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Inverse Hydrologic Analysis of the Distribution and Origin
of Gulf Coast-Type Geopressured Zones

CRAIG M. BETHKE
Hydrogeology Program, Department of Geology, University of Illinois, Urbana

Inverse hydrologic analysis of compaction-driven groundwater flow provides insights to the distri-
bution and origin of geopressured zones in subsiding sedimentary basins, such as those found in the U.S.
Gulf Coast. Occurrences of Gulf Coast-type geopressures are most frequently attributed to “disequilib-
rium compaction” caused by slow rates of fluid escape from compacting sediments, “aquathermal press-
uring” from thermal expansion of pore fluids, or the subsurface dehydration of smectite. This paper
presents an inverse solution to the Lagrangian equation of compaction flow that includes effects of
aquathermial pressuring and dehydration reactions. The solution gives the permeability profile required
to maintain a lithostatic pressure gradient in a subsiding basin. Comparison of the closed-form solution
with measured permeabilities shows that geopressured zones are likely to form in shaly basins subsiding
more than about 1 mm/yr but unlikely to develop in shale-poor basins or basins subsiding less than 0.1
mmy/yr. This result correctly predicts geopressures in the Gulf Coast but suggests that many important
sedimentary basins were not significantly overpressured during compaction. Solutions that consider only
thermal expansion of pore fluids give required permeabilities about 1.3-1.8 orders of magnitude (factor
of 20-60) less than those considering only sediment compaction, indicating that aquathermal pressuring
is much less important than disequilibrium compaction in causing geopressures. Solutions accounting for
the effects of dehydration reactions show that release of structural water during smectite dehydration can
be a significant and perhaps necessary factor in geopressuring. Hydrologic effects of a possible increase in
the volume of structural water during dehydration are less significant. The most important contribution
of smectite, dehydration to development of geopressured zones, however, may be the accompanying
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reduction of host rock permeability.

INTRODUCTION

Geopressures, pore fluid pressures greatly in excess of hy-
drostatic, have been observed in sedimentary basins world-
wide and have probably been commonplace through geologic
time [Sharp and Domenico, 1976]. Geopressured zones first
attracted attention because of difficulties involved in drilling
overpressured formations [Cannon and Sullins, 1947; Dickin-
son, 1953; Thomeer and Bottema, 1961]. Later workers sug-
gested that geopressures play important roles in localizing pe-
troleum reservoirs [Fowler, 1970; Timko and Fertl, 1971],
forming certain types of ore deposits [Sharp, 1978; Cathles
and Smith; 1983], and controlling sediment deformation and
structural development [Rubey and Hubbert, 1959; Bruce,
1973; Suppe and Wittke, 1977; Engelder and Oertel, 1985].
Large hydraulic potential gradients associated with geopres-
sured zones can concentrate sedimentry brines by reverse os-
mosis [Graf, 1982] and restrict deep groundwater circulation
[Hanor and Bailey, 1983]; these zones may represent a future
resource of thermal and mechanical energy and dissolved
methane [Wallace et al., 1979].

C. A. Stuart coined the term “geopressure” to describe “an
overpressure generated by the overburden” [Parker, 1974].
Geopressured zones are most often encountered in shaly sec-
tions of actively subsiding basins, such as the U.S. Gulf Coast.
Fluid pressures in these zones commonly approach the litho-
static limit at which the pore fluid supports the weight of the
fluid-saturated overburden. Such occurrences are referred to
herein as Gulf Coast-type geopressures. Bruce [1973] noted,
on the basis of analysis of seismic data, that geopressured
shales in the Gulf Coast commonly occur at several kilometers
depth, extend for tens of kilometers laterally and are at least
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several kilometers thick. Conditions at greater depths are
poorly known [Hanor and Bailey, 1983].

Many authors divide geopressured columns in the Gulf
Coast into three sections (Figure 1). Fluid pressures in the
lithostatic section approach but do not reach the lithostatic
limit [ Dickinson, 1953]. The lithostatic and overlying hydro-
static sections are separated by a transition interval. Sediment
porosity increases across the transition interval and then de-
creases in the lithostatic section with increasing depth
[Weaver and Beck, 1971].

The most actively discussed causes of geopressures in Gulf
Coast-type settings (review by Graf [1982]) are rapid accumu-
lation of fine-grained sediments, “aquathermal pressuring”
from thermal expansion of pore fluids, and dehydration reac-
tions of clay minerals. Dickinson [1953] interpreted Gulf
Coast geopressures to result from the inability of fine-grained
sediments to expel pore fluids rapidly enough to accommo-
date normal gravitational compaction. In this case, sediments
cannot compact to their normal or “equilibrium” porosity and
are said to be in “disequilibrium compaction” [Magara,
1975a]. Barker [1972] used the term “aquathermal pressur-
ing” to describe the pressure increase due to differential ther-
mal expansion of pore fluids relative to the rock matrix iri a
subsiding sediment. Powers [1967] suggested that ge-
opressures may be generated by the dehydration reaction of
smectitic clay minerals [orming minerals rich in illite [Perry
and Hower, 1970, 1972]. This hypothesis is supported by ob-
servations that the dehydration reaction occurs at or near the
tops of Gulf Coast geopressured zones [ Foster, 1981; Berg and
Habeck, 1982; Bruce, 1984]. Pressuring by expansion of
organics during maturation [Momper, 1978] has been less fre-
quently considered.

