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Introduction

Fluids play a key role in a wide range of mechanical and
transport processes in the Earth’s crust. Fluid flow can
efficiently redistribute heat and solutes; as a result, fluid
assisted transport and fluid rock interaction are important
controls over the rate and extent of metamorphism, precipi-
tation, and sealing of fractures. Fluid-rock reaction and
precipitation impact permeability and fault strength (Chester
et al., 1993). In addition to its chemical effects, pore fluid
mediates the strength of brittle rocks because pore pressure
controls effective stress (Hubbert and Rubey, 1959). In
particular, elevated pore fluid pressure has been invoked as
a cause of mechanical weakness along plate boundary faults
and within the surrounding crust, at subduction zones (Davis
et al., 1983) and along continental transforms (Irwin and
Barnes, 1975). Because fluid pressure is central to a host of
hypotheses explaining apparent fault weakness, direct
measurements and indirect constraints on fluid pressure and
flow are high priorities for fault zone drilling.

Numerical models provide key tools to link observations
at shallow depths or the surface with borehole observations,
and to test hypotheses generated on the basis of such data.
These efforts can complement deep drilling by helping to
direct measurement strategies, and by estimating pressures
and flow patterns at depths and over a larger spatial extent
than reached by drilling. In the context of understanding
fluid pressure at plate boundaries, modeling efforts have
provided insights into many fundamental questions,
including: What are the magnitudes and spatial patterns of
suprahydrostatic pore pressure? What controls pore
pressure, and how should it vary—systematically between
margins or with depth? Are hypothesized fluid sources suffi-
cient to generate fault-weakening overpressures? What role
do permeable zones (faults, sands) play in drainage, and in
localizing pressure or flow?

Here I summarize three studies in which hydrologic
models are combined with available data to better under-
stand pore pressure and its mechanical effects at plate
boundaries (Table 1). In the firstexample, field and laboratory
data constrain a simple analytic model, which elucidates fluid
flow patterns and controls on pore pressure buildup during
initial loading at subduction zones. In the second example,
regional scale numerical models are used to quantify the
influence of fundamental geologic factors on pore pressure,

and consequently on rock strength, in subduction zones. In
the third example, models are used to evaluate hypotheses
for pore pressure generation and compartmentalization
invoked to explain mechanical weakness along the San
Andreas fault system in central California.

Example 1: Simple Model for Dewatering at
the Toe of Subduction Margins

At subduction zones, as incoming sediments are off-
scraped or underthrust at the trench, elevated pore pressures
result from rapid loading of low-permeability sediment
(Table 1). Pore pressure within the sediment underthrust at
thetrenchis especially important for the mechanical strength
of the plate boundary fault system, because the main décol-
lement localizes immediately above this sediment, and at
many margins downsteps into the section within a few to
tens of kilometers from the trench. Along transects where
Ocean Drilling Program (ODP) drilling has penetrated the
underthrust section at the Nankai, northern Barbados, and
Costa Rican subduction zones, it maintains anomalously
high porosity for its burial depth, suggesting under-consoli-
dation and associated high fluid pressure. Quantitative
estimates of in situ pore pressure have been obtained from
laboratory consolidation tests on core samples, and from
observed compaction trends both in boreholes and inferred
from seismic data (Screaton et al., 2002; Tobin and Saffer,
2003). At all three margins, the different methods yield
consistent results and indicate development of overpressures
that increase systematically with distance from the trench.
Estimated pore pressures suggest nearly undrained condi-
tions at the base of the section (excess pressures equal to the
load emplaced by subduction burial) and partially drained
conditions at the top.

To first order, the data can be explained by a simple model
describing a layer subjected to a continuously increasing
load, in which fluid escapes upward to a free surface (Wissa
etal., 1971; Fig. 1). In the model, pore pressure varies system-
atically with distance from the trench and depends upon the
thickness of the consolidating sediment layer (H), the perme-
ability and compressibility of the sediment layer (described
by a single variable, Cv), and the plate convergence rate (vp).
For each margin, laboratory measurements constrain
sediment permeability and compressibility. Notably, vp, H,
and Cv are different for each of the three locations, yet all of
the data are consistent with a generic model in which degree
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Table 1. Parameters of 2-D numerical models of subduction zones.

