
www.elsevier.com/locate/tecto
Tectonophysics 395
The 1999–2000 seismic experiment of Macas swarm (Ecuador)

in relation with rift inversion in Subandean foothills

D. Legranda,*, P. Babyb, F. Bondouxc, C. Dorbathc,

S. Bès de Bercd,1, M. Rivadeneirae
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Abstract

We propose to explain the origin of the double trend in seismicity of the Macas swarm in the Subandean Cordillera of

Cutucú (Ecuador) and characterize the corresponding active deformation of that region. For that purpose, seismological and

geological data have been used, with the deployment of a temporary seismological array, with geological field observations and

image processing. We found that some earthquakes are aligned on a well known NNE–SSW trend corresponding to the

orientation of the nodal planes of the reverse focal mechanism of the Mw=7.0 1995 Macas earthquake as for its aftershocks.

Nevertheless, many smaller events are aligned on an unexpected NNW–SSE trend inside the Cutucú Cordillera. We interpret

these two orientations of the Macas swarm as linked to Subandean basement thrusts inherited from the inversion tectonics of a

NNE–SSW trending Triassic–Jurassic rift, which has been uplifted and partly extruded in the Cutucú Cordillera. The present

partitioning of this part of the Subandean deformation is controlled by pre-existing NNE–SSW to NNW–SSE Triassic–Jurassic

normal faults that have been subsequently compressed–transpressed and reactivated into reverse faults. Major boundary faults

of the rift were NNE–SSW oriented and correspond now to some main Subandean thrusts as confirms the focal mechanism of

the 1995 main shock located on the eastern border (Morona frontal thrust) and the orientation of its aftershocks. In the Cutucú

Cordillera, the double orientation of present swarm can be interpreted as the result of accommodation of deformation along

NNW–SSE pre-existing faults inside the inverted rift system, linked to the motion of the Morona frontal NNE–SSW thrust.
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1. Introduction

The purpose of this study is to characterize the

active deformation of the Cordillera of Cutucú to

explain the origin of the double trend in seismicity of

the Macas swarm present. A double approach has

been considered: a seismological one by the deploy-

ment of a temporary seismic network and a geological

one with direct field observations and by processing

and interpreting images to reveal fault orientation and

focal mechanism.

Numerous geological studies have been carried out

in the Subandean foothills and Amazonian lowland of

Ecuador known as Oriente basin (Tschopp, 1953;

Canfield et al., 1982; Dashwood and Abbots, 1990;

Baby et al., 1999; Christophoul et al., 2002a,b), but

poor detailed structural analysis have been done in the

Subandean Cordillera of Cutucú, whose strong

tectonic activity is demonstrated by the Macas seismic

swarm and the deformation of recent morphologic

markers (Bès de Berc, 2003).

Some seismological studies have also been realized

in that region (Yepes et al., 1996) but no geological

interpretations have been realized, especially to

explain the double trend of the Macas swarm. A

Mw=7.0 earthquake occurred the 3rd October 1995 at

23.6 km depth (Engdahl et al., 1998), near the city of

Macas, in the southern Subandean foothills of

Ecuador (Cordillera of Cutucú). The largest after-

shocks determined by Harvard are mainly aligned on

a NNE–SSW trend in agreement with the focal

mechanism of the main shock. Nevertheless, many

small events located with the Ecuadorian network

were unexpectedly aligned on a NNW–SSE trend

(Yepes et al., 1996). As the Ecuadorian network is

mainly in a NW direction with respect to the Macas

swarm, the location of these small events could have

been affected by the seismological regional station

distribution. In order to confirm this orientation and

interpret it geologically, a locate network of 10

portative stations has been installed between Novem-

ber 1999 and June 2000 around Macas swarm.
2. Geodynamic setting

Ecuador is situated at the hinge between the SSE–

NNW oriented Central Andes and the SSW–NNE
Northern Andes (see Fig. 1). This elbow-like position

corresponds also to a zone of transition on the

subducting Nazca plate, which evolves from flat-slab

subduction in southern Peru to 30–408 dipping

subduction in Colombia. Furthermore, the Ecuadorian

margin is affected by the Carnegie Ridge collision,

whose effects have been recently discussed (Gutscher

et al., 1999a; Guillier et al., 2001; Bourdon et al.,

2003). Hence, this part of the Andes is submitted to

high stress changing and, as a consequence, may be

responsible of the high volcanic and seismic activity

of Ecuador with respect to Peru and Colombia. For

example, Ecuador has more than 18 active volcanoes,

whereas northern Peru (above 148S) has no active

volcano and Colombia has 14 active volcanoes

(Simkin and Siebert, 1994). High volcanoes are

located in Ecuador (e.g. Mt. Chimborazo, 6310 m;