Parker [1974] differentiates Gulf Coast-type geopressures
from those occurring in older, fully compacted strata. A prob-
able cause of the latter in the Mississippi Interior Salt Basin
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Fig. 1. General trend of fluid pressure versus depth in oc-

currences of Gulf Coast-type geopressures. Hydrostatically pressured
section overlies lithostatic section in which fluid pressures approach
the lithostatic limit. Hydrostatic and lithostatic sections are separated
by a transition interval, and top of lithostatic section commonly
occurs near depth of smectite dehydration reaction.

“[Parker, 1974] and the Greater Green River Basin [Law and
Dickinson, 1985] is gas produced by thermal cracking of petro-
leum and other organics. Additional causes of geopressures,
such as lateral tectonic compression [Berry, 1973] and topo-
graphic relief [Toth, 1979] may also be geologically significant
but are probably not important in Gulf Coast-type settings.
Gypsum dehydration is unlikely to cortribute to deep ge-
opressures because the reaction occurs at shallow depths [ Han-
shaw and Bredehoeft, 1968]. Hubbert and Rubey [1959], Tkho-
stov [1963], Hanshaw and Zen [1965], Jones [1969], and
Parker [1974] further discuss mechanisms of producing excess
pressures in the subsurface.

Quantitative study of the nature of Gulf Coast-type ge-
opressures relies upon solving differential equations describing
compaction-driven groundwater flow. Recent studies [Brede-
hoeft and Hanshaw, 1968; Smith, 1973; Sharp, 1976; Sharp and
Domenico, 1976; Bethke, 1985, 1986; Keith and Rimstidt, 1985]
have used mathematical or numerical modeling techniques to
study evolution of pore pressures during basin subsidence.
These studies are powerful in their ability to predict pressure
distributions resulting from given hydrologic conditions but
provide information on the nature of geopressures only in-
directly by repeatedly evaluating solutions. Magara [1971],
however, devised an “inverse modeling” approach in which he
solved the compaction flow problem directly for the con-
ditions requisite for geopressuring by assuming a lithostatic
pressure gradient as a boundary condition. L

This paper extends Magara’s work by using inverse tech-
niques to develop an analytical solution to the.Lagrangian
equation of compaction-driven flow. The solution, which in-
cludes effects of aquathermal pressuring and mineral dehy-
dration reactions, gives the permeability profile required to
maintain lithostatic pore pressures in sediments during burial.
This approach, which predicts permeability values required for
geopressuring, allows direct comparison with measured per-
meabilities to define better the depositional and tectonic envi-
ronments of Gulf Coast-type geopressured zones in present-
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day basins as well as basins in the geologic past. The method
also permits comparison and ranking by importance of differ-
ent proposed causes of these geopressures. Improved knowl-
edge of the distribution and origin of geopressures may have
important implications in applying current theories in petro-
leum, economic, and structural geology.

PERMEABILITY EQUATION

To maintain near-lithostatic pressures in a geoptessured
zone, pore pressures in sediments undergoing burial must con-
tinuously increase along an approximately lithostatic gradient.
The permeability profile that will result in this increase can be
calculated by combining the definition of a lithostatic pressure
gradient, observations of porosity versus depth within geo-
pressured zones, and the Lagrangian equation of.compaetion-
driven groundwater flow. Lagrangian coordinates are well
suited to the problem because they subside with the sedi-
mentary column during burial and do not require a moving
boundary condition at the basement contact. Eulerian coordi-
nates, on the other hand, remain fixed in space but move with
respect to the subsiding sediments [Sharp, 1983], complicating
analysis.

The one-dimensional Lagrangian equation of compaction-
driven groundwater flow under polythermal conditions (Ap-
pendix A) is

op_ofk(ep_ NI 1 6, er
d’BE"az[u(az ”g)] T—@a ato

1)

Mathematical symbols are listed separately in notation sec-
tion. This equation is derived from Darcy’s law for vertical
groundwater flow and an equation of state for a pore fluid of
constant composition. The equation describes change in pore
pressure due to, from left to right, divergence of Darcy fluxes,
collapse of pore volume (assuming negligible compressibility
of rock grains), thermal expansion of pore fluids, and internal
fluid sources.

The pressure gradient and rate of pressure increase in a
lithostatically pressured sediment are given as

0P/0z = pgug
and
aP/at = Psm8Vz

[Rubey and Hubbert, 1959]. By substituting these relations
into equation (1) and taking porosity and temperature as func-
tions of burial depth, the gradient of the ratio of permeability
to viscosity required to maintain lithostatic pore pressures in a
sediment during burial is

4w L do_, ar
iz (u) R ["’ﬁ”""” NS dz]
0
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This equation accounts, from left to right, for compressive
fluid storage, pore volume collapse, fluid thermal expansion,
and internal sources of fluid volume.

Equation (2) is an ordinary differential equation of first
order that can be solved by integration for the permeability
profile of a sedimentary column resting on impermeable base-
ment, given sediment porosity versus depth. Porosity in the
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Fig. 2. Permeability k required to maintain lithostatic pore pres-
sures as a function of depth for various porosity profiles (Table 1).
Results assume burial at 1 mm/yr but may be adjusted for other
burial rates by a factor of v,. Profiles A—C near Dickinson’s fit of Gulf
Coast shale porosities give similar results. Profiles D and E closer to
Athy’s fit to Paleozoic shales in the midcontinent, for comparison,
require lesser permeabilities.

lithostatic section (Figure 1), which decreases gradually as
depth increases [Dickinson, 1953; Weaver and Beck, 1971], is
frequently represented by Athy’s [1930] law:

¢ = doe™™ €

[e.g., Rubey and Hubbert, 1959]. Athy’s law is a widely accept-
ed description of compaction [Korvin, 1984], although Bald-
win and Butler [1985] favor empirical relations written in
terms of solidity, the complement of porosity.