Example Model Source Terms Scale Permeability

Subduction zones (toe) Loading by underthrusting 100’s of m Sediment permeability measured in laboratory, function of
(virtual) porosity

Subduction zones Prescribed porosity loss based 10’s of km Sediment permeability measured in laboratory, function of

(regional) on drilling and seismic data porosity; range of fault permeabilities explored

San Andreas Fault Fluid release by prograde ~10km Function of depth; range of fault permeabilities explored

System metamorphism

of under-consolidation depends on the relative magnitudes of
loading rate, drainage path length, and sediment hydraulic
properties (Fig. 1). The agreement between observation and
model implies that upward drainage to a highly permeable
décollement dominates dewatering to distances of at least
~5-10 km landward of the trench. The model results also
suggest that severe under-consolidation should persist for
tens of kilometers from the trench (Saffer, 2007).

Example 2: Regional Scale Hydrologic
Models of Subduction Complexes

In several studies, 2-D numerical models of subduction
zones have been used to estimate pore pressures and test
hypotheses about the nature of fluid flow at the regional scale
(tens of kilometers; Bekins et al., 1995; Screaton et al., 1990).
In these models, pore pressure and flow are driven by
sediment compaction (Table 1). Fluid sources from
compactive dewatering are incorporated at each node within
the model domain, and are constrained by porosity data from
boreholes and inferred from seismic velocity data (these
models are described in detail by Bekins and Dreiss, 1992;
see also Screaton et al., 1990). Sediment bulk permeability in
the models is constrained by laboratory data, and a range of
fault zone permeability has been investigated. Fault perme-
ability is typically assumed to be higher than that of the
sediment matrix, based on observations of (1) fluid expulsion
at the seafloor and (2) chemical and thermal anomalies
centered on faults. For several well studied margins, modeled
pore pressure is in excellent agreement with that measured
in borehole observatories (Barbados; Bekins and Screaton,
2007) and estimated by methods described in the previous
example (Nankai and Costa Rica; Spinelli et al., 2006; Tobin
and Saffer, 2003).

Regional scale models have also been used to evaluate the
relative importance of factors that control pore pressure and
ultimately the taper angle of subduction accretion complexes.
The factors include sediment and fault permeability,
incoming sediment thickness, convergence rate, and parti-
tioning of sediment between accretion and underthrusting.
By isolating and quantifying the influence of each of these
factors on pore pressure, acomprehensive sensitivity analysis
provides a basic framework for considering observations
from active subduction complexes. As in the case of burial at
the toe of subduction systems described above, the results
show that pore pressure in accretionary wedges can be
viewed as a balance between factors which drive pore
pressure (source terms) and those that limit flow (permea-
bility and drainage path length). Sediment permeability and
incoming sediment thickness are most important, whereas
fault permeability and the partitioning of sediment have
small effects (Fig. 2).

By combining the hydrologic model with critical taper
theory, systematic relationships emerge between the funda-
mental factors that govern fluid pressure and stable taper
angle (Saffer and Bekins, 2006). For example, as sediment
permeability is increased, modeled pore pressure decreases
and allows taper angles to steepen. With increased sediment
thickness, increased pore pressure drives a decrease in taper
angle (Fig. 2). In general, low permeability and thick
incoming sediment sustain high pore pressures consistent
with shallowly tapered geometry, whereas high permeability
and thin incoming sediment should result in steep geometry.
The model results compare favorably with available data
from active accretionary complexes—active margins charac-
terized by a significant proportion of fine-grained sediment
within the incoming section (such as the northern Barbados
Trench and the eastern Nankai Trough) exhibit thin taper
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Figure 1. [A] Schematic showing drainage pattern for 1-D consolidation model. [B] Modeled under-consolidation ratio, U, vs. dimensionless time (solid black curve);
mean values of U from ODP sites at Barbados (blue), Nankai (red) and Costa Rica (tan), and inferred from seismic velocity data at Nankai (pink shaded region).
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Figure 2. [A] Model results showing influence of permeability (plotted as log
permeability at 25% porosity) on taper angle of accretionary wedges. [B] Data
from active accretionary complexes where drilling has documented litholo-
gies of incoming sediment, showing relationship between proportion of clay in
sediment and taper angle. [C] Model results. [D] Data from active accretionary
complexes, showing influence of sediment thickness on taper angle. After Saf-
fer and Bekins (2006).

angles, whereas those characterized by a higher proportion
of sandy turbidites (such as Cascadia, Chile, and Mexico)
have steep taper angles. Observations from active margins
also indicate a strong trend of decreasing taper angle with
increased sediment thickness. One key implication is that
hydrologic properties should strongly influence the strength
of the crust in a wide range of geologic settings.

