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[1] The north Ecuador–south Colombia (NESC) margin has three transverse
morphotectonic segments (the Manglares, Tumaco, and Patia segments), each with
different tectonic and structural patterns. Following the 1906 subduction earthquake, the
NESC margin has been the site of three megathrust events in 1942, 1958, and 1979 for
which the rupture zones abut one another. We first investigated variations in heat flow
derived from bottom simulating reflectors (BSR) observed along multichannel seismic
lines sampling the three morphotectonic segments. Strong along-strike variations of the
BSR-derived heat flow, just landward of the deformation front, suggest that each
morphotectonic segment has a specific thermal regime. Finite element thermal models
show that these variations are mainly produced by changes in the age and the dip of the
oceanic plate and local hydrothermal cooling. We then examined the relationship between
seismogenesis and thermal structure along the plate boundary. The updip limits of the
1942 and 1979 seismogenic zones, estimated from the aftershock area and rupture zone,
reach the trench, where the temperature at the top of the subducting plate appears to be
50�–60�C. Between these events the seismogenic zone of the 1958 earthquake is
restricted to a region landward of a prominent outer basement high where the temperature
appears to be 100�–120�C. We propose that on the NESC margin the updip limit of the
seismogenic zone is primarily controlled by low-temperature processes except for the
1958 event for which the seismogenic updip limit appears to be related to a structural
feature in the upper plate.

Citation: Marcaillou, B., G. Spence, J.-Y. Collot, and K. Wang (2006), Thermal regime from bottom simulating reflectors along the

north Ecuador–south Colombia margin: Relation to margin segmentation and great subduction earthquakes, J. Geophys. Res., 111,

B12407, doi:10.1029/2005JB004239.

1. Introduction

[2] In subduction zones, the updip limit of the seismo-
genic zone is a transition zone from shallow stable sliding
(aseismic) to deeper stick slip (seismogenic) processes
along the plate interface. A wide range of mechanical
and chemical processes, active at temperatures of �60�
to �150�C, have been invoked as causes of the onset of
stick slip on the thrust fault. These processes include but
are not limited to (1) smectite to illite transformation in the
underthrusted sediments at 100� to 150�C [Vrolijk, 1990],
(2) shear localization and increased shear strain [Moore

and Saffer, 2001], (3) porosity reduction and increased
consolidation state of gouge [Marone and Scholz, 1988],
(4) increasing effective stress due to increased total over-
burden and possibly variations in pore pressure [Moore and
Saffer, 2001] and (5) pressure solution, silica or carbonate
cementation fluid release from low-temperature dehydration
and hydrocarbon generation processes, and other low-
temperature diagenetic alterations leading to increased
gouge consolidation [Moore and Saffer, 2001; Saffer and
Marone, 2003]. The downdip boundary of the seismogenic
zone, which marks the transition from frictional stick slip to
quasi-plastic aseismic behavior, may be explained by the
onset of crystal plasticity and related creep behavior at
�350�–450�C, with the exact temperature depending upon
mineralogy [Hyndman and Wang, 1993; Peacock and
Hyndman, 1999; Sibson, 1982]. Nevertheless, in colder
subduction zones, the intersection of the forearc mantle
wedge with the subducting slab may influence the downdip
limit location [Hyndman et al., 1997; Peacock and
Hyndman, 1999]. Thus thermal modeling of a convergent
margin aims at estimating the location of the 60�–150�C
and 350�–450�C isotherms currently interpreted as related
to the updip and downdip limits of the seismogenic zone. In
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this study we focus on the updip limit of the north Ecuador–
south Colombia seismogenic zone and constrain the thermal
structure with BSR-derived heat flow values.
[3] Usually great subduction earthquakes nucleate in the

downdip part of the seismogenic zone with rupture propa-
gating upward, but in some well documented cases, like
Honshu (Japan) [Nagai et al., 2001; Sato et al., 1996],
Mexico [Chael and Stewart, 1982; Valdez et al., 1982] and
Peru [Bourgeois et al., 1999; Pelayo and Wiens, 1990;
Spence et al., 1999; Tavera et al., 2002], great subduction
events initiated at shallow depth (<30 km). These subduc-
tion zones are known to be characterized by small to
medium seismic coupling ratio (a) [Pacheco et al., 1993;
Peterson and Seno, 1984], which is defined as the ratio of
the seismic slip rate estimated from the cumulative seismic
moment of large interplate earthquakes to the plate conver-
gence rate (seismic plus aseismic slip). For a < 0.5,
hypocentral depths may show significant scatter and are
not necessarily close to the bottom of the seismogenic zone
[Kato and Seno, 2003].
[4] The north Ecuador–south Colombia (NESC) margin

is the location of four great subduction earthquakes of the
20th century [Kanamori and McNally, 1982]. Its seismo-
genic zone is believed to be currently locked. Numerous
multichannel seismic reflection (MCS) lines (Figure 1)
acquired across this margin during the Sisteur experiment
[Collot et al., 2002] show a well-identified bottom simulat-
ing reflector (BSR), which represents the base of a gas
hydrate layer beneath the seafloor, and extends up to 50 km
landward of the trench. In the current study we use BSRs
recorded on Sisteur MCS lines to assess heat flow varia-
tions. We then (1) use the heat flow values to constrain
thermal modeling of the frontal part of the NESC margin,
(2) locate the intersection between the seismically defined
plate interface and the 60� and 150�C isotherms, (3) estimate
the temperatures at which rupture initiates, and (4) discuss
along-strike heat flow variations along the NESC margin in
relation to its morphotectonic segmentation and the rupture
zones of the 1958 and the 1979 earthquakes.