Substituting Athy’s law into (2) and integrating upward
from an impermeable boundary at z, gives permeability in the
lithostatic section versus depth:

k= v {rx(dT/dz) —
(psm - p)g b

¢(2) 1 — ¢(zy) U *

+in [¢(z,,)] +in [1 - ¢(z)]} o — P20 I udz @
where vertical variation in v, due to compaction is ignored.
Choosing a basal boundary condition allows this equation to
be applied anywhere in a lithostatic section resting on base-

ment, regardless of hydrologic conditions in overlying strata.
Equation (4) can be evaluated for any burial rate and coef-
ficients ¢, and b, given appropriate values of a, 8, T(z), and p.
Calculations in this paper use o and B values of 7 x 10™*
°C~! and 6 x 10™* MPa™', computed from an equation of
state for NaCl solutions [Phillips et al., 1981] at the temper-

Bowd [ 42) — $zy)] = bizy — 2

TABLE 1. Coefficients to Athy’s Law Used in Calculations Shown
in Figure 2
Profile o b,em™!
A" 0.38 31x10°¢
B 0.33 22x10°°
C 0.25 14 x 107°
D 0.50 80 x 107°
E 0.50 16.0 x 10~¢

“Magara’s [1971] fit to Dickinson’s curve.
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Permeability profiles required to maintain lithostatic pres-
sures in basins of varying sediment thickness (z, = 2, 4, 6, 8, and 10
km). Deep basins may develop geopressures in more permeable sedi-
ments than shallow basins.

Fig. 3.

ature and pressure range of interest. Calculations also as-
sumed a 20°C surface temperature and 25°C/km geothermal
gradient, unless noted, and employed the Mercer et al. [1975]
viscosity correlation with temperature which compares well
with data for relatively dilute electrolyte solutions of Phillips
et al. [1980]. Choice of the Mercer equation is reasonable,
because pore fluids from geopressured shales in the Gulf Coast
are fairly dilute [Schmidt, 1973; Hanor and Bailey, 1983], and
fluid viscosity is nearly independent of pressure under sedi-
mentary conditions [Phillips et al., 1980].

DiscussioN

Evaluating the permeability equation using observed poros-
ity profiles allows analysis of the environments and causes of
Gulf Coast-type geopressures. Hunt [1979, p. 209] noted that
nearly all published porosity profiles fall between curves de-
fined by Dickinson [1953] for Tertiary shales of the Gulf Coast
and Athy [1930] for Paleozoic shales in Oklahoma. Dickin-
son’s curve is representative of young, overpressured sections;
Athy’s data describe ancient, normally pressured shales.

Figure 2 shows permeability profiles required for ge-
opressuring in a 6-km-deep basin calculated using various po-
rosity profiles falling between Dickinson’s and Athy’s curves
(Table 1). These profiles assume burial at 1 mm/yr, but results
can be adjusted for other burial rates by a factor of v, because
k is proportional to v, in equation (4). Profile A is Magara’s
[1971] fit to Dickinson’s curve. Profiles B and C also fall near
Dickinson’s curve but have varying slopes. Porosity curves D
and E, presented for comparison only, fall closer to Athy’s
curve representing normally pressured sections and would re-
quire lesser permeabilities to maintain geopressures. Inasmuch
as porosity profiles A-C near Dickinson’s curve give similar
permeability profiles, porosity curve A is used in calculations
shown in Figures 3-5.

The increase in permeability away from the basal boundary
along calculated profiles in Figure 2 arises from the cumula-
tive nature of fluid discharge in a system that has an internal
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Fig. 4. Permeability profiles calculated for various burial rates,
and measured shale permeabilities from Triassic-Pliocene strata
[Neglia, 1979], obtained by laboratory measurement. To the extent
that measurements are representative of permeabilities from Gulf
Coast-type basins, geopressures are likely in shaly basins with burial
rates greater than | mm/yr and unlikely when burial rates of less than
0.1 mm/yr. For comparison, the U.S. Gulf Coast is estimated to con-
tain >85% shaly sediments [Boles and Franks, 1979] and is presently
subsiding at 1-5 mm/yr [ Holdahl and Morrison, 1974; Trahan, 1982].

pressuring mechanism. Such a hydrologic system has been
compared to heat flow in an internally heated medium
[Bethke, 1985]. In about the lowest half kilometer, calculated
permeabilities sharply decrease downward, indicating the diffi-
culty in maintaining a lithostatic pressure gradient near a per-
meability barrier. Interestingly, fluid pressure gradients seem
to flatten out at the base of Gulf Coast geopressured zones
[Hanor and Bailey, 1983], perhaps because real sediments are
unlikely to decrease in permeability in this area as rapidly as
equation (4) would require.

