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Abstract

Permeability of six samples from Integrated Ocean Drilling Pro-
gram (IODP) Sites C0001 and C0O006 was measured in a triaxial
cell under effective hydrostatic confining pressure from 1 to 30
MPa. Sample depths range from 225 to 448 meters below seafloor
(mbsf) for Site CO001 and from 201 to 564 mbsf for Site CO006.
Our results indicate that the initial permeability at 1 MPa of effec-
tive confining pressure ranges from 4.6 x 107'8 to 1.8 x 107" m?
depending on depth. Permeability decreases with increasing
depth, which also corresponds to a decrease of porosity from 62%
to 43%. The permeability versus depth trend is similar for both
sites. When the effective confining pressure is increased from 1 to
30 MPa, the permeability decreases for all samples. However, this
trend shows some variability, indicating a finer microstructural
control depending on the lithologic origin of the sample.

Introduction

When analyzing deformation processes in accretionary com-
plexes like Nankai, one has to take into account several time-
scales. One important timescale is a result of the competition be-
tween two Kkinetics, one related to the eventual pore pressure
build-up linked to pore fluid trapping during tectonic loading of
the subduction zone and the other related to the ability of the
pore fluid to flow out of the system, thus leading to pore pressure
dissipation and avoiding any effective confining stress decrease
that would enhance unstable slip of the system. The fluid flow is
controlled by the hydraulic diffusivity of the rock, a function of
both permeability and specific storage. Permeability measure-
ments on samples from the Nankai accretionary complex have
been previously performed without pressure confinement (Taylor
and Fisher, 1993) or at low confining pressure (<1 MPa) (Gamage
and Screaton, 2003; Karig, 1993). Measurements of permeability
at effective confining pressure of 1-5 MPa give lower values
(Byrne et al., 1993). More recently, Bourlange et al. (2004) re-
ported permeability measurements on three samples from Ocean
Drilling Program Leg 190 performed in the 0.2-2.5 MPa range in a
triaxial cell with the main purpose of approaching in situ stress
conditions. Overall, their results indicate that permeability de-
creases from 107'8 to 10~ m? with effective confining pressure in-
creasing from 0.2 to 1.5 MPa. When the effective pressure is then
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increased from 1.5 to 2.5 MPa, permeability is
roughly constant (~1 x 10"? to 4 x 10-'° m?), indicat-
ing a threshold pressure beyond which fracture clo-
sure is stopped. However, measurements at low effec-
tive pressure were too dispersed to yield a precise
general relationship between pressure and permea-
bility, and thus crack geometrical parameters.

In this report, we present permeability measure-
ments performed at 1-30 MPa in a hydrostatic cell
with the main goal of refining this relationship, thus
giving some new insights in the pressure depen-
dence of microstructural characteristics of samples
having various lithologic origins.

Experimental procedure

Permeability measurements were performed on two
sets of samples from Sites C0001 (Expedition 315)
and C0006 (Expedition 316) at various depths (Fig.
F1). For each depth level, two cylindrical specimens
(20 mm in diameter and 15-20 mm in length) were
drilled out of the initial cores in a vertical direction
(Fig. F2), one for porosity determination and the
other for permeability measurement. The porosity of
the unstressed samples was measured by using the
triple-weighing method: successive measurements of
the preserved originally saturated, saturated im-
mersed, and dry specimen masses lead to the deter-
mination of the connected porosity. Table T1 sum-
marizes porosity data for the tested samples and
Figure F3 illustrates the porosity depth dependence.
This dependency compares well with porosity data
obtained onboard and derived from resistivity logs
(see the “Expedition 315 Site C0001” [Expedition
315 Scientists, 2009] and “Expedition 316 Site
C0006” [Expedition 316 Scientists, 2009] chapters).

Permeability measurements were carried out at room
temperature in a 200 MPa hydrostatic pressure cell
equipped with a pore fluid pressure circuit (Fig. F4).
The entire apparatus was thermally regulated to keep
pressures constant in the absence of imposed pres-
sure changes. The samples were isolated from the
confining pressure fluid by a Viton jacket clamped
on the end pieces connected to the pore fluid circuit.
Pore fluid and confining pressures (P, and P, respec-
tively) were controlled separately. During the experi-
ments, an effective pressure (Pc — Pp) of at least 1 MPa
was maintained on the sample to ensure uniform
contact of the jacket with the specimen and to avoid
any leaking. All the experiments were run on sam-
ples preserved with their original pore fluids and in a
saturated state.

