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PERMEABILITIES OF SEDIMENTS

FROM WOODLARK BASIN: IMPLICATIONS 
FOR PORE PRESSURES1

Amy Kemerer2 and Elizabeth Screaton2

ABSTRACT

Woodlark Basin, an area of continental extension, is an ideal location
to study the evolution of permeability and the development of over-
pressures within an active rift basin. In this investigation, we measured
sediment permeabilities of cores from Woodlark Basin and used numer-
ical modeling to determine if pore fluid overpressures are likely at the
base of the rift basin. Constant-rate flow tests were conducted on cores
from Site 1108, located in the rift basin, and Sites 1115 and 1118, lo-
cated on the northern margin of the basin. Results of the laboratory
tests indicated permeabilities that range from 1.5 × 10–18 to 1 × 10–16 m2.
Results of the numerical modeling of Site 1108 suggest that overpres-
sures due to sedimentation are unlikely.

INTRODUCTION

Sedimentary basins are the settings for many interrelated geologic
processes such as fluid flow, heat flow, solute transport, and rock-water
interactions (Person et al., 1996). Mature sedimentary basins, such as
the Gulf of Mexico basin and the North Sea, are the sites for many of
the world’s most valuable petroleum and natural gas reservoirs (Mello
and Karner, 1996). Active and ancient rift basins contain many impor-
tant metal ore deposits (Person and Garven, 1994). Fluid flow plays a vi-
tal role in geochemical, geothermal, and tectonic processes within
sedimentary basins and can assist in the generation of cements and ore
deposits, as well as in the migration of petroleum hydrocarbons (Person
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and Garven, 1994). In addition, fluid pressures have been suggested to
play a role in fault mechanics (Hubbert and Rubey, 1959; Axen, 1992;
Rice, 1992).

An important mechanism for generating overpressures is sediment
loading (Bethke, 1985; Bredehoeft et al., 1988; Mello and Karner, 1996).
In sedimentary basins, sediment is rapidly being added to the basin
floor. The new sediment adds additional load to the older sediments be-
neath and increases fluid pressures. Elevated fluid pressures drive fluid
flow, and as fluid escapes, the stress between the individual grains of
the sediment (effective stress) is increased, bulk volume is reduced, and
porosity is lost.

If permeability is sufficiently low, the pore fluids will be unable to es-
cape at a rate comparable to the rate of loading due to sedimentation.
When this occurs, the pore fluid pressure will increase above hydro-
static, a condition termed overpressuring, geopressuring, or excess pres-
suring (Osborne and Swarbrick, 1997; Bjørlykke and Hoeg, 1997; Mello
and Karner, 1996).

Because permeabilities control the compaction of sediment, develop-
ment of overpressures, and patterns of fluid flow, this parameter plays a
key role in sedimentary basin evolution. Elevated pore pressures have
also been suggested to facilitate low-angle normal faulting (Axen,
1992). Ocean Drilling Program (ODP) Leg 180 investigated processes as-
sociated with active rifting in the Woodlark Basin. Samples from ODP
Leg 180 were used in this investigation to determine vertical permeabil-
ities within sediments of the Woodlark Basin, as well as the relationship
between basin sedimentation and elevated pore fluid pressures. A con-
stant flow permeability test was performed on each sample to deter-
mine permeability. These values were then incorporated into a
numerical model to quantify the relationship between sediment perme-
ability, basin sedimentation rates, and the development of pore fluid
overpressures.

BACKGROUND

Woodlark Basin, located between the easternmost Papuan Peninsula
and the Solomon Islands in the South Pacific, is a young ocean basin
that has been forming since 6 Ma, as a result of a westward propagating
spreading center. The spreading center has stretched and separated the
eastern Papuan Peninsula from its eastern paleoextensions, the Wood-
lark and Pocklington Rises (Taylor et al., 1995). According to Mobbs
(1997), spreading in the basin initiated sometime prior to 3.5 Ma. A sig-
nificant feature of Woodlark Basin is Moresby Seamount, located just
south and west of the spreading tip (Fig. F1). Moresby Seamount forms
the footwall of a low-angle normal fault that dips 25°–30° beneath a
3.2-km-deep rift basin (Shipboard Scientific Party, 1999).