Mt Cotopaxi, 5897 m; Mt Cayambe, 5790 m) and

large earthquakes (e.g. the 31/01/1906 Mw=8.8, the

12/12/1979 Mw=8.1, the 14/05/1942 Mw=7.8, the 19/

01/1958 Mw=7.7) occurred on the Pacific coast. One

of the peculiarities of the Ecuadorian Andes is the

occurrence of a large shallow seismic activity in its

Subandean foothills (Mw=7.1 1987 Baeza, Mw=7.0

1995 Macas), characterized also by active volcanoes

like the Sumaco and the Reventador (recently

reactivated from November 2002).

The Nazca plate is subducting under the South

America plate with a rate of 58F2 mm/year at the

latitudes of Ecuador (Trenkamp et al., 2002). GPS

measurements indicate an approximately due east-

oriented motion of the Nazca plate relative to stable

South America, which is oblique at the Ecuador

trench (Kellog and Vega, 1995; Trenkamp et al.,

2002) and generating a mainly E–W compression

(Ego et al., 1996; Gutscher et al., 1999a,b).

Deformation in the high Ecuadorian Andes has been

mainly driven by the dextral Dolores Guayaquil

Megashear (DGM) zone (Winter et al., 1993;

Deniaud et al., 1999; Trenkamp et al., 2002), which

marks the suture zone between the Ecuadorian

coastal block of oceanic substratum accreted during

Paleogene times at the South American continental

margin (Benitez, 1995; Jaillard et al., 1995). East of

the DGM, the Ecuadorian Andes consist of an

eastward orogenic wedge (Cordillera Oriental and

Subandean foothills), where structural pattern is

dominated by compressive and transpressive defor-



Fig. 1. Elevation map of the north Andean curvature (Gtopo 30 DEM) and shallow (depthb50 km) earthquakes (MwN5.0) of the Harvard catalog

(1977–2000) that have focal mechanism for 10 different regions and the corresponding stress tensors (see also Table 1). Circles correspond to

earthquakes that have not been used for stress tensor determinations. For the swarm of Macas, three additional events have been included (10/

05/1963, 03/11/1963, 21/06/1967: Chinn and Isacks, 1983; see also Fig. 3). DGM=Dolores Guayaquil Megashear.
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mation (Aspden and Litherland, 1992; Baby et al.,

1999; Pratt et al., 2002).
3. Present day state of stress

3.1. Theoretical background

Orientation and shape of the stress tensor can be

deduced from seismological data. One way is to
calculate it from pre-determined focal mechanisms of

earthquakes (Angelier and Mechler, 1977; Gephart

and Forsyth, 1984; Carey-Gailhardis and Mercier,

1987). Another way is to calculate it at the same time

that focal mechanisms, from P wave polarities (Rivera

and Cisternas, 1990). In this article, we use the first

way. Stress tensors are selected randomly. For each

tensor, a dscoreT is calculated as the sum of the scalar

products between theoretical and observed slip

vectors for all mechanisms. A first rough passage
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selects the N best tensors. These are used as centers

for a finer hedge-hog exploration of the space of

tensors. The N best solutions (highest dscoresT) are

finally sorted and shown in Fig. 1, with N=10. The

shape factor R of the stress tensor is defined as

(Rivera and Cisternas, 1990):

R ¼ rz � rx

ry � rx

where rx, ry and rz are the principal stresses (with

ryNrx). rz is close to the vertical in order to interpret

the shape factor R in a tectonic sense. R varies from

�1 to +1.