The initial pressure conditions for all samples were
P- =3 MPa and P, = 2 MPa in order to be able to com-

pare their hydraulic conductivities. Once the pres-
sures were constant, permeabilities were measured
using a pulse decay method (Bernabé, 1987; Brace,
1984). After closing the isolating valve between the
upstream and downstream pore pressure circuits, a
small step change of differential pore fluid pressure
APp = Py, = Pgown Was imposed in the upstream pore
pressure section. Both pressures were then free to re-
turn to equilibrium through the sample. When the
compressive storage in the sample is much smaller
than the compressive storage in the pore fluid cir-
cuits, the differential pore pressure decay AP, is ap-
proximately exponential and the decay time is in-
versely proportional to the permeability, as shown
by the following equations (Hsieh et al., 1981):

APy(t) o= exp(-t) (1)
and
o = [AK(C, + Cl/(MLC,C), @)
where
t =time,

A =section area,

L =sample length,

p = pore fluid viscosity (10-3 Pa-s at 20°C),

k = permeability,

C, = compressive storage of the upstream pore
pressure circuit, and

Cq = compressive storage of the downstream pore
pressure circuit.

C, and Cy are defined as the ratios of the change of
fluid volume to the corresponding pore pressure
variation (C = 8V/8P;), which are physical constants
of the apparatus and have been experimentally de-
termined as C, = 3.957 x 10 m3/MPa and C4 =
4.828 x 10-° m3/MPa. For large timescales, Hsieh et
al. (1981) have shown that the pore pressure decay
with time has a form similar to Equation 1. This sim-
ilarity is due to the fact that at large timescales the
effect of storativity in the sample itself becomes neg-
ligible. In Figure F5 we show an example of pore
pressure evolution with time (Fig. F5A) and the re-
sulting differential pore pressure decay (Fig. F5B). As
one can see, a single exponential law fits the data
well over the entire experimental time span, indicat-
ing that neglecting the storativity in the sample may
be a valid assumption. The permeability value is
then deduced from the slope of the exponential fit-
ting curve by using Equation 2.

This measurement method was used for all samples
at increasing levels of effective confining pressure (P
— Pp) from 3 to 30 MPa, with 2 MPa increase steps for
Pc and a constant P, of 2 MPa. Because the pulse de-
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cay method requires a small initial pore pressure dif-
ference (10%) compared to the equilibrium pore
pressure, we applied an initial 0.5 MPa positive pulse
to the upstream pore circuit, but we restricted our
analysis to the final 0.2 MPa portion of the AP, decay
curve.

Results

Permeability measurements were performed on sam-
ples referenced in Table T1 using the procedure de-
scribed above. A complete series of measurements on
one sample, including equilibration times between
permeability measurements, lasted ~2 months. In
Figure F6, we plotted permeability data at the initial
pressure conditions (Pc = 3 MPa and P, = 2 MPa) as a
function of depth for both sites. This diagram gives
us a good insight into the permeability versus depth
trend, permeability decreases as depth increases and
the trend is similar for both sites. Moreover, the per-
meability at Site C0006 is lower than the permeabil-
ity at Site C0O001 for equivalent depths. This point is
easily explained by the lower porosity encountered
at Site CO006. Figure F7 illustrates the good correla-
tion between porosity (unstressed state) and permea-
bility at the initial pressure conditions for all sam-
ples. The permeability trend with depth observed at
Site CO001 is consistent with data obtained by Likos
et al. (submitted). Our measurements are, however,
lower than their data, a difference that can be ex-
plained by the lower effective stress (0.55 MPa) ap-
plied to the samples by Likos et al. (submitted).

Indeed, our measurements indicate a permeability
decrease more than 1.5 orders of magnitude when an
increasing effective confining pressure up to 30 MPa
is applied. Figure F8 summarizes the obtained data
for Sites CO001 and C0006. As one can see, the de-
crease of permeability is apparent for all samples, but
the shape of the curve differs from one sample to the
other, reflecting variability in their microstructural
content.

Conclusions

Permeability measurements were performed on sam-
ples from Sites C0O001 and C0006 in a triaxial cell un-
der effective hydrostatic confining pressure ranging
from 1 to 30 MPa. The pulse decay method was em-
ployed and showed an exponential trend of the dif-
ferential pore pressure with time, allowing the calcu-
lation of well-constrained permeability data. A
decrease of the initial permeability at 1 MPa effective
pressure from 4.6 x 1078 to 1.8 x 107" m? with in-
creasing depth was observed at both sites and is well

correlated with the porosity trend. When the effec-
tive confining pressure is increased from 1 to 30
MPa, the permeability decreases for all samples.
However this trend shows some variability, indicat-
ing a finer microstructural control depending on the
lithological origin of the sample.
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Figure F1. Lithostratigraphy and location of samples. A. Site C0001. (Continued on next page.)
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Figure F1 (continued). B. Site C0006.

