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Abstract

Integrated Ocean Drilling Program Expedition 308 quantified the
coupling between sedimentation, consolidation, overpressure,
fluid flow, and slope instability in continental margin settings.
We summarize and synthesize peer-reviewed hydrogeologic stud-
ies published since the end of Expedition 308 that focus on Expe-
dition 308 sites drilled in Ursa Basin: Sites U1322, U1323, and
U1324. There is a rich stratigraphic complexity in the Ursa Basin,
deepwater Gulf of Mexico. The sandstone-prone Blue Unit is a
permeable aquifer overlain by mudstone-prone leveed-channel
deposition. Multiple mass transport deposits, each densified rela-
tive to surrounding material, are present. Eight coeval surfaces
mapped across the drilling transect span ~70 ka to present. Sedi-
mentation rates were >10 mm/y at Site U1324. In situ penetrome-
ter measurements document severe overpressures that begin at or
near the seafloor and extend to the base of the drilled holes. Uni-
axial consolidation experiments quantified the compression be-
havior of the sediments and provided an approach to predict
pressure from porosity. Laboratory analysis of permeability and
compressibility document that the coefficient of consolidation
(hydraulic diffusivity) of Ursa Basin mudstones is 10 m?2/s over
the effective stresses encountered during drilling at Ursa Basin
(0.1 to 5 MPa). This low and constant value for the coefficient of
consolidation is responsible for the presence of high overpressure
very near the seafloor. Although permeability is very high, the
sediments are also highly compressible. Forward modeling of Ursa
Basin sediments shows that overpressure near the seafloor is rea-
sonable given the rock properties and sedimentation rates that are
observed. Modeling also illustrates that flow is driven laterally
along an underlying aquifer, the Blue Unit. Soon after Blue Unit
deposition, lateral flow induced submarine landslides. Later in
the evolution of this system, overpressure may have precondi-
tioned the slope to failure by earthquakes of magnitude 5.0.

Introduction

Integrated Ocean Drilling Program (IODP) Expedition 308 was
dedicated to the study of shallow overpressure, flow focusing, and
slope stability (see the “Expedition 308 summary” chapter [Ex-
pedition 308 Scientists, 2006a]). Operations during Expedition
308 included drilling three locations in Ursa Basin (Sites U1322-
U1324) on the continental slope of the Gulf of Mexico, offshore
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Louisiana in ~1000 m water depth (Fig. F1). At Sites
U1322 and U1324, a logging-while-drilling (LWD)
hole and a coring hole were completed; at Site
U1323, only a LWD hole was completed. Drilling
was performed at a second location (Brazos-Trinity
Basin IV) to compare observations made in Ursa Ba-
sin.

This synthesis paper summarizes operations and sci-
entific studies performed during and after Expedi-
tion 308 with an emphasis on the study of fluid flow,
overpressure, consolidation, and slope stability in
continental margin sediments. We focus our discus-
sion on the results within Ursa Basin. These studies
have helped advance the high-priority goals of Expe-
dition 308. Other research papers since the end of
Expedition 308 include studies of sedimentology
(Mallarino et al., 2006; Pirmez et al., in press), micro-
biology (Nunoura et al., 2009), rock magnetics (Fu et
al., 2008), and pore pressure at Brazos-Trinity Basin
IV (Schneider et al., 2009). A comprehensive listing
of publications associated with Expedition 308 can
be found at publications.iodp.org/proceedings/
308/308bib.htm.

Expedition 308 was motivated by observations and
models that suggested lateral flow could cause slope
instability (Dugan and Flemings, 2000; Flemings et
al., 2002). Rapid sediment loading drives overpres-
sure (u*; pressure in excess of hydrostatic) in basins
around the world (Rubey and Hubbert, 1959). In
mudstone-rich environments, sedimentation can be
rapid, permeability is low, and compressibility is
high. In these environments, fluid flow cannot keep
up with the sediment load, the fluids bear some of
the sediment load, and pore pressures are greater
than hydrostatic. Recent work has focused on how
sedimentation and common stratigraphic architec-
tures couple to produce two- and three-dimensional
(3-D) flow fields (Flemings et al., 2002). For example,
if a permeable sandstone body is rapidly loaded by
low-permeability mudstone of varying thickness, flu-
ids flow laterally within the aquifer to regions of low
overburden before they are expelled into the bound-
ing mudstone. This will create characteristic distribu-
tions of rock properties, fluid pressure, effective
stress, temperature, and fluid chemistry in the aqui-
fers and bounding mudstones. This process drives
slope instability near the seafloor (Dugan and Flem-
ings, 2000; Flemings et al., 2002); in the deeper sub-
surface, it drives fluids through low-permeability
strata to ultimately vent at the seafloor (Boehm and
Moore, 2002; Reilly and Flemings, 2010; Rubey and
Hubbert, 1959; Seldon and Flemings, 2005). Expedi-
tion 308 documents the spatial variation in pressure,
vertical stress, and rock properties in a flow-focusing
environment.

