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Abstract

In this work we present a study of an alluvial fan system, which is affected by the Quaternary activity of the left-
lateral, reverse Alhama de Murcia Fault (Betic Cordillera). Paleoseismic studies in this area yield data that can
be compared and correlated with the morphologic and tectono-sedimentary evolution of the alluvial fan. The
spatial arrangement of the sedimentary alluvial fan units near the fault zone, shown in trenches, is controlled by
the recurrent reverse, left-lateral coseismic events. We analysed the morphology of the drainage network using
a 1:5000 scale orthoimage to identify and measure horizontal deflections along the fault. The channel pattern
analysis allowed us to estimate the average horizontal slip rate of the SAMF for the last 130 ka. This value is
0.21 mm/a, which is slightly higher than the range of values obtained by trenching analysis for the last 30 ka,
(0.06 to 0.15 mm/yr). The interpretation of the stratigraphic sequence exposed along the trench walls constrai-
ned the occurrence of at least two surface faulting earthquakes during the last 30000 years. The most recent event
happened after the El Saltador Creek dissected the alluvial fan. The penultimate event occurred while the allu-
vial fan was still active.

Key words paleoseismicity — slow active faults — this fan is affected by a strand of the fault that
fan morphology — Alhama de Murcia Fault — Betic shows Quaternary activity.
Cordillera The Southeastern Betic Cordillera is locat-
ed in the southeast of the Iberian Peninsula
close to the area where the African and the
Eurasian plates converge. The convergence
direction is NNW-SSE with a relative velocity
of 4 to 5 mm/yr (Argus et al., 1989). Since this
low velocity is distributed in a broad area
(Meghraoui et al., 1996), the velocity of the ac-
tive faults in this area is lower than 0.2 mm/yr
(Martinez-Diaz, 1998). The instrumental seis-
micity is scattered over the region (Sanz de
Galdeano et al., 1995) and has low magnitude
(fig. la-c). However, several historical earth-
Mailing address: Dr. José J. Martinez-Diaz, Departa-

mento de Geodindmica, Universidad Complutense de Madrid, quakes with magmmde greater than 6 S 0CC1}I‘I‘Cd
Ciudad Universitaria, 28040 Madrid, Spain; e-mail: in the Central and Southeastern Betic Cordillera

jmdiaz@geo.ucm.es (Buforn et al., 1995).

1. Introduction

In this work, we present a study of the El
Saltador alluvial fan, which is situated in the
Southeastern Betic Cordillera (fig. 1a-c), and is
associated with an active mountain front creat-
ed by the Lorca-Totana section of the Alhama
de Murcia Fault (fig. 2a,b). The distal area of
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Fig. la-c. a) Map showing the location of the study area (square) and the instrumental seismic activity
(period 1930-2001) related with the convergence of the Eurasian and African plates. The velocity vectors
of plate convergence are taken from Argus et al. (1989). The increase in velocity from west to east is pro-
duced by the increasing distance to the eulerian pole of the African plate. b) Seismic activity with intensi-
ty > IV occurred in the Eastern Betic Cordillera from 500 A.D. to 2000, projected on a map of the Qua-
ternary faults. Seismic data from the Instituto Geografico Nacional. ¢) Regional map showing the regional
frame of the study area with the situation of the internal zone (metarmorphic units of the Alboran Domain)
of the Betic Cordillera, and the mesozoic and tertiary tectono-sedimentary units of the external zone of the
cordillera.

The mountain fronts in the study area have
experienced several phases of alluvial fan sed-
imentation and many of them are controlled
by Quaternary active faults. These faults ap-
pear to have controlled the history and modal-
ity of alluvial fan generation (Harvey, 1990;
Silva et al., 1992a). Until now, the relation-
ship between faulting and Quaternary deposi-
tional phases of the alluvial fans has been
analysed only in terms of long-term tectonic
influence (Silva et al., 1992c; Silva, 1994,
Martinez-Diaz, 1998). No studies dealing with
the effects of recurrent paleoseismic activity
on alluvial fan deposits and morphology exist
for this area.

Recent paleoseismic studies in this area
using trenching data (Hernandez-Enrile et al.,
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2000; Martinez-Diaz et al., 2001) yield data
that can be compared and correlated with the
data obtained from our study of the morpho-
logic and tectono-sedimentary evolution of the
alluvial fan. To achieve this correlation we
first carried out an analysis of the tectono-sed-
imentary features of the fan using field data
from natural outcrops and from two trenches
dug on the alluvial fan surface across the fault
trace. Then we show a morphotectonic analy-
sis using a digital elevation model built at the
1:5000 scale. Estimates of horizontal move-
ment across strike-slip and oblique-slip faults
are typically difficult to obtain from trenching
data. We analysed the morphology of the drain-
age using a 1:5000 scale orthoimage to iden-
tify and measure horizontal deflections along
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Fig. 2a,b. a) Schematic tectonic map of the Lorca-Totana section of the Alhama de Murcia Fault. This fault is
a left-lateral, reverse fault composed of two NE-SW strands: the Northern Alhama de Murcia Fault (NAMF)
NW-dipping, high angle reverse fault, and the Southern Alhama de Murcia Fault (SAMF) SE-dipping, high angle
left-lateral, oblique-slip fault. b) Map of the Quaternary sediments in the studied area. The largest Middle-Late
Pleistocene alluvial fans are related to the El Saltador and Colmenar creeks, and are cut by the SAMF and the
NAME. The small arrows represent the main drainage directions on top of the alluvial fan surface. S1-3 show
the sampling sites were 13 samples from the upper layers of the alluvial fans were collected and dated (tables II
and III). Tc - fluvial terrace of Colmenar.
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the fault, to estimate horizontal slip rate, and
to understand the evolution of the fan after the
fluvial incision which caused the alluvial fan
surface to become inactive.