Site C0006
Unit I: trench-slope transition
Hemipelagic mud, thin sand
100 — .
Unit II: accreted trench wedge
Sand, silt turbidites,
hemipelagic mud,
200 — rare volcanic ash ~€&—— 316-C0006E-28X-1
£ ~€—— 316-C0006E-31X-4
dz
2
Q
E
= 300 —
a
[0
a
Interpretation: axial channel to
outer marginal trench facies
400 —
[0]
c
Q
[&]
ke
500 4= Unit lll: Upper Shikoku Basin facies
2
B Mudstone, volcanic ash
o
= ~€——— 316-C0006F-19R-3
600 —

- Hemipelagic mud %— Sandy silt E Gravel
-_ Volcanic ash -— Silt turbidite =:| Sand turbidite

Proc. I0DP | Volume 314/315/316 ‘p 6



T. Reuschle Data report: permeability under confining pressure

Figure F2. Photograph of sample before permeability measurements (Section 315-CO001F-18H-6).
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Figure F3. Porosity versus depth diagram for tested samples (open circles = porosity data obtained by triple-
weighing technique applied on the preserved, originally saturated samples) superimposed on shipboard po-
rosity-depth data for Sites CO001 and CO006 (see the “Expedition 315 Site C0001” [Expedition 315 Scientists,
2009] and “Expedition 316 Site C0006” [Expedition 316 Scientists, 2009] chapters for more details). A. Bit re-
sistivity—derived porosity using Archie’s law with parameters a = 1 and m = 2.4 compared with porosity derived
from image-derived porosity (IDRO) and thermal neutron porosity (INPH) in Hole C0001D. (Continued on
next page.)
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Figure F3 (continued). B. Bit and ring resistivity—derived porosity using Archie’s law with parameters a = 1 and
m = 2.4 in Hole CO006B.
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Figure F4. Diagram of experimental setup for Site CO001 and C0006 permeability samples. The specimen (Sp)

is inserted in a jacket clamped on end pieces. Confining pressure (Pc), upstream (P,,) and downstream (Py,n)
pore fluid pressure, and circuits are indicated by solid lines.
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Figure F5. Example plot of pore fluid pressure evolution during a permeability test using the pulse decay
method. Test was run on a sample from Section 315-C0O001F-18H-6 at 30 MPa effective pressure. A. Curves cor-
responding to the evolution of pore pressure at both ends of the sample. Pg,,,, = downstream pore fluid
pressure, P, = upstream pore fluid pressure. (Continued on next page.)
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Figure F5 (continued). B. Differential pore pressure following an exponential decay law leading to a permea-
bility of 6.22 x 10-2° m?.
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Figure F6. Plot of permeability data at initial pressure conditions (P- = 3 MPa and P, = 2 MPa) as a function of
depth, Sites CO001 and C0006.
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Figure F7. Plot of permeability at initial pressure conditions (P = 3 MPa and P, = 2 MPa) versus porosity (un-
stressed state) data for all tested samples, Sites CO001 and C0006.
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Figure F8. Plots of permeability data as a function of effective confining pressure. A. Site C0001. (Continued

on next page.)

A
10-17 I
@ 315-C0001F-18H-6
'. [l 315-C0001H-8R-1
@ 315-C0001H-25R-1
o*n
L 4
o
-18 1 —
10 ‘
u L 4
~ m ¢
€ .
$ H
¢ ol
* o ® ® 0 -
1019 ) ] || —
oo _§
[
1020 | | | | |
0 10 15 20 25 30

Effective confining pressure (MPa)

35

Proc. IODP | Volume 314/315/316

15



T. Reuschle Data report: permeability under confining pressure

Figure F8 (continued). B. Site C0006.
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Table T1. Porosity data for tested samples as a function of depth, Sites CO001 and CO0006.

Depth Porosity

Hole, core, section (mbsf) (%)
315-

CO001F-18H-6 225 61.7

CO0001H-8R-1 297 58.2

C0001H-25R-1 448 50.6
316-

CO006E-28X-1 201 48.2

CO006E-31X-4 232 43.0

CO006F-19R-3 564 42.9
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