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[1] Fluid distribution in convergent margins is by most accounts closely related to tectonics. This
association has been widely studied at accretionary prisms, but at half of the Earth’s convergent margins,
tectonic erosion grinds down overriding plates, and here fluid distribution and its relation to tectonics
remain speculative. Here we present a new conceptual model for the hydrological system of erosional
convergent margins. The model is based largely on new data and recently published observations from
along the Middle America Trench offshore Nicaragua and Costa Rica, and it is consistent with
observations from other erosional margins. The observations indicate that erosional margins possess
previously unrecognized distinct hydrogeological systems: Most fluid contained in the sediment pores and
liberated by early dehydration reactions drains from the plate boundary through a fractured upper plate to
seep at the seafloor across the slope, rather than migrating along the décollement toward the deformation
front as described for accretionary prisms. The observations indicate that the relative fluid abundance
across the plate-boundary fault zone and fluid migration influence long-term tectonics and the transition
from aseismic to seismogenic behavior. The segment of the plate boundary where fluid appears to be more
abundant corresponds to the locus of long-term tectonic erosion, where tectonic thinning of the overriding
plate causes subsidence and the formation of the continental slope. This correspondence between
observations indicates that tectonic erosion is possibly linked to the migration of overpressured fluids into
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the overriding plate. The presence of overpressured fluids at the plate boundary is compatible with the
highest flow rates estimated at slope seeps. The change from aseismic to seismogenic behavior along the
plate boundary of the erosional margin begins where the amount of fluid at the fault declines with depth,
indicating a control on interplate earthquakes. A previously described similar observation along accreting
plate boundaries strongly indicates that fluid abundance exerts a first-order control on interplate
seismogenesis at all types of subduction zones. We hypothesize that fluid depletion with depth increases
grain-to-grain contact, increasing effective stress on the fault, and modifies fault zone architecture from a
thick fault zone to a narrower zone of localized slip.
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1. Introduction

[2] Convergent margins are geodynamic settings
where physical changes brought on by depth-
dependent increase in pressure and temperature,
and intense deformation, result in immense energy
release and material transfer between subducting
and overriding plates. In the shallower 20–40 km
of these systems deformation and mineral phase
transformations set in motion vast volumes of
fluids that return to the oceans through imperfectly
known hydrogeological systems. As discussed
in the following, ample evidence indicates that
migrating fluids interact with rocks and modify
stresses influencing the tectonic processes that
shape the architecture of margins and the mecha-
nisms that generate the greatest earthquakes on
Earth.

[3] Convergent margins are typically classified as
‘‘accretionary,’’ when material is transferred from
subducting to overriding plates, or ‘‘erosional’’
when material of overriding plates is removed.
Research of accreting margin may have been
favored because accretionary structure facilitates
seismic imaging, which promotes drilling and
complementary studies, and fossil examples can
be studied in onshore outcrops. In comparison,
erosional margins have generally been less exten-

sively studied and our understanding of the first-
order operating processes lags behind. Even the
nature of tectonic erosional processes remains
controversial because direct evidence of material
removal is still lacking. Two main observations
have been widely used to propose tectonic erosion:
the migration of volcanic arcs through time away
from subduction trenches [von Huene and Scholl,
1991; Yáñez et al., 2001] and the discovery of
forearc masses containing rocks formed at or near
sea level that have progressively subsided several
kilometers [von Huene and Lallemand, 1990;
Lallemand et al., 1992].

[4] Tectonic erosion is inferred to be active along
at least 50% of the Earth’s convergent margins [von
Huene and Scholl, 1991; Clift and Vannucchi,
2004] and has probably occurred at many others
in the past. Conceptually, tectonic erosion implies a
plate-boundary fault progressively migrating up,
cutting into the overriding plate and transferring
material to the subduction channel [von Huene et
al., 2004a], but proposed erosional mechanisms are
conjectural and invoked tectonic processes require
contrasting physical conditions at faults. Tectonic
erosion might occur by mechanical abrasion of the
underside of overriding plates [Hilde, 1983; Adam
and Reuther, 2000], a process difficult to envision
in a dominantly aseismic environment and that
implicitly disregards the friction-reducing role of
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fluids. Alternatively, material might be removed
by overpressured fluids hydrofracturing the base
of the upper plate [Murauchi and Ludwig, 1980;
Le Pichon et al., 1993; von Huene and Ranero,
2003].

[5] Seismological data [Bilek and Lay, 1999], stud-
ies of exhumed fossil faults [Sibson, 1990] and
laboratory experiments [Marone, 1998] indicate
that faults are complex zones with physical prop-
erties and deformational mechanisms that change
as pressure and temperature increase with depth.
Some of those changes, albeit not clearly identi-
fied, modify frictional properties and control the
transition from shallow aseismic creep to deeper
seismogenic slip [Bilek and Lay, 1999; Sibson,
1990; Marone, 1998; Scholz, 1998]. Despite the
commonly invoked influence of fluids on tectonics
and seismogenesis [e.g., Sibson, 1990; Scholz,
1998], only the hydrogeological systems of accret-
ing margins have been extensively studied [Moore
and Vrolijk, 1992; Carson and Screaton, 1998],
and our current understanding of the hydrogeolog-
ical system of eroding margins (let alone the
interaction of fluids with long-term tectonics and
interplate seismogenesis) is mostly speculative.

