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This study is based on rock mechanical tests of samples from platform carbonate strata to document their
petrophysical properties and determine their potential for porosity loss by mechanical compaction.
Sixteen core-plug samples, including eleven limestones and five dolostones, from Miocene carbonate
platforms on the Marion Plateau, offshore northeast Australia, were tested at vertical effective stress, ¢/,
of 0-70 MPa, as lateral strain was kept equal to zero. The samples were deposited as bioclastic facies in
platform-top settings having paleo-water depths of <10-90 m. They were variably cemented with low-
Mg calcite and five of the samples were dolomitized before burial to present depths of 39-635 m below
sea floor with porosities of 8-46%. Ten samples tested under dry conditions had up to 0.22% strain at o¢’
= 50 MPa, whereas six samples tested saturated with brine, under drained conditions, had up to 0.33%
strain. The yield strength was reached in five of the plugs. The measured strains show an overall positive
correlation with porosity. V,, ranges from 3640 to 5660 m/s and Vs from 1840 to 3530 m/s. Poisson
coefficient is 0.20-0.33 and Young's modulus at 30 MPa ranged between 5 and 40 GPa. Water saturated
samples had lower shear moduli and slightly higher P- to S-wave velocity ratios. Creep at constant stress
was observed only in samples affected by pore collapse, indicating propagation of microcracks. Although
deposited as loose carbonate sand and mud, the studied carbonates acquired reef-like petrophysical
properties by early calcite and dolomite cementation. The small strains observed experimentally at
50 MPa indicate that little mechanical compaction would occur at deeper burial. However, as these rocks
are unlikely to preserve their present high porosities to 4-5 km depth, further porosity loss would
proceed mainly by chemical compaction and cementation.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

aragonite and magnesian calcite, precipitation of low-Mg calcite, as
well as dolomitization (Meyers and Hill, 1983; Scholle and Halley,

Shallow water carbonates are strongly affected by early diagen-
esis (Friedman, 1964). Widely variable early diagenetic processes
affecting carbonate sediments make application of quantitative
models for petrophysical properties more difficult than for silici-
clastic rocks which are more stable at low temperature (Anselmetti
and Eberli, 1993, 2001; Eberli et al., 2003; Adam et al., 2006; Vanorio
et al., 2008). In large part because of varying early diagenesis, the
Marion Plateau carbonate platforms display a wide range of petro-
physical properties within a narrow range of depths (Isern et al.,
2002; Ehrenberg et al., 2003, 2006c¢). They are therefore well suited
for studying the impact of early diagenesis on mechanical compac-
tion. Early carbonate diagenetic processes include dissolution of
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1985). These processes can both add and remove large volumes of
material, such that subsequent mechanical compaction during the
first several hundred meters of burial depends strongly on the early
diagenetic history (Hamilton, 1976; Scholle and Halley, 1985; Bassi-
not et al., 1993; Wallace et al., 2002). Although initial porosities of
carbonate sediments are very high ranging around 50-60% (Enos
and Sawatsky, 1981; Kroenke et al., 1991), porosities of subsurface
carbonate reservoirs are generally much lower than in sandstones
and commonly show trends of regular decrease as burial increases
(Schmoker, 1984; Brown, 1997; Ehrenberg and Nadeau, 2005). At
depth less than 2-2.5 km, i.e., temperature lower than 70-90 °C,
mechanical compaction is commonly the main process of porosity
loss in sandstones (Bjerlykke and Heeg, 1997; Paxton et al., 2002),
but its importance in carbonates is more difficult to evaluate because
of the irregular grain shapes and extensive diagenetic alteration
characteristic of many carbonate sediments. Laboratory experiments
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Fig. 1. Location of ODP drilling sites 1193 and 1196 where the tested samples were taken (modified from Isern et al. (2002)).

showed that when carbonates are not cemented, mechanical
compaction plays a major role on porosity loss (Goldhammer, 1997;
Chuhan et al., 2003). While carbonate rocks are mostly studied based
on outcrop or cores from reservoirs, the present study measures the
petrophysical properties of Miocene carbonate rocks buried at 39-
635 m below sea floor which represents their maximal burial depth.
The results provide a basis for predicting porosity at greater depth
and understanding the respective roles of mechanical and chemical
compaction in carbonate sediments.