The mean recurrence time of large earth-
quakes with surface expression on slow intra-
plate active faults situated near plate-tectonic
boundaries may range between 10 to 10° years
(Scholz, 1990). The preservation of the geolog-
ic and geomorphic evidence of past earthquakes
depends on relative rates of the surface process-
es versus tectonic deformation (Wallace, 1986).
For slow fault zones, the rates of geomorphic
processes may exceed the tectonic deformation
rates and the paleoseis-mic evidence, if preserved,
is likely to be only stratigraphic (McCalpin, 1996,
p- 17). In many cases, this makes the identifica-
tion of fault traces difficult. As a general rule
larger faults are associated with larger long-
term cumulated deformation of the surface,
with the pattern of surface coseismic deforma-
tion being in relationships with the fault geom-
etry and kinematics. As a consequence, the
analysis of the geomorphic elements and/or the
sin-tectonic geologic strata can be used to con-
strain the geometrical parameters and slip type
of the tectonic source.

The main subject of this paper is to under-
stand how the tectonic activity influenced the
development of geomorphic features and how
to use it to correctly interpreting the punctual
information coming from trenches, and to do a
preliminary estimate of the horizontal displace-
ment of an left-lateral, oblique-slip fault with
paleoseismic activity.

2. Geological setting
2.1. Structure of the Lorca-Totana area

The Southeastern Betic Cordillera is the
area with the highest seismic activity in the
Iberian Peninsula (fig. la-c). There are several
Quaternary faults > 50 km-long making this
area of particular interest for paleoseismic and
seismic hazards studies. The longer faults are
NE-SW oblique-slip and strike-slip faults. They
are active under a NNW-SSE shortening direc-
tion (Montenat et al., 1987). Smaller NW-SE
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normal faults are also active during the Qua-
ternary. Both sets of faults started its activity in
the Middle Miocene and they controlled the
geometry and evolution of the basins and
ranges during the Pliocene and the Quaternary
(Montenat and Ott d’Estevou, 1996). The El
Saltador alluvial fan is situated along the south-
east front of the La Tercia Range (fig. 2a,b).
This mountain front is controlled by the Alha-
ma de Murcia Fault (Bousquet and Montenat,
1974), a NE-SW trending (N 45° to 65° E) left-
lateral, oblique-slip Quaternary fault, up to 80
km long. The NNW-SSE compressive tectonic
regime has caused the fault to move in a left-lat-
eral, reverse fashion which uplifted the La
Tercia Range and triggered the alluvial sedi-
mentation along the front of the range (Armijo,
1977; Silva, 1994; Martinez-Diaz, 1998). Re-
cent paleoseismic studies performed along the
Alhama de Murcia Fault (fig. 2a,b) demonstrate
the occurrence of at least two oblique-slip pale-
oearthquakes with magnitude > 6.5 and with
surface rupture during the last 30000 years
(Hernandez-Enrile et al., 2000; Martinez-Diaz
et al.,2001).

The Alhama de Murcia Fault has been
divided into four tectonic segments on the
basis of differences in orientation, secondary
fracture patterns and differences in Quater-
nary slip (Silva et al., 1992b; Martinez-Diaz
and Hernandez-Enrile, 1999). The El Saltador
alluvial fan is located along the 15 km long
segment situated between the towns of Lorca
and Totana (fig. 2a). In this area, the Alhama
de Murcia Fault consist of two principal NE-
SW fault strands (fig. 2b). The north-western
strand (NAMF) is a left-lateral, oblique-slip
fault that dips steeply to the northwest and
forms the SE boundary of the La Tercia range.
The south-eastern strand (SAMF) is a left-lat-
eral, oblique-slip fault that dips steeply to the
southeast, separating in some places Miocene
conglomerate, marl and gypsum to the south-
east from Quaternary alluvial fan deposits to
the northwest. The mountain front was creat-
ed by the activity of the NAMEF, but the SAMF
has absorbed most of the shortening in this
area since the Messinian, and affects the
upper layers of the larger Pleistocene alluvial
fans (Martinez-Diaz, 2002).
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2.2. Quaternary sedimentation
in the Lorca-Totana area

Since the Pleistocene, the climate of the
Southeastern Betic Cordillera has been semi-
arid (Amor and Florschultz, 1964). Under these
conditions the sedimentation along the tectoni-
cally driven mountain front of the La Tercia
range is characterized by the superposition of
alluvial fans (Bousquet and Philip, 1976;
Silva et al., 1992 a,b; Baena et al., 1993).
The development of alluvial fans all over
the Southeastern Betics is characterized by
a change from dominantly aggradational to
dominantly dissectional dynamics. According to

differences of calcrete crust development the
aggradation phases appear to predate the
Wiirm phase and the dissection phases appear
to be Wiirm and Holocene (Harvey, 1984,
1990). Early phases generated the fan sur-
faces with development of calcrete crusts,
and later phases were dominated by dissec-
tion resulting in incision of alluvial channels
(Silva, 1994).