Figure 3 gives permeability profiles calculated for differing
sediment thicknesses. Thicker sections do not require per-
meabilities as small as those needed for geopressuring in thin-
ner sections, showing that deeper basins are more easily geo-
pressured. This result, also found by Magara [1971], occurs

BETHKE: DISTRIBUTION AND ORIGIN OF GULF COAST GEOPRESSURES

because the total amount of pore volume collapse in a
column, and hence the rate of fluid discharge, is greater in a
thick than a thin section.

Environments of Gulf Coast-Type Geopressures

The permeability equation can be used to better define the
depositional and tectonic environments in which Gulf Coast-
type geopressures are likely to occur. Because the analysis
presented does not consider the possibility of lateral flow
paths of lesser resistance than vertical pathways or hydrauli-
cally conductive faults, equation (4) predicts the maximum
sediment permeability that could allow geopressuring.

Figure 4 shows equation (4) evaluated for various burial
rates of 0.01-10 mm/yr and measured permeabilities of
Triassic-Pliocene shales versus depth from Neglia [1979].
Burial rates in sedimentary basins rarely exceed 1-10 mm/yr
over geologic time periods [Blatt et al., 1980, p. 31]. Neglia’s
data, obtained by laboratory measurement, span the normal
range of 1071610712 ¢m? (10~ ®-10~* darcy) for shale per-
meabilities [ Freeze and Cherry, 1979, p. 29], and scatter along
a decreasing trend with depth.

Comparison of the solutions and shale permeabilities shows
that to the extent that the measured permeabilities are repre-
sentative of evolving basins, shaly basins that subside at about
1 mm/yr or more rapidly are likely to be geopressured. Ge-
opressuring of even shale-rich basins that subside less than 0.1
mm/yr, however, is improbable. This result agrees with Brede-
hoeft and Hanshaw'’s [1968] conclusion that a thick shale sec-
tion would have to subside at about 0.5 mm/yr to become
geopressured. In addition, basins composed primarily of sand-
stones, limestones, and dolomites are unlikely to develop ge-
opressures during compaction because typical permeabilities
of these rock types are 10~13-1072 ¢cm? (1075-10"! darcy)
[Freeze and Cherry, 1979] well above required permeabilities
even at burial rates of 10 mm/yr.

Possible exceptions to the preceding discussion are basins
sealed by evaporite beds, such as a northwestern German
basin in which Permian strata composed of anhydrite and
dolomite overlain by thick halite deposits are geopressured
[Thomeer and Bottema, 1961]. The few available (review by
Wolff [1982]) permeability measurements for evaporite rocks
(Table 2) span a range of values from not measureable with
gas permeant to 1.5 x 107° cm? (1.5 x 107! darcy). Because
of limited data and the broad range of reported evaporite
permeabilities, quantitative evaluation of the requirements for
geopressuring in such basins is difficult. Nonetheless, oc-
currence of halite samples too impermeable for laboratory

TABLE 2. Permeabilities of Evaporite Rocks by Laboratory Measurement

Number Permeability Range
of
Rock Type Measurements Square Centimeter Darcy Reference

Bedded gypsum® 4 1.3 x 10751092 x 10713 1.3x10771t093 x 1073 Sanyal et al.
[1971]

Bedded halite 7 0°t0 23 x 10713 0°t023x10"% Gloyna and
Reynolds [1961]

Salt dome halite 19 0°to 1.5 x 107° 0°to 1.5 x 107! Gloyna and
Reynolds [1961]

Bedded and 5 1.0 x 10713 t0 7.4 x 10711 10 x 10" %to 7.4 x 1073 Aufricht and

dome halites?

Howard [1961]

%10.3-12.4 MPa confining pressure.
’Not measureable with gas permeant.
‘Strong dependence of permeability on confining pressure reported.

4Gas permeant at 5.5 MPa confining pressure. Permeability decreased as a function of time when a

brine permeant was used.
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Fig. 5. Solutions to permeability equation considering aquather-
mal pressuring alone (equation (5)) for various geothermal gradients
(solid lines), and considering only compaction (dashed line). Aqua-
thermal pressuring in a basin with a geothermal gradient of 25°C/km
requires permeabilities about 1.3-1.8 orders of magnitude less than
permeabilities required to maintain lithostatic pressures by sediment
compaction alone. Even assuming a geothermal gradient of 50°C/km,
the aquathermal solution is about a log unit less than the compaction
solution, indicating that aquathermal pressuring is much less impor-
tant than disequilibrium compaction as a cause of geopressures.

measurement suggests that basins sealed by salt beds might
develop geopressures even at relatively small burial rates.
Results in Figure 4 correctly predict geopressures in the
U.S. Gulf Coast because this basin contains, by conservative
estimate, >85% shales and shaly sediments [Boles and
Franks, 1979] and is currently subsiding at a natural rate of
1-5 mm/yr [Holdahl and Morrison, 1974; Trahan, 1982]. This
rate may be compared to an estimated range of 0.1-10 mm/yr
for Gulf Coast-type basins in general [Sharp and Domenico,
1976]. Using these criteria, however, many important sedi-
mentary basins were not significantly overpressured during
their compaction. For example, intracratonic basins, such as
the Michigan, Illinois, and Williston basins in North America,
subside at average rates of only 0.01-0.03 mm/yr [Schwab,
1976; Nalivkin, 1976], and many interior basins are domi-
nated by carbonate rocks and sandstones rather than shales.
The result that Gulf Coast-type geopressures are only likely
to have occurred in a restricted range of tectonic environ-
ments may have important implications for petroleum and
mineral exploration strategies. Strategies based on current
theories relating reservoir localization and ore genesis to geo-
pressured zones might be improved by better prediction of
whether target basins have hosted geopressures in the geologic
past. Interpretations in structural geology may also be influ-
enced by better understanding of the habitat of Gulf Coast-
type geopressures, especially in continental platform and pas-
sive margin settings. However, pressuring mechanisms not
considered here, such as lateral tectonic compression, may
predominate during many types of structural deformation.

