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Fig. 10. Log of trench 2. More extensive description of units in the text. Inset photograph illustrates the geomorphic setting of the trench, excavated across a flat trough bounded by

a steep bedrock slope and an uphill-facing limestone scarp.

The following units have been mapped in the trench: (1)
Bedrock: Well-bedded white Miocene limestone, locally highly
brecciated. (2) Massive and highly cohesive brown silt with angular
limestone clasts and patches of secondary carbonate. The colour of
this unit changes gradually from reddish brown beneath the SE
slope into a greyish brown tone towards NW graben, indicative of
more reducing conditions. The size of the clasts also decreases to
the NW, whereas the sorting degree increases. Most likely, the
upper part of the deposit situated between faults F6 and F7
corresponds to a different younger unit. However, its massive and
homogeneous character has not allowed us to identify any clear
stratigraphic discontinuity. This unit may be interpreted as collu-
vium that grades into a sheet wash deposit accumulated in the
bottom of the poorly drained trough generated by surface faulting.
A piece of wood 4 cm long collected at 25 cm above the base of unit
2, just NW of fault F2, has provided a calibrated age of
3339—-3142 cal BP. (3) Massive poorly-sorted pebble- and cobble-
sized angular limestone clasts with chaotic fabrics embedded in
grey-brown silt. This lenticular unit 20 cm thick may correspond to
a debris flow deposit derived from the SE slope. (4a) Loose dark
grey-brown silt 65 cm thick with poorly sorted angular limestone
clasts up to 50 cm long. Elongated clasts show rough fabrics dipping
towards the SE. (4b) Massive dark grey-brown silt with abundant
moderately sorted angular pebble- and cobble-sized limestone
clasts with chaotic fabrics. Units 4a and 4b are correlative deposits
separated by a gradational lateral facies change. These units are
interpreted as proximal and distal facies of a colluvial wedge shed
from a scarp produced by a displacement event on the underlying
fault F3. Unit 4a truncates the shear zone (brecciated bedrock) of
this fault resting on a free-face depositional contact. (5a) Fissure fill
composed of well-sorted light grey silt with some angular lime-
stone pebbles. Eolian deposition may have played a significant role

in the infill this fissure, situated in an elevated ridge barely affected
by runoff. (5b) Fissure fill consisting of angular limestone clasts
embedded in loose grey clayey silt. (6) Loose massive light brown-
grey silt with poorly sorted angular limestone clasts. The propor-
tion and size of clasts increase towards the SE slope. This unit is
interpreted as a young colluvium and sheet wash deposits.

The SE sector of the depression is underlain by a half-graben
controlled by the down to the SE fault F3 (Fig. 10). This structure
displays a 40 cm wide shear zone composed of brecciated lime-
stone bedrock with subvertical fabrics. The breccia has large air-
filled intergranular spaces indicative of dilation due to horizontal
separation on the fault. Fault F3 affects unit 2 and is truncated by
unit 4a. A minimum cumulative vertical offset of 1 m can be esti-
mated on this fault using the top of the bedrock. Faults F1 and F2
are small throw secondary faults affecting unit 2, with around 20
and 30 cm of vertical separation, respectively. The trace of fault F1
was not clearly distinguishable in the massive unit 2. The NW
graben is controlled by the SE-dipping fault F7 and the NW dipping
faults F6 and F5, all of them offsetting unit 2. Faults F7 and F5 show
shear zones in bedrock made up of dilated breccia with reoriented
fabrics and open voids. Forward toppling of a bedrock block in the
scarp associated with fault F7 has resulted in the opening of
the 28 cm wide fissure filled by unit 5a and the oversteepening of
the upper part of the fault plane. Neither a tilted block nor a fissure
were observed in the opposite wall of the trench, where fault F7
showed a continuous plane with a 70SE dip. Faults F7 and F5 show
minimum vertical separations of 200 cm and 40 cm, respectively, as
measured on the top of the bedrock. Vertical throw in fault F6 is
20 cm. The bedrock horst situated between both grabens shows an
NW dipping fault (F4) defined by a limestone breccia with an
associated fissure filled by unit 5b. Bedding in the footwall of this
fault shows an obvious drag fold. The overall structure exposed in
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the trench may be interpreted as a complex half-graben controlled
by a master fault (F7) with a keystone graben in the NW margin and
a horst bounded by secondary synthetic and antithetic faults (see
structural sketch of Fig. 10).