2. Geological Setting

2.1. Structure of the NESC Margin and Adjacent
Nazca Plate

[5] The basement of the north Andean margin consists of
mafic to ultramafic oceanic terranes [Goosens and Rose,
1973; Juteau et al., 1977] intruded by intraoceanic volcanic
rocks [Cosma et al., 1998; Evans and Whittaker, 1982] and
accreted to the paleo–South American margin during the
Cretaceous to Paleogene times [Gansser, 1973; Toussaint
and Restrepo, 1994]. The oceanic basement is overlain by a
Cretaceous volcanosedimentary sequence and a thick Ce-
nozoic forearc sedimentary basin [Deniaud, 2000; Jaillard
et al., 1995].
[6] The NESC margin displays wide along-strike varia-

tions in structural character. The Patia Promontory to the
north and the Esmeraldas Promontory to the south bracket
an up to 80 km wide, 800–1000 m deep morphologic
reentrant, named the Tumaco reentrant (Figure 1). Seismic
reflection lines SIS-24 and SIS-32, crossing the interpreted
boundary between the 1958 and 1979 earthquake rupture

zones (Figure 2), provide evidence for a N106� trending
major crustal fault, the Manglares Fault, cutting transversely
across the forearc basin [Collot et al., 2004]. As described
in detail in this previous study, the Manglares Fault divides
two margin segments with drastically different tectonic
regimes. South of the fault the subsiding forearc basin is
wide and largely nondeforming (line SIS-45 of Collot et al.
[2004]) whereas north of the fault the margin is severely
folded, shortened and uplifted (line SIS-35 of Collot et al.
[2004]). These authors also described the strong influence
of a prominent outer basement high (OBH) that fronts the
Manglares margin segment at the seaward limit of the
rupture propagation of the 1958 event (Figure 2). Lines
SIS-47 and SIS-42 (Figures 3b and 3c) are located in the
Tumaco and Manglares segments, respectively. The Patia
promontory defines a drastic morphological and bathymet-
ric change along the margin (Figure 1). Furthermore, in
seismic lines SIS-39 and SIS-40 (Figure 3a) off the Patia
Promontory, the margin is fronted by a 35 km wide
accretionary prism whereas lines off the Tumaco reentrant
present a less than 5 km wide accretionary prism (Figure 3b)
or no prism (Figure 3c). Thus marine geophysical data
collected during the Sisteur cruise highlight a tectonic and
structural segmentation of the NESC margin into four
morphotectonic segments (Figure 1). To the south, the
Esmeraldas Promontory is associated with the northern
boundary of the Esmeraldas segment, which is not exam-
ined in this paper. Northward, the Manglares fault divides
the Tumaco reentrant into the Manglares and Tumaco seg-
ments. Moreover, the OBH fronting the Manglares margin
segment appears to influence strongly the coseismic rupture
propagation of the 1958 earthquake [Collot et al., 2004]. To
the north, the Patia Promontory defines the Patia segment
that tectonically differs from the other segments by the well-
established accretionary regime.
[7] The Nazca Plate underthrusts the north Andean mar-

gin at a rate of 5.4 cm yr�1 in an eastward direction
[Trenkamp et al., 2002]. Magnetic lineations 5A to 6A
trend WNW east of the Yaquina Graben and extend beneath
the NESC margin (Figure 4), subperpendicular to the
trench. They indicate a southward aging of the Nazca Plate
from �12 to 20 Ma [Hardy, 1991] in the study area.
Moreover, all the MCS lines sampling the Tumaco central
segment show numerous normal faults in the crust of the
Nazca Plate beneath the trench and just landward of it
(Figure 3b). In contrast, in the Manglares and Patia seg-
ments, the Nazca Plate is not or only slightly faulted
(Figures 3a and 3c).

2.2. NESC Subduction Earthquakes

[8] On the Andean margin, north of the Carnegie Ridge,
plate convergence produced four great subduction earth-
quakes during the 20th century [Kanamori, 1986; Kanamori
and Given, 1981; Thatcher, 1990] (Figure 2). This sequence
of large ruptures shows characteristics that may be
explained by variations in crustal structure and thermal
regime. The largest event (Mw = 8.8) occurred in 1906
[Kanamori and Given, 1981; Kanamori and McNally, 1982]
and ruptured a segment of the margin about 500 km in
length [Kelleher, 1972]. Three smaller thrust events reac-
tivated adjacent segments within the 1906 rupture zone
[Mendoza and Dewey, 1984]. From south to north, they
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occurred in 1942 (Mw = 7.9) [Swenson and Beck, 1996],
1958, (Mw = 7.8) and 1979 (Mw = 8.2) [Beck and Ruff,
1984; Herd et al., 1981; Kanamori and McNally, 1982].
Each main shock is located in a central portion of the
aftershock area [Mendoza and Dewey, 1984]. The seismic
coupling ratio based on the great 1979 Colombia earthquake
alone with an assumed recurrence interval of 70 years was
estimated to be 0.33 [Beck and Ruff, 1984], which is
consistent with a possible location of the hypocenter in a

central to shallow area of the seismogenic zone [Kato and
Seno, 2003]. The southern limits of the 1942 and 1906
rupture zones are located near the northern flank of the
Carnegie ridge that appears to act as a barrier. The 1942
rupture and the 1958 rupture [Mendoza and Dewey, 1984]
meet at the Esmeraldas fault dividing the Esmeraldas and
Manglares segments (Figure 2). In contrast, the northern
limit of the 1958 rupture is located about 60 km south of the
1979 asperity [Beck and Ruff, 1984]. On the basis of Sisteur

Figure 1. Bathymetric map of the north Ecuador–south Colombia margin and the adjacent Nazca Plate,
after Collot et al. [2004]. Contours are in km, and the 0.2 km bold isobath highlights the Tumaco
Reentrant bounded by the Patia and Esmeraldas Promontories. The thin black lines are Sisteur MCS
profiles, and the thick white lines are MCS sections with BSRs identified with confidence. Solid circles
represent the locations of ocean bottom seismometers on four wide-angle lines recorded during the
Sisteur and Salieri experiments. The single arrow is Nazca–South America plate convergence vector
derived from GPS studies [Trenkamp et al., 2002]. Double arrows indicate the morphotectonic
segmentation of the margin.
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MCS data, Collot et al. [2004] proposed that the Manglares
fault may correlate with the boundary between the 1958 and
1979 rupture zones, and acts as a barrier to coseismic strain
release. Using a model incorporating spatial variation in
moment release, Beck and Ruff [1984] showed that the 1979
subduction earthquake ruptured the Tumaco and Patia
tectonic segments as far seaward as the deformation front.
In contrast, the seaward limit of the 1958 rupture zone,
located along the landward side of a major outer basement
high (OBH) about 25 km landward of the trench, may have
been controlled by a megathrust splay fault [Collot et al.,
2004]. The propagation of the coseismic rupture possibly
close to the deformation front along the thrust fault, as in
1906 and 1979 [Beck and Ruff, 1984], or up to the seafloor
along a splay fault as in 1958 [Collot et al., 2004], may have
triggered tsunamis [Abe, 1979; Kanamori and McNally,
1982; Lockridge and Smith, 1984]. Modeling thermal re-
gime spatial variations may help understand factors con-
trolling the coseismic slip propagation.