Example 3: A Test of Hypotheses Along
the San Andreas Fault System

Along the San Andreas fault in California, heat flow obser-
vations and inferred stress orientations have been inter-
preted to indicate that the fault moves under considerably
smaller shear stresses than predicted by laboratory-derived
values for rock friction (Zoback et al., 1987). Elevated fluid
pressures are one likely candidate to explain the apparent
fault weakness—such overpressures may be either regionally
extensive resulting in a weak fault embedded within a weak
crust (Hardebeck and Hauksson, 2000), or localized along
the fault resulting in a weak fault embedded within a strong
crust (Zoback et al., 1987). Several hypotheses have been
proposed to explain the generation of fluid pressure in the
vicinity of the fault. In the study summarized here, Fulton et
al. (2005) used numerical models to investigate (1) whether
fluid produced by prograde metamorphism of the Franciscan
assemblage is a likely candidate for generating significant
and lasting overpressures along the fault system, and (2) if
so, whether overpressures can be localized along the fault.

The apparent correlation between CO, discharge, 20
enrichment, geologic structure, and observed seismicity

patterns originally led Irwin and Barnes (1975) to suggest
that fluids of metamorphic origin sourced from dehydration
of Franciscan rocks are trapped and forced into the fault
zone, causing fluid overpressures in areas where overlying
low permeability Great Valley sediments and serpentinite act
as a barrier to upward fluid expulsion. Fulton et al. (2005)
quantitatively tested this hypothesis using a two-step
approach. First, the spatial and temporal distribution of fluid
sources from prograde dehydration was estimated from
theoretical values of whole-rock H>O content and P-T
histories for the Franciscan crust in the wake of northward
migration of the Mendocino Triple Junction (MT]J) (Table 1).
Second, the fluid sources were incorporated into transient
2-D models of fluid flow within cross sections perpendicular
to the fault. In the models, permeability of the Salinian and
Franciscan crust was constrained by the work of Ingebritsen
and Manning (1999) and assumed to decrease logarithmi-
cally with depth. In addition to a 500-m-thick low-permea-
bility serpentinite body (k=10* m?®) extending across the
eastern half the model domain at a depth of 2 km, model
simulations also explore a range of fault permeability archi-
tectures including a fault barrier, a fault conduit, and a
combined conduit-barrier.

For models that incorporate both a serpentinite cap and
fault barrier, overpressures as large as 62% of lithostatic
pressure develop within 4 My of MTJ passage (a region
extending ~200 km south of the present day location of the
MT]J), where sources are abundant. However, simulated
pressures dissipate within several thousand years because
fluid sources die out due to stabilization in temperature and
the low remaining H»,O content in lower crustal rocks.
Overall, the presence of a low permeability cap can enhance
regional overpressure development; however, none of the
structures investigated allowed overpressures to localize
along the fault (Fig. 3). The results suggest that metamorphic
dehydration within the Franciscan crust has the potential to
cause regional overpressure and weakening of the crust for

Figure 3. Model results showing the development of overpressures in the crust
to the NE (blue), to the SW (green), and within (red) the San Andreas fault,
for [A] a simple model with no geologic structures and [B] models incorporat-
ing a serpentinite “cap” and a fault barrier. Overpressures are plotted using
the normalized pore pressure ratio A*=(Piuig - Prydrostat)/(Piithostat - Phydrostar)- I
both panels, solid curves show hydrostatic initial condition, and dashed curves
show an elevated pore pressure initial condition associated with subduction

north of the MTJ.
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~4 Ma after MT]J passage, currently encompassing a region
~200 km south of the MT]J, but is limited as a sole mechanism
for long-term weakening of the San Andreas fault along much
of its length because overpressures cannot be sustained or
localized along the fault.

Summary

In the examples summarized above, the integration of
hydrologic modeling with datasets enabled by drilling—
including laboratory studies on core samples and down-hole
measurements—has provided insight into first-order
questions about the magnitude, distribution, and mecha-
nisms of elevated pore pressure in tectonically active environ-
ments. However, the utility of such models is closely tied to
the availability of key datasets. Although data from the land
surface (or seafloor) are important, drilling provides the
most powerful and direct constraints on pore pressure and
fluid flow in the subsurface. In particular, the hydraulic
properties of faults and wall rock at relevant scales are key
unknowns in most models; down-hole and long-term pertur-
bation tests are one effective way to constrain these
quantities. Likewise, rock sampling and geochemical data
are critical toward better defining the fluid source terms that
drive flow in these dynamic environments. Down-hole
pressure and temperature measurements provide key data to
test flow models. In this context, fault zone drilling in
conjunction with surface measurements will provide vital
data to clarify the role of fluids in faulting and to more defini-
tively test hypotheses for fluid pressure development and its
mechanical and chemical effects.
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