2. Samples

The samples studied are from two Miocene carbonate platforms
that were cored during Ocean Drilling Program (ODP) Leg 194 on the
Marion Plateau, just seaward of the Great Barrier Reef on the
northeastern Australian continental margin (Pigram et al., 1992;
Isern et al., 2002). These cores are characterized by strong petro-
physical heterogeneities over short vertical depth intervals, reflect-
ing varying influence of both depositional textures and diagenesis
(Ehrenberg et al., 2006b). Details regarding the units sampled and
the separation of the samples into different textural classes are

provided by Isern et al. (2002); Ehrenberg et al. (2006a). Fifteen
horizontally oriented, 25 mm core-plugs were selected among the
samples analysed by Ehrenberg et al. (2003) (Figs. 1 and 2). One
additional sample, plug 1.2, is a vertically oriented plug drilled from
whole-core sample EHWR1 (Ehrenberg, 2007). The samples consist
of eleven limestones and five dolostones cored from depth of 39-
365 m below sea floor. The sediments were deposited as loose bio-
clastic grains and mud in paleo-water depths estimated to have been
less than 10 to less than 100 m (Isern et al., 2002). Principal bioclasts
are large benthic foraminifers, red algae and bryozoans. Plugs have
porosities of 8-46% and permeabilities ranging from 0.04
to >50 000 mD (Table 1). A wide scatter is observed in the perme-
ability - porosity relationship and no clear relationship between
textures and porosity — permeability trends is apparent (Fig. 3).
Comparison between plug and whole-core measurements for the
Marion Plateau samples shows that plug samples, despite their
smaller size, adequately represent the petrophysical properties of
the studied cores (Ehrenberg, 2007). The sixteen samples selected
for testing include nine plugs from site 1193, penetrating the
Northern Marion Platform (NMP) and seven plugs from site 1196, on
the Southern Marion Platform (SMP) (Table 1). The samples include

Fig. 2. Plugs 18, 21, 22 and 30 before compaction.
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Table 1
Sample characteristics, test conditions and calculated elastic parameters.

site*  plug z° mineralogy tex® GDY height® Kkf ®8  conditions ¢);," o}, " o fmulh E vt K u i v, v

1193 18 4597 Limestone O 2.71 21.00 213.0 20.2 Dry 1.66 05 50 196 025 19.7 163 3.34 3927 2454
1196 69 56.97 Dolostone 282 2143 1014.0 27.0 Dry 166 0.5 50 22.1 024 211 179 3.98 4081 2526
1193 21 63.74 Limestone C 271 25.10 8835.0 264 Dry 125 0.5 50 19.5 023 11.0 2038 442 3833 2774
1193 22 67.92 Limestone X 2.72 23.60 1.18 17.6 Dry 1.66 05 50 219 028 114 2353 290 4028 2899
1193 30 73.79 Limestone O 270 29.25 3236.0 18.2 Dry 125 05 50 28.5 026 205 21.7 243 4359 2803
1196 114 316.86 Limestone F 271 2250 0.18 12.8 Dry 5 2 50 30.2 024 280 18.9 2.54 4523 2652
1196 160 539.35 Dolostone 273 26.27 0.04 84 Dry 125 0.5 30 333 033 398 359 130 5630 3542
1196 167 557.51 Dolostone 282 27.73 5545.0 31.5 Dry 125 05 30 209 024 286 171 3.69 4292 2497
1196 201 633.88 Dolostone 276 23.15 12.60 153 Dry 9.8 294 50 309 023 360 235 1.81 4934 2937
1196 203 634.98 Dolostone 2.78 21.67 4094.0 26.5 Dry 9.8 294 50 18.1 020 299 135 3.85 4129 2198
1196 1.2 38.58 Limestone X 275 19.54 13 25.0 Saturated 1.66 0.5 70 8.63 030 29.7 153 11.7 4358 2355
1193 2 42.16 Limestone O 270 22.54 22314 174 Saturated 1.66 0.5 70 149 027 41.1 193 3.57 5008 2678
1193 4 43.19 Limestone O 2.68 19.35 2169 16.0 Saturated 1.66 0.5 70 124 029 323 163 3.60 4495 2485
1193 17 45.69 Limestone O 2.72 21.60 325 247 Saturated 1.66 0.5 70 8,56 0.25 355 154 6.38 4550 2366
1193 52 61.34 Limestone C 272 17.46 6.31 18.3 Saturated 1.66 0.5 50 14.2 026 29.1 143 3.84 4191 2271
1193 31 74.16 Limestone C 270 24.24 >50000 46.0 Saturated 1.66 0.5 7 18.8 4264 2463

a
b

ODP drilling site number.

