critical fracture stress and
is sensitive to the fluid present [Atkinson, 1982]. The
material resistance to crack, G, is a function of the surface
energy, v such that G = 2. Therefore, lowering the surface
energy facilitates crack propagation [Olagnon et al., 2006].
The surface energy of carbonates is lowered by adsorption
of water onto the mineral surface and creation of chemical
bounds between Ca in carbonate and O in water [Cygan et al.,
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2002]. Glycol contains two hydroxyls groups probably
resulting in formation of a similar Ca-O bound as in water,
which lower the surface energy. Formation of similar bounds
is not possible between decane or air and calcite surfaces and
explains why the cracks length was smaller in these fluids.
4.1.3. Effects at the Grain Contacts

[45] For the bioclastic sand material, the internal grain
porosity collapsed at the rim of the grain-to-grain contacts
(Figure 4). This mechanism was active in all bioclastic
carbonate sand experiments and independent of the pore
fluid composition. The amount of grain crushing related to
this mechanism seems, however, to be greater in samples
saturated with reactive fluids (Figures 4a and 4b). Note that
collapse of porous shell structures was described as a
compaction mechanism in naturally occurring limestones
[Meyers, 1980].

4.1.4. Compaction Laws

[46] All the compaction curves were fitted by a stretched
exponential law (equation (2)), also named the Kohlraush-
Williams-Watts (KWW) law. Even though this law has been
widely used to describe compaction in material science, it
has traditionally not been used in rock physics. The KWW
law fitted well the tests carried out on bioclastic carbonate
samples saturated with nonreactive fluids (Figure 2c), i.e.,
the purely mechanical part of the compaction. This is in
agreement with the fact that the KWW law is also used to
describe relaxation in noncohesive granular media [Richard
et al., 2005]. Relaxation can be described as a set of pro-
cesses driving the grains from an initial low-density state
toward a more stable higher density packing [Philippe and
Bideau, 2002]. During compaction of sand, relaxation oc-
curs mainly by collective particle motion and grain sliding,
i.e., grain rearrangement [Ben-Naim et al., 1998; Philippe
and Bideau, 2002], those are therefore most likely domi-
nant mechanisms of deformation during mechanical com-
paction of the present bioclastic carbonate sand.

[47] The onset of grain crushing is assumed to start at the
intersection between the two linear parts of the € = f{log(o))
curve (Figure 2a), that is around 2 to 3 MPa effective stress.
Early initiation of grain crushing during compaction of
carbonate sand was also observed by Chuhan et al. [2003].
Grain crushing was most likely the process explaining
deviation of the present experimental compaction curves
from the KWW law.

[48] An important result is that initial porosity is an impor-
tant parameter controlling further compaction (Figures 2c, 2d,
2e, and 3b). The initial geometrical configuration of the grains
determines the amplitude of the large-scale grain rearrange-
ments [Caglioti et al., 1997] and thus the amount of final
relaxation. This result supports suggestion from earlier studies
that initial porosity needs to be taken into account to predict
subsequent compaction [Royden and Keen, 1980; Sclater and
Christie, 1980].

[49] Since both calcite and bioclastic carbonate sand could
be fitted by the same law, this suggests that compaction of
other type of sediments could also be fitted by the KWW
law. Also to be mentioned, the range of values for the 3
parameter is rather narrow, 0.6—0.7, for bioclastic sand
saturated with reactive fluids. To fit larger carbonate com-
paction data sets with the KWW law, a mean value of (3
could be used. As a result, only one free parameter, 7, would
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Table 5. Water Analyses®

Number Mg** Ca** Na* K" AIK®
T7 before test 60 161 35 33 14.40
T7 after test 244 243 250 15
T8 before test 28 150 8 0.73 15.16
T8 after test 208 208 197 11.6
T35 before test 81 213 280 12.7
T35 after test 211 165 1300 63
T38 before test 67 353 132 9
T38 after test 261 540 790 57

Concentration are given in ppm.
bAlkalinity in meq L.

be necessary to describe carbonate compaction using the
KWW law.

