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17. ESTIMATED FLUID PRESSURES OF THE BARBADOS ACCRETIONARY PRISM
AND ADJACENT SEDIMENTS

J. Casey Moore? and H. Tobin?

ABSTRACT

Sediment void ratio of the Barbados accretionary prism and adjacent deposits varies with effective stress and is a basis for
estimating long-term variationsin fluid pressure. Consolidation tests show that void ratio decreases at differing linear rateswith
the log of increasing effective stress in carbonate- and clay-rich lithologies from the oceanic reference Site 672 of the northern
Barbados Ridge. Using these relationships, we estimate vertical effective stress and fluid pressure (overburden stress minus
vertical effective stress) from sites with continuous physical property profiles. The compressive state of stress in the accretion-
ary prism requires correction of effective stress values inferred directly from consolidation tests. We utilize physical property
data from both in situ logging-while-drilling (LWD) measurements and measurements on individual core samples. Good corre-
lation between LWD and core sample physical properties indicates the latter are reliable and argues for minimal rebound from

in situ conditions.

Estimated fluid pressures are near lithostatic in the décollement zone and proto-décollement zone. Zones of high fluid pres-
sure generally correlate with zones of mud- and mineral-filled veins, suggesting the latter are hydrofractures. Thersd faults t
to occur in intervals of high fluid pressure. Fluid pressures tend to be highest in clay-rich zones. This last correthtieracoul
result of misrecognition of bound water as porosity, but use of the same techniques to calibrate the consolidation tests as wel
to determine the porosity of the samples accounts for this ambiguity. Concentration of deformation in the clay-rich zones may
be because of their low coefficient of friction in addition to their high fluid pressure.

INTRODUCTION

Fluid pressure influences structural processes by controlling the
effective stress within and near fault surfaces (Hubbert and Rubey,
1959) as well aswithin deforming accretionary wedges (Daviset al.,
1983). fluid-pressure gradients drivefluid flow, and fluid flow isvery
important in geochemical cycling at convergent margins (Han and
Suess, 1989). Diagenetic/metamorphic, and biologica features are
affected by fluid flow in accretionary prisms (Moore and Vrolijk,
1992) and many other geologic environments. Evaluation of the
above phenomena requires information on fluid pressure.

fluid-pressure data are acquired from industry wells by direct
measurements using drill stem tests, packer tests, and deployment of
repeat formation testers. Indirect measurements of fluid pressures
from mud weight, log properties, and drilling data (Fertl, 1976) are
commonly utilized because they produce continuous estimates of flu-
id pressure. These fluid-pressure measurements require empirical
correlations and calibration by fewer direct pressure measurements.
Fluid pressures have been inferred from mud weight, and logs from
industry wells that penetrate uplifted accretionary prism sequences
(von Huene and Lee, 1982; Sherwood, 1987; Moore and Vralijk,
1992), but no such curves are available for Ocean Drilling Program
(ODP) holes.

Direct measurements of fluid pressures are difficult in accretion-
ary prisms because of the unstable nature of the boreholes and the op-
eration complexities of working from amoving platform in deep wa-
ter. Packers have only been successfully utilized in afew cased holes
(Fisher and Zwart, Chapter 15, this volume). Point estimates of fluid
pressure in the Barbados area have been made from individual con-
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solidation tests (Taylor and L eonard, 1990). However, no continuous
estimates of fluid pressure are available from physica properties.
Here we use sediment void ratio and consolidation characteristics to
estimate fluid pressures from Deep Sea Drilling Project (DSDP)/
ODP Sites 541, 676, and 948, penetrating the northern Barbados ac-
cretionary prism, and Site 672 in the incoming sedimentary sequence