The relationship of the non ordered eigen values

rx, ry and rz with respect to the ordered eigen values

r1Nr2Nr3 depends on R as follows:

(1) Rb0 (triaxial compression) ryNrxNrz, then

ry=r1, rx=r2 and rz=r3

(2) 0bRb1 (shear) ryNrzNrx, then ry=r1, rz=r2

and rx=r3

(3) 1bR (triaxial extension) rzNryNrx, then rz=r1,

ry=r2 and rx=r3

Focal mechanisms depend on the orientations of

the pre-existing faults. In case 1, reverse and strike

slip faults are expected. In case 2, we have to consider

different cases. If a vertical fault pre-exists, strike slip

faults are expected. If one pre-existing fault dip in the

y-axis, reverse faults are expected. If the pre-existing

fault dip in the x-axis, normal faults are expected.

Hence, in this case strike slip, reverse and normal

faults may be expected simultaneously. In case 3, only

normal and strike slip faults are expected. The

particular cases of R=0 corresponds to a uniaxial

compression, R=1 to a uniaxial extension, R 1�1 to a

radial compression and R 1+1 to a radial extension.

As the spatial repartition of events split naturally

in different regions (Fig. 1), we assume that the

stress tensor is uniform in each region. This

hypothesis may not be completely satisfactory, but

as far as the number of focal mechanisms available is

rather small, there is no way to realize a more precise

study.

We use for the inversion all the focal mechanisms

for which a focal mechanism exists. Note that events

8, 9, 10, 11 and 12 can be considered as aftershocks of

the main shock 7. We can notice that the biggest
aftershocks (events 8 and 11) have a similar focal

mechanism than the main shock 7. The smallest

events (events 9, 10 and 12) have a different focal

mechanism and may reflect some local readjustments.

We suppose that these local readjustments are

representative of the regional stress tensor, are

relevant of the local tectonic where local faults have

been reactivated by the main shock, explaining why

these small events have a different focal mechanism of

the main shock. Note that the focal mechanisms of

these smallest events are very close to faults compat-

ible with the associated focal mechanism. This

diversity of focal mechanism is compatible with the

stress tensor we have (case 2 of the above discussion

on the stress tensor). Among the focal mechanisms,

some have a small double couple component (less

than 75%). In order to see the errors inferred by these

events, we performed two stress tensor inversions, one

with all the data, and another one taking off the events

with a double couple part less than 75% (events 7, 8

and 10). We show on Fig. 2 these two stress tensors.

The best score with only the best double couples is

0.9471 and with all the data is 0.9411, so the error

generated by events with a small double couple

component is negligible (less than 0.6%). Looking

at the data, the focal mechanisms with a small double

couple (events 7, 8 and 10) are very similar to focal

mechanism with a higher double component (events

6, 11 and 12, respectively), so that we consider that

the double part is well constrained and of small effect

on the inversion for the stress tensor. Note that in Fig.

1 and Fig. 1bis, we represent the 10 best solutions,

indicating a stable inversion.

3.1.1. Macas region

In order to have a rough idea of stress tensors, we

calculate them from CMT Harvard focal mechanisms

for shallow (depthb50 km) events of magnitude Mw

bigger than 5.0. The whole region has been split into

10 regions for which a unique stress tensor could be

calculated (Fig. 1). The general tectonic behavior can

be deduced from the shape factor R (Rivera and

Cisternas, 1990) of the stress tensor (Rb0 for a pure

compression, RN1 for a pure extension and 0bRb1 for

an intermediate state, Table 1). Few events have not

been included because their focal mechanisms were

not compatible with the stress tensor of the region

(mainly for the coast of Colombia, circles on Fig. 1).



Fig. 2. Determination of the stress tensors from all the focal mechanisms of Macas region (top) and the best focal mechanisms with double-

couple component greater then 75% (bottom). As the two stress tensors are very similar, the errors on the stress tensor determination due to non

pure double-couple focal mechanisms are negligible.
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All the stress tensors are compressional (with a

vertical r3, Fig. 1, i.e. with Rb0, Table 1) except for

two regions: the southern part of Colombia Coast

(region 2 with crosses in Fig. 1), which is a small

extensional region (RN1, Table 1). The second region

is the Macas swarm (region 8 with diamonds in Fig.