Importance of Aquathermal Pressuring

On the basis of analysis of the thermodynamic properties of
isolated pore fluids, Barker [1972] proposed that geopressured
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zones in basins that have geothermal gradients greater than
about 15°C/km can arise from aquathermal pressuring. Later
workers objected to this analysis because pore fluids are not
likely to remain truly isolated over geologic time periods. The
importance of aquathermal pressuring in contributing to ge-
opressures has been controversial for the past decade
[Magara, 1975b; Bradley, 197S; Domenico and Palciauskas,
1979; Chapman, 1980; Barker and Horsfield, 1982; Chapman,
1982; Daines, 1982; Sharp, 1983].

Equation (4), which accounts for migration of pore fluids,
can be used to isolate the relative importance of aquathermal
effects and compaction in maintaining geopressures. The per-
meability required for geopressuring by aquathermal effects
alone may be derived by taking the limit of equation (4) as b
vanishes, giving the constant porosity solution

v P ar

- (psm _ p)g (ﬁpsmg o dZ)(z zb) (5)
The permeability needed for geopressuring by compaction can
be calculated by setting the coefficient of thermal expansion o
to zero in (4).

Figure 5 shows permeability profiles required for ge-
opressuring by aquathermal pressuring at geothermal gradi-
ents of 20°, 25°, and 50°C/km and a profile calculated con-
sidering compaction alone. The solution that considers only
compaction gives permeability values about 1.3-1.8 log units
(factor of 20-60) greater than those accounting for only aqua-
thermal pressuring at a normal temperature gradient of
25°C/km, which is typical of the Louisiana Gulf Coast
[Barker, 1972]. Although some geopressured zones have
rather large geothermal gradients [ Lewis and Rose, 1970; Wall-
ace et al., 1979], even calculations assuming a gradient of
50°C/km give permeabilities about an order of magnitude less
than the compaction solution. The compaction solution, fur-
thermore, plots on top of the overall solution accounting for
both compaction and aquathermal pressuring (Figure 2).

Results in Figure 5 indicate that geopressuring by com-
paction can be operative in sediments where aquathermal ef-
fects alone are insufficient to maintain large excess pressures.
In addition, the coincidence of permeability profiles consider-
ing compaction alone and compaction plus aquathermal ef-
fects argues that aquathermal pressuring does not significantly
augment effects of disequlibrium compaction. Thus, although
compaction and fluid expansion both generate excess pres-
sures in Gulf Coast-type environments, aquathermal pressur-
ing is clearly the less important cause of geopressures. This
result agrees with numerical modeling tests by Bethke [1985],
which showed that excess pressures only decreased by about
1% when thermal expansion of pore fluids was ignored during
simulations of compaction-driven groundwater flow.

Relationship of Smectite Dehydration to Geopressures

Many workers have observed that mixed-layer clay min-
erals rich in smectite transform diagenetically to illite-rich
minerals during burial in sedimentary basins [Perry and
Hower, 1970, 1972; Weaver and Beck, 1971; Boles and Franks,
1979]. Although reaction mechanisms in illite-smectite min-
erals are poorly understood [Bethke and Altaner, 1986], struc-
tural water within smectite interlayers is released into the sedi-
ment pore space during this transformation. Powers [1967]
proposed that geopressures are caused by this dehydration
reaction, and this interpretation has been supported by recent
studies that show approximate coincidence of depth intervals
of dehydration in the Gulf Coast with the tops of many geo-
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TABLE 3. Data Assumed in Calculating Effects of Smectite

Dehydration
Parameter Value Reference”
Fraction illite-smectite in 0.6 Bruce [1984]
dry sediment
Fraction smectite layers in 0.8 Perry and Hower [1970]
illite-smectite before reaction
Fraction smectite layers in 0.2 Perry and Hower [1970]

illite-smectite after reaction

Water layers per smectite layer 2 Perry and Hower [1970]
Smectite crystallographic repeat 15 A Burst [1969]

spacing (two water layers)
Dehydrated clay layer 10 A Burst [1969]

thickness

“Data based on studies of shales from the U.S. Gulf Coast.

pressured zones [Foster, 1981; Berg and Habeck, 1982; Bruce,
1984].

Smectite dehydration may promote geopressures by releas-
ing interlayer water into pore spaces in the subsurface, possi-
bly accompanied by a volume expansion upon dehydration, as
originally envisioned by Powers [1967], and by decreasing the
permeabilities of host rocks [Weaver and Beck, 1971; Foster,
1981]. Evaluation of dehydration theories is complicated by
poor knowledge of the volumetric properties of interlayer
water [Weaver and Beck, 1971] and of the fate of the dehy-
drated water, which may be expelled from the host sediment
or accommodated by an increase in pore volume [Bruce,
19847. Nonetheless, effects of dehydration may be explored
parametrically to isolate their maximum contributions to ge-
opressures.

