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ABSTRACT. So-called abnormal pressures, subsurface fluid pres-
sures significantly higher or lower than hydrostatic, have excited
speculation about their origin since subsurface exploration first encoun-
tered them. Two distinct conceptual models for abnormal pressures
have gained currency among earth scientists. The static model sees
abnormal pressures generally as relict features preserved by a virtual
absence of fluid flow over geologic time. The hydrodynamic model
instead envisions abnormal pressures as phenomena in which flow
usually plays an important role. In this paper I develop the theoretical
framework for abnormal pressures as hydrodynamic phenomena, show
that it explains the manifold occurrences of abnormal pressures, and
examine the implications of this approach.

Abnormal pressures can be explained as occurring in flow regimes
that are both equilibrated and disequilibrated hydrodynamically. The
former are “adjusted” to their geologic and hydrologic surroundings
while the latter are not. Equilibrium-type abnormal pressures generally
result from topographically-driven flow (as in artesian basins) but may
also occur as a result of osmosis or fluid density contrasts. The more
common and varied disequilibrium-type abnormal pressures are caused
by natural geologic processes such as compaction, diagenesis, and
deformation. These processes have the effect of distributed fluid sources
or sinks and are manifested either as actual fluid sources/sinks or as
virtual ones involving changing porosity and/or temperature. Disequi-
librium-type abnormal pressures can be characterized in terms of three
quantities: the size and permeability of their domains and the vigor of
the “geologic forcing” er magnitude of the source/sink term. Pub-
lished estimates reveal a surprising number of distinct geologic pro-
cesses that can generate forcing sufficient to maintain abnormal pres-
sures in dynamic systems. This observation is crucial to understanding
why abnormal pressures need not indicate regimes that have been static
over geologic time.

Low-permeability regions play key roles in both equilibrium- and
disequilibrium-type abnormal pressures. Extensive low-permeability
strata are generally required to generate abnormal pressures in topo-
graphically-driven flow regimes, while osmotically-driven flow and
hydrodynamic disequilibrium occur only within regions composed of
or encompassed by low-permeability media. Analyzing abnormal pres-
sures as hydrodynamic phenomena often allows these low permeabili-
ties to be estimated, something that is otherwise difficult to do. In some
instances hydrodynamic analyses also shed light on rates of geologic
processes and a region’s geologic history.
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NOTATION
solute concentration [M/L3].
gravitational acceleration [L/TZ].
hydraulic head [L].
dimensionless head, equal to h/l.
representative length; characteristic flow length [L].
fluid mass [M].
porosity [L3/L3].
specific flux of pore fluid [L3/L2T].
time [T].
dimensionless time, equal to kt/Si*.
fluid source or sink [M/L3T].
bulk modulus of porous medium [M/T2L].
bulk modulus of Aluid [M/T2L].
bulk modulus of porous medium solids [M/T2L].
fluid pressure [M/T?L)].
sedimentary deposition rate [L/T].
specific storage [L~!].
temperature [degrees].
bulk thermal expansivity of fluid [degrees~!].
bulk thermal expansivity of pores [degrees~!].
volumetric strain rate [T~1].
mechanical loading efficiency [T2L./M].
thermal loading efficiency [degrees™!].
hydraulic conductivity [L/T].
chemical osmotic conductivity [L2/T].
coeflicient relating bulk volumetric strain to porosity loss,
equal to 1 — (K/K,) [dimensionless].
density of pore fluid [M/L?].
mean total stress [M/T2L].
geologic forcing [L3/L3T].
dimensionless geologic forcing, equal to (//x)I".
dimensionless Laplacian operator, equal to [2V2.
indicates a process occurring during diagenesis/metamor-
phism.

INTRODUCTION

Abnormal subsurface fluid pressures (defined here as differing from
hydrostatic by more than 100 m of hydraulic head) are conspicuous
natural phenomena that dramatically affect drilling and the extraction of
subsurface fluids. Most direct knowledge of abnormal pressures comes
from hydrocarbon exploration, and the phenomenon typically has been
associated with thick sedimentary accumulations in deep basins (for
example, see Fertl, 1976). However, it is becoming clear that abnormal
pressures exist in many different geologic settings. For example, they
have also been detected in shallow strata, and there is evidence that they
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exist in environments as diverse as accretionary prisms and continental
shields. The host formations range from unconsolidated sediments to
crystalline rocks at many kilometers depth and can be as old as Precam-
brian and as young as Pleistocene.

Since their discovery, researchers have sought to determine how
abnormal pressures originate and what they reveal about subsurface
fluid regimes and geologic environments. Investigators have generally
followed one of two distinct conceptual approaches to abnormal pres-
sures. Containment of pore fluids by essentially impermeable geologic
units has often been appealed to, either explicitly or implicitly. This line
of reasoning explains abnormal pressures as static phenomena that owe
their existence to a virtual absence of fluid fluxes. The idea is explicitly
stated by Hunt (1990), who argues that abnormal pressures are main-
tained by barriers to flow that “... prevent essentially all pore fluid
movement over substantial intervals of geologic time.” The same idea has
also been outlined by Powley (1990), who describes abnormal pressure
regimes as static and occurring where the subsurface is compartmental-
ized by impermeable barriers to fluid flow. In a similar vein, Bradley
(1975) has suggested that pressures can be preserved substantially un-
changed as their geologic framework evolves. In a very real sense, the
static conceptualization envisions abnormal pressures as relict features.

The other conceptual approach to abnormal pressures might be
termed the hydrodynamic model. A number of investigators, such as
Hubbert and Rubey (1959), Bredehoeft and Hanshaw (1968), Sharp and
Domenico (1976), and Bethke (1989), to name only a few, have implicitly
utilized this approach in‘their analyses of various abnormal pressure
regimes. From this perspective, abnormal pressures generally are seen as
dynamic rather than static, in most cases representing a balance between
ongoing geologic processes that perturb the pressure and fluid fluxes
that tend to dissipate the perturbations. Where geologic processes do not
play an active role, abnermal pressures are usually seen simply as
manifestations of flow driven by topography (sometimes called gravity-
driven flow). Only under certain circumstances, involving osmosis or
fluids of diftering densities, are abnormal pressures expected under
static conditions.

Although the hydrodynamic approach to abnormal pressures has
been used by many researchers, it has never been synthesized into a
single, general theoretical framework. In addition, the implications of the
hydrodynamic model seem not to be widely, or fully, appreciated. In this
paper I develop a generic hydrodynamic model for abnormal pressures,
use it to examine the validity of the hydrodynamic approach, and explore
its ramifications. Specifically, the paper (1) describes the natural hydrody-
namic mechanisms that may give rise to abnormal pressures, (2) shows
that, in view of the properties and behavior of the crust as presently
understood, these mechanisms can create and maintain abnormal pres-
sures (citing specific examples), and (3) considers what our observations
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then allow us to deduce about flow, permeability, and geologic processes
at various scales. An important outcome of these efforts is identification of
commonalities shared by abnormal pressure regimes that are seemingly
very different. Hopefully, the resulting perspective is a useful one.

CONCEPTUAL BASIS

For the task at hand, a useful description of subsurface flow must
incorporate the various natural mechanisms that can affect pressure.
Bredehoeft and Norton (1990) have enumerated many of these, and in
this section I develop a description that accounts for them explicitly. At
the generic level of description required here, this task is not too difficult,
because there are relatively few ways in which the natural environment
can supply pressure energy to pore fluids.

To simplify the development, I will not account for large deforma-
tions of the porous matrix or rigorously describe the coupling between
fluid pressure changes and three-dimensional deformation of the solid
matrix using poroelasticity. Also, 1 will consider only fluid transport and
not that of heat or solutes. These simplifications do not impair analysis of
the relevant processes or affect the conclusions and can be relaxed when
necessary (for example, see Rice and Cleary, 1976, and Bethke, 1989).
Finally, I will for the most part ignore heterogeneity in fluid density and
treat ali fluids as a single phase. Although many abnormal pressure
regimes contain separate hydrocarbon phases, the abnormal pressuring
usually does not result from density differences or the presence of
non-water phases per se (for example, see Hubbert and Rubey, 1959;
Spencer, 1987). In this sense, the approach adopted here addresses
many of the questions raised by Hunt (1990).

The energy to generate pressures and drive flow in the subsurface is
derived from one or more of the following: topographic elevation,
chemical potential gradients, porosity changes, temperature changes,
and fluid sources. I begin by considering actual fluid sources which, in
the subsurface, can arise from a number of natural physico-chemical
processes, generally as rock or sediments are heated and compressed.
Examples include petroleum generation (Bredehoeft, Wesley, and Fouch,
1994) and devolatilization of minerals (Walther and Orville, 1982). These
processes are generally part of a suite of changes we refer to as diagenesis
or metamorphism and commonly are accompanied by changes in poros-
ity and thermomechanical effects on the fluid and solid.

Geologic fluid sources generally are distributed, meaning that they
are present throughout a volume of rock, although their strength (the
rate of fluid production) may vary spatially. In the presence of a distrib-
uted fluid source of strength J, the equation for fluid mass balance in a
porous medium is written as

9
P+ V(g —J=0. (h
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where p is fluid density, n is porosity, and q is the specific flux of pore
fluid. ] has the dimensions M/L*T and represents the mass of fluid added
to a volume of rock per time by diagenetic or metamorphic processes. It
is balanced by accumulation of fluid mass described by the first term and
loss or gain of fluid mass by flow described by the second term.