4.2. Creep

4.2.1. Chemical Effects

[s0] The absence of observable creep in samples saturated
with nonreactive fluids, while strain was observed in sam-
ples saturated with reactive fluids, indicate that creep was
due to chemical reactions (Figure 7). The significant
increase in both Mg®" and Ca®" concentrations in the fluid
after tests also shows that dissolution of magnesian calcite
occurred during experiments (Table 5). In addition the Mg*"
concentration increased about 2 times more than the Ca”*
concentration during the tests (Table 5). Taking into account
the stoichiometric dissolution of the bioclastic carbonates,
about 5 times more Ca>" than measured should be present in
the pore fluid. This significant buildup of Mg”* relative to
Ca”" indicates active calcite precipitation/cementation in the
bioclastic system during creep.

4.2.2. Chemical Compaction Rheology: Interplay
Between Pressure Solution Creep and Stress Corrosion

[s1] All the data could be fitted by a power law (equation
(5)) with a single exponent (Figure 8a), in a similar way as
done by Renard et al. [2001] for salt aggregates compacting
by pressure solution. The time exponent 6 = 0.23 is different
than the traditional exponent of 1/3 expected for Andrade
creep. However, this Andrade exponent may depend on the
active deformation process [Vishnevskii et al., 1989]. Sev-
eral studies in material science, where sample were
deformed under compression in a creep regime showed
similar power law, with an exponent varying between 0.18
and 0.5 [Chari, 1967; Greener et al., 1980; Vishnevskii et
al., 1989].

[52] The time-independent compaction parameter (cy; in
equation (5)) increased with decreasing grain size (Figure 8b).
The increase of strain rate as a function of decreasing grain size
is characteristic of various creep processes, among them
pressure solution [Weyl, 1959]. The strong influence of the
grain size on « is in agreement with pressure solution models in
which the relaxation time constant is strongly dependent on the
mean grain diameter [Revil, 1999; Revil et al., 2006]. As
opposed to pressure solution, the rate of aggregate compaction
resulting from subcritical crack growth should be proportional
to the grain size [Cruden, 1970; Chantikul et al., 1990]. The
compaction parameter, o, was found to increase with both
stress and water concentration (Figures 8c and 8d). Pressure
solution and subcritical crack growth are sensitive to stress in a
similar way [Charles, 1958; Lehner, 1990]. Both processes
were most likely active in the present study since significant
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creep was observed not only in samples saturated with fluids
where calcite is soluble, like water, but also in samples satu-
rated with glycol or anisole in which calcite is hardly soluble.
The comparison between the 50/50 mixed water/glycol T33
test and the 3/97 mixed water/glycol T36 test (Figure 7b) in-
dicates that pressure solution is a more effective deformation
process than subcritical crack growth in water based systems.
While subcritical crack growth will dominate when samples
are saturated with either anisole or glycol.

[53] Inthe present study final strain rates range from 2.82 x
10 % to 2.85 x 107 s!. Earlier experimental studies of car-
bonate creep found strain rates comprised between 1.24 x
107 and 3.49 x 10°® s' when pressure solution is respon-
sible for the compaction [Zhang and Spiers, 2005; Zubtsov et
al., 2005] and between 2.29 x 10 and 1.86 x 10"°s™" when
compaction is due to interactions between pressure solution
and subcritical crack growth [Liteanu and Spiers, 2009;
Croizé et al., 2010b]. Based on these previous studies, the
rates found in the present study indicate that both pressure
solution and subcritical crack growth were active during
creep.