Depth in meters below sea floor.
C

d
e
f

Grain density (g/cm?).

Plug height (mm).

Klinkenberg-corrected gas permeability (mD).

& Porosity (%).

" Initial and final stress values during triaxials tests (MPa).

Texture: C= coarse grainstone, F = fine grainstone, X = packstone with isolated vugs, O = packstone with large vugs (From Ehrenberg et al., 2006a).

I Elastic parameters calculated at ¢} = 30 MPa: E=Young's Modulus (GPa), » =Poisson ratio, K=bulk modulus (GPa), = shear modulus (GPa), § = compressibility

(107" pa1).

3" Acoustic velocity in meters per second, mean values measured at ¢} = 20 MPa (Except for plug 31 for which ¢/ is less than 10 MPa).

eleven limestones and five dolostones, meaning that they contain
80% or more calcite or dolomite, respectively. All samples originally
had bioclastic textures (packstone, grainstone, floatstone) and have
negligible siliciclastic content.

3. Experimental method
3.1. KO triaxial tests

The experimental method used is Kp triaxial testing under
drained conditions. Ky stands for coefficient of lateral stress at rest,
Ky = o%/d’, where o} is horizontal effective stress and ¢’ is vertical
effective stress, both are expressed in MPa. The samples are cylin-
drical plugs of about 25 mm in diameter and 17-29 mm in height.
All plugs were ground at top and bottom to make the two end
surfaces plane and parallel. For some plugs plaster was added on the
end surfaces to fill large pores and ensure an uniform application of
load on the surface. Plaster was also applied at a few places on the
sample sides to prevent the confining membrane from being
pressed into cavities and thereby being punctured at high cell
pressures. The plugs were then dried at 50-60 °C. Two knobs were

10* * =
ol iy

S P X X Dolostone tested dry
% 10° : @ Limestone tested saturated
- ® : O Limestone tested dry
2 ° Samples that reached their
% 10 critical strength
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&‘-) )
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10" °

X
107
5 10 15 20 25 30 35 40 45 50
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Fig. 3. Permeability versus porosity (Actual values are to be found in Table 1).

glued, diametrically opposed, at the middle height of the sample for
fixation of the radial deformation sensor. The samples were then
sprayed with latex rubber to create a confining membrane.

The samples were mounted into the triaxial cell and subjected to
avacuum of about 0.1 MPa inside the confining membrane and then
subjected to a confining pressure of about 0.5 MPa. The vacuum was
then released by allowing air into the sample for the dry tests and
brine for the saturated tests. For the saturated tests a back pressure
of 5 MPa was applied by increasing confining pressure and pore
pressure simultaneously to 5.5 and 5.0 MPa, respectively, to secure
good saturation. The effective stresses were then increased to ¢/;,;
and ¢%; . values given in Table 1. Then vertical stress was increased at
a rate of 3.75 MPa per hour for the dry tests and 5 MPa per hour for
the saturated tests to the o5 ., values given in Table 1, while strain
in the horizontal direction was prevented by continuously adjusting
the lateral stress. The effective vertical stress was calculated from
the measurements of the effective confining pressure and the
deviator load applied by piston through the top of the cell and
measured by the internal load cell. The pressure controllers (for cell
and pore pressure) and the loading press (for deviator load) were
connected to a PC so that the stresses could be applied automati-
cally. Deformations were recorded by two vertical LVDT deforma-
tion sensors and one radial LVDT deformation sensor. Considering
the experimental method and accounting for false deformation,
vertical deformation readings were estimated to be accurate to
about +0.002 mm. The brine used to saturate the plugs consisted of
35 g dissolved NaCl per litre water. Tangent Young’s modulus, E, and
Poisson ratio, », were calculated at 30 MPa from stress and strain
measurements (Table 1). The following relations were used to
determine v (eq. (1)) and E (eq. (2)) from stress and vertical strain, ¢;
(Turcotte and Schubert, 1982):

/
!