(Fig. 1).
NATURE OF LOG AND PHYSICAL PROPERTY DATA

Density data from logging-while-drilling (LWD) and from core
measurements are of high quality and correlate well. Density data de-
termined from LWD results, and individual density measurements
determined from core samples (Mascle, Moore, et al., 1988; Biju-Du-
val, Moore, et al., 1984), are the basis for calculation of void ratio. In
each case, the in situ determination of the LWD density data closely
represents true conditions in the sedimentary sequence, because it
was measured minutes after the hole was drilled. The good corre-
spondence between the LWD and core-sampl e data supports the va
lidity of thelatter measurements (Fig. 2). The core datagenerally fol-
low the LWD density curve, but average about 1% less dense, which
isprobably aresult of sample decompression from in situ conditions.
In comparison, an extremely variable and systematically low wireline
density log at Site 948 indicates the | atter technology is unsuitablefor
this environment. The LWD system minimizes problems resulting
from hole erosion and intermittent density sensor contact. In contrast,
wireline logging operations reentered a previously drilled hole of
variable diameter that apparently caused the poor quality log (Ship-
board Scientific Party, 1995b). Mud cakes are not an issue in ODP
log dataquality because of the absence of arecirculating mud system.

The LWD dataprovide density measurementsat a higher frequen-
cy than core data. The frequency of measurement of the core physical
property datais about 1.5 m as opposed to 0.15 m for the LWD data.
Therefore, one aberrant core value can have a large influence. To
minimize theimpact of unusual lithologies, localized cementation, or
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Figure 1. Location map. Sites are located on gray scale map of peak reflection amplitude of the décollement zone (Shiheyp®ra3, this volume).

measurement errors at Sites 672, 676, and 541, we averaged pore be corrected for smectite content. However, the absence of knowl-

pressure curves over amoving window of three samples, usually rep- edge of the hydration state of smectite in the subsurface (K. Brown,

resenting about 5 m of section. pers. comm., 1996) and the lack of knowledge of smectite content in
The good correlation of the LWD density data and density data each sample precludes this approach.

from core samples suggests consideration of both together as a com-

mon data set. Grain density information from cores allows reliable

calculation of porosity from the LWD density data by the following ELASTIC REBOUND

relationship (Serra, 1986, p. 381): AND SECONDARY CONSOLIDATION
Porosity = (Grain Density — Wet Bulk Density)/ (1)  Grouping of LWD and core data together requires consideration
(Grain Density — Fluid Density). of effects of elastic rebound and secondary consolidation. At co-

located Sites 671 and 948, core sample (unloaded) densities are one
percent less than the in situ LWD densities, suggesting minimal re-
"bound (Fig. 2). Tobin and Moore (Chapter 9, this volume) deter-
mined a volumetric change of a maximum of one percent when com-
. . ) . pressing samples from surface to in situ conditions, consistent with
Void Ratio = Porosity/(1 — Porosity). (2) the field observations. The mean rebound from the consolidation
tests used here ranged from 10% to 17% in volume, over a typical
Determination of void ratio from core data follows standard shiprange of void ratios (0.9-1.5). However, these tests reached effective
board techniques (Blum, 1994). stresses substantially higher than in situ conditions. The higher re-
Two sources of error in void ratio determinations are notablebound in the higher stress tests may be because of the lack of second-
First, there is a small systematic error in shipboard technique “B” (foary consolidation that would release elastic strain. Because the elastic
details see Blum, 1994) for determination of bulk density. This errorebound from field conditions is small, we have made no accommo-
results in void ratios that are anomalously high and densities that agiation for rebound in comparison of the core and LWD data. Over
anomalously low (Shipboard Scientific Party, 1995a). Because bullong time periods, secondary consolidation decreases void ratio at
density measurements were determined using technique “B” on preenstant effective stress (Mitchell, 1976, p. 2485). Therefore
vious DSDP and ODP cruises in this area, we continued to use thibort-term tests tend to overestimate the effective stress when com-
method on Leg 156 so results can be compared between legs. Secqfated to sediments with void ratios reduced because of consolidation
heating during water content determinations in smectitic clays magver geologic time. We have made no correction for this effect,
remove some of the interlayer water (Brown and Ransom, 1996), rerhich would tend to underestimate fluid pressures.
sulting in anomalously high estimates of true void ratio. The current
measurements may more accurately describe the total water content,
not the true void ratio. However, because the void ratios of the con- CALCULATION OF FLUID PRESSURES
solidation test samples also were determined by “shipboard” tech-
nigues, systematic errors associated with the technique or with smec- Sediment void ratio varies with stress history. During consolida-
tite concentration are the same as in the core samples. Alternativetign, total stress is supported partly by the mineral framework (effec-
the void ratios of the cores samples and the consolidation tests codide stress) and partly by the interstitial fluid (neutral stress or fluid