During Leg 180, three sites (1109, 1115, and 1118) on the northern
margin of the basin were cored to depths of 802, 803, and 927 meters
below seafloor (mbsf), respectively (Fig. F1). All three sites (1109, 1115,
and 1118) show evidence of subsidence from shallow-marine to deeper
bathyal water conditions (Shipboard Scientific Party, 1999). This transi-
tion probably began in the latest Miocene to early Pliocene and oc-
curred first at Site 1109 then at Sites 1115 and 1118. The sediments
from these sites were distally derived and contain variable volcanigenic
input. Sediments on the northern margin are only slightly deformed
and can be dated and correlated well. Site 1108 was drilled above the
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low-angle fault zone emerging north of Moresby Seamount. One objec-
tive of Leg 180 was to measure pore pressures and stresses within and
surrounding this low-angle fault zone. The presence of hydrocarbons
and drilling difficulties limited coring at Site 1108 to a depth of only
485 mbsf, short of the low-angle fault (~900 mbsf).

Recorded sedimentation at Site 1108 includes rapid deposition of
fine-, medium-, and coarse-grained sandstones, terrigenous turbidites,
and minor conglomerates (Shipboard Scientific Party, 1999). These de-
posits are overlain by fine-grained turbidites and talus deposits. In the
late Pleistocene, sediments consisted of calcareous nannofossil-rich clay
with minor silt and sand, including volcanic ash, and apparent deposi-
tion rates are low (15 m/m.y.). However, shipboard porosity data and
postcruise consolidation testing suggested that ~400 m of sediment has
been removed from Site 1108 by a combination of erosion and normal
faulting (Shipboard Scientific Party, 1999; Bolton et al., 2000). Leg 180
drilling at other sites suggests that upper levels of the basement of
Moresby Seamount are primarily dolerite (Shipboard Scientific Party,
1999).

METHODS

Constant Flow Permeability Tests

Constant flow permeability tests were conducted to determine verti-
cal permeability values for core samples from Leg 180. In this test
method, a constant flow is established across the sample and the result-
ing hydraulic gradient is measured. The tests were conducted using the
Trautwein Soil Testing Equipment Company’s DigiFlow K. The equip-
ment consists of the cell (to contain the sample and the confining
fluid) and three pumps (sample top pump, sample bottom pump, and
cell pump). Bladder accumulators allowed deionized water to be used
throughout the pumps while an idealized solution of seawater (25 g
NaCl and 8 g MgSO4 per liter of water) was used as the permeant
through the sample. ASTM designation D 5084-90 (1990) was used as a
guideline for general procedures. The Leg 180 whole-round samples
were stored in the plastic core liner and sealed in wax to prevent mois-
ture loss. They were contained in a refrigerated environment (4°C) and
in water until immediately prior to sample preparation. Immediately
before testing, cores were trimmed to fit within the flexible wall mem-
brane. The samples had a minimum diameter of 50.8 mm (2 in), and
sample heights ranged from ~150 to 200 mm. The ends of each sample
were trimmed to provide freshly exposed surfaces. Once encased within
the flexible wall membrane, the samples were fitted with filter paper
and saturated porous disks. Samples were placed in the cell, which was
then filled with deionized water so that the membrane-encased sample
was completely surrounded by this fluid. A small confining pressure of
~0.03 MPa (5 psi) was applied to the cell. All air bubbles were removed
from the flow lines, and a backpressure of ~0.28 MPa (40 psi) was then
applied in order to fully saturate the sample. Backpressure was achieved
by concurrently ramping the cell pressure and the sample pressure to
maintain a steady effective stress. Saturation was verified by measuring
the change in pore water pressure in the porous material divided by the
change in the confining pressure (ASTM, 1990).

Once the sample was fully saturated, cell fluid pressure was increased
while the sample backpressure was maintained, thus increasing the ef-
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fective stress on the sample. The maximum stress that the cell is able to
sustain is ~1.03 MPa (150 psi), limiting the maximum effective stress to
~0.75 MPa (110 psi). The sample was allowed to equilibrate for at least 4
hr and generally overnight. Once the target effective stress was
achieved, cell pressure and backpressure were maintained. Vertical sam-
ple displacement and cell fluid volume were monitored throughout
testing.