V=
/ /0
o)+ of

(1)
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oi-(14+v)-(1-2v)

E= (1-7)-¢

(2)

3.2. Acoustic velocity measurement

Compressional and shear wave velocities were measured
throughout the tests at regular time intervals using the pulse
transmission technique (Birch, 1960). P- and S-wave piezoelectric
transducers were mounted inside the base and top plates of the
triaxial cell to measure P- and S-wave velocities along the plug axis.
Resonant frequency of the crystals was, according to the manu-
facturer, 500 kHz. Compressional and shear wave velocities
measured are between 3640 and 5660 and 1840-3530 m/s,
respectively. Although the resonant frequency of the glued crystal
may deviate somewhat from the one of the pure crystal, the
wavelength of the ultrasonic pulse is assumed to range from 3.7 to
11.3 mm, which is less than the plugs radius. This arrangement is
assumed to be sufficient to avoid diffraction phenomena and
unwanted shape mode. The signals were recorded on a computer,
and first arrival times picked manually. At low stresses, S-wave first
arrivals are difficult to pick, but the clarity of the signal improves as
effective vertical stress increases. Correction for equipment was
applied to the P- and S-wave velocities. First arrival times, to, were
measured with no sample in between the base and top plates. This
zero time was then subtracted from the picked traveltime, t;,
measured with a plug present. The plug’s compressional or shear
wave velocity was then calculated as: Vs = hs/(ts - to), where hs is
the height of the sample. Bulk and shear modulus were calculated
at 30 MPa from V}, and Vs measurements.

4. Results
4.1. Stress-strain relationship
From the stress—strain curves (Fig. 4) most of the deformation

is interpreted to be linear elastic. The saturated tests show greater
compressibility than the dry tests (Figs. 4 and 5). At ¢, = 50 MPa,
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Fig. 5. Compressibility versus porosity, comparing present results with published data.
Samples that reached their yield strength are enclosed in black square. The lines
correspond to best linear fit for dry and wet samples.

the vertical strain, ¢, is less than 0.22% for the dry tests, while &,
is greater than 0.22% for the saturated tests (Fig. 4a, b). The critical
strength, i.e., the stress value where failure or gradual yielding
starts, of the plugs was reached for two samples during the dry
tests and three samples during the saturated tests (Fig. 4c, d). For
plug 1.2, at vertical effective stress greater than 35 MPa, the
stress—strain relation is non-linear possibly indicating start of
strain hardening. These five samples exhibiting the onset of failure
or gradual yielding all have high porosity relative to the other
samples (Fig. 5), suggesting that rock strength may be related to
the degree of cementation. Compressibility, § = Ae/Ad), was
calculated for dry and wet experiments. Compressibility of the dry
plugs, Bary, is 1.30-4.42-10""" Pa~! and compressibility of the
saturated plugs, fsa, is 3.57-18.8-10"! Pa~! (Fig. 5). Compress-
ibility correlates with porosity in both groups. Comparison with
published data for dry compressibility of carbonates (Bell, 1981;
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Fig. 4. Effective stress versus strain. Line pattern indicates mineralogy, dashed lines = dolostone and solid lines = Limestone. Sample porosity is shown in parentheses.
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Baud et al., 2000; Vajdova et al., 2004) shows that present samples
are less compressible for a given porosity (Fig. 5). The non-linear
part of the stress—strain curves at low stresses is inferred to be due
to closure of cracks (Baud et al., 2000).

Young’s moduli are between 5 and 40 GPa and Poisson’s ratios
are in the range 0.2-0.33 (Fig. 6 and Table 1). The studied samples
display a more or less linear relation between horizontal and
vertical effective stresses. This implies that Poisson’s ratio remains
almost constant during the tests, showing only minor decrease
with increasing stress (Fig. 6). A dramatic decrease of E with
increasing stress is observed for sample 21, 69, 17, 1.2 and 31, this is
interpreted as the beginning of brittle deformations.

