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i
Abstract

Porosity isapredictor of fluid pressure in young, rapidly-deposited basins. Uniaxial strain
experiments on uncemented samples provide information about the strain history of these
basins. In the Eugene Island 330 area (offshore Louisiana) porosity-predicted fluid pres-
sures in muds differ from in situ measurements in adjacent sands. Deformation experi-
ments on mud samples from this areareveal a history of uni-directional strain (e.g.
increasing effective stress). These experimental results imply that effective stress has not
decreased (e.g. fluid pressure has not increased) following compaction, and, therefore,
porosity should be an accurate indicator of in situ fluid pressure. In thisanalysis, observed
differences between porosity-predicted pressures and in situ measurements are interpreted
asreal pressure differences between adjacent sand and mud layers. Two physical models
describe the origin of these observed pressure differences. Rapid burial can cause the fluid
pressure in adipping, permeable sand to differ from pressure in the surrounding low-per-
meability mud. During steady burial, fluid expelled from low-permeability mud will pref-
erentially flow through a dipping, high-permeability sand. Fluid flows from the more
highly pressured mud into the sand at the structural low and from the sand into the sur-
rounding mud at the structural high. Both the rapid-loading and steady-flow mechanisms

generate pressure differences between a dipping sand lens and the surrounding mud.
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CHAPTER 1
| ntroduction

OVERVIEW

Undercompaction is a significant source of overpressure in young rapidly-depos-
ited basins (Dickinson, 1953; Bredehoeft and Hanshaw, 1968; Bethke, 1986). During
rapid burial, low-permeability prevents mud from expelling fluids at a sufficient rate to
dissipate excess pressure. Upon burial, other mechanisms may increase fluid pressure.

L ate-stage pressure generation mechanisms include aguathermal pressuring (Barker,
1972), hydrocarbon maturation (Barker, 1990), and clay dehydration (Powers, 1967,
Burst, 1969). Gordon and Flemings (1998) developed a model to quantify the contribu-
tions of various mechanisms in the Eugene Island 330 area. Overpressure due to under-
compaction comprised 80 - 94% of the total, depending upon the assumed deformation
behavior of the soil matrix.

Many previous authors have characterized the relationship between porosity and
fluid pressure (Athy, 1930; Terzaghi and Peck, 1948; Rubey and Hubbert, 1959). Com-
monly, porosity-predicted fluid pressures in muds are compared with in situ measure-
ments in sands. Differences between porosity-derived predictions and measurements can
be interpreted in two ways. First, the porosity model may be failing to accurately predict
in situ fluid pressure. Failure of the porosity model has been attributed to |ate-stage
increases in fluid pressure which are not recorded in the porosity signature (Scott and

Thomsen, 1993; Bowers, 1994; Hart et al., 1995). Second, the observed differences could



represent actual pressure differences between sands and muds.

In thisthesis, | extend work on this problem by first examining the relationship
between fluid pressure in muds and sands in an overpressured field (Chapter 2). | then use
uniaxial strain experiments on these muds to further understand the deformation history of
this area

In Chapter 2, | present an analysis of fluid pressures in muds and adjacent sands
for fifteen wells in the Eugene Island 330 area. | document fluid pressure differences
between sands and muds and draw implications for fluid flow. Two physical models,
rapid-loading and steady-flow, describe the generation of the pressure differences
observed in thisfield. | apply these models specifically to three overpressured sands and
discuss conceptual models for the evolution of pressure in these sands.

In order for porosity to accurately record in situ pressure, sediments must have
undergone a history of uni-directional strain (e.g. increasing effective stress). Chapter 3
details results of uniaxial strain experiments on sand and mud samples from this area.
Experimental results on the mud samples indicate that effective stress has not decreased
significantly at depth. This result implies that late-stage pressure generation mechanisms
have not contributed significantly to the overpressuring of these sediments. Therefore,
porosity should be an accurate indicator of fluid pressure.

A second result of the deformation experiments that relates back to the models for

pressure evolution is the estimation of mud permeability. Direct |aboratory measurements
at in situ levels of effective stress yielded mud permeability estimates on the order of 101

m? (104 mD). Estimates of permeability are used to determine the time-scales of pressure



diffusion.

DESCRIPTION OF FIELD AREA

The focus of this study was the Eugene Island 330 field. The Eugene Island 330
(E.I. 330) field (Figure 1.1) is located in the Gulf of Mexico, 272 km (169 mi) southwest
of New Orleans at awater depth of 77 m (253 ft). The E.I. 330 areaisaprolific oil and gas
field. Recoverable reserves have been estimated at 307 million bbl hydrocarbon liquids
and 1.65 tcf of gas (Holland et a., 1990). More than 270 wells have been drilled in the 9
block study areasince 1971. The extent of drilling activity in this areamakesit conducive
for scientific study, because of the multitude of data available. Well logs, pressure sur-
veys, drilling reports, and conventional core samples provided the data used in these anal -
YSes.

The E.l. 330 areais a salt-withdrawal minibasin (Alexander and Flemings, 1995)
comprised of interbedded Plio-Pleistocene sands and muds. Preferential removal of salt
from beneath this basin generated structural relief on the stratigraphically deeper sands.
The strata record a progradational history. The deepest sand discussed in this paper, the
Lentic 1, was deposited in aproximal deltaic environment (Alexander and Flemings,
1995). The Lentic 1 sand lacks laterally continuity and is overlain by athick marine mud.
These two characteristics contributed to the severe overpressuring of this sand. The OI-1
and JD sands are laterally-extensive, permeable, prodelta deposits (Alexander and Flem-

ings, 1995) which record moderate overpressure.
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Figure 1.1: The Eugene Island 330 areais located in the Gulf of Mexico, on the outer continental shelf.
Basemap locates al of the wells used in these analyses. Filled circles denote the wells analyzed for porosity
and pressure (Chapter 2); empty circles represent wells from which core was taken and used in deformation
experiments (Chapter 3).
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CHAPTER 2

Overpressuresin Sandsand Bounding Mudsin the Eugene
|sland 330 field (Offshore Louisiana, U.S.A.): Implications
for Trap Integrity, Fluid Migration, and Borehole Stability

ABSTRACT

Porosity-predicted fluid pressures in overpressured Plio-Pleistocene muds of the
Eugene Island 330 (E.I. 330) field (offshore Louisiana) differ from pressure measurementsin
adjacent sands. Observed pressure differences between a sand layer and the overlying mud
change with position on structure. At structural highs, fluid pressure in the sand exceeds pres-
sure in the adjacent mud; at structural lows, the relationship isreversed. Two physical models
describe the origin of these pressure differences: rapid-loading and steady-flow. Rapid, differ-
ential burial of a high-permeability sand lens by |ow-permeability mud can generate pressure
differences at the sand-mud interface. Alternatively, following slow, steady burial, fluid flow
through alow-permeability mud is diverted into adipping sand lens, such that at the structural
low, fluid flows from the mud into the sand and at the structural high, fluid migrates from the
sand into the adjacent mud. In either case, the magnitude of the fluid pressure difference
between the dipping sand and the surrounding mud is dependent upon the three-dimensional
geometry of the sand, total relief on structure, and the minimum principal stress of the bound-
ing mud layer. Excess pressure generated in the sand by differential sediment loading could
cause the fluid pressure in the sand to converge on the minimum principal stressin the mud

and result in fracture-driven fluid flow.



INTRODUCTION

Porosity or some proxy of porosity (e.g. resistivity) has long been used to estimate in
situ fluid pressure in young sedimentary basins (Athy, 1930; Rubey and Hubbert, 1959; Wal-
lace, 1965; Hottman and Johnson, 1965; Eaton, 1975). Typically, workers examine the mud
porosity profile in azone of known fluid pressure (i.e. hydrostatic zone) and then use this
empirical relationship to calculate fluid pressure from porosity in the overpressured zone.
Fluid pressure predictionsin the mud are then compared with measurementsin sands.

In this paper, mud refers to unlithified sediments with high gammaray response. Con-
ventional core samples taken adjacent to the KE and Lentic 1 sands indicate that these sedi-
ments generally consist of approximately 40% quartz, 40 to 50% clay (primarily smectite and
illite with lesser amounts of kaolinite and chlorite), and less than 10% plagioclase and potas-
sium feldspar (Chapter 3). Grain sizes range from silt-clay sized particles (~80% by volume)
to very fine-grained particles.

Previous studies have presented differences between predicted and measured pressures
asafailing of the porosity model to estimate in situ pressure. Specifically, workers have inter-
preted differences between porosity-derived pressures and observed in situ pressures as late-
stage increases in fluid pressure which were not recorded in the mud porosity signature. This
effect, termed unloading because it results in a net decrease in effective stress, was investi-
gated by Scott and Thomsen (1993) and Bowers (1994) and further explored by Hart et al.
(1995) and Gordon and Flemings (1998). According to the unloading model, alate-stage
decrease in effective stress does not result in decompaction (i.e. porosity rebound) along the
initial compaction (porosity-effective stress) curve. As aresult, the porosity-effective stress

model does not successfully predict fluid pressures in sediments with this unloaded deforma-



tion path.

This study continues to explore the differences between predicted fluid pressuresin
muds and in situ fluid pressures in adjacent sands. Unlike previous work, we document pres-
sure differences and explore the hypothesis that the observed differences are real. We present
two models to describe the origin of these pressure differences: rapid-loading and steady-
flow. In the rapid-loading model, sediment loading occurs so quickly that it is not possible for
low-permeability muds to equilibrate with thisloading. Asaresult, sharp pressure differences
occur between the sand and the mud at the structural high and low. In the steady-flow model,
vertical flow occursin response to sediment loading. The permeability contrast between the
sand and mud causes flow to be focused through the dipping sand. Once again, pressuresin
the sand at the structural high and low differ from pressuresin mud at equivalent depths some
distance from the sand. However, the pressure transition at the sand-mud interface is more
gradual than predicted by rapid-loading.

We examine fluid pressures in mud predicted by the porosity-effective stress method
with in situ fluid pressures measured in the reservoir sands of the Eugene Island 330 (E.I. 330)
field. We show that the pressure regime in the mud adjacent to the deepest and most highly
overpressured sand (Lentic 1) appears most compatible with the steady-flow model. A com-
parison of predicted pressure in the mud with in situ pressure measurements in the shallower
OI-1 sand reveals a more complex behavior, suggesting a history of fluid migration and
recharge.

We close by summarizing the implications of both theory and observation for the evo-
lution of fluid flow. This understanding can be used to characterize hydrocarbon migration

and entrapment as well as to recognize potential problems of drilling in overpressured strata.
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THE ORIGIN OF PRESSURE DIFFERENCES BETWEEN SANDS AND MUDS

It has long been recognized that a permeabl e water-saturated sand encased in mud can
have a different pressure than the adjacent mud (Dickinson, 1953; England, 1987; Mann and
Mackenzie, 1990; Traugott and Heppard, 1994). Traugott and Heppard (1994) refer to the
mechanism as the centroid effect. Below, we explore two theoretical models to understand

this phenomenon: rapid-loading and steady-flow.

Rapid-L oading

Consider a sand which is buried slowly to 2042 m (6700 feet) (Figures 2.1a,b,c). Ini-
tially, buria rate is sufficiently slow to facilitate fluid expulsion and dissipation of excess
pressure. If burial rate then increases significantly as the sand subsides differentially, the sand
and mud become overpressured. When loading is very rapid, the mud will remain undrained
and the fluid pressure increase in the mud will be lithostatic. The pressure gradient in the dip-
ping, permeable sand will equilibrate to hydrostatic (Figure 2.1d). In both the sand and mud,
the overpressure (DP*) is the pressure necessary to support the overburden load (DP* = P; -
Pr). Asshownin Appendix A, overpressureis a function of the overburden, and the fluid and

bulk compressibility (Equation 2.1a,b). Table 2.1 defines all of the variables and constant

used in this paper.
DpP*, . = (([3+[3]L(31—(|)))pb_pf)gdz (2.19)
L
DP*,, .4 = ((B " [3][?1 —(I))) Py — pf)gJ‘z(x)dx (2.1b)
0

The key difference between Equations 2.1a and 2.1b is that the overpressure at any
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the pressure gradient in the sands is hydrostatic.



Table 2.1: Nomenclature

Name Description Units
a half-length of sand L
b half-thickness of mud layer L
f acoustic formation factor dimensionless
g gravitational acceleration /T2
k intrinsic permeability L2
L length of sand L
P*mdgo | initial overpressurein mud M/LT2
(fluid flow model)
P*mug | overpressurein mud layer M/L T2
P*<ang | Overpressurein sand layer M/LT2
P*sio | initial overpressure in sand M/LT2
(fluid flow model)
Pf fluid pressure M/LT?2
Pg gas phase pressure M/L T2
Pnh hydrostatic fluid pressure M/LT2
Po oil phase pressure M/L T2
Pw water phase pressure M/L T2
Oy horizontal flow velocity L/T
0z vertical flow velocity L/T
S, vertical (lithostatic) stress M/LT2
t time T
u undisturbed velocity L/T

12



Table 2.1: Nomenclature

Vy horizontal flow velocity L/T
Vv, vertical flow velocity L/T
X horizontal position L
y position in fluid flow model L
z depth L
o mud conductivity M/T3
B matrix compressibility LT3M
Bf fluid compressibility LT2/M
Bs grain compressibility LTZM
Atma | matrix travel time T/L
At wireline travel time T/L
n elliptical coordinate dimensionless
A ratio of P;to S, dimensionless
) wireline-derived porosity L33
do reference porosity L33
u fluid viscosity M/LT
] dip of sand lens radians
Pp bulk density M/L3
Py fluid density M/L3
ov vertical effective stress M/L T2
& elliptical coordinate dimensionless
v stream function L2T

13



14
point in the mud (DP* ,,,9) IS afunction of the overlying load at that point (Equation 2.1a),

while the overpressure in the sand (DP* o) IS controlled by the integrated area over the sand

(Equation 2.1b). The overpressure cross-section predicted by the undrained instantaneous
loading model consists of horizontal overpressure contours which abut against the dipping
sand (Figure 2.1a,b,c). The rapid-loading model therefore predicts a pressure discontinuity at
the sand-mud interface.

The magnitude of overpressure within the sand and the depth at which the fluid pres-
suresin the sand and mud are equal are affected by the geometry of the overlying load (Figure
2.1d). A synclinal sand (Figure 2.1c) sustains more overpressure than an anticlinal sand (Fig-
ure 2.14a), because the synclinal sand supports agreater sediment load. Asaresult, the depth at
which the sand and mud pressures are equal (termed the centroid depth by Traugott and Hep-
pard, 1994) varies with structural geometry. The pressure difference between sand and mud
changes with position on structure. At the structural high, fluid pressure in the sand is greater
than pressure in the mud; at the structural low, pressure in the mud is greater than pressurein
the sand.

Three-dimensional geometry also plays an important role in controlling the degree of
overpressuring in sands. A three-dimensional dome structure (Figure 2.2b) sustains greater
overpressure than a planar structure (Figure 2.2a) dipping at the same angle. Therefore, the
centroid depth is deeper in the three-dimensional case (Figure 2.2¢). In general, if asand fans
out downdip, the degree of overpressuring in the sand will be greater than if the sand width
were constant. For example, Iliffe (1998) describes a situation where sheet geometry basin-

floor sands merge updip with narrower channelized sands at structural highs. Loading of the
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high and the centroid depth is deeper for the dome-like structure. Circles 6 and 7 represent the fluid pressuresin
the planar sand; circles 10 and 11 denote fluid pressure in the dome-shaped sand.
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sheet sands amplifies fluid pressure in the sand at the structural high.