Next, porosity and temperature changes must be considered. The
change in fluid mass m = pn in the first term of (1) can be written as

dm = ndp + pdn, (2)

showing that it arises from changes in both fluid density and porosity. In
the subsurface, porosity is affected by many different geologic mecha-
nisms, including changes in effective stress. The latter result when
external loads change, as during burial or tectonic compression, and
when fluid pressure changes (Biot, 1941). Heating and cooling, which
cause the solid matrix to deform thermomechanically, also change the
porosity (Palciauskas and Domenico, 1982). In other instances, porosity
changes when solid components are lost by conversion to fluids (as in
petroleum generation from solid kerogen and smectite dewatering), or
when the porous structure collapses as a result of such processes (Stephen-
son, Plumley, and Palciauskas, 1992). Finally, other diagenetic processes,
including plastic deformation of the solid skeleton (Suklje, 1969), pres-
sure solution (Palciauskas and Domenico, 1989; Gratz, 1991), and other
mineral dissolution and precipitation processes (Land, 1991) also effect
significant changes in porosity. Following the approach used by Neuzil
(1993), these mechanisms can be described by

dn = —(% - Kls-)d(r[ + (% - Ki - %)dl’ + nag,dT + dn)*,  (3)
where K and K; are elastic bulk moduli of the porous medium and solid
grains, o, is total stress, P is fluid pressure, T is temperature, and oy, is the
bulk thermal expansivity of the pore structure. The first two terms
describe the effect of external stress and fluid pressure changes, and the
third term describes thermoelastic effects. The last term lumps together,
without explicitly describing them, the diagenetic and metamorphic
processes that affect porosity.

As noted by Domenico and Palciauskas (1979), fluid density depends
on pressure and temperature through

,, dp = -I%fdP - padT, (4)

where K;is the fluid bulk modulus, and oy its bulk thermal expansivity.
Although (4) is approximate for large pressure and temperature changes,
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it can be used here without introducing undue error. Substituting (3) and
(4) into (2) gives

1 1

dm = dpn = —p(i - E)dm +p

1 1 n n
) v -wp
—pn(ary — agp)dT + p(dn)*  (5)
as a statement of the accumulation of fluid mass in a volume of rock.

Substituting (5) into (1) and recalling that p is assumed to be spatially
constant, we obtain

v 1 1) do, 1 1 n n | oP
TVAITAR TR TIRTKS TR K o
aT on\x ]
+ n(ar, — oy a0 Tled) T . (6)
Converting fluid pressure to hydraulic head and consolidating terms
gives

v da, g dh o (on\x ]| .

- q'__gmat+ sat_c'l"at+ ot _p’ ()

where {,, = K-! — K;! is a mechanical loading efficiency, {r =
n(arr — arp) is a thermal loading efficiency, and S, = pg[(K™! — K['!) +
n(K;' ~ K; )] is specific storage. The loading efficiencies represent the

fraction of mechanical and thermal l6ading expressed as a change in fluid
pressure.

We are now in a position to include the effects of topography
(through hydraulic head) and chemical potential (through solute concen-
tration) on the flow. Darcy’s law relates the specific flux q through a
porous medium to hydraulic driving forces. However, additional forces
can also drive flow, and one of these, chemical potential, may be of
significance for abnormal pressures. Temperature and electrical poten-
tial gradients sometimes drive pore fluid flow, but these seem to be
insignificant effects in natural environments (Neuzil, 1986). A modified
form of Darcy’s law, which includes chemical driving forces in addition to
hydraulic, can be written as

q= —KVh+%Vc 8)

(Greenberg, 1971; Olsen, 1972), where c is the concentration of dissolved
salts, k is the hydraulic conductivity, and k. is the osmotic conductivity.
Both k and k, are tensor quantities that change when formation porosity
changes, but for simplicity I will consider them to be scalar constants.
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Substituting (8) into (7) we obtain

K, oh

V- {«kVh ~—=Vc|=8,—+T (9)
C at

as the flow description we seek. The quantity I' is here termed the

geological forcing, defined as

r do,  [on\* or ] 10
=~ T% S e (10)
The first two terms on the right hand side of (10) account for the effects of
stress changes and diagenesis/metamorphism, respectively, on porosity.
The third term accounts for the thermomechanical response of both the
fluid and solid matrix and the last term represents actual fluid sources
and sinks. Eq (9) is similar to the pressure diffusion equation often used
to describe flow in porous media but differs by including osmotic driving
forces and geological forcing.

ABNORMAL PRESSURE IN EQUILIBRATED SYSTEMS

I will first consider the forms of abnormal pressure that can be
explained by the simplest hydrodynamics, namely those largely unaf-
fected by geological forcing I'. Although I' is never zero, its influence on
the fluid pressures and flow will be insignificant when the system is
relatively permeable or I is relatively small, or both. In these instances I’
is overwhelmed by the other terms in (9). In the absence of other
disturbances, such as changing boundary conditions or human activity,
the flow remains adjusted to its geologic setting and simply reflects the
driving forces inherent in that environment; hydrodynamic transients do
not exist. Although such systems are transient in the sense that they
evolve with their environment over geologic time, the pressure pattern
and flow can be understood completely in the context of the current state
of the system and without regard to its history. Under these conditions,
(9) simplifies to

V-(xVh—%Vc)=0. (11)

In many cases the chemical driving forces can be ignored; significant
salinity gradients may not exist, or, more frequently, rocks with osmotic
membrane properties are not present, and k. is essentially zero. Eq (11)
then becomes

V : (kVh) = 0. (12)

Topographically-driven Flow

It has been recognized that topographically-driven flow, which is
governed by (12), produces pressures that depart from hydrostatic,
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although often not dramatically. A classic analysis of topographically-
driven flow was made by Téth (1963) and later extended by Freeze and
Witherspoon (1967) to heterogeneous and anisotropic domains. Hitchon
(1969a,b) first demonstrated that topographically-driven flow could actu-
ally explain certain patterns of hydraulic head observed in heteroge-
neous rocks. These pioneering studies showed the tendency for subhydro-
static pressures in topographically elevated areas and superhydrostatic
pressures in topographically low areas.

Non-hydrostatic conditions in topographically-driven flow can be
strongly amplified by low-permeability zones to produce conspicuous
abnormal pressures. Examples of this phenomenon have been recog-
nized for more than a century because of the flowing water wells they
have provided. Artesian groundwater systems such as Australia’s Great
Artesian Basin (Habermehl, 1980) and the Dakota aquifer in South
Dakota (Bredehoeft, Neuzil, and Milly, 1983), both first exploited in the
1880s, offer well-known instances where high fluid pressures are due to
the presence of low-permeability argillaceous confining layers. Some
sense of the hydraulics of this type of flow regime can be gotten from
figure 1, a simplified depiction of the Great Artesian Basin. The energy

Seiloval

1 km

Fig. 1. Southwest to northeast cross section through the Great Artesian Basin of
Austra%a showing abnormally high fluid pressures. The stipple pattern shows permeable
(aquifer) units, the dotted line shows the elevation of the water table, and the d};shed line
shows hydraulic heads in the lower (Jurassic) permeable unit in 1880. The slope of the
dashed Kne represents the energy dissipated by flow (adapted from Habermehl, 1980,
fig. 18).
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that generates the high pressures and drives the flow is derived from the
high elevation of the groundwater recharge in the northeast, where the
aquifers crop out.

Topographically-driven flow i; also capable of producing quite pro-
nounced abnormally low pressures. The Denver Basin provides a strik-
ing example, with Cretaceous sandstones displaying hydraulic heads as
much as 900 m below land surface, as shown in figure 2. Belitz and
Bredehoeft (1988) have demonstrated that the low pressures are readily
explained as occurring in an equilibrated flow system governed by (12).
Their conceptual model of the system invokes a basin structure in which
faults along the Rocky Mountain front (at B in fig. 2) and low-
permeability shale limit recharge to the permeable sandstones, which
nevertheless discharge readily at low elevation outcrops in the east (at
B’). In effect, they see the sandstones as a regional drain, lowering heads
in the center of the basin. Groundwater recharge at high topographic
elevations cannot raise the heads in the system because of the large
energy losses incurred during downward flow across the shale (fig. 2).

Post-Pierre sediments

0
0 100 km

#

Fig. 2. West to east cross section through the Denver Basin, Western Interior North
America, showing abnormally low fluid pressures. The stipple and block patterns indicate
permeable arenaceous and carbonate units (aquifers). The dashed line is the hydraulic head
in the Dakota Sandstone; the water-table is too close to the land surface to be shown. The
cross section was constructed using information from the Petroleum Information Corpora-
tion and other sources.
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Chemically-driven Flow

There are relatively few flow systems thought to be driven osmoti-
cally by chemical potential gradients. Examples include portions of the
San Juan Basin in Utah, Colorado, and New Mexico (Berry, 1959;
Hanshaw and Hill, 1969), portions of the San Joaquin Valley, California
(Berry and Hanshaw, 1960), the Gulf Coast (Magara, 1974), and the
Triassic Dunbarton Basin in South Carolina and Georgia (Marine and
Fritz, 1981). Invariably, attribution of abnormal pressures to osmosis has
proven controversial (Neuzil, 1986). Nevertheless, it is clear that argilla-
ceous media can act as osmotic membranes (Olsen, 1972; Neuzil, unpub-
lished data); flow driven by chemical potential gradients is a possibility
when salinity gradients and argillaceous rocks are present. Specifically,
osmotically-driven flow cannot be ruled out when abnormally high fluid
pressures coincide with regions of comparatively high salinity or abnor-
mally low fluid pressures coincide with regions of comparatively low
salinity.

Osmotically-driven systems become hydrodynamically equilibrated
relatively quickly even though diffusion and advection alter the salinity
distribution over long periods of time (Mitchell, Greenberg, and Wither-
spoon, 1973). In effect, the slowly changing salinity distribution can be
considered an aspect of the evolving geologic framework; the flow regime
remains adjusted to it. Interestingly, this exceptional type of abnormally
pressured system occurs without fluid flow. The absence of flow repre-
sents a hydrodynamic stasis, with chemical driving forces balanced by
opposing hydraulic driving forces. The nature of this balance becomes
apparent when (11) is rewritten as

V~.<Vh=v-%vc. (13)

As (13) makes clear, a pressure perturbation marked by a nonzero Vh
must be present when k. and Vc are nonzero.

Marine and Fritz (1981) have described one of the best documented
examples of abnormal pressure attributed to chemical osmosis (fig. 3).
Hydraulic heads approx 130 m above hydrostatic occur in Triassic
sediments, coinciding ‘with salinities of 12,000 to 19,000 mg/l. The
surrounding, normally-pressured crystalline rocks and overlying coastal
plain sediments have salinities less than 6000 mg/l. As figure 3 shows,
there is a good correspondence between high salinity and high fluid
pressures. Theoretical calculations of k. by Marine and Fritz (1981) led
them to conclude that osmosis could have generated the high pressures.
This claim of osmotic pressuring is particularly noteworthy because
Marine and Fritz (1981) carefully considered and ruled out alternative
causes of the pressures.