Void ratio is then determined by the following relationship (Blum
1994):
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Figure 3. Void ratio vs. effective stress curves for Site 672 (from Taylor and
Leonard, 1990). Effective stress values are the axial load or the maximum
principal stressd) in the consolidation test. Tests on carbonate-rich sedi-
ment are from samples at 7.7 and 55 mbsf. Tests on clay-rich sediment are
from 112 and 166 mbsf.

pressure; Terzaghi and Peck, 1948). Irreversible plastic deformation
with void ratio reduction dominates consolidation of sediment, pro-
viding the fluid can escape. If the fluid remains trapped or is resup-
plied, consolidation is retarded, and the fluid pressure rises propor-
tionally to support the load stress. Therefore, sediment void ratio di-
rectly indicates the past effective stress and fluid pressure, provided
the total stress is known.

Various approaches can be used to estimate effective stress from
consolidation characteristics. During consolidation, sediments ini-
tially deform elastically, followed by primary or plastic consolida-
tion. Commonly, the transition from elastic to plastic behavior is used
to estimate the past maximum effective stress for an individual sam-
ple (Casagrande, 1936). During primary or plastic consolidation,
void ratio and log effective stress show a negative linear relationship
(Terzaghi and Peck, 1948). With this relationship for a particular sed-
iment type, the maximum past effective stress can be estimated from
known void ratios (Fig. 3). Estimates by the Casagrande technique or
from the void ratio—effective stress curve, as done here, both provide
a long-term measure of stress and fluid-pressure history, not an in-
stantaneous view.

To estimate effective stress and fluid pressure, we utilize the rela-
tionship between void ratio and effective stress for the two dominant
sediment types of the accretionary prismin the Leg 156 area. Consol-
idation curves from Site 672 define our reference void ratio to effec-
tive stress relationship. Site 672 is the best reference locality because
itis located 6-km seaward of the deformation front and is only locally
deformed in the proto-décollement zone by the encroaching prism

Figure 2. LWD density from Site 948 compared to core sample density dai@ascle, Moore, et al., 1988). Because sediment compressibility var-

from Site 671 at the same location (Shipboard Scientific Party, 1988a).

ies with lithology, we have compiled separate reference curves for
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within 10 m of the seafloor, indicating overconsolidation of the most

surficial deposits, a condition commonly observed at or near the sur-
. : face (Taylor and Leonard, 1990). Overall fluid pressures determined
K Void ratio from consolidation tests are near hydrostatic to about 100 m below
o Consolidation tests seafloor (mbsf) and increase to much higher values below 125 mbsf.

Fluid pressure estimates

Sites 676, 541, and 948 Arcward
Acrossthe Accretionary Prism

The state of stress in the accretionary prism contrasts with that in
< ~ Normal the adjacent sedimentary basin, requiring a differing treatment of
100 3 ~ faults . consolidation results to estimate fluid pressure. The load stress or
X maximum principal effective stress applied during the consolidation

test is directly comparable to vertical effective stress at Site 672 (Fig.
5A). In the frontal part of accretionary prisms, analysis of thrust fault
geometries and limited measurements indicate a shallowly dipping,
approximately horizontal, maximum principal stress (e.g., Lallemant
etal., 1993; Moran et al., 1993; Fig. 5A). Sediment entering the prism
is transformed from the basinal state of stress by an increasing lateral
-Su—t;;)rizomal stress so that the horizontal stress becomes the maximum principal
......................... N Shear zones stress. Sediment underthrust beneath the décollement is not thrust

=+ faulted and probably more closely approximates the basinal state of
stress.