In the Lorca-Totana area the Quaternary
deposits extend along the southern border
of the La Tercia Range. They unconforma-
bly overlie the metamorphic rocks of the Pale-
ozoic basement and Late Miocene marine de-
posits. We recognize four sedimentary units

Table I. Quaternary alluvial units defined in the study area.

Units .
(label in figs. Sediments Sedimentary Age Age criteria
2b and 3) environment
(O) No cartogra- ~ White gravels with Marginal system Late Pliocene- Regional sedimentary

phic expression oolitic limestone

deposited during

Early Pleistocene  evolution (Silva, 1994)

clasts proceeding
from the External
Zone of the chain
(30 km far to the
north) and grey and
brown silt beds.

the transition from
marine sedimenta-
tion to located allu-
vial sedimentation
along the newly
formed tectonic
mountain fronts.

B Silts, sands, gravels Alluvial fans along ~ Middle Regional sedimentary
and conglomerate the tectonic moun-  Pleistocene evolution (Silva, 1994)
with a number of tain fronts
calcrete levels. maxi-
mum observed thick-
ness is ca. 20 m

C,D Silts, sands, gravels Alluvial fans along ~ Middle to Late Radiocarbon dating
and conglomerate the tectonic moun-  Pleistocene (see table II)
with a number of tain fronts.
well developed cal-
crete levels.

E. F Smaller sized shale,  Alluvial fans and Late Pleistocene-  Regional sedimentary

quartzite and
dolomite clasts com-
ing from the
Alpujarride and
Maldguide metamor-
phic units predomi-
nate in these fans.
No calcrete levels.

fluvial terraces

Holocene

evolution (Silva, 1994),
radicarbon and thermo-
luminiscense dating
(see tables II and III)

779



José J. Martinez-Diaz, Eulalia Masana, José L. Hernandez-Enrile and Pere Santanach

(Colmenar 1
Murcia 1 and 2J|LOR1-RC1[TR4-RC1.2 and 3

Murcia 3 and 4

Age (Ma BP)

0.01 Holocene

‘ Late

0.13+

Quaternary

Pleistocene
Middle

0.7 |

Early ‘

1.64

NAMF
SAMF

Pliocene

Late
Miocene

Silt
[ ] Marls and gypsum

—= Well developed calcrete levels
-— Poorly developed calcrete levels

= Fqult activity

Silts, sands and conglomerates
Gravels with metamorphic pebbles
Gravels with Miocene pebbles

Fig. 3. Stratigraphic column of the Quaternary units
differentiated in this work. It is represented the
extent of relative outcrop of each unit. The units A
and B are restricted to the downthrown block situat-
ed between the two main fault branches of the
Alhama de Murcia Fault. The southern strand
(SAMF) starts its activity in the Late Miocene and
affects Holocene deposits of units E and F. The
northern strand (NAMF) was active since Early
Miocene and decreased its activity during the
Quaternary. All the units are labeled with the same
letters in fig. 2b, with the exception of unit O that is
absent on the map. It was only observed on the ver-
tical banks of the creeks. The position of the samples
dated with absolute methods is also represented
(tables II and III).

defined by their lithology, relative position
and deformation style (see table I and fig. 3).
The outcrop extent of the Quaternary alluvial
units is controlled by the tectonic activity.
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The combined activity of the two fault strands
has created a NE-SW trending topographic
lowland that is filled with the Quaternary sed-
iments (fig. 2b). The outcrops of the Pliocene-
Lower Pleistocene unit (O in fig. 3) and the
Lower to Middle Pleistocene unit (B in figs.
2b and 3) are restricted to the foot-wall. The
upper layers of the Middle to Upper
Pleistocene unit (C, D in figs. 2b and 3) are
affected by the SAMF but they spill over the
fault zone.

We have estimated the ages of these units
by correlation with previously dated (using cli-
matic criteria) analogue deposits of this region
and by absolute dating. We dated silt samples
taken from the uppermost two meters of allu-
vial fans and terraces. 6 samples using ther-
moluminiscense and 9 samples using ra-
diocarbon methods (tables II and III). These
samples were collected at the points labelled
S1-3 in fig. 2b and their ages constraint the
time of the deformations described in this
work that affect the alluvial fans to the Late
Pleistocene and Holocene.

3. El Saltador alluvial fan
3.1. Sedimentation

The El Saltador fan is a Middle-Late Pleisto-
cene alluvial fan (Martinez-Diaz, 1998) that occu-
pies an area of ca. 8 km? (figs. 2b and 4a,b). This
fan is entrenched by the El Saltador Creek. Along
the river banks of this creek is exposed a sedi-
mentary sequence that consists of a facies associ-
ation of debris flow sediments capped by mud-
flow horizons. Channels filled with stream sedi-
ments are incised into the debris flows and mud-
flows. Channel deposits are progressively more
abundant in the upper part of the sequence. This
type of sedimentation is observed in exposures of
other fans belonging to the same depositional
phase all over the area (Silva et al., 1992a).