Density Contrasts and Non-water Phases

Abnormal pressures also occur in the absencé of flow as a result of
pore fluid heterogeneity. Density contrasts because of differences in
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5' Coastal Plain sediments

Gneiss and schist

" Triassic sedi

E

ments.
Pl

Salinity, grams per liter

0 2 km Head, meters above sea level

Fig. 3 Northwest to southeast cross sections through the Dunbarton Basin, South
Carolina and Georgia, showing abnormally high pressures thought to be generated by
osmosis. The cross sections were constructed using data published by Marine and Fritz
(1981).

salinity or, to a greater degree, because of distinct phases such as
petroleum, natural gas, or carbon dioxide give rise to abnormal pres-
sures as hydrostatic phenomena, representing a special type of equili-
brated system. For example, a rock section containing brine will have
pressures in excess of fresh water hydrostatic. Usually, however, full
abnormal pressures are produced only by accumulations of petroleum or
natural gas. The abnormal pressures occur in geologic structures of
significant vertical extent where hydrocarbons are trapped by capillary
forces. In structures trapping gas, the pressure throughout the accumu-
lation is essentially the same as that of the underlying liquid phase. If the
gas accumulation is sufficiently thick, its pressure in the upper portions of
the structure will be abnormally high.

A clearly delineated example of abnormally high pressures due to
fluid heterogeneity was described by Dickinson (1953) and is shown in
figure 4. The high pressures occur in a Gulf Coast sand unit upwarped
along the flank of a salt dome and containing water, petroleum, and
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3.5 , |

3703 m
43.5 MPa (estimated)
11.7 MPa km™

£ 4.0 4191 m
& 44.8 MPa
Q 10.7 MPa km-!
4405 m
46.3 MPa
10.5 MPa km-!
(hydrostatic)
451

Fig. 4. Cross section of the “S” Sand unit in the Louisiana Gulf Coast, showing the
disposition of gas, oil, and water as well as pressures and pressure gradients at selected
levels. Vertical lines are boreholes (depiction based on Dickinson, 1953, fig. 12, and Fertl,
1976, fig. 1.14).

natural gas. Pressures in the water are normal, or hydrostatic, but depart
from hydrostatic with elevation in the hydrocarbon column.

Many abnormal pressure data come from hydrocarbon provinces
and reflect the presence of hydrocarbon phases that are less dense than
water. However, as 1 stated earlier, the overpressuring due to distinct
fluid phases typically does not account for these abnormal pressures. In
the Gulf Coast sand reservoir depicted in figure 4, for example, the
maximum pressure gradient is 11.8 MPa km™!, slightly over the normal
pressure gradient in this area of 10.5 MPa km~! (Dickinson, 1953). This
represents a small fraction of the very strong overpressuring, with
gradients reaching 20 MPa km~!, that is found in the Gulf Coast (Kreitler
and others, 1988). Similar relationships have been described in other oil
and gas regions. Hubbert and Rubey (1959) showed that less than 10
percent of the high pressure in the Qum, Agha Jari, and Naft Safid oil
fields in Iran is attributable to density effects. Likewise, significant accu-
mulations of oil and gas are present in Rocky Mountain basins discussed
by Spencer (1987), but, according to him, density éffects account for only
local pressure perturbations in these regionally overpressured systems.
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ABNORMAL PRESSURES AS NATURAL DISEQUILIBRIA

The systems discussed thus far are examples of equilibrium hydrody-
namics (including hydrostatics as a special case). However, most abnor-
mal pressures are not easily explained by equilibrium hydrodynamics.
For example, high pressures are-found in coastal and offshore areas
where nearby topography, chemical potential gradients, and density
contrasts are insufficient to account for the pressure. It is also apparent
that certain abnormal pressures are isolated in three dimensions as
discrete regions of high or low hydraulic head. Both circumstances are
hallmarks of natural hydrodynamic disequilibrium. Disequilibrium re-
sults from the tendency for changes in both the fluid pressure and the
geologic setting itself to push flow regimes away from an equilibrated,
topographically- or chemically-driven state. Heuristically, a disequilib-
rium flow regime may be described as one that was unable to evolve
rapidly enough to accommodate the natural changes imposed upon it.
Disequilibrium cannot be understood in the context of the current state
of the system alone; the system’s history must also be taken into account.

Generation of Disequilibrium-type Abnormal Pressures

Fluid throughflow occurs in equilibrated, topographically-driven
regimes because the highest and lowest hydraulic heads occur at the
system boundaries. Disequilibrium represents a disruption of this pat-
tern; often, the highest or lowest head occurs within the system, and there
is a resulting net flux of fluid in or out. This is a direct consequence of I' in
the role of a distributed source or sink. Ideal disequilibrium head
patterns in a homogeneous stratum of rock are presented in figure 5.

Under what conditions should disequilibrium-type abnormal pres-
sures be expected? In order to address this question it is convenient to
use a nondimensionalized form of (9), namely

ahp

2h, — D
Viho = 50

+ Iy (14)
where V3 and hy, are the Laplacian operator and hydraulic head nondi-
mensionalized with a representative length /, dimensionless time tp =
kt/S{?, dimensionless geologic forcing I'y = ({/k)[, and it has been
assumed that chemical driving forces can be ignored. 1 define / as the
characteristic flow length of a domain, equal to the distance from the
domain center to its nearest boundary; 2/ thus approximates the smallest
dimension of the domain (fig. 5).

Ofinterest are conditions where disequilibrium becomes sufhiciently
pronounced to cause abnormal pressures. The degree of disequilibrium
can be characterized nondimensionally by the hydraulic head gradients it
creates; in a domain with / on the order of 102 m, hydraulic gradients of
unity or greater indicate abnormal pressure as defined in this paper, that
is, pressure differing from hydrostatic by 100 m of hydraulic head (this
should be apparent from fig. 5). In larger domains, unit gradients
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Formation
Flow thickness Flow

Hydraulic
head

Fig. 5. Hydrodynamic disequilibrium caused by geologic forcing in a homogeneous
low-permeability layer between permeable strata with normal pressures. (A) negative I':
fluid pressures and hydraulic heads increase, causing outward flow. (B) positive I': fluid
pressures and hydrau?i,c heads decrease, causing inward flow. In actual subsurface environ-
ments, these patterns are superimposed on any topographically- or chemically-driven flow
that may be present.

indicate even more pronounced nonhydrostatic pressures. A conserva-
tive and broadly applicable criterion for abnormal pressures is therefore
one that results in disequilibrium hydraulic gradients of unity. As it turns
out, such a criterion can be stated quite simply. Solutions of (14) for a
variety of domain geometries (for example Carslaw and Jaeger, 1959, p.
130) indicate that gradients on the order of unity or larger are generated
when |[I'p] > 1, or

IT| > «/L. (15)

This inequality is a quite general, if approximate, indicator of conditions
leading to disequilibrium-type abnormal pressures. It formally demon-
strates that disequilibrium-type abnormal pressures are favored by low
permeability, a fact implicitly recognized for some time. It also shows that
the size of the domain and the strength of the geologic forcing are equally
important.

Low permeability in the crust.—Certain types of sedimentary units and
some crystalline rock masses appear to have quite low permeabilities.
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Elsewhere (Neuzil, 1994), I presented data indicating that argillaceous
sediments often have largely scale-independent permeabilities between
10722 and 1077 m? (roughly equivalent to k between 105 and 10-'0
ms~') that are governed mainly by the degree of compaction. An earlier
compilation by Brace (1980) had suggested largely scale-independent
permeabilities as low as 102! m2 for argillaceous rocks. Evaporites,
including halite, appear to have a similar range of permeabilities (Brede-
hoeft, 1988; Beauheim and others, 1991), although pure halite seems to
have an exceptionally small permeability that is less than 1022 m? (R.
Beauheim, Sandia National Laboratory, personal communication, 1994).

Sedimentary media that typically have relatively large permeabili-
ties, such as arenaceous rocks, may themselves contain zones of quite low
permeability. These zones, often referred to as seals, frequently are
described as nearly horizontal and cutting across stratigraphic horizons
(Hunt, 1990; Powley, 1990), suggesting a tie to at least partly tempera-
ture controlled diagenetic processes. However, Hunt (1990) and Powley
(1990) also described nonhorizontal seals that act as lateral flow barriers
and, together with horizontal seals, compartmentalize portions of the
subsurface. Moline and others (1992) ascribed low permeability zones in
the St. Peter Sandstone of the Michigan Basin to secondary cementing by
quartz and dolomite, while Weedman, Guber, and Engelder (1992)
hypothesized that a similar feature in the Tuscaloosa Formation in
Louisiana formed after quartz dissolution led to secondary compaction.
There are few permeability data for these features; results obtained by
Moline and others (1992) suggest values on the order of 10-18 to 10~!7 m?
(10711071 ms~1) or less for low-permeability zones in the St. Peter
Sandstone.

Relatively large permeabilities are generally thought to apply in
crystalline rock at the scales of interest (/ > 102 m) because of ubiquitous
fracturing (Brace, 1980). Nevertheless, there is some reason to believe
that connected fracture permeability is not always present in crystalline
rocks, especially at depths of 7 to 12 km or more where some plastic
deformation may occur (Walder and Nur, 1984). Experiments con-
ducted by Trimmer and others (1980) yielded permeabilities for unfrac-
tured crystalline rock that are quite low, between 10~24 and 10-20 m2+(k
between 10717 and 10-'* ms~!). Walder and Nur (1984) suggested
somewhat higher values of 1072% to 10~'9 m? for rocks at depths of 7 to 12
km.

Of course, the concept of a single “permeability” for large volumes of
sediment or rock ignores many of the complexities of geologic environ-
ments. Consideration of this problem is deferred to a later section where
the relation between permeability and abnormal pressure is considered
in more detail.