Estimating the fluid pressure at Sites 676, 541, and 948 with the
approach used at Site 672 yields unreasonable results because we do
not account for the differing state of stress in the prism (Fig. 5A). For
0 05 1 15 2 25 3 35 4 example, in Figure 6, we have determined the apparent effective
stress ¢',) from void ratio (Fig. 3) and subtracted it from the total
overburden stres®(,gz), to yield apparent fluid pressures) (for
Sites 676, 541, and 948, or

Depth (mbsf)

150

200

Fluid pressure (MPa)

Figure 4. Estimated fluid pressure from Site 672 with spot values from con-
solidation tests. Fluid-pressure curve is smoothed over a 3-pt. moving win-

= z—0',. 4
dow of about 5 m of section. Pa = Pwd9Z0 4 4)

The apparent fluid pressures are progressively lower away from the
deformation front east across the prism from Sites 676 to 541 to 948,
getting well below hydrostatic, a geologically unreasonable result.
The decrease in apparent fluid pressure across the prism probably re-
flects the effect of the increasing horizontal stress.

A proper transformation of the void ratio of prism sediments to
vertical effective stress requires information on the state of stress at
the sample localities. The effective stress in Figure 3 is the maximum
principal stress of the consolidation test, approximating the vertical
stress conditions at Site 672 and most probably the horizontal stress
in the prism (Fig. 5A). Although information exists on the orientation
of stresses in modern accretionary prisms (Lallemant et al., 1993),
few direct measurements of relative stress magnitude are available
(Moran et al., 1993). To estimate the fluid pressure in the accretion-
ary prism, we had to correct the effective stresses determined from
the consolidation tests to values approximating the vertical effective
stress.

carbonate-rich and smectitic clay-rich sediments using only the con-
solidation tests with linear primary consolidation curves (Taylor and
Leonard, 1990; Fig. 3). We split the consolidation data into carbon-
ate-rich and clay-rich lithologies asindicated by compositions deter-
mined by X-ray mineralogy (Shipboard Scientific Party, 1988b;
Schoonmaker Tribble, 1990). A sharp increase in clay and smectite
content below 100 m depth at Site 672, as shown inthe X-ray data, is
the basis for our separation. The two consolidation curves do not ac-
count for internal variationsin clay content within the two units, but
aremore lithologically sensitive than summing data from all consol-
idation tests at Site 672 (Moore et al., 1995).

Site 672: Reference Locality on Incoming Oceanic Plate

Estimating the effective stress and fluid pressure at Site 672 (Fig.
4) follows directly from the void ratio—effective stress relationship,
because the site lies where it has a dominantly “basinal” state of stress
(Fig. 5A). The relationship shown on Figure 3 allows each void ratio
measurement at Site 672 to be interpreted in terms of vertical effec-
tive stressd', or 0',), after considering whether it lies in a carbonate-

Corrections: Background and Assumptions

Estimation of the fluid pressure in the accretionary prism requires
correction of the effective stress data for the lateral compressive

or clay-rich lithologic unit. The overburden equplggz, wherep,,, : . . .
is wet bulk density from cores, g is the acceleration of gravity, and §tresses in the prism. The sedlment b?'OW the _de(_:ollement zone may
fevert to state of stress with the maximum principal stress vertical

e e ettt 0 Xeloran et ., 1593 g 54, Because we o ot know he nrva

mined from the consolidation test or over which th|$ stress transition takes_place, we have not attempted to
correct the fluid pressures back to this state. We attempted both ex-

, perimentally and empirically parameterized corrections within the

P =PwdZ=C . (3 accretionary prism. Both corrections depend on the following as-

sumptions.

Fluid pressure estimates made here from the void ratio—effective

stress relationship agree well with those determined from individual 1. Void ratios determined from density logs correspond to mean

consolidation tests using the Casagrande technique (Fig. 4). The  normal effective stresses. Figure 3 shows the relationship be-