Regional studies and prior
drilling in the Ursa Basin

The Mars-Ursa salt-withdrawal basin (Ursa Basin) is
210 km south-southeast of New Orleans, Louisiana
(USA), on the northeastern Gulf of Mexico continen-
tal slope (Fig. F1A). Late Pleistocene deposition from
the ancestral Mississippi River is recorded by a south-
ward bulge in the 500 and 1000 m bathymetric con-
tours. Mars Ridge, a prominent north-south-trend-
ing bathymetric high, bounds the study area to the
west (Fig. F1B).

The prolific Mars and Ursa oil fields lie at depths
>4000 meters below seafloor (mbsf) in this region.
Mahaffie (1994) described the geological character of
the Mars oil field. The Ursa field is in Mississippi
Canyon Blocks 855, 897, and 899 and is 11.9 km east
of the Mars tension-leg platform.

Late Pleistocene strata in the Mars-Ursa region have
received attention since the 1990s, when overpres-
sured and unconsolidated sandstones in the shallow
section plagued drilling operations (Ostermeier et al.,
2002; Winker and Shipp, 2002). This drove the ac-
quisition of high-resolution 3-D seismic data and
geotechnical cores to study the geological and geo-
technical framework in the region (Winker and
Shipp, 2002).

Late Pleistocene shelf, shelf-margin, and turbidite
deposits sourced from the Mississippi River are
termed the eastern depositional complex. Eastern de-
positional complex strata in Ursa Basin accumulated
outboard of the shelf break during marine isotope
Stages (MIS) 2-4 in response to late Wisconsinan
continental glaciation (Sawyer et al., 2007b; Winker
and Booth, 2000; Winker and Shipp, 2002). Sawyer
et al. (2007b) integrated 3-D seismic data with indus-
try log data to characterize the shallow stratigraphy
in this region. These strata are divided into the Blue
Unit and overlying mudstone-prone leveed-channel
deposition. The Blue Unit is a sandstone-dominated
turbidite deposit that was formed in a broad topo-
graphic low that extended 200 km to the east and
west and 100 km to the north and south (Pulham,
1993; Sawyer et al., 2007a; Winker and Booth, 2000).
The overlying leveed-channel systems contain both
channels and bounding levees.

Shell Oil Co. made downhole pressure measure-
ments with a pore pressure penetrometer (piezo-
probe) at the Ursa platform (Eaton, 1999; Ostermeier
et al.,, 2002; Ostermeier, 2001). They also acquired
whole-core samples and performed consolidation ex-
periments to evaluate preconsolidation stress and es-
timate overpressure. Their work indicated that near
the Ursa platform, overpressure begins near the sea-
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floor and that pore pressure is ~50% between the hy-
drostatic pressure (u,) and the overburden stress (c,).

Expedition 308 drilling, coring,
logging, and downhole
measurements

During Expedition 308, we drilled to just above the
Blue Unit at three locations, Sites U1322-U1324
(Figs. F1, F2). At Site U1323 during the initial LWD
phase, overpressured and unconsolidated sediments
were encountered, resulting in flow of water and
sand up the borehole (shallow-water flow) (see the
“Expedition 308 summary” chapter [Expedition
308 Scientists, 2006a]). The well was terminated at
~250 mbsf, and no coring was accomplished at this
location. We did core and make in situ pressure mea-
surements at Sites U1322 and U1324.

Stratigraphy

Sawyer et al. (2009) described the stratigraphy of the
drilling transect (Fig. F2). The leveed-channel sys-
tems above the Blue Unit contain sandstone chan-
nels and bounding levees. The Ursa Canyon chan-
nel-levee system immediately overlies the Blue Unit,
whereas the Southwest Pass Canyon channel-levee
system is younger and lies west of Ursa Canyon (Fig.
F2). Mudstones above the Southwest Pass Canyon re-
cord deposition from leveed channels that lay fur-
ther to the west, outside of the study area (Fig. F2B).
Multiple mass transport deposits (MTDs) are present
within the leveed-channel deposits. These MTDs are
of the same composition as the mudstone-prone le-
vee deposition.

Site U1324 is composed of lithostratigraphic Units I
and II as defined by Expedition 308 (see the “Site
U1324” chapter [Expedition 308 Scientists, 2006d])
(Fig. F3A). Unit I extends from O to 365 mbsf and is
composed of clay and silt; Unit II is composed of in-
terbedded silt, sandstone, and clay and ranges from
365 to 604 mbsf (Fig. F3A). Seismic reflection S40-
1324 lies at the boundary between these two lithofa-
cies. Reflections between the seafloor and reflection
S40-1324 are generally parallel and continuous and
are controlled by minor changes in bulk density and
velocity. Below reflection S40-1324, the responses of
the seismic, gamma ray, resistivity, velocity, and bulk
density logs are more variable. This variability is due
in part to the variable lithology (interbedded sand-
stone, siltstone, and claystone) and in part to some
hole washout within the sandstone intervals.