1), which has an intermediate shear stress tensor

(0bRb1, Table 1). This Macas region is a transition

zone between two compressional regions (northern

Peru and northern Ecuador, Fig. 1, Table 1), character-

izing a complex deformation, in an elbow-like

position between the change of Peru and Colombia

mountain orientation mentioned before. These results

are close the one of Ego et al. (1996), and slightly
different for the region 6 of Bogotá (stars in Fig. 1)

and for the Macas region 8 (diamonds in Fig. 1). For

the Macas region, the compressive stress axis j1 is

roughly in the same direction (N998E and N1048E).
As these are identical, the only difference between the

two inversions is the stress regime. It is compressive

(r3 horizontal) in Ego et al. (1996) and between

compressive and transcurrent in this study, for which

neither r3 nor r2 are horizontal and vertical, but have

a significant plunge of some 348 and 568, respectively.
These small differences may be attributed to the fact

that those authors have not taken into account the

1995 Mw=7.0 Macas earthquake and its aftershocks

and the 1995 Mw=6.5 earthquake and its aftershocks



Table 1

Stress tensor characteristics, average of the 10 best solutions

Region r1 strike dip r2 strike dip r3 strike dip R score

1 280F0.6, 6F0.6 190F0.6, 2.3F0.2 78F1.4, 84F0.6 �1.5F0.1, 0.996F0.0001

2 91F1.7, 83F0.4 204F0.4, 3F0.2 295F0.4, 7F0.4 2F0.1, 0.995F0.002

3 265F0.2, 9F0.3 174F0.2, 5F0.2 54F1.1, 80F0.3 �0.8F0.1, 0.998F0.00002

4 41F0.8, 4F0.2 131F0.9, 9F0.4 285F1.1, 80F0.4 �3F0.4, 0.984F0.0004

5 251F0.5, 8F0.4 341F0.5, 3F0.4 89F2.3, 82F0.4 �0.3F0.1, 0.709F0.0003

6 318F0.3, 0.3F0.1 228F0.3, 0.3F0.1 282F2.4, 90F0.1 �0.33F0.1, 0.973F0.0007

7 93F1, 18F0.4 185F0.9, 6F0.3 294F0.6, 71F0.4 �0.14F0.1, 0.971F0.0004

8 104F0.04, 5F0.5 6F1.0, 56F0.9 198F0.5, 34F0.9 0.17F0.1, 0.944F0.00005

9 84F0.6, 13F0.4 174F0.6, 3F0.2 278F0.9, 77F0.4 �1.84F0.1, 0.991F0.0002

10 274F0.7, 1F0.6 184F0.7, 1F0.3 113F0.3, 89F0.7 �1.39F0.1, 0.845F0.0001

R is the shape factor (see text).
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in the Bogotá region (these events occurred after their

study).
4. Macas seismic and geological background

A Mw=7.0 shallow (23.6 km depth) earthquake

occurred the 03/10/1995 at 2.7688S, 77.8188W
(Engdahl et al., 1998, event 7 in Fig. 3) near Macas

city, in the Subandean Cutucú Cordillera, which

constitutes the eastern foothills of the southern

Ecuadorian Andes. Subandean deformation in Ecua-

dor is compressive or transpressive and controlled by

deep reaching thrusts or reverse faults (Rivadeneira

and Baby, 1999). The Subandean foothills comprise

two large basements uplift: the relatively simple Napo

antiformal culmination (Levantamiento Napo) in the

north, and the complex structure of the Cutucú

Cordillera in the south, both separated by the Pastaza

Depression where developed a large scale humid

tropical alluvial fan (Bès de Berc et al., 2003). The

Cutucú Cordillera is intensely deformed by a complex

reverse faults system (Fig. 3) related to the trans-

pressive-driven inversion of a NNE–SSW Triassic and

Jurassic rift (Baby et al., 1999; Christophoul, 1999;

Rivadeneira and Baby, 1999). This inverted rift

system disappears to the northeast below the foreland

Tertiary deposits of the adjacent Oriente foreland

basin as shows seismic profiling of the PETROPRO-

DUCCION oil fields (Fig. 4). Seismic sections along

the inverted rift system do not show detachment in the

basement and reverse faults root probably in the

mantle lithosphere. The core of the Cutucú Cordillera

is formed by the Santiago Formation (Fig. 5), which
corresponds to the extruded Triassic and Jurassic rift

sedimentary fill (Christophoul, 1999). Quaternary

geomorphic markers, as alluvial terraces of the Upano

valley on the back limb of the Cutucú Cordillera, are

deformed by thrust faults (Bès de Berc, 2003). These

recent deformations are consistent with the strong

seismicity recorded in this zone (Fig. 3).