4.2.3. Comparison With Relaxation Processes in Fault
Zones

[s4] Strain rate decay as a function of time during primary
creep can be described by different power laws, e.g.,
Omori’s law for earthquakes [Omori, 1894] or Andrade’s
law for metals [4ndrade, 1910] and many industrial mate-
rials [Chari, 1967; Greener et al., 1980; Vishnevskii et al.,
1989]. The value of the time exponent p is usually lower
than one. In the present experiments, the strain rate decay can
be expressed as a power law (equation (7) and Figure 8e),
with p ranging from 0.65 to 0.95, having a mean value of p =
0.85. This value is comparable to the one found in models of
primary creep in brittle rocks [Amitrano and Helmstetter,
2006]. Similar variations of the p exponent are also
observed when fitting afterslip and aftershock data with the
Omori law [Schaff et al., 1998; Helmstetter and Shaw, 2009].
These studies showed that postseismic relaxation, i.e., fault
afterslip, can be described with a p exponent similar to the
one describing relaxation of bioclastic carbonate sand or
various granular material during creep in compression.
However, it is difficult to conclude if the mechanisms are the
same in such various and different systems.

4.3. Ultrasonic Velocities

¥, measurements lower than 1500 m's™

[5s] Atlow stresses, V),
may be partly explained by a small undersaturation [Knight
et al., 1998], in the present case the skeletal grains internal
porosity may not have been completely filled with water.
However, this is not sufficient to explain the low velocity
obtained. It is also difficult to understand the fact that
velocities of samples saturated with reactive fluids are lower
than velocity of dry samples. A possible explanation can be
related to the dissolution at grain contacts of carbonates
saturated with reactive fluids. At the same effective stress,
samples saturated with reactive fluids were more com-
pressible than samples saturated with nonreactive fluids. The
link between compressibility and chemical processes made in
section 3 must therefore be taken into account while inter-
preting the present ultrasonic velocity measurements. Crack
propagation may also lower elastic wave velocity [Couvreur
et al., 2001], and reactive surface areas lower grain contact
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stiffness [Vanorio et al., 2010], which might also explain
lower velocity measurements in samples saturated with
reactive fluids (Figures 5a and 5b).

[s6] The measured ultrasonic velocities were dependent
on the actual effective stress values (Figures 5a and 5b).
This known effect [Hughes and Kelly, 1953] is outlined by
the fact that several samples of the present study having
different porosities show similar velocities when subjected
to the same effective stress (Figures Sa and 5b). This effect
is even more clear when looking at the bulk modulus
(Figure 5c). P wave velocities at specific stresses where
plotted against porosity (Figure 5d) to better investigate the
velocity-porosity relation. Fitting the experimental data to
the existing PGSO rock physics model shows that the initial
porosity should also be taken into account to predict the P
wave velocity-porosity relation (Figure 5d).

[57] The velocity increase observed in coarser grained
samples (Figure 6) can be explained by the presence of
larger contact areas in coarser samples [Sutton et al., 1957].
In samples saturated with reactive fluids, the positive cor-
relation found between P wave acoustic impedance and
grain size (Figure 6d) might be linked to the positive cor-
relation between (§ and grain size (Figure 3c). No such
correlation was found in dry samples (Figures 6d and 3c).

[58] During creep tests the V), to V; ratio remained con-
stant, in the range between 1.9 and 2.0. This is in agreement
with other studies and allows differentiation between lime-
stones and sandstones having lower velocity ratio [Assefa
et al., 2003]. Both during loading and creep phases veloc-
ity increased linearly with decreasing porosity, a feature in
agreement with other studies of carbonate [Nolen-Hoeksema
et al., 1995; Wang, 1997].

4.4. Implications for Porosity Prediction in
Sedimentary Basins

[59] In the present study, chemical compaction was active
during the loading phase enabling the separation between
mechanical and chemical compaction. Since chemical
compaction is strongly time dependent, its amount depends
upon the loading rate resulting in more chemical compaction
with lower loading rate. This agrees with field observations
where mechanical compaction patterns correlate positively
with the sedimentation rate [Scholle and Halley, 1985].