3. BSR-Derived Heat Flow

3.1. Method

[9] The BSR (Figure 3) has been widely interpreted as the
base of the stability field for methane hydrate [Shipley et al.,

1979]. Heat flow values at the seafloor can be inferred from
the vertical traveltimes of the seafloor and the BSR reflec-
tors [Townend, 1997; Yamano et al., 1982] as the product of
thermal conductivity and thermal gradient between the BSR
and the seabed. Thermal conductivity is estimated to vary
from 0.9 W m�1� C�1 near the sea bottom to 1.15 W m�1

�C�1 at 500 m depth, based on an empirical expression
calculated from Leg 112 data on the Peruvian margin [Suess
and von Huene, 1988]. Temperature at the trench seafloor
was measured using a CTD profiler [Flueh et al., 2001], and
this temperature-depth profile was used to specify seafloor
temperatures for shallower water depths. The conversion of
traveltimes to BSR depth below the seafloor was deter-
mined by using a general velocity function for upper
terrigenous sediments [Hamilton, 1980] which was con-
firmed by velocity analysis conducted on MCS data. The
pressure at the BSR depths is calculated assuming a
hydrostatic pressure within the sediment column. The
corresponding temperatures at the BSR are obtained using
the methane hydrate temperature-pressure phase diagram in
a pure methane-seawater system [Dickens and Quinby-
Hunt, 1994].

3.2. Uncertainties in the BSR-Derived Heat Flow

3.2.1. Fluid Flow
[10] We have assumed conductive heat flow in the BSR

areas. If significant advective heat flow is present, the
theoretical stability curve may not be applicable [Ruppel,
1997; Xu and Ruppel, 1999] and the heat flow at the
seafloor may be significantly different. However, even near
the deformation front where fluid flux is largest, the
maximum variations in heat flow due to compaction-driven
diffuse fluid flow is less than 5% [Wang et al., 1993].
3.2.2. Picking Error
[11] Uncertainty in picking the traveltimes of the BSR

and seafloor reflections may lead to an error less than 8 ms
on each reflector, and to a total error of about 5–8% for the
BSR depths below seafloor.
3.2.3. Sediment Velocity
[12] The calculated heat flow is not very sensitive to

sediment velocity variations [Ganguly et al., 2000]. An
increase in the depth of the BSR will also produce an
increase in temperature at the BSR, and thus will have little
influence on the temperature gradient [Henrys et al., 2003].
3.2.4. Lithostatic Versus Hydrostatic Pressures
[13] Another source of error may come from the choice of

hydrostatic pressure in the sediment pore space, which may
lead to underestimation if the pressure is higher or even
lithostatic. This underestimation ranges from �2% for the
large water depths found in the trench, which is the area of
interest in this paper, to a maximum value of 10% in
shallow water [Ganguly et al., 2000].
3.2.5. Thermal Conductivity
[14] Since the conductivity is inferred from measurements

available on the Peruvian margin, it is difficult to evaluate
the error it causes; we assign an error of 10%, consistent
with estimates by Ganguly et al. [2000].
[15] Thus the total error (root-mean-square of all errors)

in our heat flow may reach 20%, similar to those of other
BSR studies [Ganguly et al., 2000; Henrys et al., 2003;
Townend, 1997]. However, the relative error in heat flow,
which applies when making comparisons between nearby

Figure 2. Location of the epicenters (stars), rupture zones
(dashed ellipses), asperities (gray ellipses), and focal
mechanisms of the 20th century great subduction earth-
quakes that occurred beneath the NESC margin [Collot et
al., 2004]. Gray, solid, and open circles are the 1942, 1958
and 1979 aftershocks, respectively. OBH is the outer
basement high, defining the seaward boundary of the
1958 rupture zone [Collot et al., 2004]. Double arrows
indicate the morphotectonic segmentation of the margin
(Figure 1).
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Figure 3. MCS lines SIS-40, SIS-47, and SIS-42 showing structures of the (a) Patia, (b) Tumaco, and
(c) Manglares margin segments, respectively. Arrows point to the BSR. De is the interplate décollement,
To is top of underlying oceanic crust, and B is top of margin basement. Sc is the subduction channel.
Margin sediments include Cenozoic forearc units (cs) and a Cretaceous volcanosedimentary unit (vs).
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regions, is perhaps 10% or less, much smaller than the
absolute error.

3.3. Heat Flow Variations

[16] Heat flow profiles were calculated as a function of
the distance to the deformation front along the seven
seismic dip lines for which a BSR could be confidently
identified (Figure 5). At the deformation front of the Patia,
Tumaco and Manglares segments, the BSR depth ranges
from �80 to �110 ms, �210 to �250 ms, and �230 to
280 ms below the seafloor, respectively. It is significant
that, within the first 25 km of the deformation front, the heat

Figure 4. Nazca Plate magnetic lineations identified
between the Yaquina Graben and NESC margin [Hardy,
1991]. Dashed lines are magnetic anomaly ship tracks, and
solid lines are Sisteur MCS lines used in this paper.