consolidation tests show pressures slightly less than hydrostatic tween the maximum principal stress and void ratio for uniaxial
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over, Coulomb wedge theory requires that prisms are at failure
and accordingly relates the shape and fluid pressure of accre-
948 541 676 672 tionary prisms both globally (Davis et al., 1983) and at Barba-
% J— :_ { _ dos (Davis, 1984). The success of Coulomb wedge theory in
e S explaining the geometry and fluid-pressure observations in
Uncorrected Estimated i growing accretionary prisms is consistent with the assumption
Fluid Pressures _ that the Barbados prism is essentially at failure.
- 3. At a given location the prism sediments have a uniform coef-
_ ficient of friction. Triaxial tests by Moran and Christian (1990)
- fit both clay-rich and carbonate rich sediments from the north-
200 | - ern Barbados prism with the same failure envelope or coeffi-
Tl . cient of friction.
3 . 4. The cohesion is negligible. Triaxial tests by Moran and Chris-
“\, Lithostatic or . tian (1990) have a cohesion intercept that is very low (9 kPa).
’ overburden . 5. The maximum _prmm_pal stress is horizontal, the minimum
) - principal stress is vertical in the prism (Lallemant et al., 1993),
7 and the stress is uniaxia,(= 0; ando’, = 0';).

100

Depth (m)

300

\ i \ 1 Both corrections require determination of a vertical effective
r L T N T stress that is less than the stress that is directly inferred from the con-
400 ‘ . N 1  solidation test (Fig. 3). In each case, the corrected effective stress is
J k\ iy subtracted from the vertical effective stress to determine the fluid
: \ 7 pressure as above in Equation 3.
\ ] Using the same percentage reduction in effective stress over the
K\, i entire borehole requires the constancy of the ratios of maximum and
7] minimum principal effective stresses. The constancy of the ratios of
the maximum and minimum principal stresses in an individual bore-
0 2 4 6 8 hole holds if the prism is at failure, the materials in the borehole have
a uniform coefficient of friction, and the cohesion is zero. Given that
Stress (MPa) the above three conditions hold, the constant ratio of principal effec-
tive stresses can be shown by combining the equations for the Cou-
I&mb failure envelope for a cohesionless material

Hydrostatic
stress

500

Figure 6. Estimated fluid pressures (uncorrected) from Sites 672, 676, 541,

and 948. Note decreasing apparent pressures from east to west (Sites 6
676-541-948). The apparent pressure curves are smoothed over moving o
window of about 5 m of section. T=0pH, ®)

with the equations for the shear
strain; the experimental and empirical corrections use different
parameters to determine the mean normal effective stress. — N ;

2. The prism is at failure from the surface, where the fluid pres- T = [(0y~0'5)/ 2] sin28, ©)
sure is hydrostatic, down through the décollement. Several
lines of evidence support this assumption. Numerous thrust
faults that cut through the prism and offset the surface indicate
a state of failure (Shipley, Ogawa, Blum, et al., 1995). More-

nd normal effective stresses

g, = (0 +0'5)/2+[(0',—0'5)/ 2] cos28, ()
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of the Mohr circle, where T is shear stress o', is normal effective P =pPwdZ— 0’5 = pu9Z — (BR/1+2RY',, (15)
stress, W is the coefficient of frictioa’, is maximum principal ef-

fective stressg'; is minimum principal effective stress, afids the  and by substituting Equation 12 for,,

angle between the maximum principal stress and the normal to the

failure plane measured in a counterclockwise direction (Twiss and _ _ ' '

Moores, 1992). The substitution Equations 6 and 7 into Equation 5 P =PwgZ = BRIL+2R)E, + 2R0',)/3. (16)
specifies the relationship between the principal stresses along t

failure envelope: tllﬁerefore, pore pressure can be determined at any depth, because

Puws IS known from cores or logs, R is known from the experiments
, . . _ by Karig and Hou (1992), amd, is known from the consolidation
[(0'—0'5)/2]sin28 = tests (Fig. 3). Applying this relationship to the data from Site 948
{[(0,+0'5)/2+ (0", —0"5)/2]co20}pu - (8Vields the experimentally parameterized fluid-pressure curve in Fig-
ure 7. This curve lies below hydrostatic to greater than 350 mbsf.
By expanding this relationship, combining terms, and factoring it Qur “experimental” correction only partially adjusts for the com-

can be shown that plicated state of stress in the prism. The inadequacy of this correction
could be due to many reasons. The intermediate principal stress in the
0'3/0'; = (Sin20 —p —pcos20)/(sin20 + p—pcos28) = R . prism may be greater than the minimum principal stress. The ratio of
9) maximum and minimum principal effective stresses determined by