This paper makes use of three variables to explore the re-
lationship of smectite dehydration to geopressures. B is a de-
hydration volume factor that gives the volume of free water
produced upon dehydration of a unit volume of interlayer
water. Estimates of the value of B (review by Weaver and Beck
[1971]) range from about 1 [Burst, 1969] to 1.4 [Powers,
1967]. X is the hydration state of the mineral grains in the
host sediment and is defined as the ratio of the volume of
structural water to dehydrated minerals. On the basis of data
in Table 3, X typically decreases from 0.24 to 0.06 over the
course of the dehydration reaction. Finally, Y is a measure of
the extra pore volume created to accommodate dehydrated
water in a sediment, expressed as a fraction of the cumulative
volume of water released within that sediment by a given
depth.

These variables can be combined with the analysis present-
ed to isolate hydrologic effects of smectite dehydration from
those of the normal gravitational compaction that would
occur in the absence of hydrated minerals. Shale porosity is
generally calculated from sediment density, derived in the lab-
oratory or from well logs, so that a sediment’s measured or
“apparent” porosity accounts for the free water comprising
“true porosity” as well as interlayer water. From the definition
of X, apparent porosity is related to true porosity by

¢+ X

¢ 1+X

(©)

as long as extra pore volume is not created to accommodate
dehydrated water (Y = 0). Assuming that true porosity varies
by Athy’s law (equation (3)), the derivative of apparent poros-
ity is
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ﬁ__l_[(l;@d_x_

B (1 + X) dz

dz (1 +X) b d"] Q)

Substituting equations (6) and (7) into (2) and accounting for
extra fluid volume created by expansion of interlayer water
during dehydration as

0. =B-1N1 -9 s,

allows integration using Newton-Cotes quadrature [ Carnahan
et al., 1969, pp. 69-79] to give permeability versus depth. Ap-
pendix B gives expressions for ¢ and d¢/dz for the more gen-
eral case in which an arbitrary amount of dehydrated water is
accommodated by increased pore space within a sediment.
Figure 6 shows results of integration considering a smectite
dehydration reaction occurring as a linear decrease in X
downward over a typical depth range of 2.5-3 km [Bruce,
1984], assuming negligible fluid volume change (B = 1) during
dehydration. Values of ¢, and b, describing true porosity,
were set at 0.25 and 8 x 107 cm ™! to approximately match
apparent porosity (equation (6)) to Dickinson’s curve for Gulf
Coast shales. Profile A was calculated assuming that all dehy-
drated water is lost immediately to the sediment (Y = 0); pro-
file B considers gradual loss of all dehydrated water; and C
assumes a 50% loss with depth, by z,. In the latter profiles, Y
decreased linearly from one at 2.5 km depth to zero or 0.5 at
z,. For comparison, the dashed line shows the permeability
required for geopressuring when no hydrated minerals are
present in the sediment at deposition, calculated by setting X
to zero. The profile calculated assuming retention of all dehy-

Depth (km)

Iog k darcy

Fig. 6. Solutions to permeability equation considering a smectite
dehydration reaction occurring between 2.5 and 3 km depth. Line A
shows effect of dehydration and immediate loss of interlayer water
from shale, and lines B and C show results assuming only gradual
loss of all, and one-half of interlayer water, respectively, by z,. Dashed
line shows solution for sediments without hydrated minerals, for com-
parison. Maximum effect of reaction occurs when dehydrated water is
gradually lost to sediments, with an increase in permeability of up to
0.6 log units (factor of 5) in shallow sediments and 1.3 units (factor of
20) in deep basin. Results indicate that subsurface dehydration of
smectite can be a significant and perhaps necessary cause of ge-
opressures.
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Depth (km)

-7
darc
log k Y

Fig. 7. Solutions to permeability equation considering smectite
dehydration between 2.5 and 3 km depth and taking into account
possible volume change of interlayer water upon dehydration. A 40%
expansion, the maximum suggested by previous authors, shifts curves
A and B from Figure 6 (patterned lines) to permeability values in-
creased by as much as 35% (solid lines). This shift is small relative to
results in Figure 6, arguing that release of interlayer water at depth is
more important than expansion during dehydration in promoting
geopressures.

drated water to z, (Y = 1) plots nearly on top of the dashed
line and is not shown.

Results in Figure 6 show that smectite dehydration can
allow sediments with significantly greater permeabilities than
would be required in the absence of such a reaction to be
geopressured. Profile A, calculated assuming that pore volume
is not increased during dehydration, shows increased likeli-
hood of geopressuring above, but not below the dehydration
interval, counter to most geologic observations. Profiles B and
C, in which pore volume increases to hold dehydrated water
and then decreases gradually as depth increases, however, pre-
dict a positive shift of as much as 1.3 log units (factor of 20),
relative to the profile for no dehydration, at depths below the
reaction interval. These latter profiles, which seem reasonable
geologically because sediment porosities in the Gulf Coast
increase across the reaction interval and then decrease as
depth increases, better match observations that the dehy-
dration interval lies near the tops of geopressured zones in
basins worldwide [Bruce, 1984].