Figure 5. BSR-derived heat flow versus distance from the
deformation front along selected Sisteur MCS lines.
Location is shown in Figure 1. Note that lateral heat flow
gradients and average maximum values at the margin front
are similar within three groups of lines: (1) SIS-39 and SIS-
40, (2) SIS-37, SIS-33, and SIS-47, and (3) SIS-45 and SIS-
42, which are associated with the Patia, Tumaco, and
Manglares morphotectonic segments of the margin thermal
modeling, respectively. Note also that for line SIS-47
the BSR-derived heat flow between km 0 and km 10 is
�15 mW m�2 lower than between km 10 and km 20
(highlighted by dashed lines).
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flow varies from one margin segment to the other. Across
the Patia segment, profiles SIS-39 and 40 (Figure 5)
show remarkably coherent heat flow values that decrease
rapidly from 100–110 mW m�2 at the deformation front
to 50–60 mW m�2 at locations 20 km farther landward
(Figures 5a and 5b). In the Tumaco segment (Figure 1),
heat flow values along lines SIS-37, 33 and 47 (Figures 5c,
5d, and 5e) are consistent and decrease slowly from about
60 mW m�2 near the deformation front to 50–55 mW m�2

landward (Figure 5c). Across the Manglares segment,
lines SIS-45 and SIS-42 show coherent heat flow values
reaching 70–80 mW m�2 near the deformation front
(Figures 5f and 5g). The differences between the heat flow
values at the deformation front of each segment are much
larger than the estimated errors of the BSR-derived heat
flow. The variations in the thermal regime along the margin
suggest that each morphotectonic segment of the margin has
a characteristic thermal structure. As MCS lines with the
longest reliable BSRs, profiles SIS-40, SIS-47, and SIS-42
(Figure 3) were chosen to represent respectively the whole
Patia, Tumaco and Manglares segments.

4. Thermal Modeling

[17] We used a two-dimensional steady state finite ele-
ment model [Wang et al., 1995a] to predict the heat flow at
the seafloor and to compare the theoretical values with
observed values derived from the BSRs. Heat transfer
above the subducting plate is assumed to be purely con-
ductive, but plate subduction causes downward advection
of heat. This approach has been applied to a number of
margins such as Cascadia [Hyndman and Wang, 1993;
Wang et al., 1995b], Japan [Hyndman et al., 1995], Chile,
Alaska [Oleskevich et al., 1999], Mexico [Currie et al.,
2002], and Costa Rica [Harris and Wang, 2002].

4.1. Model Geometry and Convergence Rate

[18] The finite element mesh, which extends from 40 km
seaward of the deformation front to 300 km landward, is
composed of five layers (Figure 6). Layer 1 represents a

highly compacted sedimentary sequence including the ac-
cretionary wedge, the Cenozoic forearc basin and underly-
ing Cretaceous volcanosedimentary sequence. Layer 1
thicknesses typically range from 2 km to 5 km, and by
1 km depth all sediments are sufficiently compacted to have
thermal conductivities above 2 W m�1 K�1 (see section 4.3
on thermal parameters). We think it is reasonable to com-
bine the thin slope sediments and other unconsolidated near-
surface sediments into this layer. Layer 2 represents the
upper plate basement, known to be an oceanic complex in
the study area. Layer 3 represents the continental mantle
wedge. Layer 4 represents subducted sediments. Layer 5 is
the oceanic lithosphere. Oceanic crust and lithospheric
mantle are assigned the same thermal parameters, so the
boundary between them is not present in the thermal model.
[19] The structure of the Ecuador–Columbia margin is

very well defined with bathymetric data and results of
seismic surveys with recordings on the seafloor and land.
In order to define the geometry and the thickness of each
layer we used (1) MCS data for the shallow and intermediate
structure of the margin wedge, (2) wide-angle seismic results
[Agudelo, 2005; Agudelo et al., 2002; Gailler et al., 2003,
2004;Meissner et al., 1976] and prestack depth migration of
selected lines [Agudelo et al., 2005; Marcaillou et al., 2005]
for a time to depth conversion of MCS lines, the deep crustal
structure, the slab dip at shallow to intermediate depth and
the forearc Moho location, and (3) intermediate-depth earth-
quake locations to estimate the dip angle of the downgoing
slab down to 50 km. This dip is �25� [Engdahl et al., 1998]
(Figure 7). To estimate uncertainties in predicted heat flow
for each margin segment, the dip of the slab was varied
between 20� and 30� (Figure 6). Our results indicated that,
although the thermal structure of the landward part of the
model strongly depends on the dip of the slab, this parameter
has a negligible influence on heat flow values calculated
within 50 km of the deformation front, where the greatest
variations in BSR-derived heat flow occur.
[20] Calculated heat flow is very sensitive to the geom-

etry and rock physical properties near the deformation front,

Figure 6. Finite element mesh used for thermal modeling along profile SIS-47. Layers 1–5 represent
(1) the sediments (accretionary wedge, forearc basin, and underlying volcanosedimentary sequence),
(2) the margin oceanic basement, (3) the upper plate mantle, (4) the subducting sediments, and (5) the
downgoing lithosphere, which dips landward at �25�. Two others dip values (20� and 30� shown by
dashed lines) have been tested in order to estimate uncertainties in this parameter (Figure 7).
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as described in detail by Marcaillou [2003]. For each
segment, we constructed a mesh (Figure 8) based on the
structural interpretation of MCS lines SIS-40, SIS-47, and
SIS-42 (Figure 3). During the Sisteur and Salieri experi-
ments, four wide-angle lines, two parallel and two perpen-
dicular to the NESC margin, were recorded (Figure 1).
Structural models derived from these seismic data provide
accurate velocity versus depth relations along these lines
[Agudelo, 2005; Agudelo et al., 2002; Gailler et al., 2003,
2004]. We used the refraction velocity structures to calculate
a time to depth conversion of MCS lines SIS-40, SIS-47,
and SIS-42 in order to construct the related grids.
[21] Within 40 km landward of the deformation front, the