One of the obvious results of this model isthat rapid loading can cause the fluid pres-
sure in the sand at structural highs to converge on the minimum principal stress of the overly-
ing mud. If this occurs, fluid migrates out of the sand by fracture permeability. Finkbeiner

(1998) and Finkbeiner et al. (in review) explore this phenomenon in the E.I. 330 field.

Steady-flow

We consider asimilar geometry to that illustrated in Figure 2.2 (Figure 2.3). However,
we now assume that flow is occurring through both the mud and the sand and that the sand
permeability is much greater than mud permeability. Phillips (1991) presented a mathematical
description of this problem. We extend this model and describe its implications for overpres-
sured sands. Details are presented in Appendix B.

In steady vertical flow, if no sand is present, all of the flow isvertical and described by

Darcy’sLaw. If ahorizontal sand is present, the flow field is unchanged.

k
q, = _E%P* (2.29)
g = _5%})*20 (2.2b)

However, the presence of a dipping and relatively more permeable sand lens resultsin
afocusing of flow toward the sand at the structural low and away from the sand at the struc-
tural high (Figure 2.3a).

Thevertical overpressure gradient (%P *) far from the sand is constant and described
by Equation 2.2a. The constant gradient isillustrated by the evenly-spaced contour lines at the

left and right margins of Figure 2.3b. However, close to the structural low, the pressure con-
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the sand is constant, because the fluid pressure gradient is hydrostatic. d) The pressure profiles at three locations
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the sand. At the structural low (dotted line), the fluid pressure increases from the sand into the underlying mud.
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tours are depressed; at the structural high, they are elevated (Figure 2.3b). This pressure distri-

bution focuses fluid into the sand at the structural low and out of the sand at the structural high
(Figure 2.3a).

Three vertical pressure profiles extracted from the structural high, midpoint, and low
demonstrate the effect of the sand lens on overpressure in the adjacent mud (Figure 2.3c).
Overpressurein the sand is constant (e.g. hydrostatic pressure gradient). At the structural high
(solid line), overpressure in the mud underlying the sand is greater than overpressure in the
sand, indicating that fluid flows into the structural high. However, the gradient (i.e. slope of
the overpressure-depth curve) in the underlying mud is much lower than the gradient in the
overlying mud. Therefore, the net flow direction is from the sand to the mud. Likewise, at the
structural low (dotted line), the overlying mud has a slightly lower overpressure, indicating
minimal flow out of the sand. The underlying mud is significantly more overpressured than
the sand at the structural low and therefore most of the flow is from the shale into the sand.

Profiles at the three structural positions show the effect of the dipping sand lens on the
pressure gradient in the mud adjacent to the sand (Figure 2.3d). At the structural midpoint
(dashed line), the fluid pressure in sand and mud are equal. The pressure gradient is constant
and described by Equation 2.2a. At the structural high (solid line), the pressure gradient in the
mud increases until it intersects the sand and then decreases below the sand. In contrast, at the
structural low, the pressure gradient in the mud decreases above the sand. In the mud beneath
the sand, the pressure gradient increases until it converges on the gradient predicted by Equa-
tion 2.2a

The magnitude of the difference between fluid pressure in the sand at the structural

high and the pressure in the mud far away from the sand isidentical to that presented for the
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rapid-loading case.
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We have modeled only the effect of a sand dipping at a constant angle. However, we
can qualitatively predict the behavior for a more complex geometry, as explored in Figures
2.1 and 2.2 for the rapid-loading model. If the sand has a synclinal geometry, a greater surface
area of the sand is exposed to more overpressured muds beneath the structural midpoint, and,
similar to the rapid-loading case, the sand sustains a greater overpressure. In contrast, if the
sand isanticlinal, it sustains less overpressure. The argument isidentical for three-dimen-
sional structures. Asin Figure 2.2, domed structures generate greater overpressures than pla-
nar structures with equivalent dips. Furthermore, if the sand geometry pinches toward the

structural high, asIliffe (1998) observed, then greater overpressure will be present in the sand.

Comparison of the two models

The two models presented here can be viewed as end member cases. Following rapid
deposition, the pressure regime is described by the rapid-loading model and there are abrupt
differencesin fluid pressure at the sand-mud interface. Conversely, following slow, steady
burial, the pressure distribution is predicted by the steady-flow model. Pressure diffusion gen-

erates a pressure boundary layer around the sand lens.

Time-Scales of Pressure Diffusion
We can better understand the extent of pressure evolution in this area by ng the
time-scales of pressure diffusion. A simple fluid flow model simulates pressure dissipation

from an analytical solution to a diffusion equation which is based on Darcy’s Law (Appendix
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C). Inthismodel, conductivity in the mud is afunction of permeability, porosity, fluid density

and viscosity and fluid and matrix compressibility. Mud permeability isdifficult to estimate in
situ, but laboratory experiments on mud samples from the E.I. 330 area (Chapter 3) indicate a
mud permeability of 3.2 x 1016 m? (3.2 x 10* mD). Gordon and Flemings (1998) estimate
permeability as afunction of porosity for the E.l. 330 area, and calibrate their porosity-perme-
ability relationship in order to replicate the observed pressure regime. They estimate a perme-
ability of 1.7 x 102X m? (1.7 x 10°® mD) for amud with 25% porosity. Neuzil’s (1994) mud
permeability values for the Gulf of Mexico range from 5x 102 m? (5x 10" mD) to 1 x 10719
m? (1 x 104 mD) for 25% porosity.

Results from our fluid flow model, run with typical mud permeability, help usto
assess the extent of pressure diffusion in this area over the time-scale of basin evolution. The
model predicts that for a permeability of 101 m? (10°® mD), after 1.5 M.y., pressure differ-
ences still exist between adjacent sand and mud layers (Figure 2.4). Some of the overpressure
from the sand has dissipated into the mud, creating a gradual pressure decline from the sand-
mud interface to the center of the mud layer. However, the overpressure at the center of the
mud remains | ess than the overpressure in the sand, due to the low permeability of the mud
(Figure 2.4b).

Other authors have suggested that relative permeability effects such as‘ capillary seal’
are necessary to impede flow and prevent fluid pressures in adjacent layers from equilibrating
(Shosa and Cathles, 1996). Our model results suggest that intrinsic mud permeability on the
order of 102X m? (10°® mD), typical of observations of Gulf Coast muds, is sufficiently low to

maintain fluid pressure differentials between sands and muds.
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Fluid Pressure Analysisin Mud

In low-permeability mud, it is not possible to efficiently measure fluid pressure
directly. For this reason, indirect methods are generally used. By far the most common meth-
odsrely on an empirical relationship between porosity and effective stress. Terzaghi and Peck
(1948) proposed arelationship between porosity and vertical effective stress, and a variety of
workers have quantified this relationship (Rubey and Hubbert, 1959; Pal ciauskas and
Domenico, 1989). This approach can be applied directly (Boatman, 1967) and through wire-
line methods (Hottman and Johnson, 1965; Ham, 1966; Macgregor, 1965) or even with seis-
mic data (Pennebaker, 1968; Weakley, 1989). Each method has strengths and weaknesses
which depend on both the ability of the tool to measure porosity and the extent to which the
proposed porosity-effective stress relationship is valid.

We combine the definition of effective stress (Equation 2.4) and an empirical porosity-
effective stress relationship proposed by Rubey and Hubbert (1959) (Equation 2.5) to calcu-

late fluid pressure from porosity in muds (Equation 2.6) as described by Hart et al. (1995).

G, = Sv_Pf (2.4
b= dge " (25)
Py = s,~(bm(20) 29

Lithostatic (overburden) stress (Sy) is calculated by integrating the wireline bulk den-
sity log. As shown by Finkbeiner et al. (1996), this varies from an overburden gradient (S,/

TVD) of 0.90t0 0.93 psi/ft (20.3 to 21.0 MPa’km) inthe E.I. 330 field. The coefficients 3 and

dg are determined in the hydrostatic zone where fluid pressure, and therefore effective stress,
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are known (Figure 2.5).

Porosity is calculated from the wireline sonic (travel time, At) log through an empirical
relationship (Equation 2.7), developed by Raymer et al. (1980) and enhanced by Raiga-Clem-
enceau et a. (1986) (Equation 2.7). Porosity values calculated from the wireline bulk density
logs generated similar estimates of fluid pressure (Stump and Flemings, 1998).

b = 1—(A;”Z“)l/f 2.7)

Issler (1992) determined that for non-cal careous, low total organic carbon shale the

matrix travel time (Atmg) is 220 us/m (67 us/ft) and the acoustic formation factor (f) is 2.19.

Travel time measurements taken during deformation experiments on mud core from E.I. 330

indicate similar values for acoustic formation factor (Chapter 3).

Fluid Pressure Analysisin Sands

We compare porosity-predicted fluid pressure in muds with direct pressure measure-
ments in adjacent sands (Figure 2.6a, points a and b). Pressure data were gathered during
Repeat Formation Tests (RFTSs) and shut-in bottom hole pressure surveys. In all cases, we
used only virgin (pre-production) pressures in our analysis. In hydrocarbon-bearing sands the
pressure of the hydrocarbon phase (e.g. Py, Py) exceeds the water phase pressure (P,,), due to
fluid density differences. We calculate P, for comparison with our predicted fluid pressurein
the mud. Our results show that even after removing the buoyant effect of the hydrocarbon col-
umn, pressure in geopressured sands sometimes exceeds that in the bounding muds (Figure

2.6h).
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Figure 2.5: A log-linear plot of sonic-derived porosity (¢p) versus vertical effective stress (oy) in the hydrostatic

zonefor the 331 #1 well (located in Figure 2.9) is used to establish arelationship to calculate fluid pressure in the
overpressured zone. Lithostatic stress (S,) is calculated by integrating the bulk density log; hydrostatic pressure
is calculated from agradient of 10.5 MPa/km (0.465 psi/ft) for seawater. Solid line represents the regression fit
to the data.



25

a) b)
B mud Pressure (MPa)
water-filled sand
oil-filled sand 6300
gas-filled sand
""" £ 6400 &
O
= w
= 8
A 6500 -
s >
£ <
o 6600 @
> g
S 2
= 6700 o
8 G/O contact 8
S S — 2588 MPa 5
> 6800 - £)
6900 . 1 1 - 2100
3500 3600 3700 3800
Pressure (psi)

Figure 2.6: In this study we compare porosity-predicted fluid pressure in mud (triangle, point a) with water phase
pressure (circle, point b) in the adjacent sand. Water phase pressures are used in order to negate the buoyant
effect of the hydrocarbon column.



26
FLUID PRESSURESIN SANDSAND MUDSOF THE E.I. 330 FIELD

Field Characterization

The Eugene Island 330 (E.I. 330) field is located within a salt-withdrawal mini-basin
(Figure 2.7). Plio-Pleistocene strata record a progradational history (Alexander and Flemings,
1995). Mud-prone prodelta deposits are overlain by sand-prone proximal deltaic strata. Salt-
withdrawal during the prodelta and proximal deltaic phases created accommodation space
(Rowan et a., 1998). A large regional growth fault developed to the north and northwest of
this basin. Stratigraphic offset increases with depth as aresult. In addition, differential salt-
withdrawal from beneath the basin generated structural relief on the deeper sands (Figure 2.7).

The deepest reservoir, the Lentic 1 sand (Holland et al., 1990), was deposited during
the prodelta phase (Alexander and Flemings, 1995). This sand lacks lateral continuity and is
overlain by athick mud section. The overlying Ol through JD sands were deposited in the
proximal deltaic environment (Figure 2.7). The majority of production in thisfield isfrom
these |laterally extensive sands (Holland et al., 1990).

Pressures record a transition from hydrostatic within fluvial stratato nearly lithostatic
within the prodelta strata (Figures 2.8a,b). We characterize this pressure with the parameter,
A, whichistheratio of fluid pressure to overburden (P/S,). The Lentic 1 sand is severely
overpressured (A = 0.9; pressure gradient = 0.83 psi/ft). The overlying Ol-1 sand is moder-
ately overpressured (A = 0.7; pressure gradient = 0.63 psi/ft). The JD sand isslightly overpres-
sured (A = 0.6; pressure gradient = 0.55 psi/ft). Hart et a. (1995) and Gordon and Flemings
(1998) characterize this pressure field in detail. In general, akey factor controlling the degree
of overpressure is thought to be the ability of the deeper stratato expel fluids. The Lentic 1

sand is both laterally discontinuous and overlain by athick mud section and, as aresult, is
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Figure 2.8a,b: Well logs and pressure profilesfor the 331 #1 and 316 A-1 wells (located in Figure 2.9) locate the

JD, OI-1, and Lentic 1 sands. The #1 well is on the downthrown side of the regional growth fault (Figure 2.7),

while the A-1 isupthrown. On the pressure track, overpressure calculated from drilling mud weightsis shown by
white fill; vertical effective stressislight gray area.
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severely overpressured. As explored in Gordon and Flemings (1998), overpressures are

encountered at a much shallower level on the upthrown side of the fault (Figure 2.8b) than on

the downthrown side (Figure 2.8a).

Characterization of the Lentic 1, Ol-1, and JD Sands
Mud pressures were evaluated for fifteen wellsin the E.l. 330 area (Figure 2.9). We
examine fluid pressure in sands and bounding muds at three stratigraphic levels. Lentic 1, Ol-

1, and JD.

Lentic 1 Sand
The Lentic 1 is produced on the upthrown side of aregional growth fault in Blocks

330 and 316 (Figure 9). Finkbeiner (1998) and Finkbeiner et al. (in review) present a structure
map of this horizon. Three wells which penetrate the Lentic 1 at different structural positions
are used to predict the fluid pressure in the mud directly above the sand (Figure 2.10a). Near
the sand-mud interface, fluid pressuresin the mud are all less than the water phase pressurein
the sand (Figure 2.10a). When these pressures are plotted on a depth-pressure plot, the vertical
pressure gradient appears to be approximately lithostatic. At the structural high, the pressure
inthesand is 4.2 MPa (612 psi) greater than that in the overlying mud. Fluid pressures con-
verge at the structural low (2316 m; 7600 ft).

An overpressure cross-section through two of these wells provides a better sense of the
gpatial variability of fluid pressure (Figure 2.10b). Overpressure is constant and equal to 16.3
MPa (2363 psi) throughout the sand. The overpressure in the mud isless than the overpressure
in the sand both above and below the sand (Figure 2.10b). In fact, the overpressure in the mud

above and below the sand is nearly identical (Figure 2.10b, points A and B). The overpressure



MISSISSIPPI

(2

New Orleans

N
LOUISIANA
)
O

T
e
X
S0

JLLI—>

30

=T

314 315 316
B-10
B-1
329|
@5
337 338 339
== 3 miles™
(4.8 km)

Figure 2.9: The E.l. 330 field isin the Gulf of Mexico, 272 km (169 mi) southwest of New Orleans, LA, U.S.A.
at awater depth of ~77 m (253 ft) (Holland et a., 1990). We use wireline and pressure datafrom 15 wellsin this
field. Plus symbolsindicate straight holes; solid lines represent deviated well paths; filled circles show the bot-
tom hole locations of deviated wells. Dashed lines |ocate overpressure cross-sections (Figures 2.10b, 2.12a).