The activity of the southern strand of the
Alhama de Murcia Fault (SAMF) affects the cur-
rent fan morphology being expressed by a north-
facing scarp, and has also partially controlled its
sedimentary evolution. Two trenches were dug
across the fault scarp, and we analysed the tec-
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Table II. Absolute ages obtained with radiocarbon method for 9 samples collected at sites S1, S2 and S3 (see
fig. 2b). Silty samples are AMS dates and Charcoal and Shell are conventional method dates. Measured C'3/C'?
were calculated relative to the PDB-1 international standard and the radiocarbon years before present ages were
normalized to — 25 %o. Dates were done at Beta Analytic.

Sample Loc.in  Material Localisation Cchct? Conventional Calibrated
fig. 2b (%0) radicarbon age 2 oage
MURCIA 1 S2 Silt Colmenar terrace —-24.8 6350 = 40 BP 5335-5240 B.C.
1.5 m beneath
the surface
MURCIA 2 S2 Silt Colmenar terrace -253 8220 = 50 BP  7410-7040 B.C.
2.7 m beneath
the surface
COLMENAR 1 S2 Silt Colmenar terrace -21.0 2850 + 70 BP  1215-830 B.C.
0.8 m beneath
the surface
LORC 1 - RC-1 S2 Silt Colmenar terrace -22.6 3390 =40 BP  1760-1600 B.C.
1.3 m beneath
the surface
TR4-RC2 S3 Shell Unit A, TR-4 -7.3 1350 + 40 BP  640-720 A.D.
pounding event
TR4-RC3 S3 Charcoal Unit A, in TR-4 -22.8 340 + 40 BP  1450-1650 A.D.
pounding event
TR4-RC8 S3 Silt Unit B, TR-4 —-24.2 480 = 40 BP  1410-1460 A.D.
pounding event
MURCIA 3 S1 Silt Silty layer 20 cm depth - 25.5 820 +40 1170-1280 A.D.
south of SAMF
MURCIA 4 S1 Silt Silty layer 45 cm depth - 24.0 1690 =50 245-450 A.D.

south of SAMF

Table III. Absolute corrected ages (in years before the present) obtained with thermoluminiscense method for
6 samples collected at site S3 (see fig. 2b). The values of beta, gamma and cosmic dose-rate assessments are

shown.

Sample Loc.

Unit/ BetaNRD Beta + external

fig. trench

2b

Beta
dose-rate

(Gy/ka)

dose-rate

(Gy/ka)

(Gy)

Gamma
dose-rate

(Gy/ka)

Cosmic

dose-rate

(Gy/ka)

Corrected TL
age
(Ka) BP

TRM 21 S3

I/TR3 81.4+6.6 2.659 +0.204

1.685 = 0.191

0.829 = 0.071 0.145 = 0.011

238 3.1

TRM 27 S3

D/TR3 40.1 £3.2 1.885 +0.128

0.982 = 0.112

0.709 = 0.061 0.194 =0.013

172 £2.1

TRM 43 S3

D/TR3 422 £3.9 2.069 = 0.145

1.134 £ 0.129

0.747 = 0.066 0.188 = 0.015

17223

TRM 56 S3

I/TR3 102.5 + 5.4 2.841 = 0.228

1.952 + 0.217

0.766 = 0.066 0.123 = 0.012

254 3.1

TRM 49 S3

E/TR3 95.1 £7.3 2.951 +0.227

1.938 + 0.215

0.855 = 0.072 0.159 = 0.012

22232

TRM 41 S3

F/TR3 423 3.2 2.326 = 0.173

1.388 = 0.158

0.795 = 0.071 0.143 =0.013

14.5 = 1.7
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Fig. 4a,b. a) Shaded relief map processed from cartographic data at the 1:5000 scale showing the El Saltador
alluvial fan together with the fault traces of the Northern and Southern Alhama de Murcia Fault (NAMF and
SAMF). To the right the longitudinal (E-F) and transversal (A-B and C-D) topographic profiles of the fan show
different degree of dissection of the fan surface in the foot-wall and hanging-wall of the SAMF. H represents
a relict of an old fan surface uplifted in the hanging-wall of the SAMF (upper dashed line in profile C-D).
b) Oblique view of the fan surface from the southeast showing the morphology of the fan surface in rela-
tionship with the geometry of the two fault strands, and the capture (arrow) experienced by the El Saltador
Creek in the fault zone due to headward erosion triggered in the hanging wall by the uplift.
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tono-sedimentary record exposed on the walls
to study the sedimentary dynamics of the fan in
the vicinity of the SAMF (fig. 5a,b). Trench TR4
was dug in a stream channel while trench TR3 is
located 20 m toward the east on a higher part of
the fan surface (fig. 6a). Both trenches expose the
uppermost three meters of the fan, deposited prior
to the incision of the main channel of El Saltador
Creek. This incision caused sedimentation to shift
farther downstream, initiating the formation of
several small Holocene fans situated 2 km to the
southeast and left the El Saltador fan surface
abandoned (fig. 2b).

The trenches also allowed us to study the dy-
namics of local sedimentation on the fan surface

after the end of the fan activity. On the walls of the
trenches we observed that the sedimentation of the
youngest fan beds was active at the same time with
the activity of the SAMF which raised the south-
ern block during paleoseismic events and dammed
the river courses, triggering the deposition of fine-
grained units.