[60] The compressibility of bioclastic carbonate sand was
significantly higher when saturated with reactive fluids than
when saturated with nonreactive fluids. This difference was
not as marked for the crushed calcite samples. This illus-
trates that initial compaction of carbonates is highly
dependent on the primary mineralogy. If the sediments are
initially composed of unstable minerals, aragonite dissolu-
tion and precipitation of calcite will occur independently of
stress [Morse and Mackenzie, 1990]. This is also true for
magnesian calcite if Mg?" is removed or precipitated as
dolomite. If such cementation occurs a mechanically stable
framework may be produced preventing further mechanical
compaction [Kopaska-Merkel et al., 1994; Croizé et al.,
2010a]. However, in the case of thermodynamically stable
low-magnesium calcite sediments like planktonic forams or
coccolithophores, compaction will be driven by stress and
the subsequent compaction can most likely be explained by
processes described in this study.
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[61] Magnesium is a known inhibitor of both calcite dis-
solution [Arvidson et al., 2006] and calcite precipitation
[Berner, 1975]. If the sediments are composed of magnesian
calcite, as in this study, the potential buildup of Mg”" in the
pore space might either reduce or prevent the porosity loss
by slowing down the rate of pressure solution [Zhang and
Spiers, 2005], precipitation of dolomite in the pore space
might also occur. The inhibiting effect of Mg®" on pressure
solution was also observed in shallow water carbonates of
south Florida [Schmoker and Halley, 1982].

[62] The present experimental data show that only minor
amounts of water is sufficient for chemical compaction to
occur. This explains why field observations show that
cementation can occur even if oil migrates through a res-
ervoir [McLimans and Videtich, 1989]. Based on these ob-
servations oil emplacement in carbonate reservoirs may not
stop compaction but rather result in a different compaction
mechanism than in carbonate sediments saturated with
water. This was observed in bioclastic carbonate samples
saturated with glycol. Glycol was shown to have the same
effect than oil on chalk compaction [Risnes et al., 2003].
The results from the present study suggest that subcritical
crack growth will be the main mechanism responsible for
compaction in oil-filled carbonate sediments.

5. Conclusion

[63] Uniaxial compression tests were carried out on bio-
clastic carbonate sands and crushed calcite samples with
grain size in the range 63-500 pm. In samples saturated
with reactive fluids, e.g., glycol/water mixture or water in
equilibrium with carbonate, significant chemical compaction
was documented during the loading phase. Samples satu-
rated with nonreactive fluids, e.g., air or decane, showed
less strain at the same effective stress since the compaction
was only mechanical. When saturated with reactive fluids,
finer grained samples were more compressible than coarser
grained samples due to chemical compaction. Chemical
compaction occurred by pressure solution which was
enhanced by the presence of cracks at the grain-to-grain
contacts. Compaction related microstructures identified in
thin sections support these findings.

[64] During creep tests carried out on bioclastic carbonate
sand the deformation was mostly due to chemical reactions.
Furthermore pore water analysis, and especially the evolu-
tion of the Mg”*/Ca”" ratio, showed that magnesian calcite
dissolved during experiments. In all the creep experiments,
the strain versus time relation followed a power law in
time, with a single exponent equal to 0.23. From this
observation, it was inferred that the same deformation
mechanisms were active in all the creep experiments.
Overall it was found that a combination of pressure solution
creep and subcritical crack growth (stress corrosion) was
responsible for strain, and strain rates were in the range
2.88 x 107° t0 2.82 x 107°s7".

[65] The compressibility of the samples was controlled by,
in order of importance, grain size, stress, and water satura-
tion. Pressure solution was most likely the dominant
mechanism of compaction in samples saturated with water.
Conversely, in samples saturated with glycol or anisole,
subcritical crack growth was most likely the main mecha-
nism of deformation.
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[66] Ultrasonic velocity measurements showed that P and
S waves velocities were in the range of 705-2440 and 535—
1250 m s ', respectively. Low velocities were especially
observed in samples saturated with reactive fluids. Disso-
lution and transport affecting the grain-to-grain contacts
geometry and crack propagation are likely to be the reason
for such velocity alteration.

[67] All these observations indicate that relaxation pro-
cesses at work in a granular material can have universal
behaviors in systems as different as sedimentary layers
during burial or fault zones during the interseismic period.
In all cases, the nature of the fluid, the initial grain packing,
and the grain size represent important control parameters of
the final strain and the strain rates for a given stress.
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