No core was collected at Site U1323; however, LWD
logs were collected to 247 mbsf (Fig. F4). Three units

were defined (see the “Site U1323” chapter [Expedi-
tion 308 Scientists, 2006¢]). Logging Unit I extends
from the seafloor to 197 mbsf and is interpreted to
be dominated by mudstone with several siltstone in-
tervals and two MTDs (Fig. F4). At the top of logging
Unit II, gamma ray and resistivity sharply decrease
with depth, which is interpreted to record a transi-
tion downhole to sandstone. Logging Unit II cannot
be correlated to Site U1324 or U1322. In logging
Unit III, gamma ray values increase with depth,
which suggests a downhole increase in clay content.
At the base of logging Unit III (242 mbsf), a high-am-
plitude reflection correlates with relatively low
gamma ray values; we interpret this to indicate sand-
stone.

Site U1322 is divided into lithostratigraphic Units I
(0-125 mbsf) and II (125-238 mbsf) (see the “Site
U1322” chapter [Expedition 308 Scientists, 2006b])
(Fig. FSA). These units are dominated by silty clay-
stone, and the majority of the section is composed of
MTDs, as illustrated by the white zones in Figure F2
and the purple zones in Figure F5A. MTDs are re-
corded by increased resistivity, increased bulk den-
sity, decreased porosity, and increased shear
strength. The base of each MTD is marked by an
abrupt decrease in density and increase in porosity
with depth (Fig. FSC); this is recorded with a promi-
nent negative (black) seismic reflection (Sawyer et
al., 2009).

Eight coeval depositional surfaces were interpreted
by Sawyer et al. (2009) (Fig. F2B). The base of the
Blue Unit onlaps a regionally extensive condensed
section, which contains the extinction events of the
planktonic foraminifer Globorotalia flexuosa (70 ka)
and the calcareous nannofossil Pontosphaera 1 (~70
ka) (Styzen, 1995; Winker and Booth, 2000). The age
of the top of the Blue Unit is unknown. Expedition
308 cored to within ~20 m of the top of the Blue
Unit at Sites U1324 and U1322 and recovered sedi-
ments younger than 57 ka (see the “Expedition 308
summary” chapter [Expedition 308 Scientists,
2006]). At Site U1324, age markers of 48, 42, 24, 16,
and 10 ka were identified (Fig. F2B). At Site U1322,
age markers of only 57, 24, 16, and 10 ka were iden-
tified. However, the 57 and 24 ka markers are tenta-
tive because they were recovered within MTDs. We
correlate these horizons across the transect with the
exception of the 57, 48, and 42 ka timelines because
they were not identified at both Sites U1322 and
U1324.

Porosity

The consolidation of sediment with depth at Ursa
Basin was studied by Long et al. (2011). At Site
U1324, porosity declines from 80% to 54% within
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the uppermost 50 mbsf (Fig. F3D). Between 50 and
520 mbsf, mudstone porosity gradually declines
from 54% to 42%. Finally, between 520 mbsf and the
bottom of the hole (612 mbsf), porosity declines
from 42% to 37%. In the sandstone- and siltstone-
rich zones beneath 300 mbsf, the caliper log has
high values, indicating borehole enlargement. High
porosities are measured with the LWD logs in these
intervals; Sawyer et al. (2009) interpret that the LWD
density values are partially recording the open bore-
hole.

At Site U1322, porosity decreases from 80% to 54%
within the uppermost 50 mbsf; between 50 and 120
mbsf, porosity gradually declines to 44% (Fig. F5D).
Beneath this, porosity is approximately constant. At
Site U1322, nearly the entire section is composed of
silty claystone (Fig. F5A, F5B).

Mass transport deposits

MTDs are largely transparent in seismic data (Fig.
F2). Log and core data demonstrate that MTDs are
more dense than over- or underlying undeformed
material (Sawyer et al., 2009; Strong, 2009). They are
present at all three sites; however, Site U1322 has
many more MTDs than Site U1324 (purple bedding
in Figs. F3A, F5A). The best example of an MTD is il-
lustrated at Site U1322 between 90 and 125 mbsf
(Fig. F5). Sawyer et al. (2009) interpreted that the de-
creased porosity within MTDs (relative to the bound-
ing sediment) resulted from vertical uniaxial consoli-
dation during burial of a MTD that had been
“remolded” during transport as a debris flow. Re-
molding destroys the soil fabric and deflocculates
the material. As a result, the soil has higher com-
pressibility and it compresses to a lower porosity at a
given effective stress than it would have if it had not
been remolded (Burland, 1990; Chandler, 2000;
Mitchell, 1993; Skempton, 1969).