Strength of geologic forcing.—Based on the preceding discussion we
may expect to encounter large regions (! > 10* m) composed of or
bounded by media with permeabilities between 1022 and 10-'7 m? (k
between 107'5-1071ms™!). Inequality (15) indicates that when permeabil-
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ity is in this range, forcing between 107'7 and 10712 s~ ! is significant (that
is, able to maintain abnormal pressures). Similarly, forcing between 10-18
and 10713 s~ ! is significant in domains where [ is on the order of 1 km.

One might expect the magnitude of I' to be difficult to characterize
because forcing is a complex phenomenon arising from many different
geologic processes. While it 1s true that evaluating forcing in specific
situations is often problematic, estimated ranges of I' values associated
with many different processes can be obtained from the literature with-
out great difficulty; these are listed in table 1. An intriguing conclusion
that can be drawn from table 1 is that a host of quite distinct processes
cause significant geologic forcing. Indeed, to a surprising degree, the
magnitudes of various kinds of forcing are comparable, falling between
1075 s=" and 10-'* s~'. On the strength of this observation, hydrody-
namic disequilibrium seems to be a viable model for abnormal pressures
in a wide variety of geologic settings.

Active Versus Remnant Disequilibrium

Disequilibrium does not result solely from active forcing as repre-
sented by I' in (9) and (14). In principle, changes in boundary conditions
can also generate disequilibrium. This might occur, for example, when
erosion exposes a new recharge or discharge area for an aquifer, or
faulting changes a permeability pattern. Instances of this are rare at best,
and I am aware of no well-documented examples. Alternatively, it is
possible for a disequilibrium regime that we detect today to be a decaying
remnant of a once geologically active system forced by processes that are
no longer active. Hydrodynamically, the two possibilities are indistinguish-
able. In either case, the disequilibrium decays in a manner described by
(9) or (14) when T is set to zero, and the initial condition describes the
state of disequilibrium. Used in this way, the equation describes the
return to equilibrium, usually topographically-driven flow. Solutions of
(14) for this problem, which are well known from analogous problems in
other disciplines (for example, Suklje, 1969, p. 139), show that abnormal
pressures would begin to suffer significant dissipation after t, = 0.1 or

= 0.1 (8/2?)/x; for reasonable dimensions and permeabilities, such as
those of the system analyzed by Téth and Millar (1983); this is on the
order of 10 yrs.

Most abnormal pressures are thought to be much older than 10° yrs.
One can readily find instances where disequilibrium has apparently
persisted for 107 yrs or longer, such as the western Canada sedimentary
basin (Corbet and Bethke, 1992) and the U.S. Gulf Coast (Harrison and
Summa, 1991). By comparison, observing a disequilibrium system as it
decays to an equilibrium state would imply rather lucky timing. We may
infer that the vast majority of disequilibrium abnormal pressures. owe
their existence to ongoing forcing and can be characterized in terms of
inequality (15). By extension, a key characteristic of most disequilibrium-
type abnormal pressures is a dynamic balance between processes tending
to create abnormal pressures and the resulting flow, which tends to
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dissipate it. The balance is not a stasis but must continually shift because
domain geometries, rock hydraulic properties, and the forcing itself vary
in time. Often, this inherently transient nature is not associated with
abnormal pressures because the changes are far too gradual to detect.

Implications of the Disequilibrium Model

The relationship represented by (15) implies that different disequilib-
rium-type abnormal pressure regimes can be compared in terms of the
magnitude of the forcing and the permeability and dimensions of their
domains. Figure 6 makes this comparison among several abnormal
pressure regimes for which the relevant properties are known or have
been estimated. There is commonly uncertainty, sometimes significant,
in the magnitude of forcing and the permeability of specific systems, a
fact reflected in the size of the plotted regions in figure 6. The plot
suggests that the forcing in these abnormal pressure environments
ranges between 1079 and 107'3 s}, with a similar order-of-magnitude
range in k. Fluid pressures in more permeable media can be similarly
affected by highly intense forcing such as aseismic creep along active
faults (Byerlee, 1993) and heating caused by igneous intrusive activity
(Norton, 1990). Such phenomena could also be represented on figure 6
but would plot beyond the right-hand boundary. They are not an
important consideration here, because the pressure perturbations tend
to be comparatively short-lived and localized.

It is possible for the criterion expressed by (15) to be exceeded by a
significant margin. Indeed, this possibility is clear from the range of
forcing, permeability, and dimensions evident in figure 6. In such in-
stances, forcing could drive pressures above lithostatic or below atmo-

10*
= T
10°
s
N
10 ‘ ‘ ' ' ‘ ‘ ‘
1077 107 10" o™ 107 10" 10" 10"

1
K,ms

Fig. 6. Plot of the relation |I'| = «/{ allowing comparison of a variety of disequilibrium-
type abnormal pressure regimes. The regions shown represent: (1) Franciscan sediments,
California (Berry, 1973; Unruh and others, 1992); (2) U.S. Gulf Coast (Harrison and
Summa, 1991); (3) high fluid pressures at 7 to 12 km depth in various locations (Walder and
Nur, 1984); (4) alternate interpretation of region 3 using permeability of unfractured
crystalline rock measured by Trimmer and others (1980);-(5) Barbados accretionary
complex (Screaton, Wuthrich, and Dreiss, 1990); (6) western Canada sedimentary basin
(Corbet and Bethke, 1992); (7) Pierre Shale in South Dakota (Neuzil, 1993).
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spheric and into the negative range. If fluid pressure exceeds lithostatic
(or more accurately the least principal stress, which is usually similar)
dilatation and natural hydrofracturing may occur. The dilatation and
fracturing accommodate the fluid, and if interconnected fractures are
formed, they relieve the high pressure by significantly increasing the
permeability. Researchers have found direct evidence of this process in
Gulf Coast shale (Capuano, 1993) and have speculated that it occurs in
crystalline rock (Walder and Nur, 1984). At the other extreme, as fluid
pressure drops, two things can happen: pressure can continue to de-
crease to negative absolute values (T6th, 1981; Neuzil and Pollock, 1983)
or a vapor phase can form by cavitation (Neuzil and Pollock, 1983).
Subsurface pressures below zero absolute have not been reported, possi-
bly because detecting them would be difficult. Regimes in which they may
have occurred have been identified by Té6th (1981) and Neuzil (1993).

Disequilibrium domains are not fully isolated from their surround-
ings; as noted previously and shown schematically in figure 5, there is
inward or outward flow across the domain boundaries. However, the
fluxes involved are quite small and influence only regions near the
boundaries. Disequilibrium domains must, in fact, sequester water and
solutes quite effectively for long periods of time. This can easily be seen by
considering, as a hypothetical example, an extensive kilometer-thick
stratum hosting disequilibrium-type abnormal pressure. Even assuming
that the disequilibrium is caused by a relatively vigorous forcing of 10-!*
s71, this only amounts to a virtual source or sink throughout the stratum
of 107" m3 s~! per m? of area. Flow across the boundaries must be less
than this, or abnormal pressures would not exist. Thus the Darcy flux
across each boundary would be less than 5 X 1072 ms~!. For a represen-
tative porosity of 0.3, this amounts to a transport distance of less than 50
m in 10° yrs. This rate of fluid transport is comparable to that of diffusive
solute transport in porous media. Indeed, the loss or gain of chemical
mass to these environments and their chemical evolution is controlled by
diffusion. .

Occurrence of Disequilibrium-Type Abnormal Pressure

Table 1 suggests that opportunities for generating disequilibriuin-
type abnormal pressures are abundant and varied in the dynamic crust.
This section examines a few selected examples of abnormal pressures that
have been interpreted as disequilibrium regimes and considers the
nature of the geologic forcing thought to have produced them. The
selection is not intended to be comprehensive. Rather, 1 have chosen
examples that seem to be reasonably well understood or that help to
demonstrate the diversity of disequilibrium-type abnormal pressure re-
gimes in nature. They are considered in the context of major types of
geologic environments in the upper crust.

Active sedimentary basins.—Prolonged crustal subsidence and active
sedimentation are occurring in many locales worldwide, particularly
where major river systems disgorge. Prominent examples include the
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U.S. Gulf Coast, the Niger delta, the Caspian basin, the Indus delta, and
the Orinoco delta. Subsidence and sedimentation in these environments
drive several processes that can generate disequilibrium. The accumula-
tion of sediment adds ever increasing overburden loads on the underly-
ing sediments which are also heated as they are displaced downward
through the geothermal gradient (Domenico and Palciauskas, 1979). A
reasonable approximation of the forcing due to the linked processes of
loading and heating can be expressed as

ao,

P=boge ~ by

= f(Ry). (16)
These processes depend almost exclusively on Ry, the deposition rate.
Although burial also causes diagenesis, diagenetic effects are not in-
cluded in (16) to emphasize that they are not simply related to Ry.
Instead, processes such as pressure solution (Palciauskas and Domenico,
1989; Gratz, 1991; Oelkers, Bjorkum, and Murphy, 1992; Stephenson,
Plumley, and Palciauskas, 1992), smectite dewatering (Bethke, 1986),
and microbially mediated porosity loss (McMahon and others, 1992), are
controlled in a complex manner by several environmental factors and
can be represented as

r (an * ] .
= at) o f(T, P, o, t). (17)
For completeness, we must also look beyond the upper 10 km or so of
sediment usually considered; deeper sediments, largely beyond the reach
of drilling, also experience increasing temperatures and stresses. At these
depths, between perhaps 10 and 20 km, porosity is low and compaction
due to increasing load o, in (16) probably no longer produces significant
forcing. However, thermomechanical effects represented in (16) and
diagenesis/metamorphism represented in (17) could be significant. In
particular, sediments will be devolatilized at high temperatures as meta-
morphism begins. The resulting forcing is largely dependent on the rate
of heating (Walther and Orville, 1982; Hanson, 1992; table 1) and thus
mainly dependent on Rg.