[6] The integration in this work of new geophys-
ical, geochemical and geological observations,
and recently published more local studies across
the forearc [Bohrmann et al., 2002; Han et al.,
2004; Hensen et al., 2004; Schmidt et al., 2005;
Linke et al., 2005; Mau et al., 2006, 2007] of the
convergent Middle America Trench, where long-
term subsidence of the forearc indicates persistent
tectonic erosion [Ranero and von Huene, 2000;
Ranero et al., 2000; Vannucchi et al., 2003,
2004], document a hydrogeological system dis-
tinctly different from those described at accre-
tionary margins [e.g., Moore and Vrolijk, 1992;
Carson and Screaton, 1998]. The observations
show how variations in the relative amount of
fluid at the plate-boundary fault and fluid migra-
tion influence long-term tectonics and the transi-
tion from aseismic to seismogenic behavior.
Where fluid is more abundant at the plate
boundary, coming mainly from dehydration reac-
tions of subducting minerals, tectonic erosion
thins the overriding plate that fractures and sub-
sides to form the continental slope. Most of that
fluid drains from the plate boundary through the
fractured upper plate, rather than along the
décollement as inferred for accretionary prisms.
Where the relative amount of fluid declines

seismogenic behavior along eroding and accret-
ing plate boundaries begins, indicating a first-
order control on interplate earthquakes.

2. Hydrogeological System

[7] This work presents a detailed study of the hydro-
geological system of the Costa Rica–Nicaragua
forearc. We have studied the hydrological system
by (1) compiling an inventory of focused seepage
sites at the seafloor, (2) mapping the relative distri-
bution of fluid at the plate boundary with seismic
data, and (3) calculating the margin fluid budget after
estimating fluid flow rates from thermal structure and
pore fluid chemistry.

[8] The inventory of focused seepage sites pre-
sented here, and described in more detail by
H. Sahling et al. (Fluid seepage at the continental
margin off Costa Rica and Nicaragua, manuscript
in preparation, 2008), has been obtained through a
multiscale mapping approach, sequentially apply-
ing methods of increasing spatial resolution during
successive ship cruises along the margin: Detection
of regions with potential seeps with full-coverage
multibeam bathymetry (processed data from R/V
Sonne cruises 76, 81, 107, 144, 163 and 173, R/V
Meteor cruise 54, and R/V Ewing cruise 0004) was
followed by mapping those regions with deep-
towed side-scan sonar during cruises Sonne 144,
163 and 173. An example of the methodology, with
a description of the detection of two seeps with
remote sensing methods is presented by I. Klaucke
et al. (Multifrequency geoacoustic imaging of fluid
escape structures offshore Costa Rica: Implications
for seep processes, submitted to Geochemistry,
Geophysics, Geosystems, 2008). Remote sensing
data were ground-truthed with 63 deep-towed
video observations during cruises Sonne 163 and
173 and Meteor 54 (Figure 1). These results were
used to plan additional sampling during those
cruises of sediment and fluid at seeps that further
confirmed active flow.

[9] To understand the hydrogeological systems of
eroding margins it is necessary to recognize their
tectonic structure: Beneath a few hundred meter to
�2 km thick slope sediment, the bulk of eroding
margins upper plate is formed by a body of igneous
or metamorphic rock, fronted by a small sediment
prism (typically < �10 km wide) and underthrust
by 400–500 m of sediment on the subducting
oceanic plate (Figure 2). Despite the convergent-
margin setting, much of the slope of eroding
margins is cut by normal faults forming seafloor
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scarps (Figure 2). Such faults have been seismically
imaged cutting deep into the overriding plates of
Costa Rica [Ranero and von Huene, 2000], Chile
[von Huene and Ranero, 2003; Ranero et al.,
2006], Ecuador [Sage et al., 2006], NE Japan
[von Huene et al., 1994], and the Kuriles [Klaeschen
et al., 1994]. Thus the typical structure of eroding
margins appears to consist of a low-permeability
rock lithology cut by numerous, mostly normal
faults that indicate tensile stresses exist in the upper
plate at least periodically (Figure 2). The overall
structure and stress regime are thus fundamentally
different from accreting prisms. It is across the
faulted slope where pervasive fluid seepage has
been discovered along much of the Nicaragua-to-
Costa Rica margin.

[10] Focused seepage at 124 sites was detected,
including the few previously surveyed sites
[McIntosh and Silver, 1996; Bohrmann et al.,
2002], documenting widespread focused fluid
seepage along the �500 km of continental slope
where all methods were applied (Figure 1). Most
seeps produce mud mounds �0.4–2 km wide and
�20–200 m high, but seepage also occurs along
faults offsetting the seafloor (Figure 2). Most mud
mounds and some segments of seafloor-cutting
faults display patches of high backscatter in side-
scan sonar images (Figure 3). Deep-towed camera
observations and sampling show extensive chemo-
synthetic carbonates associated with many of the
backscatter anomalies (although some high back-
scatter is also caused by seafloor relief), as well as
chemosynthetic fauna indicating active flow. In
addition to mounds and faults cutting the slope
along much of the margin, carbonates and fauna
also occur at some of the fractures associated with
slide scars caused by subducting seamounts
(Figure 4). Large subducting seamounts cause local
uplift and penetrative fracturing of overriding

plates [Ranero and von Huene, 2000; von Huene
et al., 2000, 2004b]. The large-scale seafloor
failure in their trailing wakes may provide fluid
flow paths.