After the target effective stress level was achieved, a brief constant
gradient test was conducted to select an appropriate flow rate for the
subsequent constant flow tests. During the constant flow tests, flow
rates were maintained by two pumps, one on each end of the sample,
ensuring that the volume of the sample remained unchanged.
Throughout the permeation step, the head gradient was monitored to
assure that gradients were not excessive (ASTM, 1990). Since fluid pres-
sure in the closed hydraulic system is sensitive to temperature changes,
testing was conducted within a closed cabinet with a fan to keep the in-
ternal temperature uniform. This kept temperature at ~27.5°C (±0.5°C).
Temperature was monitored throughout the testing phase.

Two to three constant flow tests were performed at each effective
stress. Once permeability values were obtained, cell pressure was in-
creased and the sample was allowed to equilibrate overnight. At least
two different effective stress steps were performed for each sample. If
the permeability of the sample decreased significantly from step 1 to
step 2 during permeation, more steps were performed. The maximum
effective stresses reached in this study are well below in situ values.
Therefore, we used the permeability results from the highest effective
stress, and the values presented in this study should be considered max-
imum permeability values. However, in previous laboratory investiga-
tions (e.g., Bolton and Maltman, 1998; Bolton et al., 2000), it appeared
that the largest decrease in permeability occurred as effective stresses
were increased from 0 to 0.1 MPa; subsequently, permeabilities re-
mained relatively constant.

Measurements were made of the sample’s diameter and height before
it was placed in the cell. Using these measurements, the specified flow
rate (Q), and the pressure difference that was monitored by the testing
equipment, hydraulic conductivity values were calculated for each sam-
ple using Darcy’s Law:

Q = –K × A × (dh/dl), (1)

where 

K = hydraulic conductivity (in meters per second), 
A = the area of the sample (in square meters), 
dh = the difference in head across the sample (in meters), and
dl = the length of the sample (in meters). 

These conductivity values were then converted to permeability (in
square meters) using the following equation:

k = (K × µ)/(ρ × g), (2)

where 

µ = viscosity (in pascal seconds), 
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ρ = density (in kilograms per cubic meter), and 
g = the gravitational constant. 

A viscosity of 0.001 Pa·s was used for this calculation.

Numerical Modeling

Numerical modeling focused on Site 1108 to assess whether elevated
pore pressures due to sedimentation are likely at the depth of the low-
angle normal fault. Previous researchers (Gibson, 1958; Bredehoeft and
Hanshaw, 1968) developed analytical models for this problem of esti-
mating fluid pressures due to sedimentation. However, to model vary-
ing sediment rates and changes in storage properties through time, we
used a one-dimensional numerical approach. This numerical approach
was previously described by Screaton and Ge (2000), but the calculation
of compressibility within the model has been improved.

In the absence of overpressures, we assume that porosity will de-
crease exponentially with depth, as has been observed by Athy (1930):

n = noexp(–b × z), (3)

where 

n = porosity,
no = initial porosity,
b = a constant (in 1/meter), and
z = burial depth (in meters).

For the hydrostatic case, the change in effective stress, σe, with depth
is:

(dσe/dz) = (ρs – ρf) × (1 – n) × g, (4)

where

ρs = grain density, 
ρf = fluid density, and
g = the gravitational constant.

From Equations 3 and 4, dn can be related to dσe:

(dn/dσe) = (–b × n)/[(ρs – ρf) × (1 – n) × g]. (5)

The coefficient of vertical compressibility (α) is defined as

α = –dV/(V × dσe), (6)

where

dV= the volume change (in cubic meters) and
V = the volume (in cubic meters). 

Porosity is related to the volume change by
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dn = (1 – n) × (dV/V). (7)

The expression for α as a function of n follows from Equations 5, 6,
and 7:

α = (b ×=n)/[(ρs – ρf) × (1 – n)2 × g]. (8)

The sedimentation history was broken up into packets for which sed-
imentation rate, porosity parameters no and b, and permeability were
assigned. The permeability remained constant for each packet through-
out the simulation. Based on the sedimentation rate for each of the
packets, the loading program calculated the additional thickness of
each sediment layer added to the basin. As each new sediment layer was
added to the basin, the layers beneath were moved down one row. Be-
low the sediment layers, model layers were assigned low compressibility
and porosities to simulate underlying crystalline rock. The bottom
boundary condition of the model was no-flow and the top boundary
condition was hydrostatic. The model was set up so that only nonsedi-
ment layers would be dropped from the bottom of the model.