The U.S. Gulf Coast is probably the most studied active basin
environment with abnormal pressures and displays most, if not all, the
types of forcing found in these environments. The fluid pressures there
often approach lithostatic; they are associated with shale-rich sequences
and generally are separated from superposed hydrostatically pressured
sediments by steep hydraulic gradients. Figure 7, which shows results of
simulations of Gulf Coast abnormal pressures obtained by Bethke (1989),
gives some impression of their large dimensions and one interpretation
of their development and longevity.

Numerous other researchers, exemplified by Bredehoeft and Han-
shaw (1968), Domenico and Palciauskas (1979), and Harrison and Summa
(1991) have also analyzed the high fluid pressures in the Gulf Coast as
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Fig. 7. Disequilibrium-t ge abnormal pressure regime in a vertical slice through the
U.S. Gulf Coast as simulateJ y Bethke (1989). Contoured values are pressure gradients
with depth relative to the surface in MPa km~'; hydrostatic gradients are between 9.7 and
11.3 MPa km~! depending on the salinity of the pore fluid. Oligocene, Miocene, and
Pliocene sections represent conditions 31, 5.2, andpl.B Ma before present, respectively
(adapted from Bethke, 1989, fig. 5).

hydrodynamic disequilibria. There is little difficulty identifying several
forms of geologic forcing in the Gulf Coast, where sediments are accumu-
lating as rapidly as 5 m per thousand yrs. The studies mentioned above,
as well as several others, indicate that compactional porosity loss alone
(represented by the first term in (16)) is sufficient to cause the high
pressures, with second-order effects from thermal expansion (the second
term in (16); see table 1). Work by .Bethke (1986) suggests that diagenetic
fluid sources and porosity changes described by (17) may also have
played an important role (table 1). According to Bethke (1986), interlayet
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water is expelled from smectite, and the clay experiences a volume
decrease which effectively increases the porosity. However, the water
experiences a decrease in density upon expulsion, tending to increase
fluid pressure; in other words, both (dn/dt)* and J/p in (17) are nonzero
and positive, but the latter is larger.

The history of Gulf Coast geopressures, as depicted in figure 7,
nicely illustrates both the balance between forcing and flow in disequilib-
rium regimes and the tendency for disequilibrium systems to change
through time. The simulations suggest that in Miocene time, geopressure
gradients up to 16 MPa km™! were present beneath the loci of deposition.
When deposition accelerated and shifted seaward in late Miocene to early
Pliocene, geopressures probably became more extensive and pro-
nounced, with gradients exceeding 18 MPa km~!, and also migrated
seaward (fig. 7). The change in the pattern and intensity of geopressures
was also brought about, in part, by changing domain geometry (thicken-
ing through deposition) and decreasing permeability brought about by
compaction.

Investigators who have analyzed the Gulf Coast have typically consid-
ered only the upper 10 km, more or less, of sediment. Deeper sediments
and underlying basement rock are not explicitly included in simulations
of abnormal pressure development; it is generally assumed that the simu-
lation domain has an impermeable lower boundary. In Bethke’s (1989)
simulations (fig. 7) the impermeable bottom boundary represented the
Louann Salt, which may in fact be essentially impermeable. Nevertheless,
high fluid pressures could exist at greater depths due to diagenesis and
metamorphism of the pre-Louann sediments. They might even contrib-
ute directly to the abnormal pressurés observed at lesser depths.

Ancient sedimentary basins.—In comparison with active sedimentary
basins, a more diverse and arguably more complex suite of abnormal
pressures is encountered in sedimentary sequences that have experi-
enced quiescence and, in some cases, uplift, erosion, and deformation.
Abnormal pressures are well known from the Anadarko and Delaware
Basins (Fertl, 1976), the Appalachian region (Russell, 1972), the western
Canada basin (Hitchon, 1969b), several Rocky Mountain Basins (Spen-
cer, 1987) as well as old sedimentary terrains in Europe, Africa, and Asia
(Hunt, 1990). Unlike active basins, ancient basins frequently host pres-
sures that are abnormally low as well as abnormally high, occasionally
comingling the two as is seen in the Anadarko Basin.

Forcing in these environments may be less obvious than in subsiding
basins, although they in fact host a widely varied suite of processes that
can affect fluid pressure. Much of the forcing is still described by (16) and
(17). Unlike active basins, however, the derivatives in (16), in this case a
function of the erosion rate, have negative values and tend to lower fluid
pressure, offering an explanation for abnormally low pressures. How-
ever, certain diagenetic processes represented by (17) may still act to
increase pressure. For example, porosity loss by pressure solution may
continue at depths less than the maximum experienced by the sediment,
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and it appears that fluid sources such as petroleum generation continue
after basins have become quiescent or begun eroding (Bredehoeft, Wes-
ley, and Fouch, 1994). Microbially mediated porosity loss, which is
probably restricted to temperatures less than 100°C (see table 1), may be
reinitiated in rocks as they are uplifted and cooled. Finally, tectonic
deformation probably also plays an important role in some instances.
The mix of sometimes competing processes which can be present helps
explain the complex and sometimes perplexing pattern of both high and
low abnormal pressures observed in these environments.

Sedimentary basins in the Rocky Mountain region of North America,
venues of both abnormally high and abnormally low pressures, are good
examples of some of the geologic forcings described above. Spencer
(1987) has postulated that high pressures in several basins, including the
Piceance, Uinta, Green River, Wind River, Powder River, Big Horn, and
Williston, are due to ongoing oil and gas generation providing fluid
sources. Spencer based his assessment on the distribution of organic
sources and the thermal history of the sediments. He also argued that
although density effects may have caused high pressures locally, that
“only active generation of hydrocarbons adequately explains basinwide,
deep overpressure.” .

Numerical simulations done by Bredehoeft, Wesley, and Fouch
(1994) of the Uinta Basin suggests that the conversion of solid kerogen to
petroleum indeed generated the high abnormal pressures observed. The
loss of kerogen creates porosity but tends to increase pressure because
petroleum is less dense than kerogen. This is another instance where J/p
exceeds (dn/at)* in (17). Bredehoeft, Wesley, and Fouch (1994) noted
that the reactions driving this process are strongly controlled by tempera-
ture. At relatively low temperatures I is too small to perturb the pressure.
At relatively high temperatures, the kerogen is consumed too rapidly to
produce long-lived forcing. This places fairly narrow constraints on the
thermal history of the basin.

Abnormally low fluid pressures are quite conspicuous in the western
Canada sedimentary basin (Hitchon, 1969b; Corbet and Bethke, 1992)
and have also been observed in the Pierre Shale on the southern flank of
the Williston Basin (Neuzil, 1993). Although Hitchon (1969b) attributed
the low pressures in the western Canada basin to osmosis, Corbet and
Bethke (1992) have used numerical simulations to show that they can be
explained as a response to erosional unburdening. Erosion reverses the
mechanical and thermal loading that occurs during deposition, causing
decompaction and cooling of the underlying rock. These processes are
described by (16) when do,/dt and 6T/dt are negative; in the shales of
Western Interior North America, the stress changes dominate (Corbet
and Bethke, 1992; Neuzil, 1993). Heuristically, fluid pressure decreased
because expansion of the porous matrix and the resulting increase in
porosity occurred more rapidly than pore fluid could flow in.

The abnormally low pressure present in the Pierre Shale is an
unusual example of hydrodynamic disequilibrium occuring entirely withih
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a relatively homogeneous shale (fig. 8). In addition, the shale properties
and erosional forcing were unusually well constrained. Simulations of the
system implied, with little ambiguity, that the abnormally low pressures
are due to erosional unburdening and decompaction. Note that the
Pierre Shale clearly displays the type of hydraulic head pattern expected
for a distributed sink in a simple, homogeneous stratum (compare fig. 8
with fig. 5).

Orogenic zones and active plate boundaries.—Occasionally, abnormal
pressures appear to be attributable wholly or substantially to tectonic
deformation. Typically, these instances are associated with tectonically
active convergent plate boundaries and related orogenic zones. Hubbert
and Rubey (1959) mentioned several tectonically active regions known to
have abnormally high pressures, including the foothills of the Andes in
Argentina, the Himalayan foothills in Pakistan, and oil fields in Iran,
Trinidad, and Burma.

Tectonic forces cause volumetric strain in rock, and some fraction of
the strain is accommodated by a change in the porosity with an accompa-
nying tendency to change fluid pressure. Strain rates are usually better
known than stress history. As a result, the forcing is most usefully
expressed in terms of the strain rate and can be written as

il

F=lut =

—&e, (18)
where £ = 1 — (K/K,), the volumetric strain rate is denoted by €, and
compressional strain is defined to be positive.
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Strain rates have been deduced in a number of ways. At convergent
plate boundaries, the rates of relative plate movement and boundary
geometry permit strain rates to be estimated with some confidence. In
other instances, seismicity or accumulated strain sometimes permit esti-
mates of strain rates. Some uncertainty results when it is necessary to
estimate the volumetric strain rate é from an observed linear strain rate.
As table 1 reveals, tectonic strain rates vary quite widely. Stable plate
interiors and passive margins may experience a relatively minor tectonic
forcing of 1072 to 10~!# s~!, which is probably insufficient to affect fluid
pressures, except perhaps in unfractured crystalline rocks. Active por-
tions of the crust like orogenic zones and active plate boundaries can have
much more intense forcing (Ge and Garven, 1992; Garven and others,
1993). I will describe two instances of abnormal pressuring attributed to
tectonic forcing, the California Coast Ranges and the Barbados accretion-
ary complex, which serve to give some idea of the range of environments
where tectonic forcing could be important.

Berry (1973) reported what appears to be an elongate region of
abnormally high fluid pressures in the California Coast Ranges, parallel-
ing the transform fault plate boundary in that region. The high pres-
sures, which approach lithostatic values, are best developed in the
low-permeability fine-grained sediments of the Franciscan sequence.
Berry (1973) crudely delineated the high pressures using drilling data,
and Unruh and others (1992) noted high elevation saline springs associ-
ated with thrust faults that are further indications of their presence.
Davisson, Presser, and Criss (1994) also studied the springs and de-
scribed geochemical evidence for high fluid pressures at depths of at least
several kilometers. The Franciscan sediments are bounded by granitic
blocks, which Berry (1973) speculated are compressing them from the
northeast and southwest, normal to the faults. He had no measurements
of the strain rates or permeability for this system, so his interpretation is
speculative. However, it -does not seem unreasonable. If one assumes a
tectonic forcing of 107!° s~1 on the basis of table 1 and a thickness of the
Franciscan sediments of 10 to 15 km as reported by both Berry (1973)
and Unruh and others (1992), inequality (15) suggests that abnormally
high pressures will be generated if the Franciscan permeability is 10~18
m? or lower (k < 107" ms~!). This is a quite reasonable value for
fine-grained sediments.