Fluid Pressure (MPa)

a
) R R S
= P difference at top = } Osand |- 1900 @
R i c
= 4.22 MPa (612 psi) | A mud o3
*g ---------- S L o
6500 Ny oA a
o - 2000 =
8 ®
f= <
2 e
> -2100 2
S 7000 % 8
p % | 8
o ; By % [2200 =
2 2, S =
03) NG 3
% N
7500 .
4500 5000 5500 6000
Fluid Pressure (psi)
A-1 A-6
b) c)

)

o
o1
o
iy

-2000

o
o}
S
Q

—2100

Subsea True Vertical Depth (ft
(w) yidaq [eo1idA 8N4 BOSQNS

—2200

Subsea True Vertical Depth (ft)

6400

7000,

720071

7400

Fluid Pressure (MPa)

30 40
|

2000

12100

~2200

Fluid Pressure (psi)

\ '-’-‘3_'5\

! o'

| @l

| Q |

| =

o t

I I

= l

IS 1

| = | |
'Q [

e it

| = |

10 [
o O o O
o O o O
o o
< © < ©

(w) yidaQq [eoiuep ani| easqns

31

Figure 2.10: @) The Lentic 1 sand dips from 1950 m (6400 ft) to 2316 m (7600 ft) in Block 316. Fluid pressures
in the sand (circles) are greater than pressures in the mud (triangles) at most depths; pressures converge near the
structural low. The pressure gradient in the mud is approximately lithostatic. b) Overpressure cross-section B-B’

(located in Figure 2.9) shows overpressure contours dipping parallel to structure. c) Well profiles through the

Lentic 1 sand demonstrate that fluid pressure in the sand exceeds the fluid pressure in the overlying and underly-

ing mud. The fluid pressure gradient in the mud, measured in avertical profile, is significantly greater than the

lithostatic gradient (50.1 MPa/lkm vs. 21.3 MPa/km).
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contours in the mud are sub-parallel to the sand and converge slightly near the structural high.

Pressure profiles of the two wells (Figure 2.10c) reveal that the true vertical pressure
gradient (50.1 MPa/lkm, 2.22 psi/ft) in the mud overlying the Lentic 1 sand is significantly
greater than the lithostatic gradient. The apparent pressure gradient of 20.4 MPa/km (0.90 psi/
ft) at the sand-mud interface (Figure 2.10a) isdue to the laterally variability of overpressurein
the mud.

In the mud overlying the Lentic 1 sand, overpressure contours are sub-parallel to the
dip of the sand (Figure 2.10b). This observation correlates well with the overpressure profile
predicted by the steady-flow model (Figure 2.3b). The steep pressure gradient in the mud
overlying the sand appears to imply fluid flow from the highly overpressured sand into the

mud, also predicted by the steady-flow model (i.e. at the structural high).

Ol-1 Sand
Fluid pressuresin the Ol-1 sand exceed porosity-predicted pressures in the overlying

mud above 2500 m (8200 ft) and are less than pressuresin the mud below that depth (Figure
2.11). The pressure gradient in the mud calculated aong structure is 26.0 MPalkm (1.15 psi/
ft), dightly greater than the lithostatic gradient.

In the mud underlying the Ol-1 sand, the overpressure gradient is largest near the
sand-mud interface and then decreases with depth, as shown as a cluster of overpressure con-
toursjust beneath the sand (Figure 2.12a). In the B-10 well pressure profile (Figure 2.12b), the
pressure gradient in the mud underlying the OI-1 is 55.8 MPa/lkm (2.47 psi/ft), significantly
greater than the lithostatic gradient. In the #1 and A-21 wells, this behavior is observed in the
few hundred feet of sediment directly below the OI-1 sand (e.g. to 2591 m (8500 ft) in the A-

21, 2713 m (8900 ft) in the #1), and then the pressure gradient becomes approximately lithos-
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sand is equal to the fluid pressure in the overlying mud at 2500 m (8200 ft).
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tatic (21.8 MPalkm, 0.97 psi/ft).

Between the LF and the Ol -1 sands, pressure in the mud increases with depth and then
decreases dlightly in the sediment adjacent to the OI-1 sand (Figure 2.12b). The pressurein
the mud overlying the OI-1 sand is greater for wells lower on structure (B-10, #2, A-4),
approximately equal to the pressure in the sand at the #1 well, and less than the pressurein the
sand at the A-21.

The fluid pressure in the mud just below the LF is approximately equal to the pressure
in LF sand for wells which are lower on structure (Figure 2.12b). At the #1 well, pressurein
the underlying mud is dlightly less (0.97 MPa, 140 psi) than the pressure in LF sand. In the
highest well on structure, the A-21, the pressure difference between the LF sand and underly-
ing mud is greatest (3.7 MPa, 540 psi).

The muds beneath the OI-1 sand appear to record acomplex history of fluid flow. The
dipping overpressure contoursin the mud underlying the Ol-1 sand resembl e the overpressure
regime predicted by the steady-flow model. The steep pressure gradients in thismud layer
appear to indicate fluid flow from the mud into the sand. However, current in situ fluid pres-
sure measurements indicate that the sand is more highly overpressured (P* ;;nq = 1420 MPa,
9.8 MPa) than the underlying mud (P* ,,q = 1000 psi; 6.9 MPa).

In the mud well below the Ol-1 sand, fluid pressure gradient is lithostatic. The pres-

sure behavior in thisthick low-permeability mud is best described by the rapid-loading model.

JD Sand
Pressure measurements in the JD sand are less than pressures predicted in the overly-

ing mud at most positions on structure (Figure 2.13). The pressure gradient in the mud (34.6

MPa/km, 1.53 psi/ft) exceedsthe lithostatic gradient (Figure 2.13). Pressure predictionsin the
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Figure 2.13: The shallowest sand we characterize, the JD, dips from 1780 m (5850 ft) to 2070 m (6800 ft), for a
total relief of 290 m. Fluid pressure in the JD sand is less than pressure in the overlying mud at most points on
structure. Pressure gradient within JD sand is hydrostatic; pressure gradient in the overlying mud is approxi-
mately lithostatic.
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bounding mud exceed pressure measurements in the JD sand at most depths on structure.

Based on the calculated gradients, at the structural high, fluid pressure in the sand exceeds
pressure in the mud by approximately 3.1 MPa (449 psi). At the structural low, pressurein the
mud is 3.9 MPa (562 psi) greater than pressure in the sand. Fluid pressures are equal at 1905

m (6250 ft).

DISCUSSION
Evolution of Pressure and Stress During Burial of Reservoir Sands

When viewed together, the pressure regimesin the Lentic 1, Ol-1, and JD sandsreveal
similarities and differences. In all cases, the fluid pressures in the sands follow the hydrostatic
gradient and the fluid pressuresin the mud follow some gradient greater than hydrostatic. Asa
result, fluid pressures in the sand and the adjacent mud differ. A difference among the three
sands is the location of the centroid depth. The centroid depth becomes shallower as one
moves upward stratigraphically. Also, in the shallower sands (e.g. Ol-1 and JD), thereis much
more evidence of pressure diffusion adjacent to the sand than there is at the deeper, Lentic 1
horizon. Not al of these observations can be easily explained with the rapid-loading or
steady-flow models presented. However, the concepts can be used to build a model to

describe how these sands may have evolved to their present state.

Modified Sediment L oading M odel

Our modified sediment loading model considers variability in the depth at which the
system becomes effectively sealed and accounts for pressure evolution following burial. Sim-
ilar to the rapid-loading model, asasand isinitially buried by mud, both layers expel pore flu-

ids and remain hydrostatically pressured (Figure 2.144). Fluid expulsion is possible because
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Figure 2.14: Pressure evolution in sand and bounding mud shows the effects of slow, then rapid burial, and even-
tual pressure diffusion at the structural high and low. a) At time 1, sand and mud are hydrostatically pressured at
some depth, z,. b) Sand layer is buried rapidly from z; to z,; pressuresin both sand and mud incresse at lithos-

tatic gradient. c) Differential subsidence causes sand to dip; fluid pressuresin the sand and mud diverge at the
structural high (t3). Fluid migrates from the sand; pressure in the sand decreases and converges on pressurein the

mud at the structural high (t). d) Over time, pressure diffusion occurs. Fluid pressure increases in the mud adja-
cent to the structural high; fluid pressure decreases in the mud adjacent to the structural low.
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the sedimentation rate is low (Alexander and Flemings, 1995), and the newly deposited mate-

rial has sufficiently high permeability. At a critical depth, the system becomes effectively
sealed and ceases to expel fluids (Figure 2.14b). Thistransition may be caused by a sudden
decrease in mud permeability as porosity drops beneath acritical level (Méello et al., 1994;
Gordon and Flemings, 1998), or it may be due to an increase in sedimentation rate (Alexander
and Flemings, 1995). The depth at which thistransition occurs may vary (i.e. as sedimentation
rate varies) during basin evolution.

Once the system becomes sealed, fluid pressures in both the sand and bounding mud
increase at a nearly lithostatic gradient (Figure 2.14b) (Hart et a., 1995). Overpressure con-
toursin the mud (Figure 2.14, dashed lines) are horizontal. Ultimately, subsidence occurs and
creates a spatial variation in sedimentation. Fluid pressure within the permeable sand equili-
brates to a hydrostatic gradient; the pressure gradient in the undrained mud is lithostatic.
Therefore, as the sand beginsto dip, the fluid pressure in the sand at the structural high begins
to exceed pressure in the bounding mud (Figure 2.14c, tg).

At that point, two things may occur. If the top of the sand is permeable and connected
to other permeabl e layers, overpressured fluids flow out of the sand. If the pressurein the sand
exceeds the minimum principal stress of the bounding mud, fluids hydrofracture the overlying
mud and migrate via fracture permeability. Regardless of the mechanism, fluid migration
causes a decrease in the sand overpressure (Figure 2.14c, t,).

Eventually fluid flow and pressure diffusion occur (Figure 2.14d, ts). At the structural
high, where the pressure difference, and therefore fluid flow, is greatest, sand pressure dif-

fusesinto the mud (Figure 2.14d). At low points on structure, fluid flows into the sand,



40
thereby decreasing the fluid pressure in the mud. As aresult of the pressure diffusion between

the sand and mud, the overpressure contours around the sand lens are elevated near the top of
structure and depressed at the structural low (Figure 2.14d).

We apply this modified sediment loading model to the Lentic 1, OI-1, and JD sands
(Figure 2.15). At the Lentic 1, the centroid depth islow on structure (i.e. deeper than the depth
midpoint of the structure), indicating that pressure dissipation (Figure 2.15a) has been negligi-
ble. However, Finkbeiner (1998) suggests that fluid pressure in the Lentic 1 sand is controlled
by the minimum horizontal stressin the overlying mud. Any pressure greater than the current
level would result in fluid flow viafracture in the overlying shale.

The muds adjacent to the OI-1 sand appear to record a complex history of fluid flow.
The observed pressure regime suggests that fluid once migrated from the mud into the sand,
and, at some later time, fluid pressure increased in the sand (Figure 2.15b, t4). Fluid expulsion
from the mud would have facilitated compaction, thereby decreasing permeability in the mud
near the sand-mud interface. Asfluid pressure in the sand increased, the low-permeability
zone in the mud adjacent to the sand would hinder flow and prevent pressure from dissipating
into the mud.

The JD sand appearsto record agreater pressure bleed-off (Figure 2.15c¢), even though
fluid pressures in the sand are well below the fracture gradient of the overlying mud (Fink-
beiner 1998; Finkbeiner et a., in review). This observation implies that fluid migration
occurred along permeable pathways (Alexander and Handschy, 1998), rather than by hydrof-
racture. The sediments which overlie the JD have a higher permeability than the sediments
which directly overlie the Lentic 1, allowing potentially more vertical fluid flow and greater

pressure dissipation.
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Figure 2.15: Model for pressure evolution in the Lentic 1, Ol-1, and JD sands shows a hydrostatic increase in
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erated, fluid pressure in the sand begins to exceed pressurein the overlying mud. @) Fluid pressurein the Lentic 1
sand remains greater than pressure in overlying mud (no dissipation is observed). b) OI-1 sand appearsto record
drainage and then afluid pressureincrease (t,). ¢) Fluid pressure in the JD sand appears to have decrease as fluid
migrated from the sand (t3 to t,).
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Assessment of Observed Pressure Differences

We have combined theory and observation to suggest that fluid pressures in dipping
sands are not necessarily in equilibrium with their bounding muds and that pressures differ in
a predictable manner. Our observations rely critically upon the assumption that porosity can
be used as a proxy for the pressure field. However, there are times when the porosity-derived
pressure in muds may not record the actual fluid pressurein the mud. Bowers (1994) proposed
that |ate-stage decreases in effective stress which are not recorded in the porosity signature
will cause porosity-predicted pressure to underestimate in situ fluid pressure. The decreasein
effective stress may be due to fluid pressure increases from aguathermal expansion (Barker,
1972), clay dehydration (Powers, 1967; Burst, 1969), biogenic gas production, or matrix
relaxation. As mud compaction islargely irreversible (i.e. plastic deformation), the decrease
in effective stress does not cause the sediment to decompact along the initial compaction
curve. Therefore, porosity underpredicts the current fluid pressure.

In geologic basins, increased fluid pressure in adipping sand, due to rapid-loading or
steady-flow mechanisms, could result in increased pressure in the mud adjacent to the struc-
tural high. As aresult, a porosity-derived pressure prediction would underestimate fluid pres-
sure in the mud at the structural high. Results from deformation experiments on mud samples
from this area (Chapter 3) and awireline analysis by Bowers (1998) indicate no history of
late-stage fluid pressure increase in these muds.

A second potential cause for the porosity-predicted pressure to differ fromin situ pres-
sure in the mud is the failing of the sonic (travel time) log to accurately estimate porosity. In
this regard, we emphasize that we had produced similar results with the bulk density logs

(Stump and Flemings, 1998).
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Implications

Both the instantaneous |oading and steady-state flow models predict that cross-stratal
(i.e. near-vertical) flow isdominant at structural highs, where the pressure difference between
the sand and the mud is a maximum and where the elevated fluid pressure in the sand has the
greatest potential to converge on the minimum principal stressin the bounding mud (Figure
2.16). Differential sediment loading or steady-state flow into a permeable sand lens, indepen-
dent of the presence of a hydrocarbon phase, can, therefore, drive a system to hydrofracture.
Cross-stratal flow (e.g. flow viafracture permeability) is most likely to occur soon after basin

deposition.

CONCLUSIONS

Differential sediment loading of a permeable sand by an impermeable mud can gener-
ate fluid pressure which differs from that in the overlying mud. Additionally, the permeability
contrast between a dipping sand lens and surrounding mud causes fluid to preferentially flow
into the sand. In either case, the fluid pressure at the top of the dipping sand will exceed the
pressure in the adjacent mud, and the pressure difference between the sand and mud will
change with position on structure. These pressure differences are documented for fifteen wells
in the E.l. 330 area using porosity-derived predictions in muds and in situ measurementsin
sands. Two quantitative models describe the origin of the observed differences and provide
methods for calculating fluid pressure in the sand as afunction of total relief. The rapid-load-
ing model predicts the pressure regime in the sand as a function of the geometry of the overly-
ing load. The steady-flow model calculates the pressure difference from the flow velocity,

which isdirectly determined from the far-field overpressure gradient in the mud. These mod-
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Figure 2.16: Basin-scale fluid migration occurs as aresult of two different mechanisms. A shallow sand expels
fluids a ong permeabl e pathways to the surface, thereby reducing the overpressure in the sand. A deeper sand,
with greater structural relief, has a higher overpressure at the structural high than the adjacent sediments. As
pressure in the deeper sand converges on the minimum principal stress (Symin) in the bounding mud, fluid bleeds

off along newly-opened fractures.
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els provide insight into the evolution of pressure, stress, and fluid flow in the basin. In addi-

tion, this approach has the potential to provide insight into trap quality and the history of

secondary migration.
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APPENDIX A: DERIVATION OF RAPID-LOADING M ODEL

Onedimension

Consider amaterial element that isloaded from above with astress DS,. The element
contains a constant number of grains and remains undrained (i.e. no fluids escape) during
loading. The applied load is balanced by an opposing stress which is the combination of
changein fluid pressure (DPf) and the change in vertical effective stress (Doy) in the material

element.