[11] Mud mounds and slide scars are conspicuous
features that attracted focused investigation during
the cruises. Normal faults and fractures are perva-
sive along the margin (Figure 4), but only a few
fault segments have been investigated (Figure 3).
Thus the current inventory of 124 seeps along
�500 km is conservative and this minimum num-
ber could potentially increase by perhaps a factor 2
or 3 if seepage along all faults and fractures were
investigated, although many of the undetected
seeps may generally be of smaller dimensions.

2.1. Fluids From Sediment Dehydration

[12] Low-salinity fluids (Cl-depleted), initially dis-
covered at a few mounds [Hensen et al., 2004],
have subsequently been sampled at numerous other
seeps along the entire margin, from which a
representative subset is presented in Figures 6c–
6f. The isotopic composition of the Cl-depleted
fluid samples is typical for clay dehydration at
temperatures up to �150�C [Hensen et al.,
2004], and sampled gas hydrate contains thermo-
genic methane [Schmidt et al., 2005]. Both obser-
vations indicate diagenetic reactions at temperatures
found in the subduction channel, rather than in the
cooler slope sediment, with subsequent vertical
fluid transport through the overriding plate.

[13] Subducting sediment contains both pore water
and chemically bound water. Most pore water is
lost by compaction during initial subduction. Sed-
iment underthrust beneath the frontal prism is
underconsolidated and porosities are reduced to
5–10% about 10–20 km landward of the trench

Figure 1. Multibeam bathymetry map of the continental slope and oceanic plate (100 m grid) offshore Costa Rica
and Nicaragua and land topography from SRTM mission (http://srtm.usgs.gov). Age of oceanic plate at trench axis
[Barckhausen et al., 2001] is in million years (m.y.). Seafloor fluid seeps (124 seeps) at the slope are marked by color-
filled diamonds and squares. Inset shows coverage of deep-towed side-scan sonar and tracks of seafloor observations
with video cameras used with bathymetry to map active seepage. Temperature along plate boundary is indicated by
isotherms of 60�C, 90�C, 120�C, and 150�C. Temperature has been estimated from probe heat flow measurements
and bottom-simulating reflectors (BSRs). Estimates take into account thermal conductivity of sediment and basement
and are within uncertainties of temperatures obtained with 2-D numerical modeling offshore Nicoya Peninsula
[Harris and Wang, 2002; Spinelli and Saffer, 2004]. Inset shows lines with heat flux measurements from cruise
Meteor 54 and previous studies [Langseth and Silver, 1996] and BSRs used to estimate temperatures. Black-filled
symbols are well-located interplate earthquakes [Newman et al., 2002; DeShon et al., 2003; Ihmlé, 1996]. Thrust
focal mechanisms from CMT catalog [Dziewonski and Woodhouse, 1983] are color-coded to depth and shown at
EHB [Engdahl et al., 1998] locations. Note that both microearthquakes and teleseismic events occur at plate-
boundary temperatures >150�C along >500 km of the margin. Red tracks are BGR99 seismic reflection profiles; thick
red segments correspond to images in Figure 5.
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[Kimura et al., 1997]. The source of deep fluids
detected at slope seeps is the smectite and biogenic
opal in subducting sediment [Kimura et al., 1997;
Spinelli and Underwood, 2004]. These minerals
dehydrate at �50�–160�C, releasing water. Bio-
genic opal transforms to quartz at �50�–100�C,
and smectite transforms to illite at �60�–160�C
[Pytte and Reynolds, 1988; Moore and Vrolijk,
1992]. Most seeps occur above the plate boundary
where temperatures are >60�C to �140�C and thus

where dehydration reactions should release water
(Figure 1). This association supports the inference
that subducting minerals are the source of seep
fluids. Further significant dehydration does not
occur until clay transforms to muscovite [Frey,
1987] at 250�–300�C. The plate interface does
not reach this temperature until beneath the land-
mass at >40 km depth [Harris and Wang, 2002;
Ruepke et al., 2002].

Figure 2. Structure and interpretation of processes active at erosional plate boundaries. A conceptual cross section
showing active processes projected on bathymetry (50 m grid) illustrates the relationships between subsurface
processes and seafloor structures. Fluid abundance along plate boundary is the main factor governing the distribution
of processes with depth. Fluid abundance appears constrained by water release during temperature-controlled
dehydration of subducting minerals. Overpressured water hydrofractures the base of the upper plate; fractured
material is collected into the subduction channel and removed, causing the subsidence that forms the continental
slope. Upper plate subsidence is partially accommodated by extensional faulting over a weakly coupled plate
boundary. Faulting promotes upward migration of plate-boundary fluid that triggers mud diapirism of slope sediment
and seepage at the seafloor, forming mounds. Under the slope, hydrofracturing probably creates a broad plate-
boundary fault zone with distributed slip. At temperatures > �150�C, water release declines, causing areas of high
fluid pressure to reduce in size and effective stress to increase on the plate-boundary fault. Here, the fault zone
narrows, localizing slip, and a little-fractured upper plate accumulates elastic energy. Interplate earthquakes nucleate
in this ‘‘drier’’ fault zone, but large events may rupture into the shallower portions of the plate boundary.
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[14] Most seeps, including mounds, occur near or
at faults/fractures reaching the seafloor, which
indicates a causal link. The faults penetrate deep
into the slope sediment and some extend into the
basement [Ranero and von Huene, 2000; Hensen et
al., 2004] providing a channel for fluid percolation
from depth across a basement lithology of essen-
tially impermeable igneous rock when unfractured
(Figure 2). Seeps have not been detected in the
pervasively deformed lowermost slope, where dis-
tributed fluid flow may occur along many struc-
tures. Here, low plate-boundary temperature
implies that little water is available from sediment
dehydration (Figure 1), and most water possibly
comes from sediment compaction (Figure 2).