Screaton, Wuthrich, and Dreiss (1990) analyzed sediment deforma-
tion and fluid flow in the Barbados accretionary complex. They cite high
fluid pressures during drilling, fluidized sediments, and signs of fluid
expulsion as evidence of near-lithostatic pressures in the complex. Geo-
chemical and geothermal evidence for abnormally high pressures was
discussed by Vrolijk, Fisher, and Gieskes (1991). Convergent margins
like the Barbados complex are loci of intense deformation, where thick
prisms of sediments are scraped from the subducting oceanic plate, as
shown in figure 9. Screaton, Wuthrich, and Dreiss (1990) simulated the
deformation of sediments and resulting movement of fluids in the’
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Barbados complex using the rate of plate convergence and the system
geometry to constrain the rate of porosity loss. One result of their
analysis, a map of T, is reproduced in the bottom part of figure 9. This
map clearly illustrates an aspect of geologic forcing that is probably
significant in many environments: its spatial variation. For the range of I
shown in figure 9, approx 3 X 1076 t0 3 x 10~1*s~!, Screaton, Wuthrich
and Dreiss (1990) found that appropriately high fluid pressures were
generated when permeabilities are between 1077 and 107! m? (k be-
tween 10-19and 10-12 ms~!) (also see fig. 6).

Deep crystalline rock.—The disequilibrium-type abnormal pressures
discussed so far have been restricted to sedimentary terrains. There is
scant evident for significant hydrodynamic disequilibrium in crystalline
rocks at depths of a few kilometers or less. Presumably these rocks are too
pervasively fractured, and thus too permeable, to permit natural disequi-
librium to be generated. However, there is evidence that at depths
around 10 km in crystalline rock terrains, even in stable continental
shields, abnormally high pressures exist. At these depths the high tem-
peratures and stresses may prevent or heal fractures and probably drive
diagenetic porosity reduction in the form described by (17). Walder and

Accretionary prism

QOceanic basement
1 km

Fig. 9. West to east cross sections through the Barbados accretionary complex showin%
the structure interpreted from seismic and drilling data (top) and values of log I' in s~
(bottom). The top cross section was adapted from that of Vrolijk, Fisher, and Gieskes (1991)
and the bottom presents simulation results obtained by Screaton, Wuthrich, and Dreiss
(1990). ’
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Nur (1984) speculated that pressure solution is the particular mechanism
reducing the porosity in these environments. Tectonic forcing, as de-
scribed by (18), sometimes may also play a role.

The most direct evident for abnormal pressures in deep crystalline
rock comes from the superdeep borehole on the Kola Peninsula in
Russia. The borehole is reported to have encountered abnormally high
pressure fluids, presumably in fractures, at approx 9 km depth (Bor-
evsky, Vartanyan, and Kulikov, 1984). Additional, indirect evidence
comes from seismic studies of the crust. Experiments by Nur and Sim-
mons (1969) and Todd and Simmons (1972) have shown that in satu-
rated, low-porosity rocks, compressional wave velocity drops noticeably
as the fluid pressure approaches the total stress on the specimen. In view
of these results, Berry and Mair (1977) hypothesized that near-lithostatic
abnormal fluid pressures would cause zones of low seismic velocity in the
crust. Conversely, low-velocity zones may delineate regions of abnor-
mally high fluid pressure.

Low-velocity zones between 7 and 12 km depth are prominent
features in seismic profiles obtained in regions as diverse as northern
Europe, South Africa, eastern and western United States, Australia,
Japan, the Baltic Shield, and the Canadian Shield (Mueller and Landis-
man, 1966; Berry and Mair, 1977). Indeed, evidence for such a feature is
so widespread that Mueller and Landisman speculated that it may be
nearly ubiquitous in the continental crust.

The Canadian Shield may offer the most clearly mapped example of
a low-velocity zone. A detailed seismic study of the crust carried out near
Yellowknife, Northwest: Territories was analyzed by Clee, Barr, and
Berry (1974) and Berry and Mair (1977). A cross section of the crust
showing a prominent low velocity zone between 8 and 10 km depth was
deduced from their analysis and is shown in figure 10. Notice that the
low-velocity (and perhaps abnormally pressured) zone is present in the
granitic rock but does nat extend into the adjacent greenstones.

Neither the permeability nor the strength of the forcing in any
low-velocity zones had been measured. Walder and Nur (1984) used the
permeability of unfractured crystalline rock, which they took to be 5 X
1072 m2 (k of 5 X 10713 ms~!), to calculate that (3n/dt)* must be between
10-16 and 107!% s~! to generate the supposed abnormal pressures. At
permeabilities as much as 10* times smaller, which were measured by
Trimmer and others (1980} in granite and gabbro, much smaller forcings
(between 10720 and 10716 s71) would suffice to generate abnormal pres-
sures (see fig. 6).

EXTRACTING INFORMATION FROM ABNORMAL PRESSURE REGIMES

The Inverse Problem: Abnormal Pressures and Permeability
In rare instances it is possible to identify low-permeability regions
using very indirect techniques, such as rock-water ratios during metamor-
phism (for example, Ferry and Dipple, 1991). For the most part, how-
ever, it is extremely difficult to characterize or even to detect low
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Fig. 10. Southeast to northwest cross section showing the seismic velocity structure of
the Canadian Shield in the vicinity of Yellowknife, Northwest Territories. Velocities are in
km s~!. A prominent low-velocity zone (5.8 km s~} is present in the granitic rocks (adapted
from Clee, Barr and Berry 1974, fig. 17).

permeability at large scales. Mapping a lithology with intrinsically low
permeability tells little about large-scale behavior because of the influ-
ence of transmissive fractures and stratigraphic or structural heterogene-
ities. It is impractical, moreover, to hydraulically test low-permeability
media except at small scales (Neuzil, 1986). Therefore the linkage be-
tween abnormal pressures of all types and regions of low permeability, as
defined by the hydrodynamic model, is potentially very useful. This
section explores abnormal pressures in relation to the inverse problem of
delineating regions of low permeability and evaluating their hydraulic
properties.

Low-permeability barriers in equilibrated flow systems.—Abnormal pres-
sures in equilibrated flow regimes have proven to be quite useful for
evaluating flow across low-permeability strata, which allows estimation of
the vertical (or cross-stratification) permeability over quite large regions.
This is possible because the low-permeability strata act like the walls of a
leaky conduit; leakage through these units is an important control of the
hydrodynamics of the system. Analysis of a system sometimes constrains
the rate of leakage. In flow systems that are reasonably well understood,
the quality of information about the low-permeability strata and level of
detail that can be obtained are surprisingly good. This is nicely shown by
two studies of contiguous abnormal pressure systems in the Western
Interior of North America.

Bredehoeft, Neuzil, and Milly (1983) and Belitz and Bredehoeft
(1988) simulated flow in the sedimentary sections of the south flank of the
Williston Basin and the adjoining Denver Basin respectively. In this
region, a sequence of Cretaceous shales overlies the Dakota Sandstone,
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which has abnormally low pressures in the Denver Basin (as portrayed
earlier in fig. 2) and abnormally high pressures in South Dakota. In both
regions, analyzing the abnormal pressures as equilibrium hydrodynamic
phenomena in a topographically-driven flow system allowed the perme-
ability of the Cretaceous shales to be estimated.

Figure 11A synthesizes the results of the two studies in a single
north-south cross section. The regional vertical permeability of the shale
in the Denver Basin (right side of fig. 11) is quite low, less than 3 x 10-20
m?. The regional vertical permeability of the shale sequence in South
Dakota 1s on the order of 10718 m2, or at least a hundred times greater.
This could indicate large-scale areal heterogeneity in the hydraulic
properties of the Cretaceous shale sequence, as suggested by figure 11A.
However, another interpretation of the results, illustrated in figure 11B,

Region analyzed by Region analyzed by
| «—Bredehoeft and others—» | <«——————Belitz and Bredehoeft—>|
(1983) . ) (1988)

() , “‘ D’

Post-Pierre
p sediments

Pierre and
< 3x10®m? other shales

Sea level

D|NE

Dakota
Sandstone

ND|SD

(b]

D

Sea level |

SD|NE NE|cO

ND|sp  lkm

0
0 200 km

Fig. 11. North to south cross section of the Cretaceous shales and underlying Dakota

Sandstone showing regional permeability estimates. (A) The permeability estimates as

obtained from the regional flow studies. (B) A conceptual model that explains the areal

permeability differences by making permeability a function of depth. The cross section was

constructed using information from the Petroleum Information Corporation and other ,
sources. The location of the cross section is shown in figure 14.
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is that the entire shale sequence is vertically zoned with respect to
permeability, and the deepest shale is also the least permeable. The latter
interpretation is supported by the finding of Bredehoeft, Neuzil, and
Milly (1983) that individual shale units in South Dakota have decreasing
regional vertical permeability with depth.

Disequilibrium and hydraulic isolation.—The criterion for generating
abnormal pressures as hydrodynamic disequilibria, presented earlier as
inequality (15), is v/l < |I'|. This derives from analyses of idealized
systems, where a single valued, scalar k characterizes the entire domain.
Homogeneity and isotropy represent a considerable simplification of
most geologic environments. Indeed, most data on abnormal pressures
have come from fluid pressure measurements in rather permeable
geologic units. Obviously, the critical property of disequilibrium domains
is isolation from their surroundings by low-permeability units or regions
and not necessarily the presence of a uniformly low-permeability volume
of rock. Fortunately, the criterion expressed by inequality (15) also
describes more complex domains where k characterizes only the low-
permeability components. This is because the forcing generally acts over
the entire domain, including any permeable regions, while the pressure
dissipation is controlled by the least permeable unit that the flow must
cross to dissipate the disequilibrium.