Both for dry and saturated samples, Young’s modulus decreases
with increasing porosity (Fig. 6). Dry limestones of the present
study have lower Young’s moduli than found in those studied by
Palchik and Hatzor (2002), this is especially noticeable at low
porosities (Fig. 6). Calculations by the modified Mori - Tanaka’s
relationship (Luo and Weng, 1987), using elastic constants of calcite
(Bhimasenachar, 1945) and dolomite (Nur and Simmons, 1969), give
higher values of both Young’s modulus and Poisson ratio than the
experimental data (Fig. 6). Lack of correlation between E or v and
porosity most likely indicates that others factors, such as pore
shape and texture, play an important role in determining the
mechanical strength of carbonates.

Creep was observed in the five samples in which the critical
strength was reached (Fig. 7), whereas no creep occurred in the
plugs that did not reach their critical strength. Failure was, most
likely, followed by crack propagation and volume reduction, which
could also be an effective means of mechanical compaction.

4.2. Acoustic velocities

P and S-wave velocities show little increase with stress, which
should be expected since strain values are small (Fig. 8). Compres-
sional velocities increase slightly at low stress, but become approxi-
mately constantabove ¢} = 10 MPa, this is more pronounced for low
velocity samples (Fig. 8). The velocity increase is in agreement with
the non linearity of the stress - strain curves at low stresses which
may be related to the closure of cracks (Fortin et al., 2007). At similar
porosities, higher compressional velocities are observed in saturated
than in dry conditions (Fig. 8), in agreement with previous studies
(Winkler and Nur, 1979; Yale, 1985; Tao et al., 1995; Adam et al., 2006).

Dry limestone, 50 MPa
Saturated limestone, 50 MPa
Dry dolostone, 50 MPa

* Palchick and Hatzor, 2002

- Modified Mori - Tanaka (calcite+air)
+ = ‘Modified Mori - Tanaka (dolomite+air)
O Dry limestone, 30 MPa

@ Saturated limestone, 30 MPa

% Dry dolostone, 30 MPa

120 0.4 *
O
&0l )
&) N 0.35
v o
-~ X
3 8 ;
2]
: g 03 ° ®
® 60 2 T2
o)) o T ——
g & 025 *roY0 e
S v * & X%
3 B T ) (@ I
* *
0.2 T
20 . ’ '
0
1 0 01 02 03 04
porosity

Fig. 6. Young modulus and Poisson’s ratio at ¢, of 30 and 50 MPa versus porosity.
Present results are compared with data of Palchik and Hatzor (2002) and values
calculated by the modified Mori - Tanaka’s method (Luo and Weng, 1987).

0.3

10"
Time (min)

Fig. 7. Creep at constant stress of plugs 69 and 21 at 50 MPa, plugs 1.2 and 17 at
70 MPa and plug 31 at 4.6 MPa.

Wide ranges of V,, and V; values are observed in the present
samples, with the lowest velocities occurring in the samples
showing greatest strains (Figs. 4 and 8). The high variability of V, and
Vs within a narrow depth range is similar to the variability observed
in samples from the Great Bahama Bank (Anselmetti and Eberli,
2001). The samples with the lowest porosity have as expected
(Verwer et al., 2008) the highest V), (Fig. 10). Scatter in the V}, values
might be due to variations in types of cement (Eberli et al.,2003), and
pore geometry (Tao et al., 1995; Diirrast and Siegesmund, 1999;
Sayers, 2008; Verwer et al., 2008). V},-V; ratio is constant during
tests and tends to be higher in the saturated plugs. Vp/Vs is 1.39-1.87
for dry samples and 1.80-1.95 for saturated samples (Fig. 9).

Bulk and shear modulus calculated from Vp, and Vs measurements
are plotted together with Hashin - Shtrikman bounds in Fig. 11. Bulk
modulus data are well predicted by theory. Two limestones samples
and one dolostone sample have higher shear modulus than the
Hashin - Shtrikman upper bound (Fig. 11). Dolostones have slightly
higher bulk modulus, while shear modulus does not seem to be
influenced by mineralogy. The saturated tests have overall lower
shear modulus than the dry tests, but there are too few data to be
certain (Fig. 11). Such an effect is not predicted by Gassmann (1951),
but has been noted in previous carbonate studies (Baechle et al.,
2005; Vanorio et al., 2008).

6000

5500

5000

Velocity (m/s)

4500

4000

3500

0 10 20 30 40 50 60 70
Vertical effective stress (MPa)

Fig. 8. P-wave velocity versus vertical effective stress for all samples.
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Fig. 9. Vp to Vs ratio versus porosity. Vp to Vs ratios were calculated with mean values
of Vp and Vs at vertical stress greater than 20 MPa. Plug 31 (¢ =46%) reached its
critical strength at 7 MPa, therefore for this plug Vp-Vs ratio was calculated from
values at vertical stress below 7 MPa.