seafloor morphology varies significantly among different
cross sections. On line SIS-47, the outer continental slope is
relatively smooth (Figure 3b), while on line SIS-40 a
prominent slope break occurs at 30 km from the deforma-
tion front (Figure 3a). On line SIS-42, the slope dips steeply
trenchward within the first 10 km of the deformation front
but becomes flat or dips slightly landward farther east
(Figure 3c). This topography delineates the outer basement
high that is a characteristic of the Manglares segment
(Figures 2 and 3) [Collot et al., 2004]. A second critical
difference between the cross sections is the average dip of
the décollement beneath the frontal part of the margin. The
dip is �6.5�, �11� and �7.5� within 50 km of the
deformation front for lines SIS-40, SIS-47, and SIS-42,
respectively. The dip depends on (1) the depth to the top of
crust of the incoming Nazca Plate (layer 5) and (2) the
thickness variations of the subducted sediments (the ‘‘sub-
duction channel’’) (layer 4). On line SIS-47, the depth of
7.6 km to the top of layer 5 beneath the deformation front is
2 km and 2.1 km deeper than on lines SIS-40 and SIS-42,
respectively. Moreover, layer 4 for line SIS-47 is very thick
because the �4.4 km thick trench fill is entirely subducted.
The trench fill is only �1.8 km for line SIS-40 and �2.7 km
for line SIS-42. On SIS-40, very little sediment is sub-
ducted, so layer 4 is very thin. The third major difference
between the three cross sections is the distance from the
deformation front to the first occurrence of layer 2 or upper
plate basement. In the Patia segment, line SIS-40 indicates a
35 km wide accretionary wedge found landward of the

deformation front [Marcaillou, 2003; Mountney and
Westbrook, 1997]. In contrast, in the Tumaco segment, line
SIS-47 shows that layer 2 extends trenchward to less than
10 km from the deformation front, where the basement is
fronted by a small accretionary wedge [Marcaillou, 2003].
In the Manglares segment, line SIS-42 shows no clear
evidence for an accretionary wedge; rather, the Cenozoic
forearc basin and underlying Cretaceous volcanosedimen-
tary sequence, all parts of a thick layer 1, extend seaward to
near the deformation front [Marcaillou, 2003]. Layer 2,
which represents the upper plate basement, also extends to
10 km from the deformation front.
[22] Elements in layers 4 and 5 are assigned a uniform

downdip velocity corresponding to the convergence rate,
while elements in the other three layers are fixed. Beneath
the north Andean margin, the Nazca oceanic plate subducts
at a rate of 5.4 cm yr�1 in a N90� direction relative to the
fixed Brazilian shield [Trenkamp et al., 2002]. The margin-
normal component of the convergence velocity of 5.0 cm
yr�1 is used for the model.

4.2. Boundary Conditions

[23] The lateral heat flow across the vertical landward
boundary, far from the region of interest around the updip
end of the seismogenic zone of the megathrust, is taken to
be zero. Our results indicate that the condition assigned to
this boundary has a negligible influence on heat flow values
calculated within 50 km of the deformation front, where the
greatest variations in BSR-derived heat flow occur.
The upper boundary of the model is set at 2�C which is

Figure 7. Earthquake hypocenters along a 100 km wide
corridor centered along line SIS-33 [Engdahl et al., 1998].
The Wadati-Benioff zone dips �25� ± 5�.

Figure 8. Details of finite element meshes for models
along MCS lines (a) SIS-40, (b) SIS-47, and (c) SIS-42.
Rectangles indicate locations of the seismic sections shown
in Figure 3.
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the seafloor temperature for depths greater than �2000 m as
determined by CTD records [Flueh et al., 2001]. Seafloor
temperature is slightly higher on the upper slope or shelf
region and on land, but neglecting this small variation will
have little effect on heat flow near the deformation front,
which is the focus of the study. The base of the model, set at
100 km depth, is fixed at 1450�C, which approximates the
mantle temperature at the base of the lithosphere. The basal
temperature condition has little influence on model results
because the main control on the thermal regime is provided
by the seaward boundary conditions, i.e., the thermal
structure of the incoming oceanic plate that depends mainly
on the age of the plate [K. Wang et al., 1995].
[24] The temperature-depth profile of the incoming plate

is obtained using a one-dimensional finite element model of
a cooling lithosphere [Wang and Davis, 1992]. The sedi-
mentation rate is neglected. We think that the age variations
of �12 to 20 Ma (Figure 4) [Hardy, 1991] at the trench is a
reasonable assumption because magnetic lineations trend
subperpendicular to the trench, and the convergence is
roughly eastward. Moreover, the interpreted WNW trending
fossil Buenaventura Rift intersects the trench to the north of
our study area (3.5� to 4�N). As a consequence, the
subducting oceanic crust is �12 Myr old (anomaly 5A)
on line SIS-40, �16 Myr (anomaly 5E) on line SIS-47, and
�19 Myr (anomaly 6A) on line SIS-42 (Figure 4). How-
ever, the MCS lines are not fully parallel to the magnetic
lineations, and magnetic lineations are not strictly collinear
with the plate convergence vector, such that the Nazca plate
age increases slightly along each seismic profile, and the
plate age varies by �2 Myr within each margin segment.
We thus allowed variations of ±2 Myr in order to estimate
uncertainties associated with the plate age.

4.3. Thermal Parameters

[25] Each element is assigned a uniform thermal conduc-
tivity, heat generation and thermal capacity. On the NESC
margins, no measurements of these parameters currently
exist, so estimates were taken from the literature. Although
thermal conductivity for unconsolidated sediments is near
1.0 W m�1 K�1 near the seafloor, it increases rapidly with
depth as porosity decreases, and may reach a value of 2.0–
3.0 W m�1 K�1 at depth [Beardsmore and Cull, 2001;
Clauser and Huenges, 1995; Turcotte et al., 1978]. Previous
thermal models assume average values ranging from 1.5 to
2.5 W m�1 K�1. In layer 1, to estimate the range of error
associated with sediment conductivities, we test values of
1.5, 2.0, and 2.5 W m�1 K�1 (Table 1). Because subducting
sediments in layer 4 are progressively compacted and
dewatered beneath the deformation front, we use thermal
conductivity values as high as 2.5 W m�1 K�1, as found in

the literature [Beardsmore and Cull, 2001]. Layer 2 repre-
sents the upper plate basement known to be an oceanic
complex composed of mafic to ultramafic rocks, with
thermal conductivities of about 2.0 to 2.5 W m�1 K�1