Surveying abnormal pressures interpreted as disequilibria, it can be
surmized that a highly varied set of permeability patterns permits the
required degree of hydraulic isolation. As one might expect, the patterns
reflect sedimentary architecture, geologic structure, deformation, diagen-
esis, and so forth. Generalization is difficult, but the patterns of permeabil-
ity in which disequilibrium occurs can be broadly viewed as constituting a
continuum marked by various ratios of high- to low-permeability rock.
This continuum is depicted schematically for both sedimentary and
crystalline terrains, in figure 12.

Permeability patterns seem to have fractal properties, so the patterns
shown in figure 12 represent various scales. Sometimes, different parts of
the continuum shown in figure 12 can characterize the same environ-
ment at different scales. For example, the low-permeability subregions
shown in the right-hand side of figure 12 may, at smaller scales, be
properly placed in the center or left-hand side of figure 12. Such
relationships have in fact been observed; Hunt (1990) describes low-
permeability zones containing minor reservoirs which lie between thick,
extensive reservoirs. A “low-permeability region” marked by the pres-
ence of disequilibrium abnormal pressure thus may be complexly hetero-
geneous on more than one scale. Despite their complexity, however, such
domains clearly can have no permeable connections to normally pres-
sured surroundings.

Relatively few disequilibrium pressure regimes have been reported
in environments where permeable units are rare or absent (fig. 12, left).
Notable exceptions are the underpressured regime in the Pierre Shale
described earlier and shtown in figure 8, as well as an abnormally low
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Fig. 12. Schematic drawings depicting the continuum in permeability patterns that
ermit generation and maintainance of hydrodynamic disequilibrium. White regions are
ow-permeability rock, and the upper drawings represent hypothetical sedimentary se-
quences, while the lower drawings represent hypothetical fracture patterns in crystalline
rock. Simple low-permeability domains with minor permeable components at the left grade
into more complex patterns, were permeable rock is Volumetricall&/ dominant but is isolated
by low permeability components. The fracture patterns were adapted from a lineament
map by Gustafsson (1994).

pressure regime in the Valinginian Marl in Switzerland (Vinard and
others, 1993), and abnormally high pressures in thick evaporites in New
Mexico (Peterson, Lagus, and Lie, 1987). Although the paucity of ex-
amples seems to imply that homogeneous low-permeability environ-
ments are not common, they are probably underrepresented in the
gathering of data. A distinguishing feature of these environments is the
fact that fluid pressures must be measured in low-permeability litholo-
gies, a difficult and costly procedure that is done very infrequently.
Bradley (1975) not long ago observed that “there has never been a
measurement of the [fluid] pressure in a shale,” and there are still few
exceptions to this statement. Indirect measures imply that relatively
homogeneous low-permeability domains with abnormal pressures are
not particularly rare. Undercompacted shales, revealed either by their
tendency to flow into the borehole (Pritchett, 1980) or by unexpectedly
high porosity at depth (Magara, 1968; Gretener and Feng, 1985) fre-
quently are an indication of abnormally high fluid pressure. Also, the
abnormally high pressures at several kilometers depth inferred by Berry
and Mair (1977) from seismic data may occur in relatively homogeneous,
unfractured crystalline rock. '
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The great majority of known disequilibrium-type abnormal pres-
sures appear to be in environments with significant permeable compo-
nents. A commonly encountered sedimentary architecture that gives rise
to this condition is sandstone or carbonate strata enclosed in argillaceous
sediments. According to Corbet and Bethke (1992) the abnormally
underpressured Cretaceous sediments of the western Canada sedimen-
tary basin are an example of this. Many geopressures in actively subsiding
basins apparently are in similar settings; Harrison and Summa (1991)
note that Gulf Coast geopressures are developed where permeable sands
comprises something more than 10 percent of the sediment. Isolation of
permeable units also occurs where faulting and soft-sediment deforma-
tion disrupt their continuity. The Barbados accretionary complex de-
scribed by Screaton, Wuthrich and Dreiss (1990), where the sedimentary
structure has been greatly disturbed by lateral compression, deforma-
tion, and thrusting, appears to be an example of this. It should also be
noted that similar permeability patterns are possible in crystalline rocks if
isolated fracture clusters are present (fig. 12, bottom). The abnormally
high pressures in the Kola superdeep borehole (Borevsky, Vartanyan,
and Kulikov, 1984) apparently occurred in one or more clusters of
fractures, because significant quantities of water had to flow into the
borehole to be detected.

At increasingly large volume fractions of permeable rock, the likeli-
hood of permeable connections through a region increases. However,
disequilibrium-type abnormal pressures are known to exist where perme-
able rock predominates, indicating that hydraulic isolation occurs under
these conditions. Often, these systems are distinguished by their incorpo-
ration of permeable abnormally pressured subunits large enough to
display internal hydrostatic pressure gradients. Pressure and hydraulic
head profiles in such a domain are shown in figure 13. The head profile
in figure 13 may be contrasted with that in a homogeneous domain (figs.
5 and 8). The abnormal pressure indicates overall enclosures within
low-permeability units while the hydrostatic gradient indicates internal
hydraulic communication in comparatively permeable media. Pressure
patterns suggestive of these circumstances have been reported in sedimen-
tary basins around thé world. Rehm (1972) shows many cases where
drilling mud weights suggest elevated but essentially constant heads over
hundreds to thousands of meters depth. These pressure patterns are
often attributed to the seal phenomenon already described. In particular,
pressure seals in complex three-dimensional patterns have been invoked
to explain regimes with distinct abnormal pressures that appear to adjoin
each other laterally as well as vertically (Rehm, 1972; Hunt, 1990;
Powley, 1990). The latter have been termed “pressure compartments.”

Crustal permeability patterns.—Our knowledge of the occurrence of
abnormal pressures is incomplete. In particular, drilling and testing
generally have provided few pressure data in low-permeability units, at
depths exceeding 7 or 8 km, or outside of suspected or known hydrocar-
bon provinces. Nevertheless, the extant data on abnormal pressures yield
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insight into the distribution of permeability in the crust. I anticipate that
this insight will deepen as additional data are obtained and systematic
analyses based on hydrodynamics are undertaken.

Within 7 to 10 km-of the surface the occurrence of low-permeability
regions appears to be related to the type of geologic terrain. There are
few, if any, abnormal pressures in crystalline terrains, probably because
these media are pervasively fractured and relatively permeable at moder-
ate stresses and temperatures. In sedimentary terrains, on the other
hand, low-permeability domains indicated by abnormal pressures are
reasonably common in the upper several kilometers of the crust. They
seem to occur most frequently in relatively young accumulations of
sediment, perhaps because these are least likely to maintain transmissive
fractures.

At depths of approx 7 km and greater, permeable rock may be
uncommon. According to Powley (1990), most thick sedimentary accumu-
lations host abnormal pressures at depths of several kilometers, and as I
have already noted, seismic evidence suggests that there may be perva-
sive high pressures (and by implication low permeabilities) between 7 and
12 km depth. There is some difficulty reconciling this interpretation with
evidence for deep circulation of water (for example, that described by
Taylor, 1990). Nur and Walder (1990) recognized this difficulty and
proposed that deep, low-permeability regimes are cyclically fractured
and resealed. According to them, deep circulation of groundwaters
“represent only the periods or episodes of fast flow and not the crust in
general.”

In places, low-permeability regions in sediments of the shallow crust
could be continuous with deeper, regional low permeability. This possibil-
ity has already been mentioned with respect to the U.S. Gulf Coast. Other
abnormal pressures clearly have normal pressures beneath them, such as
those in the Green River Basin shown in figure 13, indicating that they
are disconnected from low permeability at greater depths by intervening
permeable rocks. A generalized permeability map of the continental crust
would, therefore, include a very extensive and possibly continuous zone
of low permeability at a depth of 7 to 12 km which occasionally protrudes
into shallower regions of the crust, plus discrete low-permeability regions
“floating” in permeable upper crustal rock.

Western Interior North America provides a specific example of how
abnormal pressure regimes might be used to map permeability region-
ally. Figure 14 shows the areal distribution of low permeability (<10-!8
m?) in this region inferred from both equilibrium and disequilibrium
type abnormal pressure regimes that have been discussed in this paper.
The map reveals a permeability heterogeneity on the scale of hundreds to
thousands of kilometers. The low-permeability regions shown are in the
upper 2 to 5 km of sedimentary cover and are not continuous with any
deeper low-permeability zones that may be present. The most extensive
low-permeability regions (fig. 14, 1 and 2), are associated with Cretaceous
shales in the foreland basins of the Rocky Mountains. It is sometimes’
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Fig. 13. Pore fluid pressure and hydraulic head with depth in the Pacific Creek area,
Green River Basin, Wyoming. The abnormally pressured section suggests the presence of a
3-km-thick permeable zone, with internal hydrostatic pressure gradient, isolated by rela-
tively thin low-permeability zones above and below. Pressures were interpreted by Spencer
(1987) based on mud-weights, drill-stem tests, and other data.

possible to deduce the vertical permeability pattern as well as the areal;
figure 11 has already shown this along transect D-D’ of figure 14.