Figure 7 shows the added effects of a 40% expansion of
interlayer water during dehydration (B = 1.4), the largest ex-
pansion suggested by previous authors. Expansion of interlay-
er water shifts profile A in the area above the reaction interval
to permeabilities <30% greater than those shown in Figure 6
but has no effect at depths below the reaction. Expansion can
promote geopressures below the reaction interval if dehy-
drated water is accommodated by increased pore volume, as
shown by the shift of profile B. The magnitude of this shift,
however, is <35%, arguing that the possible volume change
of interlayer water during smectite dehydration is secondary
to the release of interlayer water at depth as a cause of ge-
opressures.

The dehydration reaction of smectite, then, can promote
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geopressuring if interlayer water is retained in sediments after
dehydration and gradually lost during further burial by com-
paction. Calculations of the efficacy of this reaction in causing
geopressures suggest that under optimum conditions, basins
filled with sediments rich in smectite can become over-
pressured at permeabilities about twenty times greater or
burial rates 20 times less than basins poor in hydrated min-
erals. Although this result is sensitive to partitioning of true
from interlayer porosity, its magnitude compared to results in
Figure 4 raises the possibility that smectite dehydration is
necessary for geopressuring even at the high burial rates typi-
cal of the Gulf Coast.

The ability of smectite to carry water into the subsurface,
however, may be somewhat less important in causing ge-
opressures than its capacity to decrease the permeability of
host rocks during dehydration. Figure 8 shows shale per-
meabilities versus depth that Foster [1981] estimated for a
Gulf Coast well from drilling and well log data. Permeability
values decrease sharply across the reaction interval of smectite
dehydration by 1.5-2 log units (factor of 30-100). Foster ten-
tatively attributed this permeability drop to silica cementation
resulting from smectite illitization, as described by Towe
[1962] and Boles and Franks [1979]. To the extent that these
data are representative of shales undergoing smectite dehy-
dration, the reduction in host rock permeability (Figure 8) is
of greater magnitude than the calculated effects of water re-
lease (Figures 6-7) accompanying this reaction. Results of this
study, then, support interpretations by Weaver and Beck
[1971] and Foster [1981] that the single greatest factor in the
observed association of smectite dehydration with ge-
opressures is the sealing effect of the reaction on host shales.

CONCLUSIONS

Analysis of compaction-driven groundwater flow provides
important insights about the depositional and tectonic envi-

0

Well GM-3
Offshore Galveston, TX
1+ Foster (1981)

Depth (km)

-15 , ~—13
) 1 B cm —1
-8 -7 -6 -5
darcy

log k
Fig. 8. Shale permeabilities estimated by Foster [1981] from drill-
ing and well log data for a Gulf Coast well. Permeabilities decrease
sharply across the depth at which smectite dehydration occurs. This
decrease of 1.5-2 orders of magnitude (factor of 30-100) suggests that
the most important reason for association of the dehydration reaction
with tops of geopressured zones may be the sealing effect of illitized
shales, as suggested by Weaver and Beck [1971] and Foster [1981].
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ronments in which Gulf Coast-type geopressures are likely to
develop, as well as the causes of geopressures. Comparing
calculated permeabilities needed to maintain lithostatic pres-
sures in a basin with measured permeabilities of sedimentary
rocks shows that shaly basins that have burial rates of at least
1 mm/yr are likely to become geopressured. Shaly basins with
burial rates of <0.1 mm/yr and basins dominated by carbon-
ate rocks or sandstones, however, are unlikely to develop sig-
nificant overpressures during compaction. Burial rates re-
quired for geopressuring in basins rich in evaporite beds are
difficult to predict because of poor knowledge of evaporite
permeabilities.

Using these criteria, geopressuring is predicted for the U.S.
Gulf Coast, which is estimated to contain >85% shale and is
subsiding at 1-5 mm/yr. Intracratonic basins, on the other
hand, are often shale-poor and typically subside at 0.01-0.03
mm/yr, indicating that geopressuring during compaction of
these basins is unlikely. These results suggest that exploration
strategies based on theories relating localization of petroleum
reservoirs and ore deposits by past geopressures should ac-
count for lithologies and former burial rates in target basins.
Structural interpretations based on the roles of pore pressures
in sediment deformation may also be affected by the predicted
habitat of geopressures.

Additional calculations isolating the effects of thermal ex-
pansion of pore fluids and sediment compaction in producing
geopressures allow evaluation of the controversial theory of
aquathermal pressuring [Barker, 1972]. Although both ther-
mal expansion and compaction generate excess pressures,
aquathermal pressuring alone is much less important than
observed sediment compaction in causing Gulf Coast-type
geopressured zones. Aquathermal pressuring is further found
not to significantly augment effects of compaction in produc-
ing excess pressures. For these reasons, the theory of disequli-
brium compaction [Dickinson, 1953] better describes the
origin of Gulf Coast-type geopressures than the theory of
aquathermal pressuring.

The nature of the relationship of smectite dehydration to
the occurrence of geopressured zones in compacting basins
may be evaluated by further refinement of this analysis. Calcu-
lations show that release of interlayer water at depth can be a
significant and perhaps necessary factor in causing ge-
opressures. Hydrologic effects of the possible expansion of
structural water upon dehydration are less significant than the
effects of water release at depth. These effects combined, how-
ever, may not be as important as the decrease in shale per-
meability that, based on limited data, occurs during the dehy-
dration reaction. Although further measurements of shale per-
meabilities before and after dehydration are needed to verify
this result, calculations support the interpretation of Weaver
and Beck [1971] and Foster [1981] that the most significant
role of smectite dehydration in producing geopressures is the
sealing of host rocks, possibly by silica cementation of pore
spaces.