[Clauser and Huenges, 1995] or �2.0 W m�1 K�1

[Beardsmore and Cull, 2001]. Previous thermal models
assume for the oceanic crust average thermal conductivities
ranging from 2.0 to 3.0 W m�1 K�1 [Dumitru, 1991;
Hyndman and Wang, 1993; Oleskevich et al., 1999]. To
assess the influence of thermal conductivity value in layer 2
on model results, we test three values: 2.0, 2.5 and 3.0 W
m�1 K�1 (Table 1). For the continental mantle (layer 3) and
the incoming lithosphere (layer 5), we use thermal conduc-
tivities 3.1 and 2.9 W m�1 K�1, respectively, as commonly
used in previous thermal modeling studies [Heasler and
Surdam, 1985; Van den Beukel and Wortel, 1988].
[26] The radiogenic heat production in the sediments and

basement rocks is poorly known. For sediment layer 1 and
layer 4 we test values of 0.5, 1.0 and 1.5 mW m�1 (Table 1)
which are consistent with the range of values selected for
most previous thermal studies [Dumitru, 1991; Hyndman
and Wang, 1993; Oleskevich et al., 1999]. Mafic to ultra-
mafic rocks are known for their low composition in radio-
active isotopes and thus for their low heat generation: around
0.11 ± 0.13 mWm�3 for gabbros and 0.01 ± 0.01 mWm�3 for
basalts [Brown and Mussett, 1993; Cermak et al., 1990]. In
our study, we use values of 0.01, 0.05 and 0.1 mW m�3 to
test the influence of the heat generation of the layer 2 on
the thermal regime (Table 1). For heat generation in
the continental mantle (layer 3) and the subducting plate
(layer 5), we chose values of 0.01 and 0.02 mW m�3,
respectively, based on values commonly used in most previ-
ous thermal studies.
[27] We use the most common value of thermal capacity

assumed in previous studies, 3.3 MJ m�3 K�1 (Table 1). It
has been shown that reasonable modifications in its value
generate negligible variations in the thermal modeling
results [Hyndman and Wang, 1995].

5. Results and Discussions

5.1. Calculated Heat Flow and Temperature

[28] Calculated heat flow versus distance from the defor-
mation front for each model profile is shown in Figure 9.
The effects of variations in plate dip (Figure 7), slab age
(Figure 4) and thermal parameters (Table 1) on the calcu-
lated heat flow were tested by Marcaillou [2003] and are
further examined in this work. These tests provide an
overall error estimate for the calculated heat flow reaching
a maximum value of ±6 mW m�2 between km 15 and km 25
on the SIS-40 heat flow profile (Figure 9a). Along the

Table 1. Thermal Parameters Used in the Thermal Modeling of the NESC Margina

Layer Rock Type
Thermal Conductivity

l, W m�1 K�1
Heat Generation Q,

mW m�3
Thermal Capacity,

MJ m�3 K�1

1 compacted sediments 1.5, 2.0, and 2.5 0.5, 1.0, and 1.5 3.3
2 continental crust 2.0, 2.5, and 3.0 0.01, 0.05, and 0.1 3.3
3 continental mantle 3.3 0.01 3.3
4 subducting sediments 3.5 0.5, 1.0, and 1.5 3.3
5 oceanic lithosphere 2.9 0.02 3.3
aIn our models the thermal conductivity and heat generation of the layers 1, 2, and 4 were tested for three different values.
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three modeled profiles, the calculated heat flow at
the deformation front is �100 mW m�2 for SIS-40, and
�70 mW m�2 for SIS-47 and SIS-42 lines. Beyond a
distance of 25 km landward of the deformation front,
calculated heat flow values are 40 to 50 mW m�2 and are
similar for all three profiles (Figure 9). Thus the models
show a reasonable agreement between the long-wavelength
BSR-derived heat flow and the calculated heat flow.
However, on line SIS-47, the calculated heat flow within
10 km of the deformation front is �15 mW m�2 higher
than the BSR-derived heat flow (Figure 9b), which, in
turn, is abnormally low compared to the area between
km 10 and km 20 (highlighted using dotted lines in
Figure 5). This suggests possible local perturbations as
discussed later in the text.
[29] Temperature contours of 50� to 1200�C are shown in

Figure 10 for all three model sections. Table 2 and
Figures 10 and 11 give the location of the 60� and 150�C
temperatures along the plate interface with error estimates.
These temperatures are located at similar depths and dis-
tances from the trench in the Patia (SIS-40) and Tumaco
(SIS-47) segments, whereas they are located more landward
in the Manglares segments (SIS-42).

5.2. Possible Origins of Along-Strike Heat Flow
Variations

5.2.1. Influence of the Age of the Nazca Plate
[30] In our modeling, we have assigned to the subducting

slab an age of 12 ± 2 Ma for line SIS-40, 16 ± 2 Ma for line
SIS-47 and 19 ± 2 Ma for line SIS-42 (Figure 4) [Hardy,
1991]. On the basis of a theoretical relation between plate
age and oceanic heat flow [Stein and Stein, 1992], the heat
flow should decrease from �130 mW m�2 for a 12 Myr old
oceanic plate to 110 mW m�2 for a 16 Myr old plate and
100 mW m�2 for a 19 Myr old plate. This heat flow–age
relation is already built into the boundary conditions we
applied to the seaward boundary of the model. Thus along-
strike age variations can account for only �20 mW m�2 of
the observed heat flow decrease from 100–110 mW m�2 to
50–60 mW m�2 between the Patia and Tumaco segments.
Most of the decrease must have other reasons. Similarly, the
heat flow increase from 50–60 to 70–80 mW m�2 from
the Tumaco to the Manglares segments is opposite to the
decreasing trend of plate age, again suggesting additional
causes for local heat flow variations. Thus the southward
increase of the Nazca Plate age fails to explain all the

Figure 9. BSR-derived heat flow (dots) and calculated
heat flow (solid line) along lines (a) SIS-40, (b) SIS-47, and
(c) SIS-42. Shaded areas indicate the estimated error on the
calculated heat flow based on sensitivity tests using
different thermal parameter values (see section 4.3).