The structural and stratigraphic relationships observed in the
trench may be explained by a minimum of two faulting events
involving the development of multiple surface ruptures (Fig. 10).
A first deformation event, occurred before 3.3—3.1 ka, created
a small fault-angle depression bounded in the downhill side by an
antislope scarp on the master fault F7. Unit 2 was deposited in this
sediment trap. Probably, the formation of the horst started in the
first faulting event, controlling a thickness reduction of unit 2 on
this structure. A second faulting event younger than 3.3—3.1 ka
deformed unit 2 (faults F1, F2, F3, F5, F6 and F7) and created the
antislope scarp associated to fault F3. Erosion of this scarp led to the
accumulation of the colluvial wedge corresponding to unit 4.
Probably this second faulting event rejuvenated the scarp associated
with fault F7 and created the fissure situated in the footwall.
Thickness of unit 2 between faults F5 and F6 (80 cm) and that of unit
4 (65 cm) provide a minimum measure of the vertical displacement
achieved in the first and second faulting events, respectively. The
upper part of the massive deposit between faults F6 and F7 mapped
as unit 2 most likely includes a younger unit deposited after the
second faulting event. The vertical separation of the top of the
bedrock across fault F7 (200 cm) provides a minimum estimate of
the cumulative vertical displacement on the master fault, suggest-
ing displacements per event higher than 1 m. Considering
a minimum vertical displacement of 200 cm and a minimum age for
the structure of 3.3 ka, we can obtain an apparent vertical slip rate of
0.6 mm/yr. The actual displacement and age values may be quite
close to the used figures, considering that degradation of bedrock in
the footwall must be slow and that the dated sample was obtained
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@ Poorly sorted subangular massive gravel

Structural /.f/

close to the base of the depression fill (25 cm), where a relatively
high sedimentation rate may be expected.

5.4. Trench 3

This trench, 15.5 m long and 2.7 m deep, was excavated in
a depression developed in a gully, upstream of an uphill-facing
scarp perpendicular to the drainage (Fig. 2). The depression
receives runoff and sediment supply from the main gully and
a small tributary developed at the SW margin along the foot of the
NE—SW trending fault scarp. The trench was excavated with
a N140E orientation, roughly parallel to the main stream and
perpendicular to the scarp. The NW edge of the trench was situated
at the downstream margin of the depression fill and the SE
termination was constrained by tree vegetation, precluding the
exposure of bedrock.

Similarly to trench 2, the excavation exposed two grabens and
a horst in between (Fig. 11). Three main groups of Holocene deposits
were differentiated; faulted sediments associated with each of the
grabens and a sedimentary package with no evidence of deforma-
tion that unconformably overlie the older units and truncates the
underlying structures. Unlike trench 2, we were not able to establish
an unambiguous correlation between the deposits associated with
the two grabens due to the following reasons: (1) The sediments in
each graben were derived from different provenances, but they are
internally homogeneous within each graben. Faulted units in the SE
graben come from the main drainage, whereas sediment supply in
the NW graben comes mainly from the tributary gully. The horst
probably disconnected the two depressions since an early stage. (2)
Due to the difficulty of finding datable material, the chronology of
the graben deposits is poorly constrained, precluding a reliable
correlation on the basis of numerical dates. Consequently, we have
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Fig. 11. Log of trench 3 excavated in a depression developed within a drainage upstream of an antislope scarp. More extensive description of units in the text. Due to lack of
unambiguous correlation criteria, units of the SE and NW grabens are designated with Arabic and Roman numbers, respectively.
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assigned Arabic numbers to the deposits of the SE graben and
Roman numbers to sediments of the NW graben. The following units
have been mapped: (1) Bedrock: Massive white limestone, locally
highly brecciated. (2) Highly cohesive dark grey massive silt with
scattered poorly sorted angular limestone clasts. Abundant
bioturbation-related millimetre-sized pores filled with white
secondary carbonate. Elongated clasts show a prevalent NW dip. (3)
Brown-grey massive silt with scattered angular limestone clasts.
This unit is softer and has less bioturbation and secondary carbonate
than unit 2. A terrestrial snail obtained at 10 cm above the base of the
unit has yielded an age of 2492- 2311 cal BP. (4) Loose light greyish
brown massive silt with well-sorted granule- and pebble-sized
subrounded limestone clasts. Some traces of bioturbation partly
filled by secondary carbonate. (5) Crudely stratified grey-brown
loose silt with abundant pebble-sized well-sorted subangular
clasts. An age of 1865—1715 cal BP has been obtained from a terres-
trial snail collected at 15 cm above the base of the unit. Units 2 to 5
may be interpreted as fluvial-palustrine facies deposited in a low-
gradient and poorly-drained depression. (I) Highly cohesive,
roughly stratified and moderately sorted subangular pebble-gravel
with grey sandy silt matrix. This unit shows abundant bio-
turbation and secondary carbonate and contains some large lime-
stone boulders. (II) Cohesive dark grey silt with scattered subangular
pebble-sized clasts. A piece of charcoal collected 25 cm above the
base of the unit has been dated at 1949—1807 cal BP. This age range
overlaps that obtained from unit 5. Units I and Il may be interpreted
as interfingered fluvial and colluvial facies coming from the tribu-
tary gully and the adjacent antislope scarp. (6) Channel filled of
stratified, well-sorted and loose silt, sand and pebble-gravel. The
edge of the channel base truncates fault F3. (7) Poorly sorted and
subangular massive pebble- and cobble-gravel with grey-brown silt
matrix. The irregular base of this unit truncates the underlying
faults. Charcoal pieces collected at and close to the base of this unit
have been dated at 255—0 cal BP and 290—0 cal BP. This deposit most
likely records sediment accumulation during storm-derived high
competence flow events. (8) Brown soil horizon around 25 cm thick.