Pressure

A critical goal of Expedition 308 was to measure in
situ pore pressure, one of the significant successes of
the expedition (Flemings et al., 2008; Long et al.,
2008a). We used the Davis-Villinger Temperature-
Pressure Probe (DVTPP) (Moore, Taira, Klaus, et al.,
2001; Tréhu, Bohrmann, Rack, Torres, et al., 2003)
and the temperature/dual pressure (T2P) probe
(Flemings et al., 2006) to measure in situ pressure
(Fig. F5). Pore pressure penetrometer data require sig-
nificant interpretation, and different approaches are
pursued (Flemings et al., 2008; Long et al., 2007). We
describe the results from Sites U1324 and U1322 be-
low. Long et al. (2008a) described the details of each
deployment and how the tools were calibrated.

We plot overpressure versus depth beneath seafloor
in Figures F3E and F5E. In these plots, pore pressure
(u) equals hydrostatic pressure when overpressure
(u*) is zero, whereas pore pressure equals overburden
stress (6,) when overpressure (1*) equals hydrostatic
effective stress (6,,). o, is commonly referred to as
reduced overburden stress (6,,” = o, — 1) and is delin-
eated with a solid black line in each plot (Figs. F3E,
FSE). We also use the overpressure ratio [A* = (u — uy)/
(o, — uy)] to characterize the relationship between
pore pressure and overburden stress. When A* = 0,
overpressure equals zero and pore pressure is hydro-
static. When A* = 1, pore pressure equals overburden
stress.

At Site U1324, above 200 mbsf, severe overpressures
parallel the reduced overburden stress, and A* = 0.7
(Fig. F3E). Beneath 200 mbsf, overpressures are low
and approximately equal to 1 MPa. Downhole pres-
sures measured during drilling varied between 1.2
and 1.4 MPa beneath 400 mbsf (PWD in Fig. F3E).
When sandstones were penetrated, pressures
dropped relative to mudstone penetration. We inter-
pret that this pressure drop records flow from the
borehole into the permeable formation (circulation
loss) and that the downhole pressures are an upper
bound to the formation pressure.

The overpressure distribution at Site U1324 is closely
tied to lithology. Above 300 mbsf, where overpres-
sure is high, the sediments are composed of monoto-
nous hemipelagic silty claystone (Figs. F2, F3). At
305.7 mbsf, the first sandstone is encountered. This
massive fine to medium sandstone is 1.1 m thick and
is the coarsest sandstone bed encountered at Site
U1324. It underlies the first decline in overpressure
with depth, which is recorded at 250 mbsf. This
sandstone lies within the eastern levee of Southwest
Pass Canyon, which is otherwise dominated by clay
and fine silt. It is truncated eastward between Sites
U1324 and U1323 by a MTD, extends to the south,
and ultimately intersects the channel fill of South-
west Pass Canyon (Sawyer et al., 2009). Its lateral
continuity to the north and west is unknown. Be-
neath this sandstone, where overpressure is con-
stant, silty claystone is interbedded with beds of silt
and very fine sandstone (Fig. F3).

At Site U1322, overpressure increases linearly from
the seafloor to 200 mbsf (Fig. F5). The sediments at
Site U1322 are composed of silty claystone that is
similar to the upper 200 m at Site U1324 (Fig. F3).
The pore pressure relative to the overburden is
slightly less at Site U1322 than at Site U1324 (A* =
0.6 versus A* = 0.7). The deepest measurement
(marked with a “?” in Fig. FSE) has relatively low
pressure (0.25 MPa) and is of high quality. A high-
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quality measurement occurs when there is signifi-
cant dissipation over a long time (e.g., 15-30 min)
and no tool dislodgement (Long et al., 2008a). The
low pressure observed is contrary to the general
trend of increasing overpressure with depth present
at Site U1322 (Fig. FSE). This low pressure at the base
of the hole may be caused by penetration and drain-
age of fluid from the Blue Unit during industry drill-
ing since the mid-1990s (Flemings et al., 2008).
Many of the wells that were drilled in this region
penetrated the Blue Unit sandstone, and significant
volumes of water and unconsolidated sand were ex-
pelled at the seafloor (Alberty, 2000).

Laboratory analysis

An extraordinary amount of whole core was taken
during Expedition 308 that allowed for detailed geo-
mechanical analyses (see the “Expedition 308 sum-
mary” chapter [Expedition 308 Scientists, 2006]).
Grain size analyses were performed (Sawyer et al.,
2008) in addition to clay mineralogy analysis (John
and Adatte, 2009). Long et al. (2008b) described the
compression behavior and the permeability of the
Ursa Basin mudstones. Long et al. (2011) showed
that the compression behavior observed in the labo-
ratory was similar to the field compression behavior.
Schneider (2011) analyzed the Long et al. (2008b)
results and quantified an exponential relationship
between porosity and permeability. Dugan and Ger-
maine (2009) completed triaxial strength experi-
ments on specimens from Sites U1322 and U1324
and documented internal friction angles from 17° to
29°.