APPENDIX A:
LAGRANGIAN EQUATION OF COMPACTION FLow

Groundwater flow in a compacting medium undergoing
burial through a geothermal gradient can be described by a
differential equation in Lagrangian coordinates [Bethke,
1985]. The Lagrangian equation is derived by considering an
elemental control volume [Freeze and Cherry, 1979, pp.
63-69] that always contains the same rock grains. A pore fluid
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of constant composition within the elemental volume behaves
according to a thermodynamic equation of state
oP oT

— —

ot

[Domenico and Palciauskas, 1979; Lewis and Randall, 1961].
The definitions of density and porosity give

(A1

dp 10m pov
—==——-=— A2
ot Vo Vot (A2)
and, if compression of rock grains is negligible,
av V, 0¢
—= —_— A3
o0 (1—¢) ot (A3)

From Darcy’s law,

k(aP )
q=——|\Z-—P9
u\ 0z

[Bear, 1972], which gives fluid specific discharge relative to
the subsiding medium, the rate of accumulation of fluid mass
within the elemental volume can be written

Lom_ 8 o ap 2K ],
V.o oz PD+pQu=p o u\ 7z P9 Q.
(A4)

where Q,, is the rate of fluid volume addition from an internal
source, such as expansion of structural water. Combining
equation (A1) with relations (A2)}{(A4) gives the compaction
flow equation

oP 0|k forP
ooz i (G )]

From left to right, terms on the right side of this equation
describe variation in pore pressure due to divergence of Darcy
fluxes, collapse of pore volume, thermal expansion of pore
fluids, and internal volume sources.

o6 . oT
T—pat ™

+ 0.

APPENDIX B:
GENERAL DESCRIPTION OF POROSITY EVOLUTION

Porosity in a subsiding sediment undergoing a dehydration
reaction can be described in general terms to explore para-
metrically the relationship of smectite dehydration to ge-
opressures. The following development describes porosity evo-
lution in terms of the hydration state of the minerals grains,
X ; the dehydration volume factor, B; and the ratio of the
volume of dehydrated water accommodated in the sediment to
the cummulative volume of water dehydrated within the sedi-
ment by a given depth, Y.

In general, the apparent porosity of a sediment is the ratio
of the sum of the pore volume expected during compaction
ignoring mineral dehydration (V,), the volume of interlayer
water (V,), and the additional pore volume that might be crea-
ted to accommodate dehydrated water (V), to bulk volume

Vy+ VitV

= Vv,

(B1)

X is defined as the ratio of interlayer to mineral grain vol-
umes,

(B2)

™=
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The volume of dehydrated water accommodated by increased
porosity of the sediment is given by the product of the fraction
of dehydrated water retained, its dehydration volume factor,
and the hydration state relative to the initial hydration state
of the sediment, X,

Vi
7 = BY(X, = X)

g

(B3)

Finally, the definition of true porosity (equation (6)) can be

rearranged to give

{1 + X)

(1 - ¢t)

Substituting equations (B2)}-(B4) into (B1) gives the general

porosity relation

_ o+ X+ BY(X,— X1 —¢)
14+ X+ BYX,—X)1—¢)

% (B4)
7

¢ (BS)
which can be used in evaluating equation (2). The porosity
derivative in (2) may be calculated as

where u and v are the numerator and denominator of equation
(B5) and

O BY(Xo — X) — 116y + [1 — BY(L — 6] =
0z 0z

oY
+ BXo— XN — ) >

%t = BY( - 601 X 4 B, — X1 — 6) L
0z 0z 0z

+b BY(X, — X) ¢

NOTATION

exponential factor in Athy’s law (L™ 1)

dehydration volume factor, ratio of dehydrated to
hydrated water volumes.

acceleration of gravity (L/t2).

vertical intrinsic permeability (I?).

fluid mass within an elemental control volume (M).
pore fluid pressure (M/Lt?).

fluid specific discharge (L/t).

internal source rate of fluid volume per unit bulk
volume (¢~ 1).

time (¢).

temperature (7).

numerator of equation (B5).

denominator of equation (B5).

burial rate (L/¢).

fluid volume in an elemental control volume (I).
bulk volume of an elemental control volume (L?).
extra pore volume created in a sediment to accom-
modate mineral dehydration (I).

volume of rock grains, excluding interlayer water (I).
volume of interlayer water (I?).

W o

o WE x@

AN ST T I

hydration state of rock grains, V;/V,.
initial hydration state of sediment.
ratio of ¥, to cumulative volume of water released by

"<o>< M New

volume of free pore fluid, excluding dehydrated water (I?).
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mineral dehydration reactions by a given depth in a
sediment, equal to V;/B(X, — X)V,.
z burial depth (L).
z, depth to impermeable basement (L).
a isobaric coefficient of thermal expansion for pore fluid
(T™h).
B isothermal coefficient of compressibility for pore fluid
(Lt3/M).
p fluid dynamic viscosity (M/Lt).
¢ sediment “apparent” porosity, accounting for all fluid
volume.
¢o preexponential factor in Athy’s law.
¢, sediment “true” porosity, accounting for free pore fluid
and excluding interlayer water.
p fluid density (M/L3), taken as 1.0 g/cm>.
density of fluid-saturated medium (M, /13), taken as
2.3 g/cm3,

L, length; ¢, time; M, mass; T, temperature.
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