Figure 10. Thermal structure of the frontal part of the
margin for (a) Patia segment (line SIS-40), (b) Tumaco
segment (line SIS-47), and (c) Manglares segment (line
SIS-42) and the location of the 60�, 100�, 150�C isotherms
on the thrust faults and associated uncertainties. Rectangles
indicate locations of the seismic sections shown in Figure 3.
The actual finite element mesh extends to 180 km depth.
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variations of the heat flow values at the deformation front of
the NESC margin.
5.2.2. Influence of the Dip of the Nazca Plate
[31] Figure 12 graphically illustrates the along-strike

variations of basement depth, slab dip and trench fill
thickness and their influence on the heat flow values.
Beneath the deformation front in the Tumaco segment,
the oceanic basement is 2 to 2.1 km deeper than beneath
the Patia and Manglares segments (Figure 12a). This
deepening correlates with an increase in slab dip calcu-

lated from the wide-angle-derived velocity structure.
Within 50 km landward of the deformation front, the
mean slab dip on line SIS-47 is 11� compared to 6.5� for
line SIS-40 and 7.5� for line SIS-42 (Figure 12b). Along
the Tumaco segment, on every MCS lines there are
eastward dipping normal faults in the crust of the Nazca
Plate around the deformation front and beneath the lower
continental slope (Figure 3b). These faults result in a
deepening of the incoming plate and a local increase in
slab dip. At the deformation front, this deepening also
correlates with trench fill thickening, which is more than
twice as thick on line SIS-47 as that on line SIS-40 and
40% thicker than on line SIS-42 (Figure 12c). To
demonstrate the variations of heat flow without the
influence of plate age, we arbitrarily set the Nazca Plate
age at 15 Ma (Figure 12c) and kept all other parameters
constant. These calculations show that the modeled heat
flow is lower (60 mW m�2) on line SIS-47 in the
Tumaco segment, than on lines SIS-40 (90 mW m�2)

Figure 11. Location of the 60�, 100�, and 150�C isotherms across the NESC margin. Thick black
margin-normal lines are SIS-40, SIS-47, and SIS-42 profiles used for thermal modeling. Note that these
isotherms are laterally offset by at least �5 ± 3 km across the Manglares fault. Dashed ellipses and stars
are rupture zones and epicenters of the great subduction earthquakes.

Table 2. Depths and Distances From the NESC Deformation

Front of the Intersection Point Between the Plate Interface and

Isotherms 60� and 150�C

SIS-40 SIS-47 SIS-42

Depth,
km

Distance,
km

Depth,
km

Distance,
km

Depth,
km

Distance,
km

60�C 5 ± 0.5 4 ± 3 5 ± 0.5 5 ± 3 5 ± 0.5 9 ± 3
150�C 9.5 ± 1 38 ± 4 11 ± 1 40 ± 4 14 ± 1 51 ± 4
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and SIS-42 (87 mW m�2) in the Manglares and Patia
segments.
5.2.3. Influence of Hydrothermal Cooling
[32] The BSR-derived heat flow is 15 mWm�2 lower than

the model-predicted heat flow within �10 km of the defor-
mation front for line SIS-47 (Figure 9). Circulation of fluids
in the fractured upper crust of the subducting plate has been
proposed by Langseth and Silver [1996] to account for the
very low heat flow values of �28 mW m�2 reported at
the Costa Rica margin. Thermal models that incorporate
the effect of hydrothermal cooling predict a landward
increase in surface heat flow in agreement with observa-
tions [Harris and Wang, 2002]. Moreover, hydrothermal
cooling is expected to result in low average heat flows
seaward of the trench as observed by Langseth and Silver
[1996] off Costa Rica. Nevertheless, near the location of

these low heat flows, some high heat flow values suggest
large and abrupt variations along the Costa Rica margin
[Fisher et al., 2003]. We speculate that similar hydro-
thermal cooling is an additional process that may be
locally responsible for the low heat flow values near
the deformation front along line SIS-47 in the Tumaco
segment.

5.3. Temperature and Depths of Megathrust
Earthquakes

[33] The projection parallel to the trench of the 1958
hypocenter [Mendoza and Dewey, 1984] onto line SIS-42
(Figure 13c) suggests that the earthquake nucleated �70 km
landward of the deformation front, near the 170�C isotherm
(Figure 11). Collot et al. [2004] proposed that the 1979
event initiated beneath the Manglares fault or immediately
north of it and ruptured the entire Tumaco and Patia seg-
ments. Similarly, the projection of the 1979 hypocenter onto
line SIS-47 (Figure 13b), although closer to the deformation
front (�60 km) than the 1958 event, indicates a nucleation
also near the 170�C isotherm (Figure 11). We note that
location errors of the epicenters may reach 20 km [Mendoza
and Dewey, 1984] and the intersections of isotherms with
the megathrust have errors of at least ±4 km horizontally.
However, for both 1958 and 1979 events, the location of the
earthquake nucleation and the 170�C isotherm appear to be
correlated, within the estimated errors.

5.4. Updip Limit of the NESC Margin Seismogenic
Zone

[34] The seismogenic zone can be approximated by the
area of coseismic failure [Swenson and Beck, 1996] and
distribution of the aftershocks with thrust focal mechanisms
as assumed byMendoza and Dewey [1984] for the Ecuador–
Colombia margin and by Pacheco et al. [1993] for other
subduction zones. The fault plane solutions of the 1942,
1958 and 1979 aftershocks have never been published.
Nevertheless, Mendoza and Dewey [1984] and Swenson
and Beck [1996] interpreted these aftershocks as ‘‘events
involved in strain release along a single fault system’’ and
‘‘events consistent with shocks occurring along the same
interplate contact’’ indicating that these aftershocks are
interpreted as thrust faulting events.
[35] For the 1942 and 1979 earthquakes, the coseismic

rupture defined by inversion of seismic data as well as the
zone of aftershocks that occurred within 3 months after the
main shocks, extended as far seaward as the trench [Beck
and Ruff, 1984; Mendoza and Dewey, 1984; Swenson and
Beck, 1996]. We note, however, that observations from
many subduction zones and the theory of the mechanics
of submarine wedges [Wang and Hu, 2006] suggest that the
megathrust seismogenic zone usually does not extend to the
deformation front.
[36] In contrast, the updip limit of the aftershock zone and

the rupture zone of the 1958 event are clearly located
landward of the trench [Mendoza and Dewey, 1984]. We
thus infer that there is a clear landward offset of the updip
limit of the seismogenic zone of the 1958 earthquake
relative to the 1942 and 1979 events as shown by the
consistent offset of both the rupture zone and the aftershock
distribution. Thus our thermal models suggest that the
temperature at the updip limit of the seismogenic zone of