The SE sector of the trench exposed a half-graben controlled by
the SE-dipping faults F6 and F5 (Fig. 11). Bedrock between both faults
has been transformed into a 1.1 m wide loose breccia with shear
fabrics. Fault F6 has deformed units 2, 3 and 4 and is truncated by unit
5. This latter unit has been offset by fault F5 (Fig. 12A). The thickness
of units 2 to 4 (150 cm) provides a minimum estimate of the
cumulative vertical displacement on fault F6. The minimum vertical
offset on fault F5 is 45 cm, as measured using the top of the bedrock
on both blocks. The NW graben is bounded by faults F4 and F1 and
the greatest subsidence is reached in the inner block downthrown by
faults F2 and F3 (Figs. 11 and 12B). The four faults offset unit I and
faults F3 and F2 also displace unit II. Probably unit Il has been eroded
from the blocks flanking the inner graben. Faults F4 and F3 show
well-defined shear zones in bedrock around 70 cm wide composed
of dilated angular limestone clasts with reoriented fabrics. The top of
bedrock provide a minimum cumulative vertical displacement in
this graben of 175 cm. Like trench 2, the overall structure of trench 3
may be described as a complex half-graben with a horst separating
a keystone graben to the NW and a half-graben to the SE.

The geometrical relationships observed in the SE half-graben
can be explained by a minimum of 3 faulting events (Figs. 11 and
12A). A first surface rupture event before 2.5 ka created a poorly
drained or closed depression within the stream in which units 2 to
4 were accumulated. In a second deformation event, occurred
between 2.5 and 1.7 ka, units 2, 3 and 4 were offset by fault F6. The
third and most recent event (MRE) is recoded by fault F5, which
displaces unit 5 and is truncated by unit 7. The MRE occurred after
1865 cal BP. A maximum average recurrence interval of 1.25 ka can
be estimated considering the two recentmost recorded events. It is

Fig. 12. A: Margin of half-graben exposed in the SE sector of trench 3, where upward
truncation of two faults by different units record two faulting events. B: Graben in NW
sector of trench 3 overlain unconformably by an undeformed deposits.

important to note that this average recurrence has not been derived
from closed-cycle data (McCalpin, 2009c). The minimum vertical
throw of 195 c¢m in this half-graben with a minimum age of 2.5 ka
indicates an apparent slip rate of the order of 0.8 mm/yr and an
average displacement per event greater than 65 cm.