Synthesis through modeling

A range of hydrodynamic modeling has been per-
formed on data from the Ursa system based on the
results from Expedition 308 (Binh et al., 2010; Du-
gan and Stigall, 2010; Flemings et al., 2008; Stigall
and Dugan, 2010; Urgeles et al., 2010). See Table T1
for a list of consolidation nomenclature used during
Expedition 308. All of these models follow the con-
solidation equation

Du/Dt = (k/um,)V?u* + (Do,/Dt), (1)

where

u = pressure,

k = permeability,

B = dynamic viscosity, and

Do, /Dt = the loading rate from sedimentation.
m,, the uniaxial compressibility, is defined by

m, =-[(1/do,)(dV/V)] = [-de/(1 + ¢)](1/da,), (2)

where V is the bulk volume. The coefficient of con-
solidation (c,), often termed the hydraulic diffusiv-
ity, is

¢, = k/pm,. 3)

Overpressure is generated when the loading rate by
sedimentation (Do,/Dt) outpaces the rate at which
pressure can dissipate (¢,V?u*). Gibson (1958) pre-
sented an analytical solution for Equation 1 and
showed that the degree of overpressure is controlled
by the dimensionless time factor (Tj):

T, = m?t/c, 4)

where m is sedimentation rate and t is total time. T,
> ~1.0 results in significant overpressure (Flemings et
al., 2008; Gibson, 1958).

We use both experimental results and in situ obser-
vations to describe the porosity (n), permeability (k),
compressibility (m,), and coefficient of consolidation
(c,) for the three characteristic lithofacies encoun-
tered: mudstone, MTD, and siltstone (Fig. F6; Table
T1).

Permeability as a function of effective stress was ex-
plored by Long et al. (2008b) and Schneider (2011).
We describe permeability as an exponential function
of porosity:

k = k,10m, %)

where n is porosity and y and k, are empirically de-
rived from experimental work. We performed 29
constant rate of strain (CRS) experiments on Ursa Ba-
sin mudstones to determine the permeability of indi-
vidual core samples at a range of porosities (Long et
al., 2008b). From these data, we calculated the har-
monic average of the permeabilities at a range of po-
rosities. We used linear regression on these averaged
data to determine k, and vy (Equation 5) for the mud-
stone lithofacies (Table T1). We assume that the har-
monically averaged relationship describes the verti-
cal permeability. We compared mudstones from
within MTDs to undeformed samples and could find
no distinguishable difference in the permeability-po-
rosity relationship. Thus, we describe the permeabil-
ity behavior of the MTD lithofacies using the same
parameters as those of the mudstone lithofacies.
Long et al. (2008b) presented one CRS test on silt-
stone and we use these measurements to describe
siltstone lithofacies permeability (Table T1).
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Long et al. (2011) used CRS experiments to deter-
mine the compression behavior of mudstones. They
described the in situ porosity-effective stress behav-
ior with

L+e=(1+¢)(0,/00), (6)

where ¢, is the void ratio at an effective stress of
unity, and o, is the reference stress, which we choose
as 1 MPa. Long et al. (2011) find C=-0.0979 and ¢, =
0.89 at 1 MPa when units of MPa are used (Table T2).
As discussed, at a given effective stress the MTDs are
more compressed (lower void ratio) than the unde-
formed mudstone. We assume for the MTD that the
exponent C is the same as that for the mudstone.
However, we assume a lower value for ¢, such that
on a log(e + 1) — log(c,”) plot the compression line for
the MTD lithofacies is moved to the left half a log cy-
cle (10%3%) from the compression line of the mud-
stone lithofacies (Table T2).

The compression behavior of the siltstone lithofacies
(Table T2) is based on a single CRS test (Long et al.,
2008b). This compression behavior is best described
using a conventional soil model where

e = ¢, + AMogyo(c,'/0y), (7)

where ¢, is the void ratio at an effective stress of
unity and o, is the reference stress, which we choose
as 1 MPa. We discuss the behavior of porosity (n),
permeability (k), compressibility (m,), and coefficient
of consolidation (c,) over a stress range from 0.01 to
10 MPa (Fig. F6). This stress range corresponds ap-
proximately to “hydrostatic” depths (the depth if the
pore pressure were hydrostatic) of 1 to 1000 m (Fig.
F6, right side). The actual effective stress range en-
countered during Expedition 308 drilling ranges
from O to ~4 MPa (the difference between the re-
duced overburden stress and the overpressure at the
deepest location at Site U1324) (Fig. F3).

The porosity of the siltstone lithofacies is everywhere
less than that of the mudstone or MTD lithofacies
(Fig. F6A). However, the siltstone lithofacies declines
less with increasing stress than does the mudstone or
MTD lithofacies. At a given effective stress, the po-
rosity of the MTD is ~5 porosity units less than the
mudstone.

Permeability declines with increasing effective stress
for each lithofacies because they have lower porosity
at higher stresses (Fig. F6A, F6B). The mudstone and
MTD lithofacies have lower permeability than the
siltstone lithofacies because they are composed of
finer material (Fig. F6B). At 0.1 MPa, mudstone per-
meability is less than 1 order of magnitude less than

siltstone permeability, whereas at an effective stress
of 10 MPa, it is almost two orders of magnitude less.
The permeability of the mudstone lithofacies de-
clines more with increasing effective stress than that
of the siltstone lithofacies. The mudstone and MTD
lithofacies compress more with increasing effective
stress than the siltstone lithofacies, and this causes
the larger drop in permeability with effective stress
(Fig. F6A, F6B). The MTD lithofacies has a lower per-
meability at a given effective stress than the mud-
stone lithofacies because it is has lower porosity.