4.3. Relationship between microstructures and physical properties

Two features common to all the limestone samples are domi-
nance of bioclasts and cementation by low-Mg calcite (plug 52, 18
Fig. 12). Dolostone samples were also constituted mainly of bio-
clasts, but have been replaced and cemented by dolomite.

Of the five plugs that reached their critical strength, samples 21
and 31 have pore diameters larger than encountered in most other
tested plugs (see Table 2). The observation of Chuhan et al. (2003)
that coarse-grained sediments are more compressible than fine
grained sediments may explain the greater compaction shown by
sample 1.2 which contains larger grains than other samples (Fig. 12).
Sample 69 is cemented by micro-crystals of dolomite that have
precipitated homogeneously inside the matrix, creating pores with
a wide range of shapes and providing many sites for cracks nucle-
ation and propagation. Sample 17 contains abundant microporosity,

6000 oo
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i i i @ Saturated Limestone
5500 * LSS S N o Dry 'Limes'tone '
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00 I I I I I i i i J
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Fig. 10. Vp at 30 MPa versus porosity. Best fits for limestone and dolostone are dis-
played, no good fit was found for saturated samples.

in addition to larger pores, and inter-granular and intra-granular
microcracks. Coalescence of microcracks after compression tests
was observed in samples 1.2 and 17 (Fig. 12).

The aspect ratio of pores (long axis divided by short axis) was
measured on thin section photographs (Table 2). The data show
that brittle behaviour is associated with higher values of pore
aspect ratio for given porosity (Fig. 13). At comparable porosity,
larger pores (Table 2) are associated with increased likelihood of
failure. This can perhaps be explained by assuming that smaller
pore sizes result from higher cement contents and consequent
increase in rock strength.

Plug 4 and 52 have lower velocity than the other water saturated
samples (Fig. 10). Plug 4 has a high pore aspect ratio (Table 2),
which may explain its low compressional velocity (Baechle et al.,
2005; Adam et al., 2006; Vanorio et al., 2008). However this
explanation is not valid for plug 52. Therefore, in the present study,
the scatter in acoustic velocity is not explained by changes in pore
size and shape only.

5. Discussion

Eleven of the sixteen plug tested displayed a linear stress-strain
relationship. Among those plugs, little mechanical compaction was
obtained during Ky triaxial tests at vertical effective stress up to
70 MPa (Fig. 4). These Marion Plateau carbonates are less
compressible than carbonates with lower porosity tested in other
studies. Triaxial tests on dry Solnhofen, Indiana and Tavel lime-
stones with porosities ranging from 3 to 13%, showed strains
ranging from 0.19 to 0.46% at confining pressure of 50 MPa (Vajdova
et al., 2004). Dry tests on the Marion Plateau plugs show maximum
strain at ¢} = 50 MPa of 0.22% while on average they are more
porous than the carbonates studied by Vajdova et al. (2004) (Fig. 4).
The lower compressibility of the Marion Plateau samples than other
cemented limestones (Bell, 1981; Baud et al., 2000; Vajdova et al.,
2004) is tentatively attributed to greater cementation of the former.
The present study suggests that cementation has made the Marion
Plateau carbonates stronger than would be expected from their
porosity and depth values, resulting in only minor porosity
reduction in response to the stresses applied. Although the above
comparisons concern specifically limestones, the Marion Plateau
dry dolostones do not display different stress-strain relationship
than the dry limestones. The formation of a stable framework built
during early diagenesis, makes these samples stronger than
expected from porosity and depth values. Increasing applied stress
on these samples produced little porosity reduction, therefore for
these type of rocks mechanical compaction is not the main process
of porosity reduction with burial.

The hypothesis of strength correlating with amount and,
possibly, types of cementation can be tested by measuring the
samples by modal analysis, i.e., point counting, of thin sections.
These data are not part of the existing dataset, but are planned to be
acquired, now that the probable role of cementation has been
identified.