3.2. Trench TR3

We divided the alluvial deposits exposed in
trench TR3 (fig. 5a) into 9 units using two cri-
teria: i) abrupt lithological changes revealing a
change in the sedimentary regime, and/or ii) the

I Pounded deposits (Unit A) I Mostly Debris flow sediments (Units |, E)
[CIE] Mestly Fluvial sadiments {Units C, G, J) E Mud flow deposits with soil devalopment {Units D, F, H)
Event O

f 7

.'I‘\ 72424 ,

IR TR A (TRA-BCS 14561850 3w Al

(TRM4Y
lase1g| EvemMP
- qv P A

] Damming deposits

Il Mostly Debris flow sediments
[ Mostly Fluvial sediments

[.] Meogene subtratum

T Levals of soll formation

Fig. 5a,b. a) Aerial photograph showing the location of the two trenches dug across the SAMF. The logs of the
trenches are interpreted. We differentiated 9 sedimentary units. The units D, E, F, G, H, I and J are clearly affect-
ed by the movements of two strands of the SAMF (FA and FB). A is a pounded sedimentary unit that probably
was deposited after the coseismic surface bending above the fault FA. At least two events (O and P) are recog-
nized. Absolute ages obtained from thermoluminiscence and radiocarbon methods are labeled in the logs of the
trenches (see tables II and III). b) Represents a tectono-sedimentary interpretation of the trenches, with 5 tec-
tono-sedimentary units created by the paleoseismic activity of the SAMFE.
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Fig. 6a,b. Geomorphic map of the alluvial network on the El Saltador fan mapped at the 1:5000 scale. a) Complete
drainage network along with main morphological features. Darkest grey colour shows the relict topographic high
in the hanging wall of the SAMF (see fig. 4a,b). Intermediate grey colour shows the old El Saltador Creek chan-
nel before the capture triggered by the headward erosion in the hanging wall. Topographic sections A and B show
the asymmetric entrenching of the creek near the fault driven by the capture. Light grey colour represents modern
channels. b) The higher order channels are represented together with the fault trace. We measured the systematic
left-lateral deflections of the channels crossing the SAMF. The histogram shows the component parallel to the fault
of the deflections. Only the grey bars were used to calculate the mean value of deflection.
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existence of angular unconformities indicating
the occurrence of surface coseismic deforma-
tion. The uppermost three meters of the fan con-
sist of debris-flow deposits alternating with
sheet flow deposits. The debris flows consist of
matrix-supported gravels with a coarse, grey,
sandy matrix. Angular pebbles are typically
2 cm in size with some up to 40 cm, and are
composed of phyllite, diabase, dolomite and
quartzite. Gravels are typically capped by mud
flow deposits up to several cm thick. The sheet
flow deposits consist of well sorted, loose,
clast-supported gravels with coarse sandy
matrix. Criteria to determine the debris-flow
nature of the deposits include the presence of
boulders, matrix-supported structure, poorly
sorted textures, absence of stratification, and
lack of rounding and sorting of clasts (Sharp
and Nobles, 1953; Bull, 1977). On top of the
debris flow deposits and in some sheet flow
deposits there are mud flow horizons that pres-
ent incipient calcic soils, generally orange or
yellow in colour, with signs of root porosity,
suggesting periods of non-deposition. The up-
permost unit exposed in the trench (unit A) is a
package of upward-thinning dark-brown silts. It
contains charcoal and gastropod shells and
local matrix-supported gravel. We interpret this
deposit as being generated by temporary dam-
ming produced by the bending of the surface
linked to the paleoseismic activity of the fault
(fig. 5b). The present, active soil is developed
on top of this unit.

3.3. Trench TR4

Trench TR4, a 2 m-deep excavation within
a channel exposed two types of deposits (fig.
5a). The lower part of the trench exposed a
fluvial unit of loose, clast-supported gravels
with angular pebbles, commonly imbricated,
and containing internal lamination. A brown-
orange soil has formed on the top this unit.
This soil is covered by dark brown, thinning
upward, clast-supported gravels that grade into
matrix-supported gravels and finally to silts.
This uppermost deposit is similar to the up-
per unit A of trench TR3 and we interpret it as
representing the local and temporary pound-
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ing of the river feeding the fan, due to fault
motion.

In summary, the El Saltador fan was built
by the accumulation of three types of deposits
during the latest aggradational phases: strati-
fied fluvial sand and gravel, debris-flow depos-
its with gravel and silts, and mud flow depos-
its. Upon a number of mud flows we observe
paleosoils and incipient calcretes with dif-
ferent degrees of development. In the channel
(trench TR4) we observe a predominance of
fluvial deposits, and neither debris flow
deposits nor paleosols are present in contrast
to what we observed in trench TR3 at the
same topographic level. However, the pound-
ed unit in both trenches indicates that after
alluvial fan deposition ceased, the sedimen-
tary record is homogeneous in both of the
trenches.