Uniaxial compressibility (m,) is calculated from the
void ratio-effective stress relationship (Equation 2).
m, declines by 3 orders of magnitude from 0.01 MPa
to 10 MPa (Fig. F6C). This large decrease in com-
pressibility (increase in stiffness) results from the loss
of porosity (Fig. F6A) and consequent increase in
grain to grain contact. The compressibility of the
mudstone lithofacies is the same as that of the MTD
lithofacies. The compressibility of the siltstone litho-
facies is less than that of the mudstone lithofacies
(Fig. F6C).

The coefficient of compressibility (c,) is calculated
from Equation 3 based on the permeability and com-
pressibility described above and assuming a viscosity
of 1 x 103 Pa-s. In the mudstone, between 0.1 and 1
MPa, the coefficient of consolidation (c,) is fairly
constant and equal to 1 x 10® m?/s. At higher and
lower values of effective stress, ¢, is slightly lower
(Fig. F6D). ¢, is constant because compressibility and
permeability decrease at the same rate as effective
stress increases (Equation 3; Fig. F6). The MTD coef-
ficient of consolidation is ~5 times lower. This is
driven entirely by the lower permeability within the
MTD at a given stress. The coefficient of consolida-
tion for siltstone ranges from 3 x 10® m?/s at 0.01
MPa to 5 x 107 m?/s at 10 MPa.

We calculate the dimensionless time factor T (Equa-
tion 4). At Site U1324, for the mudstone lithofacies
we assume a sedimentation rate of 12 mm/y, ¢, = 1 x
10-® m?/s and a duration (f) of 50,000 y. We find T, =
23, which results in A* = 0.75 at the base of the sec-
tion; even higher values are present in the shallower
section. At Site U1322, for the mudstone lithofacies
we assume a sedimentation rate of 4 mm/y and find
T, = 2.5. In contrast, the siltstone lithofacies, with ¢,
= ~2 x 10”7 m?/s, produces Ty = 1.0 at; this results in
no significant overpressure. Similar calculations were
presented by Flemings et al. (2008).

In summary, one of the fundamental results of Expe-
dition 308 is that we have shown that rapid sedi-
mentation of the highly compressible mudstones at
Ursa Basin results in significant overpressures from
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the seatfloor downward. This result contrasts with the
historical view that overpressure is encountered only
at greater depths (Dickinson, 1953). The absence of
overpressure at shallow depths on the continental
shelf inspired theoretical models suggesting that
mudstones could only become pressure seals after
their porosity was sufficiently reduced by burial
(Mello et al., 1994). Expedition 308 results show that
outboard of deltaic systems on the continental slope,
rapid deposition of fine-grained and compressible
sediment creates ideal conditions for overpressure
generation.

Several authors modeled the Ursa system in two di-
mensions (Binh et al., 2010; Dugan and Stigall, 2010;
Stigall and Dugan, 2010; Urgeles et al., 2010). They
illustrate that flow focusing is present in Ursa Basin.
Stigall and Dugan (2010) show that fluids are driven
from the zone where the overburden is thick at Site
U1324 toward the section where it is thin at Site
U1322 along the more permeable beds of the under-
lying Blue Unit (Fig. F7B). In addition, they illustrate
that in the more permeable siltstones present in the
bottom half of Site U1324, overpressure is approxi-
mately constant (Figs. F3, F7).

A striking result of our study is that submarine land-
slides all lie within zones of high overpressure (A* >
0.6) (purple zones in Figs. F3A, F5A). High pore pres-
sure increases the risk of landslides for a given slope
(Dugan and Flemings, 2002). For a constant friction
angle (¢;) and sediment with no cohesion, the factor
of safety (FS) is proportional to the overpressure ratio
(A%):

FS = (tan¢/sin6cos6)(cos?0 — A*), (8)

where 0 is the surface slope. At Ursa Basin, all loca-
tions are stable today (FS > 1.0) (Flemings et al.,
2008; Sawyer et al., 2009). However, Stigall and Du-
gan (2010) showed that the deeper zones at Site
U1322 were unstable during times of rapid sedimen-
tation soon after deposition of the Blue Unit and
that these zones correlate to locations where MTDs
are present. Stigall and Dugan (2010) also suggested
that the largest MTD (MTD-2 in Fig. F2B) may have
resulted from the combination of moderate over-
pressure from rapid sedimentation coupled with hor-
izontal earthquake acceleration of a magnitude 5
earthquake within 140 km or a magnitude 4 earth-
quake within 3 km of the Ursa region. There is no re-
cord of earthquakes from the time MTD-2 was
formed (27-10 ka). However, seismicity from 1973 to
2009 records an earthquake of magnitude 5 within
140 km of Ursa Basin location (Stigall and Dugan,
2010).