2.2. Fluids Along the Plate Boundary

[15] The most compelling evidence for the relative
distribution of free water along the plate boundary
comes from seismic reflectivity that indicates local
physical properties at depth. Observed changes in
reflection amplitude parallel inferred changes in
material properties caused by late diagenetic/low-
grade metamorphic processes. Indeed, free water in
the subduction channel should produce a change in
acoustic impedance detectable with seismic reflec-
tion amplitude. Seismic data images the plate
boundary as relative high-amplitude reflections
beneath the slope, but the reflectivity fades notably
under the transition from the upper slope to the
continental shelf (Figure 5). This rapid decrease in

Figure 3. Deep-towed side-scan sonar imagery draped over multibeam bathymetry of the middle and upper
continental slope offshore Nicaragua. Mud mounds and some segments of normal fault display high backscatter in
side-scan sonar images partially caused by changes in relief but also by outcrops of chemosynthetic carbonates
related to seepage of deep fluids.

Figure 4. Interpretation of tectonic structures and location of seeps on a perspective view of the shaded relief
bathymetry of the continental slope and oceanic plate near the trench axis. The bathymetry is projected parallel to the
linear strike of the trench axis offshore Nicaragua. (a) Trench axis corresponds to Y-km � 0 off Nicaragua, but
(b) note that trench axis departs greatly from Y-km 0 offshore Costa Rica. Short red lines are projected over locations
of seafloor seeps. Mounds Culebra, 10, and 11 with heat flux measurements and pore water chemistry modeled in
Figure 6 are labeled. Location of ODP leg 170 site 1039 in the ocean plate and sites 1040 and 1043 in the lower slope
are marked by red-filled black stars. Red lines are tracks of BGR99 multichannel seismic reflection profiles in Figure 5.
Note the pervasive fabric of normal faults roughly subparallel to the strike of the slope along much of the margin
(X-km 10–320). Only a few prominent normal faults are indicated by black arrows, but pervasive faulting cuts much
of the slope. Upper plate fracturation and large-scale sliding (grey arrows) caused by subducting seamounts become
important toward Costa Rica (X-km 330–600). The furrows left by margin collapse behind subducting seamounts are
indicated.
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plate-boundary reflectivity is observed in records
from several surveys along the margin, so it is not
an artifact of acquisition or processing. Tempera-
ture along the plate interface estimated from heat
flow data shows that high-amplitude reflectivity
occurs between �60�C and temperatures slightly
above 150�C, the temperature range where water is
released by mineral dehydration. Such correspon-
dence between reflectivity and temperature holds
in spite of considerable lateral change in tempera-
ture profiles across the subduction zone, i.e., 150�C
is reached at �50 km from the trench axis on
seismic lines 17 and 41, but only at �30 km on line
15.

[16] The brightest and clearest plate-boundary
reflections are of negative polarity (Figure 5),
indicating a sudden decrease in seismic velocity
and/or density that strongly hints at free fluids,
although a detailed fluid distribution in the channel
is beyond seismic resolution. Both observations,
the negative-polarity bright reflections and the
transition from a strongly to a weakly reflective
plate boundary at temperatures > �150�C, indicate
that the seismic images are mapping the zone
where chemically bound water is released defining
the plate-boundary region with a larger amount of
fluid and the source area of fluid escaping at
seafloor seeps.

2.3. Fluid Flow Budget

[17] For this study fluid flow rates at seeps have
been estimated both from modeling of heat-flux
probe measurements (Figures 6a and 6b) and from
pore water chemistry (Figures 6c–6f). Most chem-
ical data was collected with gravity cores, and in a
few cases TV-guided cores were taken in areas
where visual inspection indicated active seepage.
Chemical analysis of pore water from a TV-guided
core taken in an area characterized by a small patch
of bacterial mats (�25 m2) indicated high fluid
flow rates at 300 cm/a Darcy velocity [Hensen et
al., 2004; Linke et al., 2005]. In spite of surveying
numerous seeps, high flow velocities of 10–
100 cm/a have been found in only a few cores.
Small areas of high flow rates may occur at the
many unsurveyed areas of seeps. Numerous gravity
cores and heat flux probe data across mound
structures and segments of fault document that
the entire seepage-related structures are affected
by less intense, but pervasive, dewatering. Heat
flow data across two mounds indicate that perva-
sive flow occurs over a �0.5 km2 area on each of
them [Grevemeyer et al., 2004; Schmidt et al.,

2005]. Across these areas, estimated velocities of
fluid ascent range between 0.1–1.0 cm/a for most
sampled sites to �2–5 cm/a at fewer locations
(Figure 6). In the emerging conceptual model, fluid
flow is related to fracture permeability in the
overriding plate, and seeps form above deep
penetrating faults and fractures. The seeps have
local high fluid flow with 10–300 cm/a rates near
the fault, but flow rates decrease abruptly to 0.1–
1.0 cm/a with distance from most seep conduits. A
few small areas, perhaps related to shallow fault-
ing, have 2–5 cm/a flow rates.