3.4. Influence of oblique slip movement
on the morphology of the El Saltador fan

The surface of the El Saltador fan has been
modified by agricultural activity since the
1950’s. However, the analysis of aerial photo-
graphs taken in 1956 (1:33000) and the ortho-
image at 1:5000 scale allows us to observe its
morphology in detail. Furthermore, we have
constructed a digital elevation model at a scale
of 1:5000 from topographic data at the same
scale that enables us to observe, with a 1 m res-
olution, the relief on the fan surface from dif-
ferent point of view (fig. 4a). The fan is cur-
rently undergoing active headward erosion and
El Saltador Creek is entrenched up to 20 m.
Figure 6a,b shows the paleo-drainage pattern
active during the last aggradational phases as
interpreted from the air photos. The channels
have large and consistent width/height ratios.
They resemble the alluvial fan channels acting
alternatively as debris and fluvial channels de-
scribed by Beaty (1990) in active fan areas
with similar climate and lithology.

The El Saltador fan is cut by the SAMF,
which trends N55°-60°E (fig. 2b). It is a
south-dipping left-lateral, reverse fault south
side up. The digital elevation model (fig. 4a)
shows the surface expression of the fault and
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its control of the drainage pattern and river
behaviour. Channels are highly entrenched on
the southern block due to vertical incision on
the hanging wall. A topographical longitudinal
profile along the fan surface (fig. 4a profile
E-F) shows a change in slope close to the fan-
toe that is interpreted as due to repeated fault
movements. Transverse topographic profiles,
parallel to the fault and carried out on both
sides of the fault, show different degrees of
erosion in the footwall (profile A-B) and in the
hanging wall (profile C-D). In the hanging
wall, fluvial gravels are preserved on the top of
a small topographic culmination (H in fig. 4a),
10 m above the current fan surface. We inter-
pret this topographic high as a relict of an old
fan surface raised by the fault activity. In addi-
tion, headward erosion in the hanging wall
induced the channel shift of the El Saltador
Creek due to a process of capture when it was
flowing 10 m higher than the present creek bed
(see arrow in fig. 4b).

The drainage network on the fan surface
(fig. 6a) shows some channels slightly deflect-
ed, possibly by left-lateral movement of the

SAME. The tectonic origin of these deflections
is supported by Martinez-Diaz (2000) that in a
regional study identifies that more than 70% of
the alluvial channels crossing the SAMF show
a left-lateral deflection. The number of data
with high quality is inadequate to do a statisti-
cal analysis of the relation between the fre-
quency of stream deflection, and the fault dis-
placement for the Lorca-Totana section of the
fault. However, we consider that they are good
enough in the study area to analyse the fault
movement affecting the El Saltador fan. The
mean value of the deflections measured on this
alluvial fan is 26.7 m (fig. 6b). The entrench-
ment of some of the streams along the fault
zone causes deflections that is much more
large (number 8 of fig. 6b) and it were not con-
sidered in the calculation. In a few cases the
deflection is right-lateral. These right-lateral
deflections were not diverted by the fault ac-
tivity, but rather followed the gouge (weaker)
zone of the fault and/or they were forced by
the original low angle between the channel and
the fault, similar to those described along other
active strike-slip faults (Huang, 1993). The left-
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Fig. 7a,b. a) Drainage network of the Guadalentin River in the vicinity of the Lorca-Totana section of the
Alhama de Murcia Fault Zone. The white arrow shows the point along the Guadalentin River where a change in
the fluvial pattern (from braided to meandering) is observed. This change coincides with a change of slope in
the longitudinal profile of the river (b), and take place crossing Ahama de Murcia Fault (AMF). This profile was
drawn using 1:10000 topographic maps. NBF - Northbetic Fault. Black arrows show the deflection of a Pliocene
fluvial network due to the tectonic uplift of La Tercia Range.
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lateral deflection is clearest on the better-pre-
served channels designated 1-7 on fig. 6b and
it is also visible along the old El Saltador chan-
nel (shaded zone in fig. 6a). The capture of the
old El Saltador Creek by the present El Salta-
dor Creek (arrow in fig. 4b) also produced
an apparent deflection in the present creek
larger than the deflection of the older creek.
The asymmetry of the transverse profile of the
El Saltador Creek valley close to the fault
(profile B of fig. 6a) agree with an asymmetri-
cal headward erosion of the valley triggered by
the capture. Only the deflection of the Old Sal-
tador Creek is considered as a tectonic feature.

The influence of the Holocene activity of
the Alhama de Murcia Fault in the Quaternary
alluvial network is also observed at a more re-
gional scale. The uplift of the La Tercia Range
driven by the reverse movement of the NAMF,
produced the deflection of the old Pliocene-
Early Pleistocene fluvial network in the Lorca
Basin (fig. 7a,b). In addition, an abrupt change
in slope and a morphologic anomaly in the
longitudinal profile of the Guadalentin River
occurs where the river crosses the Alhama de
Murcia Fault in the vicinity of Lorca (fig. 7b).
This change coincides with a shift of the riv-
er pattern from a braided pattern in the hang-
ing wall of the Alhama de Murcia Fault to a
meandering pattern in the footwall. This very
localised change of fluvial pattern indicates
very recent relative vertical movements induc-
ing longitudinal changes of the stream gradi-
ent (Schumm and Khan, 1972; Bullard and
Lettis, 1993).