B T L Bon o
|:(1—(I)) Bf:|DSV l—d)DPf (Bf BS)DGV (2.8)

Equation 2.8 is derived in Gordon and Flemings (1998) who built on the derivation of
Pal ciauskas and Domenico (1989). Equation 2.8 assumes: 1) the solid grains are incompress-
ible; 2) fluid and matrix are linearly compressible { (1/pf)Dpf = BfDPf; Dd=-BdDov}; 3)
strain isuniaxia; and 4) there are no temperature effects.

Consider the same material element buried a depth dz:

DS, = p,gdz (2.9)

- %k
DPf pfgdz+DP (2.10)
Do, = pbgdz—(pfgdz+DP*) (2.11)

Substituting Equations 2.9, 2.10, 2.11 into Equation 2.8, and solving for the changein

fluid pressure, we find:

_ p
DPf = (B/(I — o)+ ﬁ)pbgdz (2.12)

In our work in Plio-Pleistocene strata of the E.I. 330 area, typical bulk compressibility
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and porosity values are 3.13 x 102 MPa 1 and 0.3, respectively (Hart et al., 1995, Gordon and
Flemings, 1998), while fluid compressibility is 4.88 x 104 MPa1 (de Marsily, 1986). Using
these values, Equation 2.12 reduces to:
DPf = 0.989p,gdz (2.13)
Thus, the change in fluid pressure (DPf) supports ~99% of the change in the overbur-
den load (DS,)). The one dimensional case is analogous to a mud layer which has no updip

pressure communication. Therefore, we can write an expression for overpressure in the mud

as:

DpP*, . = ((B - Bf?l —d)))pb - pf)gdz (2.14)

Two dimensions

Consider next the problem of asand body of length L that has been buried to avariable
depth z, where z = f(x) (Figure 2.17). The sand is composed of material el ements of length dx.
We assume that the fluid can be displaced within the sand (q), but that no fluid leaves the sand

body. Under this constraint, balance of stress requires:

_B _ - B _ 1
[(1 ~9) Bf}DSV(X) 1 _¢DP(x) BfDGv(x) + prpfq(x) (2.15)
In this case, the changesin overburden, fluid pressure, and effective stress are:
DS, = ppgdz(x) (2.16)
DP, = pgdz(x) + DP* (2.17)

Do, = pbgdz(x)—(pjgdz(x)+DP*) (2.18)



no
flow

Figure 2.17: The overpressure within adipping sand of length L isafunction of the integrated overlying load
(Equation 2.20). No flow boundaries at both ends of the sand layer maintain an undrained state.
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Substituting Equations 2.16-2.18 into Equation 2.15 and integrating over the length of

the sand body L, we find:

L L I I
_B __B ~ 1
[(1 —9) ijDSV(X) a _¢)IDP](x) BfJ.Dcv(x) J‘pfvpﬂ(x)
0 0 0 0
(2.19)
overburden load fluid pressure effectivestress  flow term

Because we assume that the entire sand body is undrained, the integral of the flow
term is equal to zero. Upon integration, and solving for the change in overpressure resulting
from structural relief, we find:

L

DP, ¥ = ((B - Bflz)l _¢)) pp =) [=()ds (2.20
0

Equation 2.20 can be solved for any load geometry (z(x) = (X)) to estimate the over-
pressure (DP*) added to the system by sediment loading. For example, in the main body of
this paper, we present the results for three possible functions of z(x): linear, hyperbolic, and

parabolic (Figure 2.1).

Threedimensions

We consider the problem in three dimensions by calculating the volume of sediment
(e.0. rather than the area of sediment) overlying asand layer. For the case of a homoclinal
sand (i.e. 2-D case of z(x) = Ax), this problem reduces to the volume of a cylinder minus the
volume of a cone (Equation 2.21) (Figure 2.18).

*

DP3 b sand = ((B n Bflgl _¢)) Pp —pf)g( Veyr= Veone) (2.2
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ence between sand and mud at the structural high of a steeply dipping sand is higher than for amore gently dip-

ping structure.
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Aswith the two-dimensional case, this problem can be solved for a sand with a more

complex geometry by substituting different mathematical functions for V e The effect of
three-dimensional geometry on the magnitude of the sand-mud pressure differential is demon-

strated in Figure 2.18.
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APPENDIX B: STEADY-STATE FLOW MODEL

Phillips (1991) presented a mathematical solution for flow through alow permeability
medium around a permeable lens. He proposed an elliptical coordinate system such that x and

zarefunctionsof &, n, and a.

x = acosh&cosn (2.229)

z = asinh§sinn (2.22b)

Lines of constant £ form ellipses, lines of constant n are hyperbolae, and a is the half-

length of the sand lens. The stream function (V) is calculated as a function of the transformed

coordinates, a, and u, the undisturbed (far-field) velocity.

Y = wuacosh&sinn (2.23)

Velocity is calculated perpendicular to streamlines, such that:

oY
= — 2.243
Vx 0z ( )
—v_ = o¥ (2.24b)
ox
The derivatives of the stream function are written as:
oY - ua[coshicosn(a—n) + sinhisinn(%ﬂ (2.259)
Oz 0z oz
oV _ (@) b . (%}
EH ua[cosh@cosn i sinh§sinm p (2.25b)

In order to take the partial derivativesin Equations 2.25a,b, it isfirst necessary to
derive expressions for & and n in terms of x and z only. We accomplish this using identities

for trigonometric and hyperbolic functions.
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2 2
xr = =1 (2.26)
2 o) 2 .9
a cos“m a sin“m
cos?n = 1 —sinn (2.27)
2 2. 2 2 . 2 2 . 2 .
x“a sin?n—z"a" (1 —sin?n) = (a” —a sin?n)(a” sin?n) (2.28)
2 . 2 2 2, . 2
a sin*n+(x"+z —a)sinn-z" = 0 (2.29)
Using the quadratic formula, we can solve for sin’n.
2
a2, 2+J 2,2 22 , 2 2
sin2n=x zZ ta A +z —a) 4(a)(z):X (2:30)
2 n
2a
— il
n = sin /Xn (2.31)

This can be differentiated using the chain rule. Recall that any functiony = f(x) can be

differentiated as follows.

oy _ Oy On
- = = — 2.32
Ox On Ox (232)
In this case,
y = sinln n= X, (2.33)
oy 1 1
= - — on _ 1 2. (2.33b)
on — = =(X X
1—n® o - 2 Ky
2 _
n = XT] (2.34)
_l
' 2
Xn = LZ —2x+% (x4+z4+a4+2x222—2a2x2+2a2z2) -(3x4+4x22—4xa2) (2.35)
2a

For brevity of presentation, we can break out two of the larger terms.

4 4 4 22 22 22
bsqreta = x +z +a +2xz —2a x +2a z (2.36)
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2 2 2 2
quadeta = (—x —z +a + Jbsqreta)/(2a") (2.37)
1 1
o _ 1 1 2 ! 2 3 2 2
— = ———— - ~(quadreta) - —=|—-2x+ z(bsqreta) - (4x +4xz —4xa
ox /1 —quadreta 2 ) a2 2 ( )
(2.38)
Similarly, we can solve for the partial derivative of n with respect to z.
1 1
on _ 1 1 2 1 2 3 2 2
1 = ————— . ~(quadreta) -——=|—2z+ =(bsqreta) ~ - (4z" +4zx +4za
0z .1 —quadreta 2 ) a2 2 )

(2.39)
The process for taking the partial derivatives of & with respect to x and z isvery simi-

lar. We begin with identities, then use the quadratic equation to gain an expression for & in

terms of x and z only.

2 2

2’“ + 22 =1 (2.40)
a cos?E  a sin?E
cosh?& — sinh?& = 1 (2.42)
Xa’sinh2E +2°a° (1 + sinh2E) = a°(1 + sinh2E) - a”sinh2E  (2.42)
a*sinh?E + (0 —x” —2%)sinh2E —2% = 0 (2.43)
2. 2.2 J 2 2 22 2, 2
— + —x — c(—
sinhzi _—a tx tz % (a—x —z7) —4(a - (-z2)) -y (2.44)
2 g
2a
g = Sinh_ljfg (2.45)
. . . o
Once again, using the chain rule, we can easily solve for e
5_)/ = 5_)/8_11 (2.46)

Oox On 0Ox
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y = sinh™! \/n n = J)?(: (2.47)

oy - 1 on 1. 3 (2.48)
— = =(Xy) X
on /1 N n2 Bx 2( g) g
n’ = X, (2.49)
_l
2
Xg' = % 2x + %(a4 —2a2x2 + 2a222 + 2x222 +x4 + 24) . (—4a2x + 422x + 4x3)
2a
(2.50)
bsqr = a4 —2a2x2 + 2azz2 + 2x222 + x4 + z4 (2.51)
quad = —a2 + x2 + 22 + a4 —2a2x22+ 2a222 + 2x222 + x4 + 24 (252)
2a
_l _l
o€ _ 1 1 2 1 1 2 2 2 3
—= = —— - =~-(quad) - —(2x + =(bsqr) " - (4a x+4z x+4x )j
x  J1+quad 2 2a° 2
(2.53)
_l _l
o0& _ 1 1 2 1 1 2 2 2 3
—= = ———-=-(quad) - —(22 +=(bsqr) - (4a z+4x z+4z )j
0z Jl1+quad 2 2a° 2

(2.54)
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APPENDIX C: FLUID FLOW MODEL FOR PRESSURE DIFFUSION

Our half-space fluid flow model (Equation 2.55) is based on the heat flow equation
(Bird et a., 1960), and consists of a saturated overpressured mud overlying anormally pres-
sured sand (Figure 2.4). Water is the only phase present in the system and there is a constant

pressure boundary condition at the sand-mud interface.

2 2
o0 . _(n+l)nat

(1) 2 p N\x
P aty) = (P* 00 = P*5q0) - 2 Z N cos(n ¥ 5)772
_ (n + —)n
n=0 2
(2.55)

In Equation 2.55, P* .40 and P* 4o are overpressure in the mud and sand at initial con-
ditions; b is the half-thickness of the mud layer (Figure 2.4). Conductivity of the mud, o, is
calculated from intrinsic permeability, mud porosity, fluid density and viscosity, and fluid and
matrix compressibility (Equation 2.56).

2
-0k
o = (1-0) kpgg (2.56)

(ﬁﬁ_ +¢;3f)
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CHAPTER 3

Consolidation State, Permeability, and Stress Ratio as
Determined from Uniaxial Strain Experiments on Sand
and Mud Samples from the Eugene I sland 330 ar ea, Off-
shore L ouisiana

ABSTRACT

Uniaxia strain experiments conducted on mud from overpressured horizonsin the
Eugene Island 330 field (Gulf of Mexico) reveal information about consolidation state,
compaction behavior and permeability. Experimentally-derived maximum past stressis
within 25 psi of estimated current in situ stress for asample from the A-12 well, indicating
that this sediment has undergone uni-directional strain (i.e. a history of increasing effec-
tive stress). A second sample, from the A-20ST2 (Pathfinder) well, reveals a maximum
past stress which is 200 psi greater than current stress, implying that effective stress may
have decreased at depth in this layer. Laboratory measurements of stressratio, K (0.85,
0.86) compare well with in situ measurements made during leak-off and stress tests (0.84,
0.91). The high stress ratio values indicate that these sediments are deforming plastically
at in situ levels of effective stress. The change in slope of the stress-strain curve following
yield supports the observation of plastic deformation. Direct measurements of mud perme-
ability at in situ levels of effective stressreveal layer-parallel and layer-perpendicular per-
meability of 5.32 x 10 mD (5.25 x 101° m?) and 1.17 x 10 mD (1.15 x 10'1° m?),

respectively. Compression index values (slope of void ratio-vertical effective stress curve)
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for mud samples were 0.27, 0.29, significantly lower than the compression index calcu-

lated from awireline relationship (0.5).

INTRODUCTION

A typical assumption isthat strain in ageologic basin is uniaxial and net lateral
strain is approximately zero (Roegiers, 1989). We use the uniaxial strain assumption to
replicate geologic deformation in the laboratory (Karig and Hou, 1992; Karig, 1996).

Deformation behavior of an uncemented sample in the laboratory is controlled by
stress history and physical properties. Therefore, deformation experiments give us insight
into the state and evolution of in situ stress. Uniaxial strain experiments provide an esti-
mate of the maximum past stress an undisturbed sample has been subjected to. Using this
estimate of maximum past stress, we assess the consolidation state and stress history of the
sample.

Laboratory tests on undisturbed samples provide further insight into compaction
behavior and elastic properties by providing continuous measurements of stressratio, Ko,
defined here as the slope of the horizontal effective stress-vertical effective stress curve
(Karig and Morgan, 1994). Table 1 shows all of the nomenclature used in this chapter. We
compare experimental values of K with stress ratios cal culated from leak-off tests and
fracture completions in this area.

Direct permeability measurements at in situ levels of effective stress indicate that
these muds have permeability on the order of 101° m? (10* mD).

In this chapter, we present methods for uniaxial strain experiments and permeabil -

ity tests. We then present results of these experiments and compare the experimental



Table 3.1: Nomenclature

Variable Property Units
A sample cross-sectional area L2
C intercept of e-c,, regression dimensionless
Cc compression index LT2/M
C recompression index LT2/M
Cy coefficient of consolidation L2T
d sample drainage length L
e void ratio L33
f acoustic formation factor dimensionless
g gravitational acceleration L/T2
h hydraulic head L
Ho initial sample height L
k permeability L2
K hydraulic conductivity L/T
Ko stressratio, AG, /Ac, dimensionless
I sample length L
my, coeff. of volume compressibility | | 212\
p’ mean effective stress M/LT2
P fluid pressure M/LT2
q differential stress M/LT2
Q volumetric flow rate L3T
Sy vertical stress M/LT2
Tgo time at which 90% consolidation | T

has occurred
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Table 3.1: Nomenclature

Variable Property Units
Vp compressional wave velocity L/T
AP P; difference across the sample M/LT2
At wireline-measured transit time T/L
Atma matrix transit time T/L
€ strain L33
Tw unit weight of water M/L 2T2
) porosity L33
i initial sample porosity L33
u fluid viscosity M/LT
\Y Poisson ratio dimensionless
Pbi initial sample bulk density M/L3
Pt fluid density M/L3
Pg grain density M/L3
(o preconsolidation stress M/LT2
oh horizontal effective stress M/L T2
oy vertical effective stress M/LT2
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results with in situ measurements and previous studies. We discuss factors which affect

laboratory and in situ measurements and close with implications of our findings.

METHODS

Sample Description

Conventional core taken from three wells in the Eugene Island 330 field (Figure
3.1) provided sand and mud samples for the deformation experiments. Samples were
taken from two different effective stressregimes. The A-14ST core was taken in moderate
overpressure above the KE reservoir sand (Figure 3.2a) (see Alexander and Flemings
(1995) for a stratigraphic description of thisarea). The A-12 and A-20ST2 samples were
taken from the severely overpressured zone adjacent to the Lentic 1 sand (Figures 3.2b,c).

At the depth of the A-14ST sample (T99), fluid pressure in the mud, estimated
from a porosity-effective stress method (Hart et a., 1995), is 22.9 MPa (3325 psi). Verti-
cal (overburden) stress (S,) at sample depth, calculated by integrating the bulk density log,
iS44.8 MPa (6495 psi). Therefore, in situ vertical effective stress (o) at sample depth in
the A-14ST is21.9 MPa (3170 psi). Fluid pressure in the nearby KE-1 sand is 29.6 MPa
(4302 psi). Table 2 contains a compl ete description of all of the core samples.