During K tests, the plugs walls are prevented from collapsing by
the regulation of the lateral stress. This is also prevented in sedi-
mentary basins due to lateral stresses exerted by surrounding
sediments. Nevertheless, five of the sixteen plugs reached their
critical strength during testing (Fig. 4). For the saturated samples,
the three limestones out of six that reached their critical strength,
all have porosities greater than 20%. Among the saturated samples,
three different textures are represented, one of each reached its
critical strength. For the dry tests, two out of ten plugs failed, both
having porosity greater than 20%, although three other samples
with porosity greater than 20% did not fail. One common feature of
the two dry samples that reached their yield strength is the
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Fig. 11. Shear and bulk modulus at 30 MPa, calculated from V,, and V; values, versus porosity. Hashin - Shtrikman upper and lower bounds for bulk, KHS, and shear, uHS, modulus

were calculated for calcite and dolomite, the pores being filled by air.

combination of high pore aspect ratio and high porosity (Fig. 13,
Table 2). Failure seems to be most likely occurring in coarse-grained
samples than in fine grained ones, although this is not true in all
cases. Different factors may decide on competence versus failure of
these samples, but the present study clearly shows that high
porosity is favourable to failure, as no failure occurred in samples
with porosity less than 20% (Fig. 5).

Only the data for limestones can be compared between dry and
saturated states because the dolomite were only tested dry. The
saturated limestones show much greater increase in compressibility
at higher porosities than dry samples, such that $sac—Bdry increases

with porosity (Fig. 5). However, the compressibility—porosity
correlation is much stronger for the dry samples. As expected from
the compressibility results, the saturated limestones have lower
elastic moduli than the dry limestones (Fig. 6). Another effect of
saturation is that shear moduli values are lower and bulk moduli
tend to be higher in saturated samples (Fig. 11). The dry limestone
and dolostone data define two parallel velocity-porosity trends
(Fig. 10), whereas no trend is apparent for the saturated samples.
Higher Vp-V; ratios are also found in saturated limestones (Fig. 9).

Young’'s modulus tends to decrease with increasing porosity as
predicted by theory (Fig. 6), even though the predicted values are

Fig. 12. Thin sections of samples 52, 1.2, 18 and 69 before triaxial test showing the heterogeneity of grain sizes and pore shapes. Samples 52 and 18 did not break, because sparitic
cement reinforced the pores, forming vault like structures that could sustain the stress. Samples 1.2 (a: cracks propagation) and 69 (no cement did reinforce the pores) did show

a brittle behaviour at 50 MPa.
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Table 2

Mean values of the pore size and aspect ratio, and their dispersion.
Plug N*  Mean((a+b)/2)>  Var((a+b)/2)° Mean(AR)?  Var(AR)"
18 40 0.25 0.053 2.7 2.2
69 54 0.19 0.171 2.6 1.2
21 40 0.35 0.100 3.5 6.2
22 32 0.16 0.012 2.1 0.6
30 40 0.32 0.109 2.2 1.2
114 47 0.08 0.003 25 7.7
160 41 0.24 0.083 1.9 0.3
167 57 0.24 0.020 2.0 0.8
201 45 0.22 0.025 19 1.2
203 49 0.29 0.028 2.1 0.6
1.2 18 0.21 0.012 2.2 14
2 35 0.36 0.139 2.6 1.6
4 28 0.22 0.016 2.8 2.7
17 38 0.16 0.013 25 2
52 39 0.18 0.012 2.1 1.7
31 35 0.57 0.171 24 1.2

2 N = number of pores measured.

b g =long axis of the pores (mm), b = small axis of the pores (mm).
var = variance.

d AR = Pore aspect ratio, AR = a/b.

c

higher than the measured values. Young’s modulus values obtained
during this study are in agreement with values obtained on lime-
stones by Palchik and Hatzor (2002). As expected from the
compressibility results, the saturated samples have lower elastic
moduli than the dry samples (Fig. 6). Porosity is probably the main
factor controlling compressibility and elasticity, but poor correla-
tions between porosity and these mechanical properties indicates
that other factors are also important. For the dry samples, bulk and
shear moduli are higher in dolostones than in limestones at
equivalent porosity values (Fig. 11, Table 1).