The northern continental slope in the Gulf of Mex-
ico has the lowest gradient of the U.S. continental
margins, and it has the largest submarine landslides
(McAdoo et al., 2000). We interpret that overpres-
sures precondition the slope for failure and that
earthquakes may induce the failures and keep the
continental slope at a low gradient. Thus, high pore
pressure near the seafloor plays a significant role in
controlling where submarine landslides occur and
controlling the topographic gradient of the conti-
nental slope.

Summary of hydrogeologic
findings and plans
for future work

Expedition 308 documented high overpressures. At
Site U1324, overpressures are 70% of the hydrostatic
effective stress to a depth of 200 mbsf (A* = ~0.7). Be-
neath this, overpressures drop significantly and are
approximately equal to 1 MPa to a depth of 600
mbsf. The shallow overpressures are present in very
rapidly deposited, low-permeability mudstone,
whereas the deeper zone where the overpressure is
lower is composed of interbedded siltstone, mud-
stone, and sandstone. At Site U1322, the overpres-
sures are 60% of the hydrostatic effective stress (A* =
0.6) to 200 mbst through a uniform mudstone sec-
tion.

Permeability and compressibility of Ursa Basin mud-
stones decline significantly with depth near the sea-
floor. As a result, the coefficient of consolidation
(hydraulic diffusivity) is approximately constant at 1
x 10-® m?/s over the depth range drilled. Given the
sedimentation rates in the Ursa region, sedimenta-
tion alone can account for the severe overpressures
observed at Site U1324. However, one-dimensional
modeling cannot explain the high pore pressures ob-
served at Site U1322. In this location, modeling
shows that the more rapid sedimentation at Site
U1324 than at Site U1322 is driving flow laterally
within the permeable Blue Unit. This elevates the
pore pressures at Site U1322 and reduces them
slightly at Site U1324.

Two-dimensional models also show that the deeper
zones at Site U1322 were unstable during times of
rapid sedimentation, soon after deposition of the
Blue Unit; these zones correlate to locations where
MTDs are present (Stigall and Dugan, 2010). The
largest MTD (MTD-2 in Fig. F2B) may have resulted
from the combination of moderate overpressure
from rapid sedimentation coupled with horizontal
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earthquake acceleration of a magnitude S earthquake
within 140 km of the Ursa region (Stigall and Dugan,
2010).

MTDs have a unique signature in log, core, and seis-
mic data. We interpret that these deposits are re-
molded during mass transport and as a result they
follow a unique compression curve that results in
lower porosity at a given effective stress.

An original goal of Expedition 308 was to measure
and monitor pore pressure within the Blue Unit at
multiple locations to confirm the pore fluid pressure
distribution in this aquifer. Future work will focus on
long-term monitoring of pressure in both the Blue
Unit and in over- and underlying mudstones. These
measurements will allow us to constrain whether sig-
nificant lateral flow is occurring within the Blue
Unit, what the hydraulic connectivity of the Blue
Unit is, and what the permeability of the Blue Unit
is. Pressure monitoring may also allow us to image
ongoing deformation occurring due to submarine
landslides.
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Figure F1. A. Bathymetry image showing the Ursa region 210 km southeast of New Orleans, Louisiana (USA).
B. IODP drilling transect located in 1000-1300 m water depth. Expedition 308 sites are shown with yellow
circles. The Ursa and Mars oil fields are overlain by the Ursa and Mars tension-leg platforms (TLP; squares). In-
dustry well MC 899-1 is shown with a white circle. CI = contour interval.
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Figure F2. A. Depth-converted seismic cross-section A-A’ tied with Expedition 308 holes. Gamma ray (GR) and resistivity (RES) LWD logs are
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Figure F2 (continued). B. Interpreted well-log cross-section A-A’ illustrating the main depositional units and lithology in the Ursa region. Mass
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Figure F3. Site U1324 summary (modified from Flemings et al., 2008). A. Lithology. Purple shaded areas are
mass transport deposit zones. B. Gamma radiation (GR) from LWD data. C. Resistivity (RES) log. D. Porosity
log interpreted from shipboard moisture and density measurements (squares) and porosity interpreted from
LWD bulk density log assuming a grain density of 2.74 g/cm3 and fluid density of 1.024 g/cm? (orange line).
E. Overpressure using the inverse square root of time method (Flemings et al., 2008). Pressure measured while
drilling (PWD) is shown with solid line. Gray dashed line is the interpreted in situ pressure. Overpressures (1*)
are calculated by subtracting the hydrostatic pressure (u,) from the measured pressure (u). uy, is calculated as-
suming a pore fluid density (p,,) of 1.024 g/cm3 (u,, = p.g2). 0" is the hydrostatic effective stress (o,,” = 6, — u},).
The overburden stress (o,) is calculated by integrating shipboard-derived core density measurements. DVTPP =
Davis-Villinger Temperature-Pressure Probe, T2P = temperature/dual pressure probe.
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Expedition 308 synthesis: hydrogeologic studies