The largest USGS aftershocks of the 1995 Macas

earthquake are located on a NNE–SSW trend (Fig. 3),

in agreement with the focal mechanism of the main

shock. Nevertheless, many small aftershocks (of local

magnitude MLb4.0) have also been recorded on a

NNW–SSE perpendicular trend few days after the

main shock (Yepes et al., 1996; Alvarado et al., 1996)

and more than 5 years after (Fig. 6, this study). The

significance of these two orientations will be dis-

cussed latter on.
5. Description of the 1999–2000 seismological field

experiments

As seismic activity is high from the 1995 Macas

event until present, and in order to confirm the NNW–

SSE orientation, a temporary seismological array and

structural analysis have been carried out in the

Cordillera of Cutucú. Ten stations (eight L4-3D 3

components 1 Hz and two mark product 1 vertical 2

Hz component) have been installed around and inside

the Macas swarm between November 1999 and June

2000 (Fig. 6) in order to precise hypocenter locations.

Each station was recording time with GPS system.

The sample rate of these stations was 50 Hz. Two

stations were continuously recording with REFTEK



Fig. 3. Focal mechanisms (black points) of shallow (depthb50 km) earthquakes (MwN5.0) of the Harvard catalog (1977–2000) plotted on the

DEM and structural map of the Macas region (Savane software n IRD/MS, France). Three additional events have been included (10/05/1963,

03/11/1963, 21/06/1967: Chinn and Isacks, 1983). The 23.6-km depth 1995 event (number 7, black star) has a focal mechanism compatible with

the transpressive Morona frontal thrust. Aftershocks of the 1995 Macas earthquake (white points) are also represented (Harvard catalog, except

for the main shock for which we used the more precise Engdahl et al., 1998 determination). Aftershocks are aligned mainly NNE–SSW in

agreement with the focal mechanism of the main shock of Macas, 1995.
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Fig. 4. Seismic reflection section crossing the inverted NNE–SSW Triassic and Jurassic rift of the Oriente basin (modified from Diaz et al.,

2003), which merges in the Cutucú Cordillera.
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data acquisition system (MIASAL and YAP), because

of difficulty access of these stations located in the

Amazonian rain forest and that could be reached only

with a small plane. The eight other stations were

recording with triggering LEAS data acquisition

systems. Stations MC6Z and MC7Z were transmitted

by telemetry to Cerro Bosco CBOS (Fig. 6).
6. Location of the 1999–2000 events

In a first step, events have been pre-located using

hypoellipse code (Lahr, 1995). The model of

propagation have been deduced from seismic sections

of the Oriente foreland basin (Rivadeneira and Baby,

1999) and compared with a microseismic experiment

in the southern Peruvian Ucayali basin used for

structure tomography (Mallick and Drummond,

1999). In a second step, relative localizations using

the Master Event technique (Spence, 1980; Besse,

1986) have been done (with the a priori information

of the hypocenters given by hypoellipse code). In a

third step, we performed a joint determination of the

velocity structure and the location using the latest

version simulps12 (Evans et al., 1994) of the Thurber

(1983) method, using as input the travel time data of
the events previously located by the master event

code. The horizontal error is for 95% of events

inferior to 1 km. The error of depth is less than 2 km,

except for 20 events for which it is between 2 and 3

km. Most events are between 0 and 25 km depth, and

few events are deeper, until 181 km depth, corre-

sponding to the subduction of the Nazca plate. Some

events are aligned on the NNE–SSW trend corre-

sponding to the orientation of the nodal planes of the

reverse focal mechanism of the Mw=7.0 1995 Macas

earthquake, but most of the events are aligned on a

NNW–SSE trend inside the Cutucú Cordillera

(Fig. 6).
7. Inversion tectonics and seismological data

Hypocenters have been plotted on the geomorphic

and structural map of the Cordillera of Cutucú (Fig. 6)

obtained from DEM (Savane software, n IRD/MS,

France), satellite imagery interpretation, field studies

and revised geological maps of PETROPRODUC-

CION. Our structural map shows two main systems of

reverse faults and multi-kilometric folds. The first one

has the regional N–S to NNE–SSW orientation and

includes the principal bounding thrusts of the Cutucú



Fig. 5. Geological map of the Macas region.
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Cordillera. The 1995 main shock and its aftershocks

and a small cluster recorded by our seismic array are

located in the frontal limb of the Cutucú Cordillera

(Fig. 6). The 1995 main shock (23.6 km depth)