3.5. Influence of the fault activity
on the El Saltador fan sedimentation

Drag associated with the reverse movement
of the NAMF results in a southward tilting of the
proximal deposits of the El Saltador fan. Since
the youngest fan deposits are not in contact with
this fault, it is difficult to deduce the age of its
most recent earthquake activity. However, Holo-
cene alluvial terraces close to the fan apex are
undeformed crossing the fault trace. The strong
incision of the fans during the Late Pleistocene
and Holocene together with the deposition of the
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Holocene fans far from the range front can be
attributed to a reduction of the range uplift rate,
possibly related to a decrease of the activity of
the NAMF from the late Pleistocene (as suggest-
ed in the geomorphologic study of Silva (1994)),
that was coeval with the paleoseismic activity of
the southern strand (Martinez-Diaz et al., 2001).
During the Quaternary, this fault absorbed most
of the NNW-SSE shortening produced by the
present stress field. This redistribution of slip
produced a decrease of the slip rate of the NAMF
and a decrease of the Uplift rate of La Tercia
Range that facilitated the entrenchment of the El
Saltador Creek in the sediments of the alluvial
fan. The upward reduction of the depositional
energy observed in the stratigraphy of the El
Saltador fan showed by the fining upward
sequence agrees with this process.

The morphology and the sedimentary distri-
bution of the youngest deposits of the medium
and distal areas of the El Saltador fan are condi-
tioned by the recurrent paleoseismic activity of
the SAMEF. This control is observed on the wall of
the trenches dug across the fault zone (fig. 5a).
Silva et al., (1992a) suggested that the raised
southeastern block acted as a shutter ridge, which
has been a barrier for sedimentation. However,
the stratigraphy observed in the trenches and along
the banks of the El Saltador Creek indicates
that during deposition of the last 10 m of the al-
luvial fan deposits in the downthrown block,
the deposits spilled over the southern fault. The
structure observed in trench TR3 suggests at least
two paleoseismic events due to the movement of
the SAMEF (faults FA and FB in fig. 5a). The fault
FB cut the layers of units J and 1. The fault FA
bend the units E and F and produced pebble rota-
tions in the gravels of unit F. No clear evidence of
deformation is observed in units C and D, how-
ever, the natural slope of the alluvial fan surface
is modified above the fault FA. This suggests a
coseismic bending of the surface. The penulti-
mate event occurred after the deposition of unit I
and before unit F with a vertical displacement
(adding the amplitude of the fold to the fault slip)
of more than 3 m. Due to this event, units G, H
and part of I were eroded from the hanging wall.
The last event occurred after the deposition of
unit C and before the deposition of unit A, and
produced about 1 m of vertical displacement ex-
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W New cut excavated by high E W Paleochannell filled with [
water which folow debris alluvial gravels and a silty
deposition paleosol horizon
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W E S Transverse profile N
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Fig. 8a-d. Model showing sedimentary development of an active debris-fluvial channel in an oblique-slip fault
zone. The channel dimensions and the morphology of debris sedimentation are taken from the description of
Beaty (1963, 1990) for the upper Milner Creek fan. The activity of the fault controls the drainage pattern and
behaviour (erosional/depositional in areas undergoing tectonic uplift/subsidence). The ideal sections A, B and C
are drawn parallel to the fault (in the hanging-wall) and show that the left-lateral and reverse movement on the
fault zone causes the channel to produce vertical and lateral incision. Section D is transverse to the fault and
show the sedimentation of pounded deposits of unit A due to the obstruction of the drainage.

pressed as the bending of the topographic surface posits are preserved, while to the northwest the
and the local obstruction of the drainage. The dam- fan thickness exceeds 10 m), we infer that the
ming caused by this obstruction resulted in the tectonically driven process of uplift, erosion of
deposition of unit A. the hanging wall, and sedimentation on the fault
Trench TR3 shows an onlap on the buried zone has been recurrent during the history of
fault scarp due to the infilling of the depression the fan. Bearing in mind that the average re-
located at its foot-wall (fig. 5a). Younger layers currence period of paleoseismic events of this
cover the fault zone. During the erosion of the fault strand is over 10000 years (Masana et al.,
hanging wall the fan debris and fluvial channels 2003), the interseismic periods are long enough
incised into the raised surface. If we extrapolate to develop complete erosion-sedimentation
these observations of the trenches to the differ- cycles.
ence in thickness of the fan deposits, seen in a Below the unit A trenches TR3 and TR4 show
section from the hanging-wall to the foot-wall different facies associations at the same topo-
along the El Saltador Creek exposures (to the graphic level. Trench TR4, dug along a channel,
southeast of the fault only 2 m of alluvial de- shows fluvial deposits and trench TR3 shows
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debris flow, mud flow and fluvial deposits typi-
cally capped by paleosols. Figure 8a-d shows the
geometry of the sedimentation observed in a typ-
ical debris channel. The active channel may alter-
nately play as a debris channel and as a fluvial
channel. We consider that the channel cut the
block that was uplifted by the fault. The interac-
tion between the recurrent fault activity, which
produced uplift in the fault zone, and the sedi-
mentation of the channel may produce substan-
tial differences in the sedimentary record at two
closely spaced points. The vertical movement in
the fault zone causes the channel to produce ver-
tical incision. The left-lateral offset may induce
the erosion to be concentrated on the western bank
of the channel, causing sedimentation to migrate
laterally. The facies observed in trench TR4 rep-
resent the record of the last fluvial sedimentation
in the channel before the entrenchment of the El
Saltador Creek. The facies association in trench
TR3 represents the sedimentation of fluvial chan-
nel deposits alternating with the debris-flow and
mud flow deposits. We could expect these alter-
nating facies to occur in the areas of debris chan-
nel sedimentation abandoned by the westward
migration of the channel, as we see here, due to
the left-lateral movement of the fault (fig. 8c).