The A-12 core was subsampled between the severely overpressured Lentic 1 upper
and lower sands (Figure 3.2b). Fluid pressure in the mud at the depth of the A-12 (T96)
sampleis 35.0 MPa (5080 psi; 14.6 Ib/gal EMW). Overburden, calculated from wireline
bulk density is42.1 MPa (6105 psi); in situ vertical effective stressis 7.1 MPa (1025 psi).
The A-12 sand sample, taken from the Lentic 1 lower horizon at a depth of 2082 m (6830

ft), has an in situ fluid pressure of 36.2 MPa (5254 psi; 15.0 Ib/gal EMW).
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Figure 3.1: Basemap locates cored wells from which laboratory samples were taken. Circles indicate bottom
hole location. The A-20ST2 (Pathfinder) well was cored in 1993; 343 feet of core was recovered (95%
recovery). In 1994, 43.2 feet of core was recovered from the A-12 well (34% recovery). The A-14ST core
was taken in 1993; 30.1 feet of core was recovered (72%). All of the 4-inch diameter cores were cut into 3-
foot sections and then stabilized in the core barrels using a quick-hardening epoxy resin. Cores were then
slabbed into one-third and two-thirds portions. Laboratory samples were taken from the two-thirds portion.
Slabs were archived in cold storage at Core Labs (Houston) and then moved to Penn State, where they are
stored in ahumid, chilled room. The A-20ST2 core was sealed in wax to preserve moisture.
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Figure 3.2: Cylindrical laboratory samples were drilled perpendicular to bedding at locations denoted with
circles. Gray arearepresents entire cored interval. a) A-14ST (T99) sampleis 51.56 mm long, 30.48 mm in
diameter, with an initial porosity of 0.28. Sample contains 35% quartz, 51% clays. See Table 2 for detailed
lithol ogic description. b) A-12 mud (T96) sample (located by circle) is 63.5 mm long, 31.01 mm in diame-
ter. Initial porosity is 0.39. Sample was taken from core barrel #1 and contains 38% quartz, 39% clay, with
small fractions of potassium feldspar, plagioclase, and calcite (Core Laboratories, 1994). A laser particle
size analysis revealed 2.5% fine-grained, 15.4% very fine-grained, 62.1% silt-size, and 20.0% clay-size par-
ticles. Disaggregated sand (C43) sample was taken from the Lentic 1 lower sand (triangle). The C43 sample
contains 0.8% medium-grained, 15.1% fine-grained, 65.7% very fine-grained, 14.8% silt-size, and 3.6%
clay-size particles (Core Laboratories, 1994). Permeability sample P01 (taken parallel to bedding) is 41.28
mm long with a diameter of 30.99 mm. Permeability sample P03 (taken perpendicular to bedding) is 16.54
mm long, 31.04 mm in diameter. Permeability samples were taken from core barrel #4. ¢) A-20ST2 sample
is52.73 mm long, 30.94 mm in diameter, with an initial porosity is 0.37. Sample contains 35% quartz and
54% clay (Losh et al., 1994).



Table 3.2: Sample Description

Subsea True

Well Sﬂl;nn Ft;fr Vertical Composition n Sm.J i n stg ov mKS| w
Depth (psi) (psi) 0
338 A-14ST T99 7063 35% quartz, 51% clays 3323 3170 0.54
(2153 m) (229 MPa) | (21L.9MPa) | (6795")
316 A-12 T96 6690’ 38% quartz, 5% potassium feldspar, 9% pla- 5080 1025 0.91
(2039 m) gioclase, 3% calcite, 1% dolomite, 39% clays | (35.0 MPa) | (7.1 MPa) | (6690')
(48% illite, 38% smectite, 7% kaolinite, 8%
chlorite)
316 A-12 C43 6830° 63%quartz, 7% potassium feldspar, 18% pla- 5254 1005 0.43
(2082 m) gioclase, 2% dolomite, 1% siderite, 9% clays | (36.2 MPa) | (6.9 MPa) | (6798')
(76% illite, 22% smectite, 2% kaolinite)
316 A-12 P01 and 6781 40% quartz, 1% potassium feldspar, 9% pla- 5166 1045 0.43
P03 (2067 m) gioclase, 2% pyrite, 48% clays (45%illite, (35.6 MPa) | (7.2MPa) | (6798')
35% smectite, 7% kaolinite, 12% chlorite)
330 A-20ST2 T77 7350 35% quartz, 8% potassium feldspar, 3% pla- 5730 1052 0.84
(2240 m) gioclase, 54% clays (52% illite, 32% smectite, | (39.5MPa) | (7.3MPa) | (7277")

15% kaolinite, 1% chlorite)
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The A-20ST2 (T77) sample (Figure 3.2c) was taken between the Cris Smud and

the Lentic 1 sand (Alexander and Flemings, 1995). Estimated fluid pressure in this mud
interval is 39.5 MPa (5730 psi; 15.0 Ib/gal EMW). Calculated S, is 46.8 MPa (6782 psi).
Therefore, in situ vertical effective stressin the A-20ST2 at 2240 m (7350 ft) is 7.3 MPa

(1052 psi).

Experiment Description
Kotesis

A K test isaconsolidation experiment conducted under uniaxial strain conditions.
Our experiments were conducted at a constant room temperature of 73°F in atriaxial com-
puter-controlled servo-hydraulic load frame at Cornell University (Figure 3.3). An initia
isotropic stress state at the onset of the experiment, at effective stress levels well below
anticipated sample yield, minimizes pre-shearing of the sample (Mesri and Hayat, 1993).
After the sample has stabilized (for a period of 24-48 hours), the experiment proceeds
under uniaxial strain conditions.

Experiment duration was determined, in part, by the length of time necessary to
reach yield. The durations of the T96 (A-12 mud) and T77 (A-20ST2) were 8 daysand 13
days, respectively. The T99 experiment (A-14ST) was halted after 18 days, prior to sam-
pleyield, because of mechanical limitations.

All experiments were run under axial load control at arate of 0.1 psi/min (approx-
imate strain rate of 1 x 107 s'). A load control experiment is advantageous because as
consolidation proceeds and the sample compresses, sample compressibility decreases. The

decrease in compressibility causes the strain rate to decrease. In low-permeability sedi-
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Figure 3.3: Photograph shows configuration for triaxia experiment. 1) LV DTs around the sample measure radia
strain. 2) LVDT at top measures axial strain. 3) A servo-hydraulic load cell mounted on top of the apparatus measures
axia stress. 4) Expelled fluid drains freely from both ends of the sample, through porous titanium plates. 5) Trans-
ducers embedded in the platens allow us to measure compressional velocity (vp,) during the experiment (from Karig,
1996).



70
ments such as these muds, a slower strain rate is preferable to allow more time for fluid

dissipation (Karig, 1996). Sintered titanium disks with 2 um pore spaces allow fluid drain-
age from the top and bottom of the cell during consolidation. Linear variabl e-displacement
transducers (LVDT) measure axial strain. Karig (1996) presents a full description of the
apparatus used in these experiments.

Jacob’ s (1949) relation provides a method for calculating porosity changes from

strain, g, during these experiments.

g = 40 3.1)
1-¢

By substituting d¢ = ¢; - ¢ and rearranging, we get an expression for porosity as a

function of initial porosity (¢;) and axia strain.

(I)l' —&
o = (32

l—¢

Initial porosity is calculated in the [aboratory using initial bulk density (py,;), pyc-

nometer-derived grain density (pg) and an assumed fluid (brine) density (pf) of 1.07 g/

cm?,
Po—Pp;
d)i = _g__l (3.3)
Pg™Pr
Void ratio (e), used to graphically determine consolidation state, is a function of
porosity.
e = L (3.4)
1-¢

Unlike the mud samples (T77, T96, T99), the A-12 sand sample (C43) was non-

cohesive. We consolidated the disturbed sand sample in a steel oedometer cell (Figure
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3.4). The disaggregated nature of the sample prevented us from determining the maximum

past stress, but we were able to measure K for comparison to the mud samples. Porous
plates provide drainage at both ends of the sample and an LVDT measures axia strain.
During an oedometer test, the axial load isincreased and held for a period of time, rather
than increasing in constant load increments. A pressure transducer embedded in the cell
wall measures lateral stress (Figure 3.4). At the beginning of each load increment, the
increasein lateral stress approximatestheincreasein axial stress. Asporefluid flowsfrom
the sample, the measured lateral stress decreases and approachesthe effective lateral stress
(Karig and Hou, 1992). We wait for the measured lateral stressto stabilize before increas-
ing the axial load, in order to get an accurate measurement of horizontal effective stress.
The A-12 sand sample remained non-cohesive at the end of the experiment, so it
was difficult to obtain an accurate final weight. We used the final sample volume (mea-
sured in the cell), the dry sediment weight, and the grain density to calculate afinal poros-

ity of 0.348. We then back-calculated changes in porosity during consolidation.

Per meability tests

Mudsin the E.I. 330 area act as seals to pressure and hydrocarbon migration. Per-
meability measurements in mud allow us to evaluate seal integrity and estimate time-
scales of overpressure dissipation. Laboratory experiments provide two methods of deter-
mining permeability. Direct determination involves observing the rate of fluid flow
through a sample of known length. Permeability can also be measured indirectly during
consolidation tests by observing the decline in strain after application of an instantaneous

load.
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Figure 3.4: Sketch shows oedometer cell used for uniaxial strain experiment on the A-12 sand (adapted from
Karig and Hou, 1992). Configuration consists of steel cell walls (1), basal (2) and upper platens (3), which
contain filter discs (4) through which expelled pore fluid drains (5). Lateral stress is measured by atrans-
ducer (6) embedded in the cell wall. Outer container (7) holds water to keep the sample from absorbing air

when the load is decreased. Axial load is applied with aram (8) which is attached to an LVDT (9) to mea-
sure axial strain.
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Direct (constant head test)

A constant head test allows direct determination of permeability. During this
experiment, constant fluid pressure is held at one end of the sample; the outflow end is
kept at atmospheric pressure. We calculate permeability from the flow rate through the
sample. Specifically, we calculate hydraulic conductivity, K, from Darcy’s Law.

g - —K(i—@ (3.5)

Using the definition of hydraulic head, h, and substituting the expression for
hydraulic conductivity (Equation 3.6) into Equation 3.5, we get an expression for perme-

ability, k (Equation 3.7).

k
K = —iﬁ (3.6)
A
k = %HA—}i (3.7)
f

In Equation 3.7, A and Al are the cross-sectional areaand length of the sample, pis
fluid viscosity, Qis the measured flow rate under steady-state conditions, and AP; is the
differencein fluid pressure across the length of the sample.

L aboratory measurements of permeability in low-permeability sediments are often
wrought with errors. As elucidated by Tavenas et al. (1983), the identification and elimi-
nation of potential errors are the key to accurate direct permeability measurements. L eak-
age through the external fitting is perhaps the largest and most unavoidable source of
error. We attempt to quantify this error by running leak rate tests in the cell containing no
sample. Osmosis and diffusion through the latex sleeve can aso introduce error into the

measurements. Surrounding the sample with silicone oil reduces osmotic effects. A third
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source of error may be preferred flow between the latex sleeve and the sample (i.e. with-

out having passed through sample) (Tavenas et al., 1983). A confining pressure (800,
1000 psi) on the sample minimizes this type of flow.

Gas bubbles which have come out of solution during unloading of the sample (i.e.
as core was brought to the surface) may block pore throats and hinder flow, thus decreas-
ing the permeability of the sediment (Bryant et al., 1975). Our experiments were run with
an inflow fluid pressure ranging from 49 to 150 psi, to drive any exsolved gas bubbles
back into solution. Osmotic effects caused by introducing freshwater into the marine sedi-
ment sample may also decrease the apparent permeability of the sample (Neuzil, 1986).
Use of a saline brine (35 ppt) minimizes these effectsin our experiments.

In order to account for the transient nature of the flow at the beginning of the test
(Olsen et a., 1985), we alow the test to equilibrate and reach steady-state flow before
measuring flow rate for calculations of permeability. However, it is difficult to pinpoint
the transition from transient to steady-state flow. Ideally, we consider the system to be at
steady-state when volume in equals volume out. In practice, it is difficult to quantify the
volume expelled from the sample. We determine that the system has reached steady-state
when the expelled volume begins to increase steadily and the input volume increases lin-

early with time.

Indirect (consolidation test)

Consolidation is the change in volume resulting from pore fluid expulsion under
an applied load (Atkinson, 1992). Previous authors have used fluid expulsion during con-

solidation to calculate the permeability of a sediment (Terzaghi, 1925; Bryant et al.,
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1975). During a consolidation experiment, after axial load is increased instantaneously

and held, most of the observed strain results from fluid flow out of the sample. Hydraulic
conductivity of the sample, which dictates the rate of fluid expulsion, is afunction of the
coefficient of consolidation (c,), the coefficient of volume compressibility (m,,), and the
unit weight of water (y,).

K=cmy, (3.8

The coefficient of consolidation is controlled by the distance from a drainage

boundary (d) and Tgg, the time at which 90% consolidation is achieved. Tqg is determined
graphically by the square root of time method (Taylor, 1948).

_ 0.8484°

C
Vv
Ty

The coefficient of volume compressibility istheratio of the changein sample

(3.9)

height to increase in stress divided by the initial height of the sample, Hy,

H,—H
mo= | 0L (3.10)
Y H, Cy,1 7%y

0
The accuracy of the indirect method for determining permeability relies on a num-
ber of assumptions. The first assumption is that strains are small and one-dimensional.
Deformation in the laboratory is restricted to uniaxial strain by constraining the sample
laterally. The second assumption is sample saturation. Certain assumptions are a'so made
about the physical properties of the sample. These assumptionsinclude fluid and grain

incompressibility, soil homogeneity, and alinear relationship between stress and strain.

The assumption of grain and fluid incompressibility alows the interpretation of all strain
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as adirect result of the sediment compressibility (i.e. directly related to the rate of fluid

expulsion). From this assumption, it follows that all of the consolidation which occursis
primary, and that the sample does not creep. Preliminary creep tests on samples from the
E.l. 330 area (Karig, pers. comm.) suggest that some creep is occurring during and after
primary consolidation. Therefore, not all of the strain is due to fluid expulsion, and some
error will be introduced into the permeability calculation. All fluid flow is presumed to
follow Darcy’s Law. The final assumption, which may be the greatest source of error, is
that compressibility and permeability are constant during consolidation. We have stated
previously that we infer compressibility to decrease during consolidation, thereby decreas-
ing the strain rate during a constant load rate test. Therefore, the error of thisfinal assump-

tion isinherent in indirect calculations of permeability.

RESULTS

Determination of maximum past stress

A graphical method devel oped by Casagrande (1936) provides a means of deter-
mining the maximum past effective stress experienced by an undisturbed, uncemented
sample, termed preconsolidation stress (o) (Figure 3.58). If the laboratory experiment
replicates the deformation path followed by the sediment during burial, the observed stress
at sample yield corresponds to the sample’ s preconsolidation stress (Karig and Morgan,
1994). Sampleyield is defined as the break in slope of the stress-strain curve, which
denotes the transition between el astic reconsolidation and first-time consolidation (Karig
and Morgan, 1994).