The Detection Problem: Abnormal Pressures and Geologic Processes

According to the hydrodynamic model, disequilibrium-type abnor-
mal pressures integrate the effects of geologic processes that tend to
perturb the fluid pressure. By extension, disequilibrium regimes contain
information about these geologic processes and their history. In some
instances abnormal pressures point to the presence of geologic forcing
which could otherwise be overlooked or constrain the value of I' tempo-
rally and spatially. An example is abnormally high fluid pressures in the
Uinta Basin that result from petroleum generation and imply a rather
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detail

0 500 km
L 1 1
[

Fi$. 14. Map of the western interior of North America showing low permeability
(<10~ m?) regions inferred from abnormal Eressures: (1) (northern part) shale sequence
with a regional vertical permeability of 107!® m? (Bredehoeft, Neuzil, and Milly, 1983);
(southern part) shale sequence with a regional vertical permeability smaller than 3 x 10720
m? (Belitz and Bredehoeft, 1988); (2) one or more sﬁales with regional Permeability of
approx 10720 m?; (3) domains hydraulically isolated by permeabilities of 10~'® m2 or smaller
(assuming I' < 1071 s~ I; these regions may actually be clusters of smaller low-permeability
domains) (Spencer, 1987, Bredehoeft, Wesley, and Fouch, 1994). D-D’ denotes location of
section depicted in figure 11.
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specific thermal history for the sediments there (Bredehoeft, Wesley, and
Fouch, 1994). Another example is the inferred widespread high fluid
pressure at 7 to 12 km depth; active porosity reduction probably would
not be suspected in this environment without the indications of abnormal
pressures.

Unfortunately, the nature of the detection problem dictates strong
limitations to the information one can extract about past geologic activity.
Hydrodynamic disequilibrium is dominated by the most recent forcing as
the fingerprint of geologic processes grows increasingly faint with time.
This exacerbates a nonuniqueness that is introduced by uncertainty in
system properties and geometry. The limitations are evident in my study
of abnormally low fluid pressures in the Pierre Shale (Neuzil, 1993). In
that study, the shale properties (permeability, porosity, and compressibil-
ity), geometry, and pressure regime were well established by drilling,
sampling, and testing. Analysis of the flow disequilibrium clearly indi-
cated erosion as the forcing process and broadly constrained the erosion
rate over the past 105 yrs. However, it was not possible to determine the
total amount of erosion or to distinguish between several different
erosion histories for the past 2 my (Neuzil, 1993).

DISCUSSION

Unlike the hydrodynamic model, the static model suggests that
abnormal pressures are not dissipated by flow, obviating the need for
ongoing pressure perturbation. The static model itself encompasses
different conceptual approaches. For example, some researchers have
suggested that abnormal pressures are generated by long-term main-
tainance of fluid pressure itself, rather than simply containment of fluid
mass. When a region becomes hydraulically isolated (as by the formation
of seals) pressures that were originally hydrostatic thereby become abnor-
mally high or low as the geologic framework evolves. Bradley (1975)
depicts such an origin for abnormally high pressure: as the land surface is
eroded, subsurface pressures remain at the hydrostatic value for the old
higher land surface. This phenomenon would aptly be described as fossil
pressure or paleopressure. More frequently, however, the static model
sees fluid pressures as changeable; geologic processes generate abnormal
pressures and may continue to alter them over time, but fluid mass is
contained. Because of the containment, abnormal pressures are pre-
served during periods of geologic quiescence. An example of the latter
approach is Barker’s (1972) aquathermal pressuring concept, wherein
thermal expansion of pore fluid during subsidence is seen as generating
high pressures. Both concepts, (1) fossil pressure and (2) long-term fluid
containment, merit additional comment,

In my view, fossil pressures raise serious conceptual problems. It is
difficult to imagine how to effect significant changes to the geologic
framework without incurring significant pressure perturbations. During
erosion or deposition, for example, mechanical and thermomechanical
deformation change porosity and fluid density. Absolute pressures can be
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maintained in rocks that are very stiff or poorly deformable. However,
this would require a very fortuitous set of circumstances (Neuzil, 1985).
The preservation of fluid pressure, if it occurs at all, must be a rare
circumstance. ‘

The concept of fluid containment over geologic time raises different
issues, which are both difficult and interesting. It can be approached in
relative rather then absolute terms by posing the following question: how
small must the permeability be to preserve abnormal pressures over
significant spans of geologic time? I have already presented the analysis
that allows one to approach this question. The dissipation of abnormal
pressures by flow can be characterized using dimensionless time tp.
Disequilibrium (the abnormal pressure) is essentially “preserved” for
tp < 0.1. Using the definition of t;, the required permeability (as
hydraulic conductivity) can therefore be expressed as k < 0.1 (Sg/?)/t.
Taking S¢ to be a representative 107 m~!, / to be 10* m, and requiring
pressure to be maintained for 50 my (t = 1.5 X 10'5 s) yields k < 6 X
10~ ms~! or a permeability of less than 6 x 1072 m2,

Previous discussion of permeability suggests that this value is below
the range indicated by the best recent measurements for argillaceous
media, crystalline rocks, and most evaporites. Only the permeability of
pure halite may meet this criterion. The concept of fluid containment
postulated by the static model therefore does not seem to be supported
by permeability data. A similar argument was made by Téth and others
(1991) in their discussion of the static model.

However, low permeability flow is a more complex issue than it at
first appears. There is uncertainty about low-permeability flow behavior,
particularly in argillaceous media. Various investigators have described
threshold gradients and other non-Darcian behavior (see, for example,
Mitchell and Younger, 1967; Elnagger, Karadi, and Krizek, 1974). These
phenomena, reported in porous media saturated with water, are distinct
from the well-established eftects of capillarity in media containing more
than one fluid phase. In a medium with a threshold gradient, flow does
not occur unless the hydraulic head gradient exceeds a certain value; at
lower gradients the medium appears to be impermeable. Typically,
reported threshold gradients range between 1 and 100. If present, they
could drastically affect flow in the subsurface, because hydraulic gradi-
ents in nature are usually less than 1. Byerlee (1990), for example, has
shown that threshold gradients could maintain high fluid pressures in
fault zones. However, the evidence for non-Darcian flow is controversial
because definitive experiments have so far proven impractical. Little
consideration has been given to this problem by currently active research-
ers, and in my opinion it remains unresolved (Neuzil, 1986). A role for
threshold gradients or similar non-Darcian phenomena in abnormal
pressuring therefore cannot be ruled out. All one can say is that with the
hydrodynamic model it is not necessary to appeal to this additional
complexity to explain abnormal pressures. ’
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It is not at all clear that it will ever be possible to test definitively
conceptual models for abnormal pressure. This is because (1) access to
the subsurface is difficult and costly, commonly resulting in few data being
available to characterize a system, (2) subsurface systems tend to be geo-
logically and hydraulically complex, and (3) relevant dynamic processes
cannot be observed on appropriate spatial and temporal scales. Adequate
characterization of subsurface environments is a particular problem. An
understanding of the geologic framework must be founded upon rela-
tively sparse boreholes and indirect geophysical characterization. Subsur-
face pressure patterns are similarly uncertain. Many reported abnormal
pressures are not based on pressure measurements at all but are deduced
from geophysical logging or mud weights (Gretener and Feng, 1985).
Most actual pressure data are obtained as rapidly as possible (for reasons
of cost) and are thus of variable reliability, particularly in low-permeabil-
ity formations. Moreover, pressure data are often obtained after human
disturbance of a system, and it is difficult to know whether abnormal pres-
sures reflect natural conditions or the injection or withdrawal of fluids.

Even where abnormal pressure regimes are relatively well defined,
experience has shown that it can be difficult to establish the nature of the
flow. The Denver Basin is an instructive case in point. A decade ago,
Ottman (1984) concluded that the strikingly low hydraulic heads in the
Cretaceous sandstones there (shown earlier in fig. 2) represented hydro-
dynamic disequilibrium caused by erosional unloading. The later study
by Belitz and Bredehoeft (1988) showed that the low pressures are
readily explained as occuring in an equilibrated flow regime. The differ-
ent interpretations are critical not only for understanding the origin of
the low pressures; they imply quite- different regional permeability and
flow patterns. Disequilibrium implies hydraulic isolation of the Creta-
ceous sandstones. Equilibrated, topographically-driven flow implies no
such isolation. Indeed, it implies just the opposite; the Cretaceous sand-
stones of the Denver Basin may be abnormally pressured because they
connect the basin interior with distant, low-elevation discharge points.
This is particularly relevant to the perception that abnormal pressures
must be indicative of “restricted” or “closed" systems (Gretener and
Feng, 1985; Bradley, 1975; Powley, 1990; Hunt, 1990).

CONCLUSIONS

The hydrodynamic model that I have outlined in this paper provides
a general framework for understanding abnormal pressures. It stems
from a view of the Earth’s crust as an ephemeral, continuously evolving
structure in which flow regimes must also evolve. Equilibrated regimes
have remained current, and disequilibrium regimes have lagged the
changes. In the former, abnormal pressures would persist indefinitely in
the absence of further changes to the geologic framework. In the latter,
they must be maintained by active, ongoing geologic forcing involving
porosity or temperature changes, fluid sources, or some combination of
the three. Forcing sufficient to maintain abnormal pressures in low-
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permeability environments apparently arises in many different geologic
settings, the result of a variety of natural processes. This helps explain
why various abnormal pressure environments often appear to have little
in common, an attribute on which Gretener and Feng (1985) have
remarked. .

The hydrodynamic model may enable one to extract fairly specific
information about crustal hydraulic properties and processes. This is
possible because abnormal pressure regimes are, in effect, large-scale,
long-term analogues to hydraulic and mechanical tests that one might
conduct in a borehole or in the laboratory. Because these natural “experi-
ments” occur on long time scales, they offer information that would be
impossible to obtain through human intervention. In particular, they can
reveal the presence, nature, and extent of large low-permeability regions,
which is a highly desirable capability. Such regions constrain regional
groundwater flow, sequester sizeable quantities of water and chemical
mass for significant periods of time, and are potentially advantageous as
sites for hazardous-waste disposal.

Uncertainty will undoubtedly continue to characterize analyses of
specific abnormal pressure regimes, limiting the amount of information
that can be gained from them. However, hydrodynamics provides the
tools for understanding abnormal pressures as a class of phenomena. It
seems likely that systematic examination of abnormal pressures and
analysis of them using the hydrodynamic model will yield significant and
perhaps crucial new knowledge pertaining to problems of fluid move-
ment in the crust. These problems are of both scientific and practical
interest. Subsurface fluids play important roles in the generation of
economic mineral deposits and the structural development of the crust.
Groundwater and hydrocarbons are vital to society. Intelligent exploita-
tion of the subsurface will be hindered without an understanding of the
development and behavior of abnormal pressures.
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