For each sedimentation step, the pore fluid pressures of each layer
were calculated based on the additional load of the new layers. When a
porous medium with incompressible grains is loaded, the stress is parti-
tioned between the pore fluid and the matrix. The loading efficiency, γ,
denotes the fraction of the stress added to the pore fluid and is defined
as follows (after Neuzil, 1986):

γ = α/(α + nβ), (9)

where β = the compressibility of the fluid. For highly compressible sedi-
ments, the loading efficiency is near 1.

The updated pore pressures were then input into SUTRA (Voss, 1984),
which used the pore pressures as initial conditions for transient fluid
flow for the duration of the sedimentation step. Once the pore pres-
sures at the end of the sedimentation step were calculated in SUTRA,
they were transferred back into the loading program and effective stress
was calculated. Sediment porosity loss was calculated only if the effec-
tive stress exceeded the previous maximum effective stress value. Poros-
ity loss was determined using a value from the previous sedimentation
step and vertical node spacing was reduced to maintain constant solid
volume and to ensure mass balance, while horizontal dimensions were
held constant. The new porosity was used to calculate α for the next
time step using Equation 8. The calculated compressibility was also
used to assign specific storage, Ss, for each node to be used in the SUTRA
fluid flow simulation:

Ss = ρ × g × (α + nβ). (10)

Site 1108 was modeled to a depth of ~900 mbsf, the estimated depth
of the low-angle normal fault zone. Values for the parameters no

(= 70%) and b (= 1.6 × 10–3 m–1) in Equation 3 were selected based on
the porosity data from shallow parts of Site 1108, with the assumption
that shallow depths are least likely to be overpressured. The sediment
column of Site 1108 was broken down into five sediment packets (Fig.
F2). The initial thickness of each packet was calculated based on ages,
porosities, and depths reported shipboard and assumed an initial poros-

F2. Average porosities, sedimen-
tation rates, and permeabilities, 
p. 13.
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ity of 70% and conservation of solid volume. The top packet includes
the 400 m that is inferred to have been removed by erosion. For the re-
moved section, an average porosity of 50% was used. The sedimenta-
tion rate below the bottom of drilling (485 mbsf) was assumed to be the
same as the overlying section, yielding an age at the bottom of ~4.4 Ma.
The modeling was broken up into 75 sedimentation steps of 58.7 k.y.
each.

RESULTS

Constant Flow Permeability Testing

Table T1 summarizes the permeability data for each sample, includ-
ing the best estimate of permeability for each sample and the corre-
sponding depths and porosities. Porosities were obtained from the
shipboard data (Shipboard Scientific Party, 1999) and are not corrected
for sediment rebound. The highest permeability at Site 1108, 1.0 × 10–16

m2, was noted in Sample 180-1108B-30R-6, 32–52 cm, a silty sand from
a depth of 280 mbsf. Site 1108 samples from Bolton et al. (2000) at
depths of 121 and 218 mbsf yielded permeabilities of ~5 × 10–18 m2. At
Site 1115, permeability values from four samples ranged from 1.5 × 10–18

to 9.2 × 10–17 m2. Results from four samples from Site 1118 yielded per-
meability values ranging from 8.6 × 10–18 to 5.9 × 10–17 m2. No clear re-
lationship between porosity and permeability is observed.

Numerical Modeling

Permeabilities for the numerical model were based on results of the
constant flow-rate tests (Fig. F2). For the section that was removed by
erosion, a permeability of 1 × 10–16 m2 was used. Because the sample
from 280 mbsf was from a permeable layer of silty sand, it was assumed
not to be representative of the overall vertical permeability of that sedi-
ment packet. Numerical modeling was used to constrain the permeabil-
ities of the undrilled section (485–900 mbsf) necessary to create
overpressures. We could then assess whether these permeabilities were
probable and, thus, whether overpressures resulting from sedimenta-
tion were likely.

Overpressures are presented in terms of the excess pore pressure ra-
tio, γ*:

λ* = (Pf – Ph)/(Pl – Ph), (11)

where

Pf = pore fluid pressure,
Ph = hydrostatic pressure, and 
Pl = lithostatic pressure, the weight of the sediment column.