The preconsolidation stress for the A-12 mud (T96) sampleis 7.2 MPa (1046 psi)



a) A-12 shale (T96)
0.62 T N T T T T 1711
| INCL
06————— F——ANNF—t+d—++++—————
| | R A
058 — — — — — AR N N T O Y
| | R
RN I NN
e S D U
o [ AN
g 054 ————— RS PN S T ——— =
o | NN ND
T 052 ————— Fe—d——h A\ G
5 | (I NI
7] P S S U s o N\ WA
: | I |
| I R T |
0.48 777777 i i S— S—— S—— R— — 1 772 —
[o, (Iaboratory)—1046 p5| |
046} — — == —————r—— -\ —— —
|c5v (in situ) = 1025 psi| | | |
0.44— - e —
10 _ _ 10°
Vertical Effective Stress (psi)
b) A-20ST2 shale (T77)
0.62
0.6
0.58
0.56
h=t
S 054
o
©
2 052
>
05
0.48
0.46
|
0.44 '
;
Vertical Effective Stress (psi)

Figure 3.5: Maximum past stress (preconsolidation stress, o, is determined using Casagrande’ s (1936)

77

graphical method. First, we plot void ratio versus vertical effective stress on log-linear axes and determine

the point of maximum curvature. The point of maximum curvature is determined mathematically, by dis-
cretely calculating the change in slope of the curve. We then draw a tangent (1) and a horizontal line (2)

through that point. Third, we bisect (3) the angle formed by the tangent and horizontal lines and then draw a
linear regression (4) through the first-time consolidation (post-yield) portion of the curve. The vertical effec-

tive stress at the intersection of the bisector (3) and the linear regression (4) denotes the maximum past

effective stress experienced by the sample (e.g. ). 8) For the A-12 (T96), o iswithin 0.2 MPa (25 psi) of
insitu o,. b) Inthe A-20ST2 (T77), experimental o is approximately 1.4 MPa (200 psi) greater than in situ

Oy-
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(Figure 3.5a). For the A-20ST2 sample (T77), the experimentally-derived o is 8.6 MPa

(1248 psi) (Figure 3.5b). The A-14ST experiment was halted due to mechanical limita-
tions, prior to reaching the sample' s preconsolidation stress. Table 3 presents a summary

of results from the Ky experiments.

Stressratio, K

Ko, referred to as the coefficient of earth pressure at rest (Brooker and Ireland,

1965) isthe ratio between horizontal effective stress and vertical effective stress under
uniaxial strain conditions (Jones, 1994). We calculate Ky as the slope of the 5,,-6,, curve.
_ Ac A
AGV

Ko increased inthe A-12 (T96) and A-20ST2 (T77) experiments following sample

K0 (3.11)
yield (Figures 3.6a,b). In the A-12 (T96) sample (Figure 3.6a), at vertical effective stress
lessthan o, K is0.52. At larger values of vertical effective stress, K is 0.86. Similarly,
inthe A-20ST2 (T77), Kg increased from 0.63 to 0.85 following o (Figure 3.6b). In the
A-14ST sample, which was not tested to sample yield, K of reconsolidation was 0.37
(Figure 3.6¢). In the disaggregated A-12 sand (C43) sample, K for first-time consolida-

tion was 0.43 (Figure 3.6d).

Permeability

Constant head permeability tests on samples from the A-12 well provided esti-
mates of layer-parallel (PO1) and layer-perpendicular (PO3) mud permeability. During
each test, aconstant fluid pressure was held at the inflow end, while the outflow end of the

sample was kept at atmospheric pressure. Therefore, AP;, the fluid pressure difference



Table 3.3: Summary of Defor mation Experiment results
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SubseaTrue - pre- post-
Well Sample | Vertical ¢ yield | yield | C, | Cq
Depth (pSI) KO KO
338 A-14ST T99 7063’ N/A 0.371 N/A 0.05 | N/A
(2153 m) v=0.27
316 A-12 T96 6690’ 1046 0.52 0.86 | 0.10 | 0.27
(2039 m) | (7.2MPa) | v=0.34 | v=0.46
316 A-12 C43 6830’ N/A 0.434 N/A N/A | N/A
(2082 m) v=0.30
330 A-20ST2 T77 7350’ 1248 0.63 0.85 0.07 | 0.29
(2240m) | (8.6 MPa) | v=0.39 | v=0.46
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across the length of the sample, is equal to the fluid pressure at the inflow end.

During the PO1 experiment, flow rate was monitored at AP; of 0.34 and 0.66 MPa
(49 and 96 psi) (Figure 3.7a). Confining pressure remained at 6.9 MPa (1000 psi) for the
duration of the experiment. Layer-parallel permeability at AP; of 0.34 MPais 8.08 x 1019
m? (8.19 x 10* mD). At AP of 0.66 M Pa, permeability is 2.41 x 101° m? (2.44 x 10
mD). Average layer-parallel permeability at the two different fluid pressures, is5.25 x 107
¥ m? (5.32 x 10 mD).

The layer-perpendicular sample, PO3 (Figure 3.7b), was tested at a confining pres-
sure of 800 psi, for a series of fluid pressures. Layer-perpendicular permeability measure-
ments are 1.42 x 10°1° m? at 0.35 MPa, 1.14 x 10'° m? at 0.52 MPa, 9.29 x 1020 m? at
0.70 MPaand 1.10 x 101° m? at 1.03 MPa, for an average of 1.15 x 10° m? (1.17 x 10"
mD).

Two leak rate tests, run at avariety of AP, identified leak rates of 0.042 and 0.048
mL/hr. Accounting for the leak rate into the system changes our permeability values for
PO1 and P03 t0 3.82 x 10°1° m? and 6.47 x 1022 m? (3.87 x 10™* and 6.56 x 10™° mD),

respectively.

Compression Index
Compression index (c.) isthe changein void ratio for achangein vertical effective
stress, during primary (first-time) consolidation (Equation 3.12).
e = clog(o ) +c (3.12)
We calculate c; asthe slope of the void ratio-vertical effective stress curve, plotted

on log-linear axes. The recompression index (c;) of a sediment during reloading (e.g. at
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Figure 3.7: a) Direct measurements of layer-parallel (P01) permeability yield an average permeability of
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5.25x 1019 m? (5.32 x 10 mD). Initial porosity of PO1 sampleis 0.40; final porosity was difficult to deter-
mine because sample was misshapen upon removal from cell. b) Average layer-perpendicular permeability

(P03) is 1.15 x 10-19 m2 (1.17 x 10™* mD). During the PO3 experiment, porosity decreased from 0.48 to

0.38.
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stresses |ess than o) is consistently lower than the compression index (c;) during first-

time consolidation (Figure 3.8). Recompression index for the A-12 mud (T96) is 0.10;
compression index is 0.27. Values for the A-20ST2 (T77) are 0.07 and 0.29, for ¢, and ¢,

respectively. The A-14ST (T99) has the lowest recompression index of 0.05.

Velocity

Compressional wave velocity (v,) was measured during K experiments on the A-
14ST, A-12 and A-20ST2 mud samples. Compressional waves at a frequency of 400 kHz
were generated along the core axis (i.e. perpendicular to bedding). Measurements have an
accuracy of £0.02 km/s (Karig, 1996). As vertica effective stress increases and the sedi-

ment compacts, vy, increases (Figure 3.9).

DISCUSSION

Assessment of consolidation state

We determine the maximum past stress experimentally by observing the changein
deformation behavior during the experiment. Mud compaction is largely irreversible,
because deformation is primarily plastic with asmall elastic component. When asampleis
brought from depth to the surface, it experiences a decrease in effective stress and a conse-
guent rebound in void ratio (Figure 3.10, point 3). This rebound results from elastic expan-
sion and opening of microcracks (Karig and Hou, 1992). Asthe sampleisreloaded in the
laboratory, the deformation path follows a slope similar to the unloading path, until the
stress reaches the maximum past stress to which this sample has been subjected (Figure
3.10, point 4). Karig and Hou (1992) showed the similarity between the unloading and

rel oading deformation curvesin laboratory experiments. Mesri and Choi (1985) demon-
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strated the uniqueness of the void ratio-effective stress relationship in determining maxi-

mum past stress experimentally. Asthe vertical effective stressincreases past the
maximum past stress, the slope of the void ratio-effective stress curve changes, reflecting
achange from primarily elastic to primarily plastic deformation (Turcotte and Schubert,
1982; Atkinson, 1993). The plastic portion of the deformation isirreversible. On atradi-
tional stress-strain plot, the elastic-plastic transition is manifested by a change from linear
to non-linear behavior.

The comparison between |aboratory-derived preconsolidation stresswith in situ
estimates of current vertical effective stress allows us to assess the consolidation state of
the mud. A normally consolidated sediment has never been subjected to a higher stress
than its current stress (Jones, 1994). An overconsolidated sediment is one which has been
subjected to a greater effective stress than its current effective stress. The A-12 (T96) o,
(7.2 MPa; 1046 psi) iswithin 0.2 MPa (25 psi) of the estimated in situ vertical effective
stress (Table 3), indicating that this sediment is normally consolidated and therefore has
experienced uni-directional strain.

The A-20ST2 sample appearsto record a more complicated deformation path. The
preconsolidation stress (e.g. maximum past vertical effective stress) of the A-20ST2 sam-
ple (8.6 MPa; 1248 psi) is approximately 1.4 MPa (200 psi) greater than the current in situ
vertical effective stress. Thisdifferenceimpliesthat this sediment may have experienced a
decrease in effective stress at depth.

The observation in the A-12 mud (T96) that o is equal to the current in situ o, is
of interest for several reasons. First, the water phase pressure in the overlying (Lentic 1

upper) sand (6.1 m above sample depth) is higher than the porosity-predicted fluid pres-
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sure in the adjacent mud (Chapter 2; Stump and Flemings, 1998). The presence of fluid

pressures in sand which are greater than predicted pressure in adjacent mud layers has
been interpreted by some previous workers as evidence of unloading (Bowers, 1994; Hart
et a., 1995). However, results from the uniaxial strain experiments on the A-12 mud
imply that these sediments are currently at the maximum effective stress and therefore
unloading (e.g. alate-stage decrease in effective stress) has not occurred. The A-20ST2
(T77) sample may be recording amore complicated deformation history (i.e. adecreasein
vertical effective stress over time).

Cementation can strengthen a sample, increase the apparent preconsolidation
stress of a sample, and be misinterpreted as overconsolidation. We attempt to assess the
effects of cementation by cross-plotting mean effective stress (p’ = (2o,+c,,)/3) with dif-
ferential stress (q = oy, - o) (Figure 3.11a). An uncemented, normally consolidated sedi-
ment (Figure 3.11a, dashed line) deforms along an approximately linear pathin p’-q
space, with abreak in slope at sampleyield. A cemented sample will likely show a
decrease in differential stressfor increasing mean effective stress, as cement breaks down
(Figure 3.11a, dotted line). The deformation path of an overconsolidated, uncemented
sample is not completely understood (Figure 3.11a, solid lines with question marks). The
sample may demonstrate a constant differential stressfor increasing mean effective stress,
just prior to sampleyield, or it may show only aslight increasein differential stress at the
onset of deformation.

We plot results from the mud experiments (T99, T96, T77) in p’-g space to attempt
to differentiate between effects of cementation and overconsolidation (Figures 3.11b,c,d).

The A-12 signature (Figure 3.11b) appears to record an uncemented, normally consoli-
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dated path (i.e. bilinear with abreak in slope at yield). The A-20ST2 p’-q signature (Fig-

ure 3.11c) appearsto correlate well with one of the possible signatures for an overcon-
solidated sediment (Figure 3.114). There is no marked decrease in differential stress, coin-
cident with the breakdown of cementation. Mineralogical analyses of the A-12 and A-
20ST2 did not indicate the presence of significant calcite cement (Core Laboratories,
1994; Losh et al., 1994), but also did not rule out the presence of authigenic clay. The A-
14ST (T99) plot (Figure 3.11d) isinconclusive, because the experiment was not run to
sample yield. Specific information about cement in the A-14ST core was not available.

Bryant et a. (1986a) suggest that the Casagrande method may underpredict the
maximum past stress by as much as 35%. They propose an alternative method of comput-
ing regressions through the rebound and first-time compaction curves; the intersection of
the two linesidentifies the maximum past stress. However, Blum et a. (1996) observed no
systematic difference between the Casagrande and Bryant methods in determining the pre-
consolidation stress of their samples.

Casagrande (1936) developed the graphical method for predicting preconsolida-
tion stress from vertical effective stress and void ratio for use with traditional oedometer
tests. During these tests, alimited number of parameters are measured. Wood (1990) pre-
sented other methods of constraining o, when more data are available. A ‘yield surface’,
rather than a discrete point, can be identified using all three principal effective stresses
(rather than one principal stress used in the Casagrande method).

A few potential sources of error are inherent in our calculations. First, we assume
that geologic deformation is approximately uniaxial. Following this assumption, we con-

sider uniaxial strain experiments to be areplication of sediment burial in ageologic basin,
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and therefore presume the experimental yield stress to be indicative of the maximum past

stress. In an extensional basin such as the Eugene Island 330 area, an assumption of uniax-
ial strain may cause the maximum past vertical effective stress observed in the laboratory
to differ from the in situ maximum past vertical effective stress.

Second, we assume that the deformation experiments are run under drained condi-
tions. That is, we assume that strain rates are sufficiently slow to allow excess fluid pres-
sureto dissipate, such that the fluid pressure in the sampleis constant. If thisassumptionis
invalid, we are overestimating effective stress for a given porosity. Preliminary calcula-
tionsindicate that for an average strain rate of 1 x 10”7 s in asamplewith permeability of
1x 109 m? (1x 10 mD), accumulated excess pressure is negligible (P{/S, < 0.05). As
the A-12 mud permeability measurements arein the range of 1 x 10"X° m?, we consider all

of these tests to be representative of drained behavior.

Stressratio, K

Lateral strain in normally-faulted basins such the E.I. 330 area can affect in situ
stressratio, by decreasing horizontal effective stress. Even if geologic strain istruly uniax-
ial, care should be taken when comparing laboratory-derived stress ratios with in situ mea-
surements. Stress history can affect in situ oy, thereby changing the in situ stress ratio
(Karig, 1996). A decreasein vertical effective stresswill cause a decrease in horizontal
effective stress, but the change in o}, will not be equal to the change in .. Therefore, the
unloaded stress ratio will differ from the first-time consolidation stress ratio.

We compare K calculated during deformation experiments to in situ measure-

ments of stressratio in the E.I. 330 area. We cal culate stress ratio using measurements of
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oy, (from stresstests, leak-off tests, and fracture completions) and c,, calculated from the

wireline bulk density log and porosity-derived estimates of fluid pressure (Chapter 2). The
post-c. Kq values for the A-12 (T96) and A-20ST2 (T77) samples agree well with in situ
stress ratios calcul ated from leak-off and stress test data.

A stresstest in the A-20ST2 well provided an in situ estimate of horizontal effec-
tive stress, oy, (Flemings et al., 1994). The measured in Situ stressratio in the A-20ST2
well is0.84, which is nearly identical to the post-yield K value (0.85). A leak-off test
close to the A-12 well, provided a calculated in situ stress ratio at sample depth of 0.91
(Finkbeiner, 1998; Finkbeiner et al., inreview). Thisin situ stress ratio is dlightly higher
than the experimental K of 0.86. Stress ratio cal culated from afracture completion in the
Lentic 1 sand adjacent to the A-12 cored interval is 0.43 (Finkbeiner, 1998), which is
equivalent to the experimentally-derived K value in the A-12 sand (C43).

As stated in Karig and Hou (1992), stronger sediments (i.e. sands) often have
lower measured K, values, because they are capable of withstanding higher differential
stresses. The observation that K is greater in muds than in adjacent sandsis very signifi-
cant for drillers and completionists, because it implies that a fracture propagated within a
sand will be contained by the mud. The mud K values measured in our experiments are
dightly higher than values of K presented in previous studies (Table 4).