Karig and Hou (1992) may not apply to the Barbados sediments. The

The ratio of the principal stresses is therefore a constant (R) alofgtio of principal effective stresses in the prism, at a condition of fail-
the failure envelope, because the coefficient of friction is constarie, may be different from those in a consolidation test, which is at
and the angular relationship between the failure surface and the prifi€ld- Our experimental approach ignores the effect of shear stress on
cipal stresses at failure is constant (Fig. 5B; Twiss and Mooregonsqlldatlon. Given these amblgwtles,we abandoned correcting the
1992). effective stresses from an experimental perspective and attempted an

empirical correction.
Experimentally Parameterized Correction . . .
Empirically Parameterized Correction

An approach to correction of the void ratio—effective stress rela- o o o
tionships for Site 948 involves interpretation of the effective stress Our empirical approach follows common practice in the oil in-
from Figure 3 as the horizontal maximum principal effective stress ilustry, where normal trends in some petrophysical property (e.g.,
the prism or¢',). The vertical effective stress can be estimated if Wéjensny, resistivity, sonic velocity) are defined, and de\_/latlons are
know (1) the ratio of principal stresses in the consolidation test anéterpreted in terms of pore pressure (Fertl, 1976). Typically, these
by inference the prism, and (2) that the minimum and intermediat@€viations are ground-truthed locally by direct fluid-pressure mea-
principal stresses are equal in the prisas(o, anda’, = ¢'3), or the surements, Whethe_r _by pacl_<ers, drill stem tests, or repeat formation
state of stress is uniaxial. testers. These empirical estimates are useful within a particular area,

Evaluating the relationship between the principal stresses in cof!ith new calibrations necessary as drilling progresses to other re-
solidation tests, and by inference the prism, requires use of expeflons (Hottman et al., 1979). With no industry drilling experience in
mental results from a study of hemipelagic sediments, as both masf€ northern Barbados Ridge area, we have had to develop our own
mum and minimum principal stresses are not normally measured finpirical correction scheme.
consolidation tests. Karig and Hou (1992) consolidated a synthetic 1€ empirical correction generally follows the scheme of the ex-
hemipelagic clay in an apparatus that recorded the maximum amgrimental correction, but d.eflnes the ratio of principal stresses based
minimum principal stresses; the minimum principal effective stres® the assumption that fluid pressures are hydrostatic in the upper
was consistently 0.62 of the maximum principal effective stresgPart of each hole. We assume that the maximum principal effective

Therefore, R from Equation 9 equals 0.62. The mean effective stre§€ss is horizontal in the prism, and the minimum principal effective
that controls consolidatiom(,) is as follows: stress is vertical. Although fluid pressures are generally high in accre-

tionary prisms, they tend to follow hydrostatic gradients near surface
(von Huene and Lee, 1983; Sherwood, 1987; Moore and Vrolijk,

O'n= (@140, +07)03. (10) 1992). Specifically, we note that the fluid pressure in the basinal set-

) ting at Site 672 is approximately hydrostatic to about 100 m depth.
From Equation 9 we know that As these basinal sediments are incorporated into the prism, fluid pres-
sures should be at least equal to, if not exceeding, the hydrostatic

00’ =R, (11)  baseline. Therefore, by using a variation of Equation 3, we empirical-

ly determine the vertical effective stress @) as
and because’, = ¢';, Equation 10 may be restated as:
0-’3 = Pwb9Z~ Pns (17)
o'n= (0, +2R0')/3, (12)
where pis the hydrostatic pressure determined from the mean densi-
or ty of seawater at this depth (1.04 g#cfifisher and Zwart, Chapter
, , , , 15, this volume) and expressed as an excess over the pressure on the
O'm=(0"1+20"))/3 = [(LR + 2p"3)/3. (13) seafloor. Over the upper hundred meters of each site, this empirically
) ) determinedy’; is divided by thes', determined from the consolida-
Rearrangement of Equation 13 yields: tion tests to define a mean empirical R (see Eq. 9). Each site there-
fore has a unique, empirically determined R. We assume R is con-
0'3=(3R/1 + 2Ry’ .. (14) stant for a particular borehole. We determine fluid pressure by sub-
stituting this unique R, a uniqus,, for each depth, and'; deter-
Becauseo’; is the vertical stress, by substituting into Equation 3,mined from the consolidation tests at each depth into Equation 15.
pore pressure is:
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Shifting and fitting the fluid-pressure curveto hydrostatic over the
upper 100 m of each site averages over small-scale variationsin this
curve. At some sites slight overconsolidation occursin theinitial few
meters of the boreholes (Taylor and Leonard, 1990), which in our
scheme predicts less than hydrostatic pore pressures. Because our
empirical correction utilizesa 100 m section, any effects of overcon-
solidation at the surface do not significantly affect the curve fit.