Figure 12. Along-strike variation of the (a) depth below
seafloor to the top of the downgoing crust, picked from
MCS dip lines at the deformation front, (b) dip of the
décollement within 50 km from the deformation front, and
(c) thickness of trench fill from seafloor to top of
downgoing crust picked from MCS dip lines at the
deformation front. To convert times to depths, we used
velocities from wide-angle modeling. (d) Influence of these
parameters on the calculated heat flow at the deformation
front for lines SIS-40, SIS-47, and SIS-42, assuming an
oceanic crustal age of 15 Myr and all other parameters
constant for all lines.
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the 1979 earthquake is clearly <100�C, possibly �60�C,
while it is �100�C or more for the 1958 event.
[37] The 100 and 150�C isotherms are frequently corre-

lated to the updip limit of the seismogenic zone [Hyndman
et al., 1997; Oleskevich et al., 1999]. This correlation is

consistent with estimated temperature of transformation
from smectite (exhibiting stable sliding behavior) to illite
(exhibiting stick-slip behavior) [Vrolijk, 1990]. However,
recent laboratory experiments, designed to investigate the
frictional behavior of natural and synthetic clay-rich gouges,

Figure 13. Location of the intersections between specific isotherms and the interpreted interplate thrust
fault for the (a) Patia (SIS-40), (b) Tumaco (SIS-47), and (c) Manglares (SIS-42) margin segments. The
shaded deepest isotherms are imprecisely located. The 1958 and 1979 earthquake focal mechanisms are
projected onto the seismic sections parallel to the trench in the Tumaco reentrant. The seismogenic zone
defined using the 150�C temperature as the updip limit is marked by the thick interface segment;
however, the seismogenic zone likely extends farther toward the trench, as indicated by the seaward
extent of the aftershocks zone. To, De, B, Aw, cs, and vs are as in Figure 3. Note that the 1958 and 1979
subduction earthquakes may have initiated at a temperature �170�C.
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suggest that a wide range of mechanical and chemical
processes that are active at temperatures of �60� to
�150�C may be more important than clay transformation
in controlling the onset of stick slip on the thrust fault
[Saffer and Marone, 2003]. On the NESC margin, the
correlation between the updip limit of the seismogenic zone
and 50 to 60�C isotherms support the hypothesis that the
transition from stick slip to sliding behavior is controlled by
very low temperature processes on the thrust fault.
[38] In a previous study of the MCS lines located in the

region of the 1958 rupture zone, it was emphasized that in
the frontal part of this margin segment there is a prominent
outer basement high (OBH) and a major splay fault [Collot
et al., 2004]. The spatial correlation between the OBH, the
splay fault, and the updip limit of the rupture zone suggests
that the OBH may have behaved as a deformable buttress
remaining coupled to the downgoing plate during the
coseismic period, causing seaward rupture propagation
along the splay fault [Collot et al., 2004]. In this model,
the thrust motion along the splay fault is followed by
aseismic slip along the décollement beneath the OBH after
the earthquake. The aftershock area also appears to be
limited landward of the OBH, suggesting that the seismo-
genic zone of the 1958 event did not reach the trench. We
propose that on the NESC margin the seismogenic zone in
general reaches a position near the trench where it is
possibly limited by very low temperature (�60�C) processes,
except in the 1958 event area where its updip limit is more
likely related to prominent structural features.

6. Conclusions

[39] Heat flow patterns on the north Ecuador–south
Colombia margin have been determined using variations
in the depth of the BSR identified on multichannel seismic
reflection data. To investigate the thermal control on the
seismogenic zone and megathrust earthquakes in this re-
gion, we have developed two-dimensional steady state
thermal models for the NESC subduction zone. The con-
clusions of this study can be summarized as follows:
[40] 1. At the deformation front, coherent heat flow

values are determined from several MCS lines for each
morphotectonic segment of the margin: 100–110 mW m�2

for the Patia segment, 55–60 mW m�2 for the Tumaco
segment, and 70–80 mW m�2 for the Manglares segment.
For all segments, heat flow decreases to values of 40–
50 mW m�2 at a distance of 25 km landward of the trench.
The landward decreasing values, consistent with previous
studies of heat flow at convergent margins, are related to the
downward movement of subducting lithosphere and the
landward thickening of the upper plate.
[41] 2. We have developed thermal models along three

cross sections, which represent respectively the Patia,
Tumaco and Manglares segments. The differences in ther-
mal structure between these three margin segments result
primarily from the age and dip variations of the 12–20 Myr
incoming Nazca Plate. The heat flow variations at the
deformation front also reflect the effects of the presence
or absence of an accretionary prism or its volume, the
subduction channel thickness, and the seaward extent and
thickness of the fore-arc basin. Locally, hydrothermal cool-

ing may be responsible for remarkably low heat flow values
within 10 km of the deformation front.
[42] 3. Our thermal models suggest that the 1958 and

1979 earthquakes nucleated within a central to shallow
portion of the seismogenic zone, at temperatures estimated
to be �170�C.
[43] 4. On the NESC margin, the aftershock zone and the

rupture zone of the 1942 and 1979 earthquakes may have
reached a position near the trench where the temperature is
as low as 50�–60�C. In contrast, the aftershock zone of the
1958 event is clearly restricted to a region landward of the
outer basement high and a splay fault where the temperature
on the thrust fault appears to be at least �100�C. These
thermal models thus suggest that on the NESC margin the
updip limit of the seismogenic zone is generally controlled
by low temperature (50�–60�C) processes, except for the
1958 event, where the updip limit of the seismogenic zone
is more likely related to prominent structural features in the
upper plate landward of the deformation front.
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Équateur–sud Colombie (0�–3,5�N)—Implications sur la sismogenèse.,
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