[18] The significance of fluid discharge by frac-
ture-controlled focused flow through the overriding
plate along the entire margin is illustrated with a
simple calculation. Assuming average flow rates of
0.5–1.0 cm/a across the average 0.5 km2 area of a
seep, that account for small areas of high flow rates
(note that a 300 cm/a flow in a 25 m2 area
discharges as much as 1/5th of the volume of a
0.1 cm/a flow across an entire 0.5 km2 seep area),
yields that each seep discharges 2.5–5 � 103 m3/a
of water into the ocean. Subducting sediment
supplies �0.9 � 103 m3/a per linear km of trench
of chemically boundwater [Spinelli andUnderwood,
2004], from which roughly 2/3 (�0.6� 103 m3/a) is
released under the slope at temperatures of 40�C–
160�C. Considering that detected seeps occur every
�4 km on average (a conservative estimate as
discussed above), it implies that all water released
from mineral dehydration can potentially be dis-
charged via focused slope seepage. Unconstrained
in this budget is the amount of subducting chem-
ically bound water in minerals produced by alter-
ation of igneous oceanic crust that dehydrate at
<�150�C. Drill cores of igneous oceanic crust
contain smectite and gypsum that might potentially
enclose as much chemically bound water as
subducting sediment [Jarrard, 2003], although no
data exist for the crust subducting at the Middle
America Trench.

[19] Pore water chemistry from ODP 170 sites
across the small sediment prism at the margin front
indicates that some deep-sourced fluids are also
transported laterally along the plate boundary to
near the deformation front [Kimura et al., 1997;
Silver et al., 2000], but chemical modeling indi-
cates that they represent <10% of the total volume
[Hensen and Wallmann, 2005], in agreement with
our budget estimate. This is consistent with the
lack of seeps at the deformation front where the
décollement reaches the seafloor [McIntosh and
Silver, 1996].
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[20] A poorly constrained factor in the above
budget is the time variability of fluid flow, and
there is evidence that transient processes may be
important [Davis and Villinger, 2006; Mau et al.,
2007]. However, estimated flow rates come from
different locations hundreds of km apart and taken
during different cruises separated in time up to
2 years, so that they probably integrate some of the
temporary variability. Thus the transient character
of fluid flow does not change the main conclusion
that fractured-related slope seeps may discharge
most of the water released by mineral dehydration
from the subducting sediment, and perhaps upper-
most oceanic crust.

2.4. Hydrogeological System of Erosional
Margins

[21] Fluid flow of mainly pore water at the frontal
�1.5 km of the lower slope has previously been
recognized from drilling results [Kimura et al.,
1997; Silver et al., 2000], but the quantitative
importance of focused flow across the entire
�50 km wide margin slope is only now apparent.
Previous fluid budget modeling off the Nicoya
Peninsula, for water in subducting sediment, as-
sumed a flow dominated by décollement perme-
ability and inferred dispersed flow across the
overriding plate, neglecting the focused flow
through upper-plate fracture permeability [Spinelli
and Saffer, 2004; Spinelli et al., 2006]. Such a
modeling approach is conceptually similar (and in
fluid budget results) to previous models of accre-
tionary prisms, estimating that �67% of water is
transported along the décollement to the deforma-
tion front and �33% migrates as dispersed flow
across the upper plate [Spinelli et al., 2006]. This is
in stark contrast to estimates accounting for ob-
served flow through upper plate fractures.

[22] Thus observational data and fluid flow budget
estimates reveal a hydrogeological system at ero-
sional margins that differs from models proposed

for accretionary prisms [Moore and Vrolijk, 1992;
Carson and Screaton, 1998]. At accreting prisms,
the contribution of focused flow at slope seeps to
the total fluid budget is inferred not to be signif-
icant [Carson and Screaton, 1998], and overall
flow is largely constrained by matrix permeability
(disperse flow) and flow along the décollement. In
contrast, the bulk of the upper plate of eroding
margins is low-permeability rock where fracture
permeability controls fluid flow, so that faults are
the main fluid conduits. Conceivably, each slope-
fault seep system taps a large fluid reservoir in the
subduction channel.

[23] At accreting prisms, hydrofracturing of thrust
faults in a contracting upper plate requires fluid
pressures above lithostatic, whereas normal faults
in extending eroding margins hydrofracture at
pressures below lithostatic [Sibson, 1981], which
may facilitate seepage through the upper plate with
subordinate fluid transport along the décollement
toward the margin front.

[24] A corollary of this model is a view of diapir-
ism in which fluids migrating along fractures in the
basement reach the slope sediment triggering mud
extrusion. Thus modes of fluid drainage and dia-
pirism are different from those attributed to rapid
sedimentation and loading, as commonly invoked
at accreting margins and other heavily sedimented
contractional tectonic settings.

[25] Similar erosional settings with hydrogeologi-
cal systems dominated by fractured overriding
plates possibly occur along half of the Earth’s
convergent margins and include less extensively
surveyed margins like that of southern Ecuador
through Peru and into north Chile [Sage et al.,
2006; von Huene et al., 1988; von Huene and
Ranero, 2003], most of Tonga and Kermadec
[von Huene and Scholl, 1991], Japan-Kuril trench
[Henry et al., 1989] and Scotia trench [Vanneste
and Larter, 2002], and possibly Marianas [Fryer et

Figure 5. Multichannel seismic reflection images of the structure of the three distinct segments of the margin. Line
41 images the segment where normal oceanic crust subducts, line 17 images where seamounts subduct, and line
15 images where the flank of Cocos Ridge subducts (location in Figures 1 and 4). Processing includes prestack
deconvolution, poststack time migration, and automatic gain control to balance reflection amplitudes. Note change of
plate-boundary reflectivity in all lines from beneath the continental slope to the continental shelf. Automatic gain
control helps to trace low plate-boundary amplitudes beneath the shelf. Insets show the negative polarity (black-
orange-black) of the strongest and cleanest plate-boundary reflections compared to the positive polarity (orange-
black-orange) of the seafloor and the negative polarity of the bottom-simulating reflector (BSR) caused by free gas.
The negative polarity reflections strongly indicate the presence of free fluids at the plate boundary. In general, higher
reflectivity occurs where plate-boundary temperature is �60�C to �150�C, the temperature range of dehydration of
subducting minerals. Thus the seismic images are mapping the area of water release during progressive diagenesis
and low-grade metamorphism in the subduction channel.
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al., 2000] and Izu Bonin margins [Miura et al.,
2004] characterized by serpentine diapirs.