The stratigraphy and structure of the NW graben records
a minimum of two faulting events (Figs. 2 and 12B). The first one
occurred before 1.9 ka and created a sediment trap in which units [
and I were deposited. This closed or poorly drained depression was
probably controlled by an upslope-facing scarp associated with
fault F1. In the second event, subsequent to 1949 yr BP, faults F1, F2,
F3 and F4 offset units I and II. The minimum vertical throw of
175 cm in this half-graben, with a minimum age of 1950 yr BP,
indicates an apparent slip rate of the order of 0.9 mm/yr and an
average displacement per event greater than 87 cm if the two
events interpretation is correct. The first event recorded in the two
grabens could be contemporaneous and the penultimate and most
recent events inferred in the SE graben may have also affected the
NW graben, which probably records an underrepresented faulting
sequence. The loosely bracketed age of the second event in the NW
graben (<1950 yr BP) overlaps the age range ascribed to the
penultimate and most recent events in the SE graben (2.5—1.7 ka
and <1865 yr BP).

6. Discussion and conclusions

On the NW flank of Los Mansuetos mesa, passive bending of the
Neogene formations due to interstratal dissolution of the

Please cite this article in press as: Gutiérrez, F, et al., Late Holocene episodic displacement on fault scarps related to interstratal dissolution of
evaporites (Teruel Neogene Graben, NE Spain), Journal of Structural Geology (2011), doi:10.1016/j.jsg.2011.11.006

1736
1737
1738
1739
1740
1741

1742
1743
1744
1745
1746
1747
1748
1749
1750
1751

1752
1753
1754
1755
1756
1757
1758
1759
1760
1761

1762
1763
1764
1765
1766
1767
1768
1769
1770
1771

1772
1773
1774
1775
1776
1777
1778
1779
1780
1781
1782
1783
1784
1785
1786
1787
1788
1789
1790
1791
1792
1793
1794
1795
1796
1797
1798
1799
1800



1801
1802
1803
1804
1805
1806
1807
1808
1809
1810
1811
1812
1813
1814
1815
1816
1817
1818
1819
1820
1821
1822
1823
1824
1825
1826
1827
1828
1829
1830
1831
1832
1833
1834
1835
1836
1837
1838
1839
1840
1841
1842
1843
1844
1845
1846
1847
1848
1849
1850
1851
1852
1853
1854
1855
1856
1857
1858
1859
1860
1861
1862
1863
1864
1865

SG2665 proof m 23 November 2011 m 15/18

E Gutiérrez et al. / Journal of Structural Geology xxx (2011) 118 15

underlying Triassic evaporites has resulted in the development of
a 1.7 km long monocline with a synform in the lower flexure. The
Rio Seco valley flows concordantly down this gravitational syncline,
which has 130 m of structural relief. The crest of the monocline is
affected by a keystone graben of the same length with conspicuous
topographic expression. In early publications the origin of the Rio
Seco flexure was attributed to diapirism (Gautier et al., 1972;
Moissenet, 1983; 1984). More recent and detailed studies argue
that the downward displacement of the sediments is not consistent
with diapiric processes, which would cause uplift, but with evap-
orite dissolution-induced subsidence (Gutiérrez, 1998; Calvo et al.,
1999). The presented work improves the existing knowledge on the
geology of the type section proposed for the definition of the
Turolian, a Mediterranean Neogene continental stage, where most
of the deformation structures have a nontectonic origin (Calvo
et al.,, 1999).

The 130 m of structural relief in the Rio Seco syncline provides
a measure of the cumulative subsidence magnitude and
a minimum value for the thickness of evaporites removed by
subsurface dissolution. Although gypsum is the only evaporitic
lithology found in the outcrops of the M2 Middle Triassic unit, most
probably a significant proportion of the gravitational deformation is
related to dissolution of thick halite bodies. Borehole data indicate
that this Middle Triassic unit may include up to 300 m of halite in
the subsurface (Orti et al., 1996). Two non-exclusive explanations
may be proposed for the coincidence between the axis of the
syncline and the path of the Rio Seco Creek: (1) Dissolution and
subsidence has been more intense beneath a pre-existing drainage,
which acted as the base level for discharging groundwater flows
controlling the area of greatest dissolution. (2) Our preferred
alternative is that the Rio Seco Creek has adapted its path to an
actively subsiding trough generated by dissolution-induced
sagging. Probably the development of the Rio Seco syncline and
monocline started in the Late Pliocene, when the central sector of
Teruel Graben changed from endorheic into exorheic conditions
(Gutiérrez et al., 2008a). The development of a new incised
drainage and the increase in hydraulic gradient induced a change in
the pattern and rate of groundwater flow, favouring interstratal
dissolution. Additionally, the new drainage allowed the evacuation
of large volumes of dissolved evaporites.

