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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)).

many carbonate sediments. Laboratory experiments 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 petro-
physical 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

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 [ conditions 7/ ,.m.h a’aim.h ”aﬁnulh E vt K u i ij v

1193 18 45.97 Limestone O 271 21.00 213.0 20.2 Dry 166 0.5 50 196 025 197 163 334 3927 2454
1196 69 56.97 Dolostone 2.82 2143 1014.0 27.0 Dry 166 05 50 221 024 211 179 3.98 4081 2526
1193 21 63.74 Limestone C 271 25.10 8835.0 264 Dry 125 05 50 195 023 11.0 208 442 3833 2774
1193 22 67.92 Limestone X 272 23.60 1.18 17.6 Dry 166 0.5 50 219 028 114 2353 290 4028 2899
1193 30 73.79 Limestone O 270 29.25 3236.0 182 Dry 125 05 50 285 026 205 217 243 4359 2803
1196 114 316.86 Limestone F 2.71 22.50 0.18 12.8 Dry 5 2 50 302 024 28.0 189 254 4523 2652
1196 160 539.35 Dolostone 2.73 2627 0.04 84 Dry 125 0.5 30 333 033 398 359 1.30 5630 3542
1196 167 557.51 Dolostone 282 2773 5545.0 31.5 Dry 125 05 30 209 024 286 17.1 3.69 4292 2497
1196 201 633.88 Dolostone 2.76 23.15 12.60 153 Dry 9.8 294 50 309 023 36.0 235 1.81 4934 2937
1196 203 634.98 Dolostone 2.78 21.67 4094.0 26.5 Dry 9.8 294 50 181 020 299 135 3.85 4129 2198
1196 1.2 38,58 Limestone X 2.75 19.54 13 25.0 Saturated 1.66 0.5 70 863 030 29.7 153 11.7 4358 2355
1193 2 42.16 Limestone O 2.70 2254 22 314 17.4 Saturated 1.66 05 70 149 027 411 193 3.57 5008 2678
1193 4 43.19 Limestone O 268 1935 2169 16.0 Saturated 1.66 0.5 70 124 029 323 163 3.60 4495 2485
1193 17 45.69 Limestone O 272 2160 325 24.7 Saturated 1.66 0.5 70 856 0.25 355 154 6.38 4550 2366
1193 52 61.34 Limestone C 272 17.46 6.31 18.3 Saturated 1.66 05 50 142 026 291 143 3.84 4191 2271
1193 31 74.16 Limestone C 2.70 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), 4= shear modulus (GPa), § = compressibility

(10~ 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).

the Southern Marion Platform (SMP) (Table 1). The samples include
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 Ky triaxial testing under
drained conditions. Ky stands for coefficient of lateral stress at rest,
Ko = 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

10* ® #
o x

—_ P X X Dolostone tested dry
% 108 : @ Limestone tested saturated
- @ : O Limestone tested dry
2 ° Samples that reached their
% 10 critical strength
[
£ 10’ X
&\-) L

10° o [

10" °

X
107
5 10 15 20 25 30 35 40 45 50

Porosity (%)

Fig. 3. Permeability versus porosity (Actual values are to be found in Table 1).

pressures. The plugs were then dried at 50-60 °C. Two knobs were
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 o%;,; values given in Table 1. Then vertical stress was increased at
arate of 3.75 MPa per hour for the dry tests and 5 MPa per hour for
the saturated tests to the o’ ., 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, v, 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= U—%' (1)

7 7
g1+ 03
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i -(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, ty, 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, ¢1, 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, B4y, is
1.30-4.42...10" " Pa—! and compressibility of the saturated plugs,
Bsat, is 3.57-18.8...10~"" Pa~! (Fig. 5). Compressibility correlates
with porosity in both groups. Comparison with published data for
dry compressibility of carbonates (Bell, 1981; Baud et al., 2000;
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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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