[26] The new conceptual framework presented above
for the hydrogeologic system of erosional margins
has important implications for understanding both
long-term tectonics and seismogenesis of these mar-
gins, as developed in the next two sections.

3. Fluids and Tectonic Erosion

[27] The most persuasive indication of continuous
material removal (tectonic erosion) of overriding
plates is the observed pattern of subsidence of
continental slopes. Studies at the Middle America
Trench document several kilometers of progressive
subsidence, taking place over millions of years, of
the continental slope offshore Costa Rica, Nicara-
gua and Guatemala [Ranero et al., 2000; Vannucchi
et al., 2003, 2004). The observed large-scale, long-
term slope subsidence can be explained as a re-
sponse to the sinking associated to the gradual
thinning caused by tectonic erosion of the underside
of the overriding plate. Tectonic erosion is invoked
because extension by normal faulting, recorded in
the structure of the forearc, only accounts for a very
small amount of the thinning [Ranero and von
Huene, 2000], and upper plate large-scale trunca-
tion by strike-slip faulting could not explain the
progressive subsidence pattern of the slope. How-
ever, the mechanisms that operate to effect tectonic
erosion are not known and can only be conceptu-
ally discussed because no direct observation of
active tectonic erosion processes has yet been
reported. Commonly hypothesized erosional mech-
anisms imply contrasting physical conditions at the
plate-boundary fault as it migrates up into the
overriding plate and material is tectonically re-
moved. One group of models suggests that tectonic
erosion occurs by abrasion (rock to rock scraping)
related to relatively strong mechanical coupling
between subducting and overriding plates [Hilde,
1983; Adam and Reuther, 2000]. A second group
of models favors hydrofracturing by overpressured
fluids that inject into the base of the overriding
plate and fracture its material. Implicit in this
model is that the plate boundary migrates upward
as fluids percolate through the upper plate [von
Huene et al., 2004a]. This model has been postu-
lated because a weakly coupled plate boundary is
inferred under the extending slopes of overriding
plates [von Huene and Ranero, 2003], and large
interplate earthquakes nucleate at deeper levels [Le
Pichon et al., 1993; von Huene et al., 2004a].
However, hydrofracturing conditions require near

lithostatic fluid pressure along the décollement, and
direct evidence for such high fluid pressure at the
plate boundary under subsiding slopes is currently
lacking.

[28] Fluid pressure inferred from drilling involves
only data from pore water in compacting sediment
across the margin’s frontal �1.5 km [e.g., Silver et
al., 2000]. No observational data exist on deep
fluid pressure across the �50 km wide region of
the plate boundary where water is released by
mineral dehydration under the margin. Yet, Darcy
flow rates estimated at seafloor seeps and a range
of realistic upper-plate permeabilities place some
constrains on potential fluid pressure at the plate-
boundary depths where mineral dehydration occurs
(Figure 6g). Fluid pressures at the plate-boundary
depth required for the highest flow rates (>100 cm/a)
at seeps may reach values around lithostatic
pressure for relatively large average permeabilities
between 10�12–10�13 m2, that correspond to typ-
ical fracture permeabilities [Moore and Vrolijk,
1992]. Assuming lower permeabilities (<10�13)
for the highest flow rates implies improbable
plate-boundary fluid pressures, several times larger
than lithostatic. Thus the highest flow rates, which
correspond to the most Cl-depleted (least mixed)
sampled fluids (Figure 6f), are consistent with
fluids flowing from the plate boundary to the
seafloor along deep-penetrating large faults with
high permeabilities. Although not fully con-
strained, those high flow rates are certainly indic-
ative of fluid pressures along the plate boundary at
near lithostatic values supporting hydrofracturing
as a viable mechanism for subduction erosion.