The 1.7 km long keystone graben developed in the crest of the
monocline is controlled by a master synthetic normal fault and
a swarm of shorter antithetic and synthetic faults. This extensional
structure counterbalances the shortening caused by sagging in the
adjacent syncline. In fact, the width of the graben and the number
of faults decreases towards the sector where the synform attenu-
ates. Estimates of shortening and extension using cross-sections
indicates that the shortening (up to ca. 20 m) is counterbalanced
by dip-slip displacement on normal faults and horizontal separa-
tion on faults and fissures in the keystone graben, in agreement
with the structures identified at the surface and exposed in
trenches.

According to (Hanson et al., 1999; p. 3—31), collapse-related
scarps typically have aspect ratios (Hmax/L) higher than 1073, In
the crestal keystone graben of the Rio Seco monocline, the
downbhill-facing scarps have an average aspect ratio of 0.029. The
aspect ratios of the 8 uphill-facing scarps range from 0.004 to
0.017, with an average value of 0.008 (Table 2). If we consider the
minimum cumulative vertical displacement (D) of 2 m and 1.95 m
measured in trenches 2 and 3 dug across antislope scarps 121 and
178 m long, the relation D/L reaches 0.016 and 0.010, one order of
magnitude higher than those for the aspect ratio of the antislope
scarps. Dawers et al. (1993) analysed the scaling relation between
fault displacement and length using data from a population of
tectonic Quaternary normal faults located in the Volcanic

Tableland, in northern Owens Valley, California. These faults span
three orders of magnitude in length and form bedrock scarps on
a dominantly flat surface with heights roughly equal to the vertical
displacement (negligible erosion and aggradation in the upthrown
and downthrown blocks, respectively). These faults, generated by
a large number of displacement events, are characterised by
Dmax/L (~Hmax/L) ratios of 1072, ranging from 0.009 to 0.020.
A similar relation is found by Cowie and Scholz (1992) for short
faults (<1 km) combining several data sets. According to the
empirical relationships of Wells and Coopersmith (1994), the
aspect ratio of single-event surface ruptures associated to normal
fault earthquakes are of the order of 107>, The apparently low
values obtained for the aspect ratio of the antislope fault scarps in
the Rio Seco graben may be explained by two circumstances: (1)
The height of the scarps decreases rapidly due to aggradation in
the downthrown block, since the uphill-facing scarps act as traps
for sediments. (2) The investigated fault scarps have been gener-
ated by a few displacement events (2 or 3), as revealed by the
interpretation of the trenches. The data presented indicate that
aspect ratios may be largely dependent not only on the origin of
the fault scarps, but also on their orientation (uphill-facing vs.
downbhill-facing), whether the height of the scarps is modified by
erosion and/or aggradation processes and whether the scarps
result from single or multiple events. The aspect ratio of normal
fault scarps tends to increase with age and the number of events
(Dawers et al., 1993).

Three trenches were excavated in depressions associated with
uphill-facing scarps. One of them exposed a half-graben whereas
the other two a buried horst and graben structures. The overall
structure of the latter may be interpreted as a half-graben with
a keystone graben and a horst associated with the master fault. In
the three trenches, the presence of fissures and highly dilated fault
breccias with decimetre-sized voids indicate a significant hori-
zontal separation component. The three investigated troughs are
late Holocene in age, based on the AMS radiocarbon dates obtained
from the samples collected closest to the base of the infill
(3.5—3.4 ka in Trench 1, 3.3—3.1 ka in Trench 2 and 2.5—2.3 ka in
Trench 3). Most probably, the actual age of the troughs is not much
older than the available dates given the high sedimentation rates
expected in these geomorphic contexts; steep slopes and a defeated
drainage. Using the minimum cumulative vertical displacement
measured at the trench sites and the minimum age of the depres-
sions we have estimated apparent vertical slip rates ranging from
0.6 to 1 mmy/yr. These values are significantly larger than the long-
term vertical slip rates estimated for the tectonic normal faults in
the Iberian Range (Gutiérrez et al., 2008a).