probably occurred on the west dipping NNE–SSW

reverse fault (Fig. 3), which merges 15 km more to the

east (Morona frontal thrust). We will discuss below

the origin of this major fault. The second system of

reverse faults and folds is oriented NNW–SSE as the

main trend of the present Macas seismic swarm

confirmed by our experiment.
The cross-section of Fig. 7 has been constructed

from surface data and hypocenters plotting obtained

from our experiment, inspiring from seismic profiling

(Fig. 4) of the northeastern prolongation of the

Triassic and Jurassic rift, inverted by transpression

and extruded in the Cutucú Cordillera (Christophoul,

1999; Rivadeneira and Baby, 1999). Inverted basins

and their associated structures have been recognized

on every continent (Lowell, 1995) and rift inversion is

common in the Andes (Uliana et al., 1995; Branquet

et al., 2002). Earthquake locations show reverse faults



Fig. 6. Seismicity (grey dots) recorded during the 1999–2000 temporary seismic array plotted on the DEM (Savane software n IRD/MS,

France) and structural map with locations of the 10 seismic portable stations (yellow triangles: 1: Cerro Bosco, 2: Mac2, 3: Mac3, 4: Mac4, 5:

Mac5, 6: Mac6, 7: Mac7, 8: Yaupi, 9: Moróna, 10: Miasal).
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(Fig. 7A) in accordance with regional seismic

reflection data (Fig. 4). To the east, they limit the

Morona frontal thrust where is located the 23.6 depth

1995 main shock. This reverse fault can be interpreted
as a major reactivated and inverted normal fault of the

eastern border of the Triassic–Jurassic rift (Fig. 7B).

Jurassic and Cretaceous volcanic bodies (Christo-

phoul, 1999; Barragán and Baby, 1999), which line



Fig. 7. Structural cross-section perpendicular to the Cutucú Cordillera (location on Figs. 4 and 5): (A) surface data and seismicity recorded

during the 1999–2000 temporary seismic array; (B) interpretation of faults geometry inspiring from seismicity and seismic reflection profiling of

the northeastern extension of the inverted Triassic–Jurassic rift (Fig. 4); (C) palinspastic restoration showing the pre-Cretaceous rift geometry

(pre-inversion state).
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the inverted rift, indicate that faults root probably in

the mantle lithosphere.

In the core of the Cutucú Cordillera, the NNW–

SSE seismic swarm results probably from the reac-

tivation of opposite dip reverse faults, NNW–SSE

oriented, that we interpret as inverted bounding

normal faults of a basement horst (see palinspastic

restoration of the cross-section of Fig. 7C). This

interpretation and the NNW–SSE orientation of pre-

existing normal faults inside the NNE–SSW trending

rift system imply a sinistral transtensional tectonics

during Triassic and Jurassic times (Fig. 8). In such a

model, the Morona frontal thrust motion (1995 main

shock) is accommodated by readjustment of faults
Fig. 8. Structural sketch showing the Triassic–Jurassic rifting phase

in transtensive setting (A) and the recent inversion of the rift system

with location of the Macas seismic swarm (B).
within the inverted rift, which induced the NNW–SSE

aligned seismicity inside the Cutucú Cordillera.

8. Conclusions

It has been proposed that an inversion tectonics of

a NNE–SSW trending Triassic–Jurassic rift penetrates

obliquely into the Subandean foothills and merges

with the Cutucú uplift. Actual partitioning of this part

of the Subandean deformation is controlled by two

pre-existing faults orientations of the rift. Original

boundary faults of the rift were NNE–SSW oriented

and are now reactivated and inverted by compression–

transpression as confirms the focal mechanism of the

1995 main shock located on the eastern Morona

frontal thrust. Inside the Cutucú Cordillera, the

NNW–SSE present swarm can be interpreted as the

result of the reactivation of opposite dip reverse

NNW–SSE faults inherited from the rift system,

which accommodated the initial motion of the eastern

Morona frontal thrust (1995 main shock).

South to the Cutucú Cordillera, the rift inversion-

related seismicity disappears. This zone corresponds

to the Subandean Santiago basin of North-Peru whose

deformation is not controlled by pre-existing base-

ment normal faults, but driven by classical thick or

thin-skinned thrust tectonics.
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