[29] The location and dimension of the area of the
margin undergoing subsidence, and thus likely to
be experiencing thinning, provide a further test to
evaluate the association between fluids and tectonic
erosion. Paleobathymetric data obtained from fossil
assemblages and sequence stratigraphy indicate
that the present continental slope has been created
by progressive upper-plate subsidence; i.e., the
rocks that currently form the continental slope
were originally part of a shallow (<�300 m water
depth) continental platform [Ranero et al., 2000;
Vannucchi et al., 2003]. Interestingly, the width of
the continental slope, i.e., the width of the subsid-
ing area, varies by a factor two along the length
of the margin from >�70 km off Nicaragua to
<�40 km offshore Osa Peninsula (Figures 1 and 4).
In spite of these changes in continental slope width,
the 150�C isotherm along the plate boundary,
marking the approximate end of early mineral
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Figure 6. Modeled flow rates at seeps based on heat flux measurements and pore water chemistry. Examples are
from Mounds 10, 11, and Culebra and Culebra fault shown in Figures 2, 3, and 4. (a) Thermal gradients of two
selected sites from 14 measured sites at Mound Culebra and (b) a selected site from 25 measured sites at Mound 11.
Lines are gradients calculated with a 1-D steady state model used to derive Darcy flow velocities (q) from heat flow
measurements (filled circles) considering conductive and convective heat transfer. Constant temperatures were
prescribed at the base (plate-boundary temperature) and top (bottom water temperature) of model column for each
modeled seep, and q was varied to fit the data. No-flow line is consistent with heat flux away from seep sites, and the
two model lines estimated for no flow and for flow rates twice as large as the line-fitting data indicate the sensitivity
of the modeling. Chloride concentration profiles from pore water chemistry (circles) and 1-D models (lines) from
(c) Mound Culebra and Culebra fault, (d) Mound 10, (e) Mound 11, and (f) Mound 11 (model in Figure 6f
recalculated using the data of Hensen et al. [2004]). Modeling method is described elsewhere [Hensen and Wallmann,
2005; Schmidt et al., 2005]. (g) Potential fluid pore pressure at plate-boundary depth for the range of Darcy fluid flow
rates estimated at seeps, for a range of realistic permeabilities. Hydrostatic (red dashed line) and lithostatic (green
dashed line) pressures are calculated for 2 km water depth and 10 km plate-boundary depth.
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dehydration, follows the uppermost slope for
�600 km of margin, even though the subducting
plate age, and its thermal structure, also varies
along the trench (Figure 1). Thus the subsiding
slope is underlain everywhere by a plate boundary
at a temperature range consistent with water release
by mineral dehydration. High-amplitude plate-
boundary reflectivity of negative polarity also
supports that fluid along the plate boundary is
more abundant under slopes (Figure 5). The asso-
ciation of (possibly overpressured) more abundant
fluid at the plate boundary matching the overlying
sinking segment of the forearc indicates a causal
link between fluid abundance and tectonic erosion
(Figure 2). Previous propositions linking tectonic
erosion to overpressured fluid along the plate-
boundary fault envisioned that only water in the
sediment pores was involved in the process [e.g.,
Le Pichon et al., 1993], but the above discussion
indicates that tectonic erosion across under most of
the slope is associated to the liberation of chemi-
cally bound water in subducting minerals.

[30] Tectonic erosion affecting an overriding plate
for millions of years causes the location of the
trench to migrate landward as the leading edge of
the upper plate is progressively removed [von
Huene and Scholl, 1991; Yáñez et al., 2001]. As
discussed above, intense slope subsidence indicates
that tectonic erosion occurs under slopes, but
apparently stops fairly abruptly under the outer
region of the continental shelf (Figure 2). Long-
term, intense subsidence also occurs in regions of
the continental shelf with deep sedimentary basins,
but such basins are not found in all margins where
long-term tectonic erosion has been interpreted
[e.g., Yáñez et al., 2001; von Huene and Ranero,
2003; Sage et al., 2006]. Also, the geometry of
those basins indicates that subsidence is localized
to the basins themselves for tens of million of
years, so that subsidence cannot be easily
explained by tectonic erosion processes ubiquitous
along the plate boundary [Ranero et al., 2000,
2006, 2007]. Hence the occurrence of such local
basins along segments of continental margins can-
not be generalized as a proxy for tectonic erosion.
However, if tectonic erosion occurs only under the
slope and causes that the trench migrates landward,
it implies that the geometry of the shallower �30–
40 km of the plate boundary should change
through time creating unrealistically steep plate-
boundary dips. The structure imaged with seismic
data is a snapshot in time and does not constrain
the time evolution, but does not indicate very steep
geometries. Thus, somewhat paradoxically, the

plate-boundary geometry supports that some
amount of tectonic erosion occurs (with little
subsidence) along the deeper portions of the plate
boundary under the continental shelf. Such an
apparent paradox can be explained if the intensity
of tectonic erosion, and thus of subsidence, is
modulated by the abundance of overpressured
fluids at the plate boundary as proposed above.
Several km of rapid subsidence forming the conti-
nental slope occurs in the shallow region of the
plate boundary where dehydration reactions release
large volumes of fluid. Deeper along the plate-
boundary fluid is far less abundant, but it is also
overpressured as pore pressure increases with
lithostatic pressure. Here, far less intense tectonic
erosion in a drier plate-boundary fault zone yields a
far slower subsidence rate of the continental shelf.