Hanson et al. (1999, p. 2—90) indicates that most dissolution-
induced faults form continuously. However, the stratigraphical
and structural relationships observed in trenches 2 and 3 reveal
episodic displacement. Evidence of stepwise kinematics includes
upward fault truncation, unconformities and colluvial wedges.
Conversely, the geometrical relationships of trench 1 are ambig-
uous and could be explained alternatively by progressive and
episodic displacement. The stick-slip kinematics of the investigated
gravitational faults may be related to the functioning of the subsi-
dence phenomena related to interstratal dissolution of evaporites.
Two processes are involved: dissolution of evaporites and gravita-
tional deformation of the overlying rocks. Although dissolution
may operate in a continuous way, collapse may be discontinuous
occurring when the voids created by karstification reach a critical
size. Some external factors may accelerate or trigger dissolution
and subsidence processes. The intensity of interstratal dissolution
may increase during more humid periods due to enhanced
groundwater recharge and flow. It may also augment during phases
of downcutting of the drainage network, involving an increase in
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the hydraulic gradient and favouring the deepening of the
groundwater flows (karst system rejuvenation). The onset of the
formation of the investigated structures appears to coincide with
a more humid period identified in some Spanish and Mediterra-
nean lake records. Cores from Montcorteés lake (Eastern Pyrenees,
NE Spain) and Zofiar Lake (Betic Cordillera, S Spain) indicate higher
humidity for the period 3800-2350 cal yr BP (Corella et al., 2011)
and after 3.5 ka (Martin-Puertas et al., 2008), respectively. Lacus-
trine terraces in the Bujaraloz playa-lakes (Ebro Basin, NE Spain)
deposited between 3.9 and 2 ka record a period characterised by
more positive hydrological balance that favoured aggradation and
prevented eolian deflation (Gutiérrez et al., submitted for
publication).

Collapse events could be triggered by seismic shaking. Several
lines of evidence reveal that the area has been affected by large
magnitude earthquakes in the Pleistocene: (1) Different types of
liquefaction structures attributed to earthquakes with magnitudes
(mp) between 5 and 7.5 have been documented close to Concud-
Teruel Fault in the deposits of two Pleistocene terrace levels of
the Alfambra River, situated at ca. 60 and 40 m above the current
channel (Lafuente et al.,, 2008). (2) Evidence of multiple Late
Pleistocene faulting events on the Concud Fault inferred from
paleoseismological trenches (Lafuente et al., 2010a) and from an
artificial exposure (Gutiérrez et al.,, 2008a; 2010; Lafuente et al.,
2010b). Unfortunately, there are no data available on Holocene
paleoearthquakes. No large magnitude earthquakes are included in
the historical and instrumental catalogues. The largest historical
earthquakes felt in the Teruel Graben correspond to the 1656
Ademuz (I, VIII) and the 1828 Teruel (I, IV-V) events, with epi-
centres located around 40 km south of Teruel and in Teruel city
area, respectively (Mezcua and Martinez-Solares, 1983; Martinez-
Solares and Mezcua, 2002). Estimated magnitudes (Mw) for these
earthquakes are 5.75 and 3.45—4.0 applying the empirical rela-
tionship proposed by Rueda and Mezcua (2001), respectively. The
largest earthquake recorded instrumentally in Teruel Graben
corresponds to the 2006 Mb 4.3 Casas Bajas event, whose epicentre
was located in the southern sector of the basin around 38 km south
of Teruel city (IGN, 2011).

Although the investigated gravitational faults may have
a stick-slip type of displacement like seismogenic faults, some
parameters in addition to the high vertical slip rates support the
nontectonic origin. The average recurrence of the faulting
episodes, around 1.2—2 ka, is shorter than that for seismogenic
faults in this intraplate area (Gutiérrez et al., 2009; 2010; Lafuente
et al, 2010a; b). Additionally, the magnitude of the estimated
displacement per event, higher than 65 cm, is too high for surface
ruptures 121 and 178 m long. According to the empirical rela-
tionships of Wells and Coppersmith (1994), average displace-
ments of 65 cm are expectable for normal fault surface ruptures
around 28 km long.
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