Figure F4. Site U1323 summary. Seismic strip from cross-section A-A’ (Fig. F1) with gamma ray and resistivity
curves tied to seismic log. Log and core data and description of logging units from Expedition 308 (see the “Ex-
pedition 308 summary” chapter [Expedition 308 Scientists, 2006]). Log-derived porosity is based on the bulk

density log assuming 2.74 g/cm?3 grain density and 1.024 g/cm? fluid density. Gray shaded zones represent mass
transport deposits. Figure from Sawyer et al. (2009).
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Figure FS. Site U1322 summary. Figure modified from Flemings et al. (2008). A. Lithology. Purple shaded areas
are mass transport deposits zones. B. Gamma radiation (GR) from LWD data. C. Resistivity (RES) log. D. Po-
rosity log interpreted from shipboard moisture and density measurements (squares) and porosity interpreted
from LWD bulk density log assuming a grain density of 2.74 g/cm? and fluid density of 1.024 g/cm? (orange
line). E. Overpressure using the inverse square root of time method (Table T1). The “?” marks the deepest
pressure measurement that has an anomalously low pressure relative to the overlying pressure measurement
(see text for a discussion). Pressure during shallow water flow at Site U1323 is illustrated with a star. The grey
dashed line is the interpreted in situ pressure. Overpressures (u*) are calculated by subtracting the hydrostatic
pressure (u,,) from the measured pressure (u). i, is calculated assuming a pore fluid density (p,,) of 1.024 g/cm?
(un = pug2). oy is the hydrostatic effective stress (6, = 6, — uy,). The overburden stress (c,) is calculated by inte-
grating shipboard-derived core density measurements.
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Figure F6. Hydraulic parameters for three characteristic lithofacies encountered in Ursa Basin. MTD = mass
transport deposit. A. Porosity vs. effective stress based on experimental results of Long et al. (2008b). B. Perme-
ability (k) vs. effective stress based on experimental results of Long et al. (2008b) and Schneider (2011). C. Uni-
axial compressibility (m,) vs. effective stress based on Long et al. (2011), Long et al. (2008b), and Schneider
(2011). D. Coefficient of consolidation (c,) vs. effective stress. ¢, is calculated from Equation 3. Equivalent hy-
drostatic depth (the depth for a pore pressure that is hydrostatic) is for a sediment bulk density of 2.0 g/cm? and
a water density of 1.023 g/cm?3. A striking feature is that over the depth range of this model (1-100 m hydrostatic
depth), the coefficient of consolidation for the mudstone lithofacies is constant and equal to 10-8 m?/s.
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Figure F7. A. 2-D model at present day showing lithologic units and time horizons above the Blue Unit (inter-
bedded yellow and gray layers at base) (Stigall and Dugan, 2010). Dark gray shading represents silty claystone,
light gray shading represents clayey siltstone, and yellow shading represents sandstone. B. Color contour plot
of overpressure with stratigraphic lines (black) and fluid velocity vectors. Present-day overpressure reaches 1.5
MPa at Site U1324 and 1.1 MPa at Site U1322. Fluid velocity vectors show focused and rapid flow along the

high-permeability sandstones in the Blue Unit from west to east (left to right). Figure and caption from Stigall
and Dugan (2010).
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Table T1. Consolidation nomenclature, Expedition 308.

Expedition 308 synthesis: hydrogeologic studies

Variable

Description

Dimension

Permeability parameter
Compression parameter
Overpressure ratio
Viscosity

Reference stress
Overburden stress
Reduced lithostatic stress
Friction angle
Bathymetric slope
Compression parameter
Coefficient of consolidation
Void ratio

Reference void ratio
Factor of safety
Permeability

Reference permeability
Compressibility

Porosity

Time

Gibson time factor

Pore pressure
Hydrostatic pressure
Overpressure

LT%/M
T
M/LT?
M/LT?
M/LT?

Permeability parameter from Equation 5. Compression parameters A from Equation 7 and C from Equation 6. Reference void ratio from Equations

6 and 7. Reference permeability from Equation 5.

Table T2. Parameters to describe permeability (k) versus porosity () behavior for Expedition 308 lithofacies.

Equation 5
Lithofacies ko (M?) Y
Mudstone 1072248 9.40
Mass transport deposit 1072248 9.40
Siltstone 1071677 9.19

The parameters for the mudstone and mass transport deposit lithofacies are based on harmonically averaging the results of 29 uniaxial consolida-

tion experiments (see Equation 5).

Table T3. Parameters to describe compression behavior for three Expedition 308 lithofacies.

Lithofacies e C e,f A 6o (MPa)
Mudstone 0.89 -0.0979 — — 1
MTD 0.75 -0.0979 — — 1
Siltstone — — 0.4485 -0.1475 1

* = void ratio at an effective stress of unity in Equation 6, T = void ratio at an effective stress of unity in Equation 7.
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