‘When the fan was entrenched by the deep inci-
sion of the current El Saltador Creek, the channel
activity on the fan surface ceased. Since then, the
channels on the fan surface were characterized by
low water discharge as they were no longer con-
nected with the range. The last coseismic reacti-
vation of the fault induced obstruction of these
small channels, and consequently, local damming
and sedimentation (fig. 8d).

3.6. Long and short term slip rates

The paleoseismic studies carried out in the
El Saltador fan have demonstrated the occur-
rence of at least two surface faulting events dur-
ing the last 35000 years (Martinez-Diaz et al.,
2001). Quaternary striations on the fault plane,
observed in the trenches and in natural out-
crops, present a pitch ranging from 32° to 60°.
These pitch angles confirm the reverse move-
ment with left-lateral component. However, no
markers have been identified in the trenches to
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quantify the horizontal slip rate of the fault. We
use the horizontal deflection of the channels on
the alluvial fan of 27 m, as deduced above, to
estimate the horizontal slip rate of the SAMF.
The EI Saltador fan formed at the end of the first
Quaternary depositional phase of Silva (1994),
during the Middle Pleistocene on the basis of
climatic criteria. If the channels formed close
to the Middle-Upper Pleistocene boundary
(130000 years BP), the horizontal slip rate is
ca. 0.21 mm/yr.

The short-term horizontal slip rate during
the last 30000 years can be calculated using
the pitch of the striations observed on the fault
plane and the vertical slip rate (0.10-0.20
mm/yr) deduced from the trenches excavated
on the El Saltador fan (Masana et al., 2003). It
ranges from 0.15 mm/yr for a pitch of 32° to
0.06 mm/yr for a pitch of 60°. The comparison
between long- and short-term horizontal slip
rates of the SAMF shows values of similar mag-
nitude, even if a little smaller for that of the
younger interval (0.06 to 0.15 mm/yr) with
respect to the values averaged over the whole
Upper Pleistocene-Holocene (0.21 mm/yr). This
rate is similar to the long-term slip rate estima-
tions of (Martinez-Diaz, 1998) using fault dis-
placements measured in Upper Miocene and
Pliocene rocks in the Lorca-Totana segment of
the Alhama de Murcia Fault.

This is the first preliminary estimate of
Quaternary horizontal slip rate in the Alhama
de Murcia Fault. Since the morphology of the
study area was highly modified by the agricul-
tural activity, the slip rates are derived from
poorly constrained data, and more absolute ages
are also necessary to diminish the uncertainty
of the results. The stream deflections utilized in
this study were measured in topographic maps of
adequate scale for a good accuracy. However,
more alluvial fans must be analysed in detail
to obtain more data and to apply a statistical
analysis to the complete Alhama de Murcia
Fault.

4. Conclusions

We studied the stratigraphy, sedimentology
and morphology of a sequence of Quaternary
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alluvial fans in relationship with the paleoseis-
mic activity of the left-lateral, reverse Alhama de
Murcia Fault, with the aim of interpreting the tec-
tonic control on the fan dynamics and the fault
evolution.

Our results regarding fan dynamics can be
summarized as follows:

i) During the last 30 ka, the El Saltador fan
was built by a succession of stratified sands and
gravels, debris-flow with gravels and silts, and
thin horizons of mud flow deposits. The geome-
try of the sedimentation was controlled by the
dynamics of debris channels and sheet flows.

ii) The spatial arrangement of the sedimenta-
ry units near the fault zone, shown in trenches
TR3 and TR4, is partly controlled by the recur-
rent reverse, left-lateral coseismic events that
affected the dynamics of sedimentation in the
active fan channels. The recurrent uplift of the
hanging wall produced vertical incision of the
stream channels and headward erosion that
caused most of the fan deposits to be stripped
away from the hanging wall. The recurrent east-
ward movement of the hanging wall produced a
relative westward migration of the fluvial sedi-
mentation in the channel.

iii) The entrenchment of El Saltador Creek,
triggered a gradual decrease of the geomorphic
activity on the fan surface. The last coseismic
reactivation of the SAMF induced obstruction of
the small fluvial channels on the fan surface, and
consequently, local pounding and sedimentation.

Our results regarding fault evolution can be
summarized as follows:

i) The channel pattern analysis allowed us to
estimate the average horizontal slip rate of the
SAMF for the last 130 ka. This value is 0.21
mm/yr, which is slightly higher than the range of
values obtained by trenching analysis for the last
30 ka (0.06 to 0.15 mm/yr). This preliminary hor-
izontal quaternary slip rate is the first estimate in
the Alhama de Murcia Fault.

ii) The interpretation of the stratigraphic se-
quence exposed along the trench walls constrain-
ed the occurrence of at least two surface fault-
ing earthquakes during the last 30000 years.
The penultimate event occurred while the allu-
vial fan was still active. The most recent event
happened after the El Saltador Creek dissected
the alluvial fan.
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