Both the A-12 and the A-20ST2 mud samples showed an increase in K following
yield. The sharp increase following yield results from a change in deformation. Prior to
yield, during the reloaded phase, deformation is recoverable (elastic). Following yield, as
the sample consolidates along its first-time compaction path, deformation is mostly plas-

tic. Karig and Hou (1992) measured K values of 0.35 and 0.62 for the elastic and first-
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time consolidation phases of deformation in silty clays. A sand K, test reveal ed ratios of

0.21 and 0.53 for elastic and first-time consolidation, respectively (Karig and Hou, 1992).
In isotropic sediments, during elastic deformation under uniaxial strain conditions,

stressratio isadirect function of Poisson ratio. We recognize the anisotropy of clays, but

estimate an average Poisson ratio using experimental Kq. Equation 3.13 is derived from

Hooke' s Law.

e Ac), v
U AGV Y

(3.13)

By rearranging, we cal cul ate the Poisson ratio of these samples from the experi-

mental K measured during the reload (elastic) phase of consolidation.

Ky
[+K,

(3.14)

In the A-12 sample the K of the reloaded phase is 0.52, corresponding to a Pois-
son ratio of 0.34. Dynamic Poisson ratio, calculated from awireline dipole sonic tool at
the depth of the A-12 mud sample, is0.39.

In the A-20ST2, the pre-c. K of 0.63 corresponds to a Poisson ratio of 0.39. Pois-
son ratio measured during a uniaxial stress test on a mud sample from the A-20ST2 well
(Karig, pers. comm.) was 0.35.

The A-14ST K value (0.37) suggests a Poisson ratio of 0.27. The difference
between the A-14ST K and those of the A-12 and A-20ST2 samples may be partially due
to the fact that the A-14ST sample was not run to the sample’s preconsolidation stress. As
shown by Figures 3.6a,b, in the A-12 (T96) and A-20ST2 (T77), Ky increased as ,,

approached o.



Table 3.4: Comparison of post-yield K valueswith previous work

Sediment type Composition Ko
A-12 mud 38% quartz, 39% clay, some potassium 0.86
(this study) feldspar, plagioclase, calcite
A-20ST2 mud 35% quartz, 54% clay 0.85
(this study)
Ottawa sand mixture 90% quartz, 10% clay 0.53
(Karig and Hou, 1992)
sty clay 50% silica powder (incl. quartz, potassium 0.62
(Karig and Hou, 1992) feldspar), 50% clay
Boston Blue Clay 35% quartz, 30% clay, 23% plagioclase, 0.56
(Mesri and Hayat, 1993) 8% potassium feldspar
St. Alban clay 25% quartz, 26% clay, 33% plagioclase, 0.49
(Mesri and Hayat, 1993) 11% potassium feldspar
Bearpaw Shale 30% quartz, 65% clay, 0.70
(Brooker and Ireland, 1965) | 5% potassium feldspar
London Clay 15% quartz, 85% clay 0.67
(Brooker and Ireland, 1965)
Weald Clay 30% quartz, 70% clay 0.54
(Brooker and Ireland, 1965)
Goose Lake Flour 25% quartz, 75% clay 0.51

(Brooker and Ireland, 1965)
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Permeability

Permeability calculations (5.32 x 10 mD, 1.17 x 10°* mD) from constant head
tests on samples from the A-12 well fall in the range of measurements made in previous
studies (Figure 3.12). Dewhurst et al. (1998) measured an average permeability of 7.5 x
103 mD (7.4 x 10"*® m) for asilt-rich (40% clay) sample with 34% porosity. Measure-
ments of permeability during consolidation tests on deepwater core from the Pigmy Basin,
Gulf of Mexico yielded an average value of 3x 104 mD (3 x 10° m?) (Bryant et al.,
1986h). Wetzel (1990) measured an average permeability of 8.6 x 103 mD (8.5 x 10718
m?) for turbidites taken from several hundred feet below the seafloor. Bryant et al. (1975)
evaluated permeability from consolidation tests on various Gulf of Mexico sediments. For
samples with composition and porosity similar to our samples, permeability ranged from
6.6 x 10 (6.5x 101° m?) t0 9.6 x 10 mD (9.5 x 1019 m?) (Bryant et al., 1975).

Theratio of layer-parallel to layer-perpendicular permeability (4.5 for our data)
may be due to the anisotropy of the mud. Vasseur et al. (1995) showed the difference
between layer-parallel and layer-perpendicular permeabilities to increase for increasing
levels of compaction. Taylor and Fisher (1993) also observed anisotropy in their perme-
ability measurements of sediments from the Nankai accretionary prism.

Falling head and flow-pump tests are alternative methods for directly determining
permeability. Olsen et al. (1985) prefer the flow pump method, because it generates a
more easily distinguishable steady-state flow phase. The flow pump method aso allows
the measurement of permeability at various flow rates, which makes deviations from
Darcy flow more apparent. These tests are also faster than constant or falling head tests

and can be run with much lower gradients (Olsen et al., 1985). Tavenas et al. (1983) prefer
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Figure 3.12: Comparison plot of porosity-permeability data published by previous authors shows that our

permeability measurements (black circles) compare well with previous measurements made in similar sedi-
(1998) for Gulf of Mexico muds. Indirect permeability measurements, made during consolidation tests are

shown as asterisks (*), x's, and filled symbols. Empty symbols denote direct measurements of permeability

ments. Plus symbols (+) represent modeled results from Bryant et al. (1986a) and Gordon and Flemings
(constant head and flow pump tests).
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the falling head method in an oedometer to the constant head test, because the former is

simpler, faster, and equally reliable.

Dewhurst et al. (1998) observed that direct measurements of permeability are gen-
erally 2 to 4 times lower than values estimated from consolidation tests. Consolidation-
derived permeability is an average taken over arange of porosity values, while direct per-
meability is measured at the end of aload increment (i.e. at the compacted porosity only)
(Dewhurst et al., 1998). Taylor and Fisher (1993) observed that their direct measurements
of permeability exceeded values calculated from indirect methods by approximately an
order of magnitude. As Mesri and Olson (1971) describe, the Terzaghi indirect method of
permeability determination attributes all resistance to flow to permeability. If other factors
impede flow, the consolidation (indirect) method will underestimate actual permeability
(Mesri and Olson, 1971).

Regional in situ permeability may exceed laboratory estimates of permeability
because of the influence of fractures. Neuzil (1994) recognized the differences between
laboratory and regional estimates for Pierre shale and clay till, but also observed that sev-
eral muds showed very similar values for laboratory and regional permeability.

The transformation from smectite to illite could also contribute to a decrease in
permeability over time (Bethke, 1986). Therefore, in situ permeability isdirectly related to

clay content and mineralogy.

Compression Index
The observed difference in ¢, measurements for the A-20ST2 (T77) and A-12

(T96) samples may be attributed to differencesin clay content. The A-12 sample contains
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39% clay and records ac; of 0.27. The A-20ST2 has a higher clay content of 54% and

records a higher c. (0.29).

Recompression indices (c,) for the A-12 (T96) and A-20ST2 (T77) are less than
compression indices (c;) for those samples. The relationship between c. and ¢, is con-
trolled by how much a sample swells during unloading. Miller et al. (1998) discussin situ
deformation paths resulting from unloading. Dewhurst et al. (1998) observed that clay-
rich samples swell more (i.e. have ahigher c,) than quartz-rich samples. However, we do
not observe this relationship in our samples. The sample with a higher clay content, A-
20ST2 (T77), has alower c, than the A-12 (T96) sample (0.10).

Compression index calculated from awireline mud porosity-effective stress analy-
sisinthe E.I. 330 area (Stump and Flemings, 1998) is 0.5, significantly greater than the
laboratory-derived c. for similar sediment. The higher compressibility calculated from the
wireline relationship may be due to time-related effects. Over geologic time-scales, sec-

ondary consolidation and creep contribute to sediment compaction.

Veocity

The porosity-velocity relationships from these deformation experiments (Figure
3.13) correlate well with arelationship developed by Raymer et al. (1980) and enhanced
by Raiga-Clemenceau et al. (1986).

¢ = 1—(A2—";a)l/f (3.15)

Issler (1992) calculated an acoustic formation factor, f, of 2.19 and a At,,5 Of 67 us/
ft for non-calcareous, low TOC shale. As shown by Figure 3.13, values calculated during

our Kq tests on the A-12 and A-20ST2 mud samples correlate well with Isser’s (1992)
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Figure 3.13: Cross-plot of porosity and compressional velocity data, for the determination of acoustic forma-
tion factor (f) and matrix velocity (At,g) (Equation 3.15). Specifically, the slope of the regression lineis 1/f.
They-intercept of thelineisequal to (1/f)*log (At,,s). Linear regression of the T77 (A-20ST2) datareveasf
= 2.18, Atyyq = 59 pg/ft, with a correlation coefficient (R2) of 0.9850. T96 (A-12) datayieldsan f of 2.19,
Atypq Of 56 ng/ft, and R? = 0.9962. For reference, Issler’s (1992) relationship is shown.
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values.

CONCLUSIONS

Deformation experiments conducted on two mud samples from the Eugene Island
330 area may suggest two different consolidation states for these sediments. The A-20ST2
uniaxial strain experiment shows possible evidence of anin situ decreasein vertical effec-
tive stress, implying that fluid pressure increased following compaction. However, the A-
12 sample shows no evidence of adecreasein vertical effective stress. Experimental stress
ratios following sample yield correlate well with in situ measurements. Constant head

tests reveal mud permeability estimates of 5.32 x 10* and 1.17 x 104 mD.
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Time (hrs) (fri?on) astrs(psi) | hstrs(ps) | dstrs (psi) pé’\r/‘/’\s'/;y
0.034 000000 | 1520318 | 732072 | 788247 | 0320
0.255 000005 | 1529.838 | 740.663 | 789175 | 0.320
0.489 000006 | 1531289 | 738863 | 792426 | 0.320
0.755 000007 | 1532914 | 738558 | 794356 | 0.320
0.989 000008 | 1534351 | 738442 | 795909 | 0.320
1.255 000009 | 1536.267 | 738471 | 797.795 | 0.320
1.489 000010 | 1537.587 | 737.398 | 800190 | 0.320
1.755 000011 | 1538966 |737.630 | 801336 | 0.320
1.989 000013 | 1540446 | 737.847 | 802599 | 0.320
2,255 000014 | 1541897 |737.310 | 804587 | 0.320
2489 000015 | 1543261 | 736498 | 806.763 | 0.320
2755 000016 | 1544901 | 736280 | 808621 | 0.320
2,989 000017 | 1546381 | 736512 | 809.869 | 0.320
3.255 000018 | 1547.861 | 736309 | 811538 | 0.320
3.489 000020 | 1549.240 | 735453 | 813787 | 0.320
3.755 000021 | 1550.804 | 735555 | 815325 | 0.320
3.989 000022 | 1552331 | 734248 | 818083 | 0.320
4.255 000024 | 1553898 | 733799 | 820100 | 0.320
4.489 000025 | 1555349 | 734080 | 821261 | 0.320
4.755 000027 | 1556.850 | 734307 | 822552 | 0.320
4.989 000028 | 1558281 | 735090 |823191 | 0.320
5.255 000020 | 1560.022 | 734858 | 825164 | 0.320
5.489 000030 | 1561198 | 735598 | 825600 | 0.320
5.755 000045 | 1562881 | 735772 | 827109 | 0.320
5.989 000046 | 1564.274 | 735293 | 828981 | 0.320
6.255 000046 | 1565972 | 735700 | 830258 | 0.320
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Time (hrs) (fri?on) astrs(psi) | hstrs(ps) | dstrs (psi) pé’\r/‘/’\s'/;y
6.489 000047 | 1567.322 | 735700 | 83L622 | 0.320
6.755 000047 | 1568.802 | 735729 | 833073 | 0.320
6.989 000048 | 1570442 | 735816 | 834626 | 0.320
7.255 000049 | 1571878 | 735076 |836.803 | 0.320
7.489 000050 | 1573184 | 735526 | 837.659 | 0.320
7.755 000051 | 1574853 | 735917 |838921 | 0.320
7.989 000052 | 1576537 | 736832 | 839.705 | 0.320
8.255 000053 | 1578017 |736.135 |8418%2 | 0.320
8.489 000054 | 1579.323 | 736715 | 842622 | 0.320
8.755 000055 | 1580.934 | 737.746 | 843188 | 0.320
8.989 000056 | 1582428 | 738762 | 843667 | 0.320
9.255 000057 | 1583923 | 739.153 | 844784 | 0.320
9.489 000058 | 1585418 | 739545 | 845872 | 0.320
9.755 000060 | 1586.898 | 740082 | 846830 | 0.320
9.989 000060 | 1588320 | 740.880 | 847.425 | 0.320
10.255 000062 | 1500.018 | 741548 | 848470 | 0.320
10.489 000063 | 1591542 | 741838 | 849.704 | 0.320
10.755 000064 | 1593181 | 741272 | 851895 | 0.320
10.989 000065 | 1594444 | 742012 | 852446 | 0320
11.255 000066 | 1595982 | 742027 | 853955 | 0.320
11.489 000067 | 1597.520 | 741969 | 855552 | 0.320
11.755 000068 | 1599.117 | 742012 | 857.105 | 0.320
11.989 000069 | 1600.336 | 742578 | 857.758 | 0.320
12.255 000071 | 1602164 | 742941 | 859223 | 0.320
12.489 000071 | 1603514 | 744015 | 859499 | 0.320
12.755 000072 | 1605023 | 745103 | 859.920 | 0.320
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0.034 0.000 155.278 | 149.474 | 6.995 150.925 | 0.370 0.955
0.126 0.007 162.534 | 155.278 | 7.895 158.181 | 0.370 0.952
0.396 0.007 163.986 | 156.730 | 7.474 159.632 | 0.370 0.954
0.634 0.011 166.888 | 159.632 | 8.286 161.083 | 0.370 0.951
0.905 0.017 168.339 | 159.632 | 9.041 162.534 | 0.370 0.946
1.140 0.022 169.790 | 161.083 | 9.331 163.986 | 0.370 0.945
1.380 0.025 171.242 | 161.083 | 9.607 163.986 | 0.369 0.944
1.650 0.029 172.693 | 162.534 | 10.187 166.888 | 0.369 0.941
1.890 0.033 174.144 | 162.534 | 10.521 166.888 | 0.369 0.939
2.130 0.043 175.595 | 165.437 | 10.957 168.339 | 0.369 0.938
2.400 0.049 177.046 | 165.437 | 11.682 168.339 | 0.369 0.934
2.630 0.056 178.498 | 166.888 | 12.422 171.242 | 0.369 0.931
2.900 0.060 179.949 | 166.888 | 12.567 171.242 | 0.369 0.930
3.140 0.070 181.400 | 166.888 | 14.033 171.242 | 0.369 0.922
3.380 0.077 182.851 | 168.339 | 14.149 174.144 | 0.369 0.923
3.650 0.085 184.302 | 168.339 | 16.108 174.144 | 0.369 0.913
3.890 0.090 185.754 | 168.339 | 17.124 174.144 | 0.369 0.908
4.130 0.099 188.656 | 171.242 | 17.269 177.046 | 0.369 0.908
4.400 0.108 188.656 | 171.242 | 17.414 177.046 | 0.369 0.907
4.630 0.117 190.107 | 171.242 | 18.575 177.046 | 0.369 0.902
4.900 0.127 193.010 | 172.693 | 19.446 179.949 | 0.368 0.899
5.140 0.133 193.010 | 172.693 | 20.027 179.949 | 0.368 0.896
5.380 0.138 195912 | 175.595 | 20.317 181.400 | 0.368 0.896
5.650 0.143 195.912 | 175.595 | 21.623 182.851 | 0.368 0.890
5.890 0.149 198.814 | 177.046 | 21.623 184.302 | 0.368 0.891
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6.130 0.154 198.814 | 177.046 | 22.203 184.302 | 0.368 0.889
6.400 0.161 200.266 | 177.046 | 22.929 184.302 | 0.368 0.885
6.630 0.167 201.717 | 178.498 | 23.364 187.205 | 0.368 0.884
6.900 0.172 204.619 | 181.400 | 23.800 188.656 | 0.368 0.884
7.140 0.177 204.619 | 181.400 | 24.235 188.656 | 0.368 0.882
7.380 0.181 206.070 | 181.400 | 24.961 188.656 | 0.368 0.879
7.650 0.189 208.973 | 182.851 | 25.831 191.558 | 0.368 0.877
7.890 0.196 208.973 | 182.851 | 26.122 191.558 | 0.368 0.875
8.130 0.195 211.875 | 184.302 | 26.702 194.461 | 0.367 0.874
8.400 0.193 211.875 | 185.754 | 27.573 194.461 | 0.367 0.870
8.630 0.195 214.778 | 187.205 | 28.008 195.912 | 0.367 0.869
8.900 0.202 216.229 | 187.205 | 29.604 197.363 | 0.367 0.863
9.140 0.207 217.680 | 187.205 | 30.040 197.363 | 0.367 0.862
9.380 0.212 217.680 | 187.205 | 30.765 197.363 | 0.367 0.859
9.650 0.219 220.582 | 188.656 | 31.926 200.266 | 0.367 0.855
9.890 0.224 222.034 | 188.656 | 33.232 200.266 | 0.367 0.851
10.100 0.232 223.485 | 188.656 | 33.958 200.266 | 0.367 0.848
10.400 0.240 224.936 | 188.656 | 35.409 200.266 | 0.367 0.842
10.600 0.246 224936 | 188.656 | 36.135 200.266 | 0.367 0.839
10.900 0.251 226.387 | 188.656 | 37.586 201.717 | 0.367 0.834
11.100 0.256 229.290 | 191.558 | 38.892 204.619 | 0.367 0.831
11.400 0.259 230.741 | 191.558 | 39.763 204.619 | 0.367 0.828
11.700 0.265 232.192 | 191.558 | 41.069 204.619 | 0.367 0.823
11.900 0.270 233.643 | 191.558 | 42.375 204.619 | 0.367 0.818
12.100 0.274 235.094 | 191.558 | 43.971 206.070 | 0.367 0.813