The empirically determined values of R at Sites 676, 541, and 948
are 0.62, 0.42, and 0.38. These ratios of vertical to horizontal effec-
tive stresses overlap ratios of vertical to horizontal effective stresses
measured at shallow depthsin the Nankai prism (Moran et al., 1993).
These numbers suggest an increase in the ratio of horizontal to verti-
cal effective stress and changing mechanical propertiesarcward from
Site 676 to Site 948.

Overall, we believe that the empirical correction of effective
stresses provides the most reasonabl e estimates of fluid pressure. Our
empirical correction is conservative and consistent with the single di-
rect packer measurement of fluid pressure at Site 948 (Fig. 7). The
pressure curve from Site 672 lies near hydrostatic, although it has not
been yet incorporated in the prism (Fig. 4). Deformation may drive
the upper portions of boreholesin the prism above hydrostatic, mak-
ing our empirical correction conservative. The consistency between
our estimated fluid pressures and the packer tests must be eval uated
from the perspective that the packer tests are instantaneous measure-
ments and our consolidation-based estimate reflectsalong-term pres-
sure history.

ESTIMATED FLUID PRESSURES

INTERPRETATION
OF ESTIMATED FLUID PRESSURES

Even though our fluid-pressure curves are model dependent, they
show features that can be directly related to geological phenomena
influenced by high fluid pressures. The following interpretations of
structures with respect to estimated fluid pressure are presented in the
order of increasing structural complexity. Unless otherwise noted,
the site reports of DSDP/ODP Initial Reports volumes provide struc-
tural data to which the fluid-pressure curves are compared (Biju-
Duval, Moore, et d., 1984; Mascle, Moore, et a., 1988; Shipley,
Ogawa, Blum, et al., 1995).

Sructural and Hydrologic Char acter
Site 672

Site 672 shows only minor structural influence of the encroaching
accretionary prism that is located 6 km to the west of the site. Near
the proto-décollement, the estimated fluid-pressure curve is at litho-
static pressure over a 25-m-thick interval that is also characterized by
mud-filled veins in subhorizontal shear zones (Fig. 4). Veins are also
observed at about 100 mbsf and are associated with a normal fault.
Brown and Behrmann (1990) interpret the shallowly dipping shears
as incipient thrusting along the décollement zone. The veins associ-
ated with the normal fault occur where the estimated fluid-pressure
curve is near hydrostatic. In general, hydrofractures occur with nor-
mal faults in hydrostatically pressured sections at shallow depths in
sediments, making the occurrence of veins and low estimated fluid
pressures reasonable (Behrmann, 1991). The normal faults may have
allowed for drainage to the surface, accounting for the low estimated
fluid pressures.

The origin of the high fluid pressure in sediment lying between
125-m and 200-m subbottom at Site 672 is problematic. The overly-
ing section accumulated at a rate of about 25 m/m.y. (Shipboard Sci-
entific Party, 1988b), which is not usually adequate to create or main-
tain high fluid pressures in the subjacent unit. Moreover, Site 672 has
been located many tens of kilometers seaward of the encroaching ac-
cretionary prism for much of its history. In part, the very low perme-
ability of this muddy section explains maintenance of high fluid pres-
sure (Brickmann et al., Chapter 7, this volume). Site 672 is located
on a high in the oceanic crust that is flanked by thicker sediments
(Speed et al., 1984). The greater overburden of flanking sediments
relative to the equivalent overpressured section may create a head dif-
ference and drive flow towards Site 672. This flow may have allowed
long-term maintenance of the high fluid pressure.