At Site 1108, slight overpressures (λ* > 0.1) initiate at k = 3.4 × 10–19

m2 for the missing section. For significant overpressures (λ* > 0.7) to oc-
cur at the base of the sediment column, the permeability of the missing
sediment would have to be 2.0 × 10–19 m2 or less. Results are not very sen-
sitive to uncertainties in the sedimentation rate of the undrilled section.
With the sedimentation rate of the section from 485 to 900 mbsf dou-

T1. Permeability results, p. 14.
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bled, slight overpressures (λ* > 0.1) initiate at k = 4.2 × 10–19 m2 for the
missing section.

DISCUSSION

Results from one-dimensional modeling of Site 1108 suggest that
overpressures due to sedimentation require permeabilities less than
3.4 × 10–19 m2. Although permeability values in that range would be
reasonable for clay-rich sediments (Neuzil, 1994), sediments in Wood-
lark Basin have a greater component of medium- to coarse-grained ma-
terial. The lowest permeability measured at Site 1108 was 5.0 × 10–18 m2,
whereas the lowest overall permeability measured during this investi-
gation was 1.5 × 10–18 m2. The low value was measured for Site 1115
sediments at 678 mbsf. Therefore, it does not seem likely that perme-
abilities below Site 1108 are lower than 3.4 × 10–19 m2, although it is
possible that extensive cementation could cause low permeability in
the base of the rift basin.

The modeling assessed only overpressures due to one-dimensional
loading. Additional pressure-generating mechanisms, such as hydrocar-
bon generation, clay dehydration, or additional input of fluids from
greater depths of the fault zone are likely to be active in Woodlark Ba-
sin. The high thermal gradient in this area (~94–100°C/km) (Shipboard
Scientific Party, 1999) would put the base of the section in the range for
smectite dehydration.

On the other hand, overpressures could be reduced by escape of flu-
ids along lateral conduits or fault zones. The occurrence of sand layers
may provide lateral conduits for fluid flow within the basin. For exam-
ple, Sample 180-1108B-30R-6, 32–52 cm, at 280 mbsf, yielded perme-
ability values of 1.0 × 10–16 m2, 20 times greater than those reported for
Site 1108 samples from 121 and 218 mbsf (Bolton et al., 2000). Temper-
atures observed during logging of Site 1118, at the margin of the rift ba-
sin, suggested the occurrence of a thermal anomaly at depth, which
may be an indication of lateral and upward fluid migration from the ba-
sin (Shipboard Scientific Party, 1999). Lateral fluid migration could
lower pressures within the basin and transfer overpressures to the basin
margins.

SUMMARY

Constant-rate flow tests were conducted on 10 cores from Sites 1108,
1115, and 1118. Results of the laboratory tests indicated permeabilities
that range from 1.5 × 10–18 to 5 × 10–16 m2. The permeability data, as
well as data from other researchers, were used to assign permeabilities
to model overpressures at the base of Site 1108. Results of one-dimen-
sional modeling suggest that overpressures resulting from sedimenta-
tion initiate when permeabilities of the base sections are less than
3.4 × 10–19 m2 and reach near-lithostatic values if the average perme-
ability of the base is less than 2.0 × 10–19 m2. The available data provide
no indication of permeabilities in that range. Therefore, overpressures
due to sedimentation alone are considered unlikely.
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Figure F1. Location of Sites 1108, 1109, 1115, and 1118 relative to Moresby Seamount.
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Figure F2. Average porosities, initial sedimentation rates, and permeabilities used for modeling of Site 808.
* = data from Bolton et al. (2000).
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Table T1. Summary of permeability results.

Core, section, 
interval (cm)

Depth 
(mbsf)

Porosity 
(%)

Estimated 
permeability 

(m2)

180-1108B-
21R-1, 134–147 188 35.1 4.3 × 10–17

30R-6, 32–52 280 28.5 1.0 × 10–16

180-1115C-
12R-3, 0–20 392 57.1 3.6 × 10–17

22R-2, 56–76 487 49.2 3.7 × 10–17

30R-1, 34–53 561 41.8 9.2 × 10–17

42R-1, 64–79 678 38.4 1.5 × 10–18

180-1118A-
25R-3, 110–123 439 46.3 5.9 × 10–17

45R-5, 56–73 633 46.6 4.7 × 10–17

180-1118C-
56R-3, 56–76 487 49.2 3.7 × 10–17

180-1118A-
63R-4, 72–93 737 50.2 8.6 × 10–18
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