Appendix F: Resultsfrom T96 (A-12 mud)

Time Gy Ch q P
(hr9 | ° L e N B )
0.034 0.000 0.360 141.782 | 100.423 | 41.359 114.209
0.114 0.017 0.360 146.571 | 105.212 | 41.504 118.998
0.184 0.017 0.360 146.571 | 105.792 | 41.359 119.579
0.255 0.017 0.360 148.022 | 105.502 | 42.085 119.579
0.330 0.017 0.360 148.022 | 105.067 | 42.956 119.434
0.568 0.017 0.360 149.474 | 103.471 | 46.293 118.853
0.805 0.029 0.360 150.925 | 102.310 | 48.760 118.563
1.080 0.033 0.360 152.376 | 101.584 | 51.372 118.708
1.310 0.040 0.360 153.827 | 102.455 | 51.953 119.724
1.580 0.045 0.360 156.730 | 102.455 | 53.694 120.304
1.820 0.050 0.359 158.181 | 103.180 | 54.275 121.320
2.060 0.057 0.359 158.181 | 103.035 | 55.581 121.611
2.330 0.065 0.359 159.632 | 103.325 | 57.032 122.336
2.570 0.072 0.359 161.083 | 103.761 | 58.048 123.062
2.810 0.077 0.359 162.534 | 104.051 | 59.209 123.787
3.080 0.092 0.359 165.437 | 104.341 | 60.660 124513
3.310 0.094 0.359 166.888 | 104.341 | 62.111 124,948
3.580 0.102 0.359 168.339 | 104.486 | 63.563 125.674
3.820 0.111 0.359 169.790 | 104.341 | 65.159 125.964
4.060 0.116 0.359 171.242 | 104.777 | 66.030 126.835
4.330 0.130 0.359 172.693 | 105.647 | 66.900 127.996
4570 0.133 0.359 174.144 | 105.357 | 68.642 128.286
4.810 0.143 0.359 175.595 | 105.647 | 69.658 128.867
5.080 0.149 0.358 177.046 | 105.938 | 70.964 129.592
5.310 0.156 0.358 178.498 | 106.518 | 71.834 130.463
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Appendix F: Resultsfrom T96 (A-12 mud)

Time Gy Ch q P
(hr9 | ° ol s | o) | e | @)
5.580 0.164 0.358 179.949 | 106.953 | 72.995 131.334
5.820 0.182 0.358 181.400 | 106.808 | 74.592 131.624
6.060 0.183 0.358 182.851 | 106.953 | 75.753 132.204
6.330 0.192 0.358 184.302 | 106.953 | 77.349 132.640
6.570 0.201 0.358 185.754 | 107.244 | 78.510 133.365
6.810 0.208 0.358 187.205 | 107.534 | 79.526 134.091
7.080 0.216 0.358 188.656 | 108.260 | 80.687 135.107
7.310 0.228 0.358 190.107 | 107.969 | 82.428 135.397
7.580 0.238 0.358 193.010 | 108.550 | 83.734 136.413
7.820 0.247 0.357 193.010 | 108.840 | 84.750 136.993
8.060 0.252 0.357 194.461 | 108.260 | 86.056 136.993
8.330 0.261 0.357 195.912 | 108.405 | 87.507 137.574
8.570 0.277 0.357 197.363 | 108.985 | 88.233 138.444
8.810 0.278 0.357 198.814 | 109.856 | 89.684 139.751
9.080 0.288 0.357 201.717 | 109.856 | 91.135 140.331
9.310 0.296 0.357 203.168 | 110.001 | 92.587 140.766
9.580 0.304 0.357 204.619 | 110.001 | 94.183 141.347
9.820 0.322 0.357 206.070 | 110.146 | 95.344 141.927
10.100 0.324 0.357 207.522 | 110.436 | 96.505 142.653
10.300 0.334 0.357 208.973 | 110.291 | 98.246 142.943
10.600 0.341 0.357 210.424 | 111.742 | 98.246 144,540
10.800 0.348 0.356 211.875 | 111.452 | 99.843 144.685
11.100 0.357 0.356 213.326 | 112.033 | 100.858 | 145.120
11.300 0.363 0.356 214.778 | 112.323 | 101.874 | 146.571
11.600 0.377 0.356 216.229 | 112.613 | 103.325 | 146.571
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Appendix G: P-Wave M easurementsfor T99 (A-14ST mud)

Travel time
(1) ¢

18.811 0.319
18.711 0.318
18.561 0.318
18.461 0.317
18.361 0.316
18.261 0.315
18.111 0.315
18.011 0.314
17.961 0.313
17.911 0.313
0.000 0.000
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Appendix H: P-Wave M easurementsfor T77 (A-20ST2 mud)

o Travel time
(ns)

0.0000 0.000

0.3699 0.000

0.3660 25.965
0.3634 25.315
0.3580 24.664
0.3402 23.264
0.3363 23.014
0.3306 23.114
0.3254 22.364
0.3201 22.363
0.3146 21.563
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Appendix |: P-Wave M easurementsfor T96 (A-12 mud)

o Travel Time
(ns)
0.3600 30.768
0.3551 30.068
0.3527 290.767
0.3486 29.287
0.3459 28.987
0.3426 28.617
0.3399 28.367
0.3374 28.117
0.3309 27.566
0.3266 27.316
0.3230 27.016
0.3199 26.816
0.3171 26.615
0.3122 26.087
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Appendix J: Resultsfrom Permeability Test PO1 (raw voltage data)

Time € Oh Volume Oy
(hours) V) (V) In (V) V)
0.035 4.139 -0.017 0.400 0.042
0.172 4.117 -2.515 0.400 0.091
0.406 4.094 -2.516 0.400 0.004
0.672 4.094 -2.517 0.400 0.004
0.906 -4.849 -2.547 -0.198 0.004
1176 9.190 -4.994 -4.789 0.004
1.410 9.190 -499 | -4.788 | 0.005
1.676 9.190 -4.996 -4.787 0.006
1.910 9.190 -4.996 -4.787 0.006
2.176 9.190 -4.996 -4.787 0.007
2410 9.190 -4.996 -4.787 0.007
2.676 9.190 -4.997 -4.786 0.007
2.910 9.190 -4.998 -4.786 0.007
3.176 9.190 -4.999 -4.786 0.008
3.410 9.190 -5.001 -4.785 0.008
3.676 9.190 -5.000 |-4.785 | 0.009
3.910 9.190 -5.001 -4.784 0.009
4.176 9.190 -5.002 -4.784 0.010
4.410 9.190 -5.003 | -4.784 | 0.009
4.676 9.190 -5.004 -4.784 0.009
4.910 9.190 -5.003 -4.784 0.009
5.176 9.190 -5.004 -4.784 0.009
5.410 2.766 -5.006 -4.784 -0.753
5.681 2.700 -5.006 -4.785 -0.753
5.918 2.666 -5.006 |-4.784 | -0.753
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Appendix J: Resultsfrom Permeability Test PO1 (raw voltage data)

Time € Oh Volume Oy

(hours) V) (V) In (V) V)
6.156 2.637 -5.006 |-4.784 | -0.753
6.426 2.610 -5.008 -4.784 -0.753
6.664 2.588 -5.008 -4.784 -0.753
6.901 2.569 -5.007 | -4.784 | -0.753
7.172 2.547 -5.008 -4.784 -0.753
7.410 2531 -5.008 -4.784 -0.753
7.681 2513 -5.009 -4.784 -0.753
7.918 2.499 -5.010 -4.784 -0.753
8.156 2.486 -5.009 -4.783 -0.753
8.426 2471 -5.009 -4.783 -0.753
8.664 2.458 -5.009 -4.783 -0.753
8.901 2.446 -5.009 -4.784 -0.753
9.172 2432 -5.008 -4.784 -0.753
9.410 2421 -5.008 -4.784 -0.753
9.681 2410 -5.008 -4.784 -0.753
9.918 2401 -5.009 -4.784 -0.753
10.156 | 2.394 -5.008 -4.784 -0.753
10426 | 2.384 -5.009 -4.784 -0.753
10.664 | 2.376 -5.008 | -4.784 | -0.753
10.901 | 2.369 -5.010 -4.784 -0.753
11.172 | 2.359 -5.009 -4.784 -0.753
11.410 | 2.353 -5.009 -4.784 -0.753
11.681 | 2.346 -5.010 -4.784 -0.753
11918 | 2.340 -5.010 -4.784 -0.753
12.156 | 2.335 -5.010 -4.784 -0.753
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Appendix J: Resultsfrom Permeability Test PO1 (raw voltage data)

Time € Oh Volume Oy
(hours) V) (V) In(V) V)
12426 | 2.328 -5.010 -4.784 -0.753
12.664 | 2.322 -5.010 -4.784 -0.753
12901 | 2.318 -5.010 -4.784 -0.753
13.172 | 2312 -5.010 -4.784 -0.753
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Appendix K: Results from Permeability Test PO3 (raw voltage data)

Time P oy Volume Ch €

(hours) | (psi) (V) In (v) V) V)
0.034 0.000 0.336 2.870 -3.044 | 3.217
0.234 0.000 -0.122 2.870 -3.998 2.648
0.505 0.000 -0.421 2.871 -3.996 2457
0.743 0.000 -0.499 | 2871 -3.995 | 2.373
0.980 0.000 -0.499 2.871 -3.995 2.338
1.251 0.000 -0.499 2.871 -3.996 2.316
1.489 0.000 -0.499 | 2.871 -3.996 | 2.305
1.759 0.000 -0.499 2.871 -3.997 2.295
1.997 0.000 -0.499 2.871 -3.997 2.289
2.234 0.000 -0.499 2.871 -3.996 2.283
2.505 0.000 -0.499 2.871 -3.997 2.281
2.743 0.000 -0.499 2.872 -3.998 2.278
2.980 0.000 -0.499 | 2.872 -399% | 2.275
3.251 0.000 -0.499 2.872 -3.997 2271
3.489 0.000 -0.499 2.872 -3.997 2.268
3.759 0.000 -0.499 | 2.872 -3.998 | 2.265
3.997 0.000 -0.499 2.872 -3.998 2.263
4.234 0.000 -0.499 2.872 -3.998 2.260
4.509 35.000 | -0.499 5.437 -3.997 2.261
4.747 35.000 | -0.499 5.295 -3.997 2.261
4.984 35.000 | -0.499 5.065 -3.998 2.256
5.255 35.000 | -0.499 4.922 -3.998 2.257
5.493 35.000 | -0.499 4811 -3.998 2.249
5.730 35.000 | -0.499 4.718 -3.996 2.248
6.001 35.000 |-0.499 | 4.607 -3.997 | 2.244
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Appendix K: Results from Permeability Test PO3 (raw voltage data)

Time P oy Volume Ch €

(hours) | (psi) (V) In (v) V) V)
6.239 35.000 |-0.499 |4.537 -3.998 | 2.241
6.509 35.000 | -0.499 4.439 -3.997 2.240
6.747 35.000 | -0.499 4.367 -3.997 2.239
6.984 35.000 | -0.499 4.296 -3.998 2.241
7.255 35.000 | -0.499 4.218 -3.998 2.240
7.493 35.000 | -0.499 4.162 -3.998 2.238
7.730 35.000 | -0.499 4.110 -3.997 2.239
8.001 35.000 | -0.499 4.038 -3.998 2.238
8.239 35.000 | -0.499 3.962 -3.998 2.235
8.509 35.000 |-0.499 |3.895 -3.998 | 2.232
8.747 35.000 | -0.499 3.831 -3.998 2.235
8.984 35.000 | -0.499 3.773 -3.997 2.235
9.255 35.000 |-0.499 |3.137 -3.998 | 2.235
9.493 35.000 | -0.499 3.140 -3.999 2.232
9.730 35.000 | -0.499 3.142 -3.998 2.234
10.001 | 35.000 |-0.499 |3.144 -3.998 | 2.233
10.239 | 35.000 | -0.499 3.145 -3.998 2.234
10.509 | 35.000 | -0.499 3.147 -3.997 2.234
10.747 | 35.000 | -0.499 3.149 -3.998 2231
10.984 | 35.000 | -0.499 3.119 -3.998 2.230
11.255 | 35.000 | -0.499 3.074 -3.998 2.233
11.493 | 35.000 |-0.499 | 3.054 -3999 | 2.233
11.730 | 35.000 |-0.499 | 3.040 -4.000 |2234
12.001 | 35.000 | -0.499 3.017 -4.000 2.232
12.239 | 35.000 |-0.499 | 3.000 -4.000 |2.231
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Appendix K: Results from Permeability Test PO3 (raw voltage data)

Time P oy Volume Ch €

(hours) | (psi) (V) In (v) V) V)
12509 | 35.000 |-0.499 |2.9% -4.000 |2.230
12.747 | 35.000 | -0.499 2.975 -4.000 2231
12.984 | 35.000 | -0.499 2.939 -4.000 2.230
13255 | 35.000 |-0.499 | 2.892 -4.000 |2.230
13.493 | 35.000 | -0.499 2.828 -3.999 2.232
13.730 | 35.000 | -0.499 2.789 -3.999 2.232
14.001 | 35.000 | -0.499 2.744 -3.999 2231
14239 | 35.000 | -0.499 2.707 -3.999 2.232
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