4. Fluids and the Updip Limit of the
Seismogenic Zone

[31] The processes that control the transition from
shallow aseismic creep to deeper seismic slip have
long been debated in earthquake and fault mechan-
ics research [e.g., Marone, 1998; Scholz, 1998;
Bilek and Lay, 1999]. The early realization that
the updip limit of the rupture area of great earth-
quakes (>Mw8) at the Nankai subduction zone is
roughly coincident with plate-boundary temper-
atures of �150�C led to the hypothesis that the
transition is related to physical changes of subduct-
ing sediment primarily caused by temperature-
controlled transformations [Hyndman et al.,
1995]. The original hypothesis postulated a transi-
tion caused by a single process, the smectite to
illite clay transformation, resulting in a significant
increase in friction [Vrolijk, 1990]. This hypothesis
lost support when laboratory tests did not sustain it
[Brown et al., 2003; Saffer and Marone, 2003]. An
alternative model for margins with large accretion-
ary prisms attributes the transition to the collective
effect of a suite of progressive changes in subduct-
ing and accreting sediment, including porosity
reduction, fault zone cementation, dewatering, and
consolidation of accreted sediment. Collectively,
these changes should increase effective stress and
locking of the plate boundary and permit storage of
the elastic energy released during earthquakes
[Moore and Saffer, 2001; Saffer and Marone,
2003]. Implicit in all of these models is a plate
boundary sandwiched between underthrust sedi-
ment and accreted (or underplated) sediment, so
that physical changes of sediment across the
boundary control fault mechanics.
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[32] However, if lithology is a dominant control-
ling factor, then seismogenesis at the Earth’s
convergent margins should be distinctly bimodal
since fault mechanics should be markedly differ-
ent because erosional plate boundaries migrate
upward, cutting into igneous or metamorphic
material that is probably not mechanically behav-
ing like subducting sediment. But a study of
several subduction zones around the Pacific,
including north Chile dominated by tectonic
erosion, appeared to bring further support to a
general correlation between the updip limit of
rupture of great earthquakes and the temperature
at the plate boundary [Oleskevich et al., 1999].
Nonetheless, the data used in the study of north
Chile were very limited, lacking heat flux mea-
surements or detailed information of the subduc-
tion zone structure and geometry. Thus it is
interesting to notice that along �600 km of the
Middle America margin well-located interplate
seismicity and changes in plate-boundary temper-
ature show an unequivocal spatial correspon-
dence (Figure 1), indicating that seismogenesis
along erosional margins is also influenced by
thermally controlled processes: The 150�C iso-
therm occurs �70 km landward of the trench
axis offshore Nicaragua (Figure 1), at �60 km
offshore Nicoya Peninsula, and only at �30 km
west of Osa Peninsula, delimiting everywhere the
seaward extent of hypocenters of interplate earth-
quakes (Figure 1). Subducting seamounts provide
perhaps the most dramatic example of the appar-
ent thermal control on seismogenesis. Seismicity
associated with subducting seamounts [Husen et
al., 2002; Bilek et al., 2003; DeShon et al.,
2003] is essentially restricted to temperatures
above 150�C (Figure 1), despite the local in-
crease in stress caused by the subducting sea-
mounts [Scholz and Small, 1997]. Seamounts
underthrusting the slope region, clearly displayed
in bathymetric maps (Figure 1 and 4) and
seismic data [Ranero and von Huene, 2000;
von Huene et al., 2000, 2004b], cause intense
but primarily aseismic deformation of the over-
riding plate. It is only when they underthrust the
continental shelf at temperatures above 150�C
that they become the nucleation regions of large
earthquakes (Figure 1).

[33] The correlation of thermal structure and me-
chanical behavior at both accreting and eroding
plate boundaries indicates a common first-order
process controlling the change in fault mechanics
at both types of convergent plate boundaries, a
process that is not simply related to lithology.

[34] Along the Middle America Trench, plate-
boundary reflectivity documents an abrupt decrease
in the amount of fluid paralleling the transition with
depth to the seismogenic zone. A decrease in fluid
abundance at the décollement near the updip limit of
the seismogenic zone for accretionary prisms is also
consistent with seismic images [Bangs et al., 2004].
Plate boundaries of subduction zones probably
evolve from a shallow fluid-rich region where high
fluid pressures are widespread, to a largely fluid-
depleted deeper region (drier fault in Figure 2),
where high fluid pressures are restricted to relatively
small areas.

[35] This observed abrupt decrease with depth in
fluid abundance appears as the only first-order
observation common to different tectonic settings,
indicating that it might be the single primary factor
governing the onset of seismogenic behavior. As
fluid release declines with depth and water escapes,
grain-to-grain contact increases, causing effective
normal stress across the plate-boundary fault and
seismic coupling to increase [Scholz, 1998].

[36] Conceivably, a second-order effect caused by
the decrease in fluid abundance is a modification of
the fault zone architecture, from a shallow thick
fault zone with pervasive hydrofracturing and dis-
tributed slip, to a deeper narrower zone of localized
slip. Such transition from distributed to localized
slip accompanies the stable to unstable slip transi-
tion in laboratory experiments [Marone and
Scholz, 1988; Marone, 1998].

5. Conclusions

[37] Convergent eroding margins possess previ-
ously unrecognized distinctive hydrogeologic char-
acteristics. These hydrogeological systems are
dominated by fracture porosity of faults extending
through the overriding plate, along which most of
the water released under the margin by dehydration
of subducting sediment is discharged into the ocean
at slope seeps. This system is fundamentally differ-
ent from concepts proposed for accreting margins
where deep-sourced fluid flows along a décolle-
ment into the prism toe, or migrates as diffuse flow
controlled by matrix permeability.

[38] The distribution and migration of fluid is
apparently the main factor governing long-term
tectonics at eroding margins. Seismic observations
provide evidence that an abrupt decrease in fluid
content with depth along the plate boundary occurs
where temperatures exceed �150�C. This indicates
that the thermal structure of the subducting plate
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determines the area of the plate boundary where
chemically bound water is released, and that sed-
iment compaction there may be of secondary
importance. The water-release area corresponds to
the width of the sinking continental slope, with
long-term subsidence caused by tectonic erosion.

[39] The involvement of fluids, in innumerable
potential ways, in earthquake generation has been
routinely invoked in the literature. And the new
observations strongly indicate that the abrupt de-
crease in fluid abundance with depth may be a
first-order process that controls the transition into
the seismogenic zone at subduction zones.
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