Site 676

Site 676 is at the toe of the accretionary prism near the onset of
seismically resolvable thrusting. A shallow fault at about 40 mbsf oc-
curs within a zone of approximately hydrostatic fluid pressures (Fig.
8). A minor increase in fluid pressure just below the fault may result
from thrust loading. Otherwise, thrust faults and mud-filled veins all
occur in association with near-lithostatic fluid pressures. Estimated
pressures in the décollement are at lithostatic.

Site 541

Site 541 is located 4-km landward of the prism toe and is charac-
terized by well-developed imbricate thrusting. High fluid pressures
characterize the décollement zone at Site 541 (Fig. 9). High fluid
pressure correlates with a zone of veining, scaly fabric, and stratal
disruption from 360 mbsf to the base of the hole at 457 mbsf. Elevat-
ed fluid pressures also characterize a zone about 70 mbsf above two
closely spaced imbricate thrusts in the prism at about 275 mbsf.
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Figure 8. Estimated fluid pressure (corrected) from Site 676. The fluid-pres-

sure curve is smoothed over a 3-pt. moving window of about 5 m of section. Figure 9. Estimated fluid pressure (corrected) from Site 541. The fluid-pres-

sure curve is smoothed over a 3-pt. moving window of about 5 m of section.

Site 948 cannot be derived locally. Therefore, this excess fluid pressure is
caused by or maintained by lateral influx of fluid.
Sites 671 and 948 are co-located 4.5 km west of the toe of the ac-
cretionary prism. Here zones of estimated overpressures correlate

with thrust faults (Fig. 10). At 128-m subbottom at Site 671, athrust DISCUSSION: FLUID PRESSURES

fault displaces the section vertically 175 m. Immediately beneath this AND CLAY CONTENT

fault, the estimated pore-pressure curve rises to greater than 95% of

lithostatic. These overpressures likely develop because of loading of Sections with high fluid pressure are commonly characterized by

the footwall sediment by the hanging wall of the fault. Similarly at high clay contents. This would be the expected correlation if we have
Site 671, several thrust faults are present below 380 mbsf, but above  misidentified structurally bound water as porosity (Brown and Ran-
the décollement. At 360 mbsf, the pore-pressure curve rises shargpm, 1996) and overestimated fluid pressure. We argued above that
from estimated fluid pressures of about 70% of lithostatic to abousecause the same techniques were used for physical property deter-
90% of lithostatic. The section between 380 m and the décollemeniinations on the borehole samples and the samples from consolida-
zone is exceptionally clay rich and overpressured in its depositiong@bn tests, any errors caused by measurement of structurally bound
setting on the oceanic plate (Taylor and Leonard, 1990). The concewater as real water will cancel. Also, high fluid pressures are locally
tration of thrusting and thickening of the sedimentary section contribebserved in areas of low clay and smectite content (e.g., below the

utes to the overpressures. thrust fault at 128 m at Sites 671/948).
. . In addition, geological and borehole observations support the
Geochemical Anomalies presence of high estimated fluid pressures in the clay-rich sections.
Sites 672 and 948 Mud- and mineral-filled veins in clay-rich sections indicate that the

associated sediments reached the hydrofracture threshold (Labaume

Estimated fluid pressure information provides new insights on thet al., Chapter 5, this volume). If the prism is in compression, these
relationship between structural features, pore-water geochemistrifydrofractures indicate near-lithostatic fluid pressures.
and hydrogeology. Anomalies in pore-water geochemistry indicate We do not believe our approach falsely identifies high fluid pres-
that major fluid migration is concentrated in the proto-décollemensures, but we do not doubt that the clays have special properties that
and décollement zones (Gieskes et al., 1990). Our fluid-pressure pfavor overpressuring. The fundamentally low permeability of the
files penetrate these zones at Sites 672 and 948. At both sites, #raectite-rich clay lithology would assist in maintaining the high fluid
geochemical anomalies in these zones are associated with the highgstssures (Briickmann, et al., Chapter 7, this volume). Structural im-
excess fluid pressures (total fluid pressure minus hydrostatic prebrication of the low permeability clay-rich sections would favor over-
sure). As the fluid here is chemically exotic (Gieskes et al., 1990), jpressuring.
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