Vp ranges from 3640 to 5660 m/s and V; from 1840 to 3530 m/s
for the plugs of this study. Compressional velocities are lower than
most published data for which Vpiimestone ranges from 6200 to
6500 m/s, and Vppolostone from 6900 to 7400 m/s (Mavko et al.,
1998). Dolostone and limestone do not display different stress-
strain relationship (Fig. 5), but dolostone samples do have signifi-
cantly higher ultrasonic velocity (Fig. 10). As noted above, the dry
limestone and dolostone data define two parallel velocity-porosity
trends (Fig. 10). The velocities values of this study are similar to
those measured on samples of equivalent porosity and depth from
the Great Bahamas Bank (Anselmetti and Eberli, 2001). The results
of this study confirm a strong correlation of P-wave velocity with

D. Croizé et al. / Marine and Petroleum Geology 27 (2010) 1765-1774

total porosity under dry conditions and variably higher velocities for
given porosity in limestones under saturated conditions (Fig. 10).
The minimal scatter in the dry data suggests that these samples may
share basic similarities in pore geometry and matrix connectivity, as
these factors are known to introduce scatter in velocity—porosity
data (Anselmetti and Eberli, 2001). The considerably greater scatter
in the saturated data in Fig. 10 can be better examined when
petrographic analyses become available.

Vertical stress of 50 MPa is equivalent to approximately 4-5 km
burial depth under hydrostatic fluid pressure. The Ky tests thus
simulate the potential natural burial of the Marion Plateau plat-
forms to depths corresponding to the Earth’s deeper petroleum
reservoirs. The present experimental results indicate that
increasing burial of the Marion Plateau carbonates can therefore be
expected to result in two different types of behaviour:

1. The more strongly cemented samples will experience elastic
deformation and little porosity loss by mechanical compaction
(Fig. 4a,b).

2. The less cemented or more porous samples will fail by crack
propagation (Fig. 7), breaking grain-to-grain contacts and
allowing further porosity loss by mechanical compaction.

For the majority of the samples, the observation of very little
compaction at stresses up to 50 MPa, indicates that almost no
porosity reduction would occur by mechanical compaction if these
rocks were buried at 4-5 km depth. Average porosity of the set of
samples is about 20% and very little porosity loss is obtained during
testing. It is unlikely that this amount of porosity would be preserved
at 4-5 km burial depth. For example, Ehrenberg and Nadeau (2005)
show that average porosity of carbonate petroleum reservoirs world-
wide is around 8% at 4-5 km depth. We may therefore conclude that
the porosity reduction in such strata occurs mainly by chemical
processes as depth increases with burial. This implies that the rate of
porosity loss is a function of dissolution and precipitation processes
and is unrelated to mechanical compaction. For the subordinate
population of weak samples with porosity greater than 20%, failure
by crack propagation will cause local porosity loss.

The stratigraphic distribution of porosity in the two Marion
Platform profiles, together with the tested sample locations,
provides an indication of the locations prone to mechanical failure.
As the failed samples are all from depths of less than 80 m below
sea floor, it can be speculated that these weak intervals might
become more strongly cemented and thus resistant to failure

x Dry dolostone
i| @ Saturated limestone

Mean pore aspect ratio

i| O Dry limestone

Samples that reached

] their critical strength

@ Packstone with large vugs
@Packstone with isolated vugs
i| € Fine grainstone

Coarse grainstone

Porosity (%)

25 30 35

Fig. 13. Mean pore aspect ratio versus initial porosity.
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before burial deeper than a few hundred meters. In such case, the
conclusions derived from the non-failed samples may apply to the
entire section of each platform.

6. Conclusions

o In this study, total porosity and early cementation are identified

as fundamental controls on carbonate rock strength and

compressibility, as well as on other parameters like elastic
moduli.

Early cementation of bioclastic carbonate sediments has

produced a stable cemented framework with a high degree of

over-consolidation and low compressibility.

e The effect of water saturation was observed in both the
weakening of the mechanical strength and greater scatter in
the correlation of P-wave velocity versus porosity.

e Variation in mineralogy does not influence the compressibility
of the plugs strongly, but acoustic velocities of dolostones are
systematically higher than in limestones.
Most of the present carbonate sediments were already so
strongly cemented at 30-400 m that further porosity loss
during burial to to 4-5 km depth must occur mainly by
chemical rather than mechanical processes. The more porous
samples, however, would respond to increased burial by failure
due to crack propagation.
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