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|ABSTRACT |

Seismogenic faults that have not produced historical large earthquakes remain unnoticed and, thus, are dangerously
left out from seismic hazard analyses. The seismogenic nature of the Carboneras Fault Zone, a left-lateral strike-
slip fault in the Eastern Betic Shear Zone (southeastern Spain), has not been fully explored to date in spite of
having a morphological expression equivalent to the Alhama de Murcia Fault, a seismogenic fault in the same
tectonic system. This study provides the first paleoseismic evidence of the seismogenic nature of the Carboneras
Fault Zone, based on the analysis of 3 trenches at Los Trances site, on the northwestern edge of the La Serrata
Range. Cross cutting relationships and numerical dating, based on radiocarbon, thermoluminescence and U-series,
reveal a minimum of 4 paleoearthquakes: Paleoearthquakel (the oldest) and Paleoearthquake?2 took place after
133ka, Paleoearthquake3 occurred between 83—73ka and Paleoearthquake4 happened after 42.5ka (probably after
30.8ka), resulting in a maximum possible average recurrence of 33ka. This value, based on a minimum amount
of paleoearthquakes, is probably overestimated, as it does not scale well with published slip-rates derived from
offset channels or GPS geodetical data. The characterization of this fault as seismogenic, implies that it should be
considered in the seismic hazard analyses of the SE Iberian Peninsula.
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INTRODUCTION

Preparedness in the face of future earthquakes in a
given region entails the detection and characterization of its
potential seismic sources. Many seismogenic faults can be
detected by analyzing the seismic catalogues (instrumental
or historical). However, seismogenic faults found in areas
affected by slow rates of stress accumulation (implying
low slip-rates) are much more elusive, because they have
remained silent during the historical and instrumental
periods. Paleoseismology, in these cases, can be used
to determine the seismogenic nature of such faults by
detecting the effects of large prehistoric earthquakes in the
geological record. Following this approach, a small number
of faults in highly vulnerable areas of Western Europe,
including the Iberian Peninsula, have been characterized
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as seismogenic. Still many more faults of this kind need
to be investigated to help quantify their associated hazard.

The Carboneras Fault Zone (CFZ), in southeastern
Spain, is located at the southern tip of the Eastern Betic
Shear Zone (Figs. 1; 2). With a length of 50km onshore
and 90km offshore, it is one of the longest structures of
this shear zone (Comas et al., 1995; Gracia et al., 2006).
The CFZ has not been considered to involve a seismic
hazard in the region owing to its very low associated
instrumental seismicity. However, it: i) reveals similar
geomorphological features to those observed at the
neighboring Alhama de Murcia Fault, which is proven
to be seismogenic (Martinez-Diaz et al., 2003; Masana
et al., 2004; Ortufio et al., 2012; Ferrater et al., 2017); ii)
deforms young Quaternary deposits onshore and offshore

I:l External Zones

- Alboran Domain

A =

jiCifanada * VERA
vada 1518 (IX) Neogene-Quaternary
z Sjerra e basins
5 >
™ : ‘ %/ - Neogene volcanics
)
Nmerfa
J
Adra External Zones
’\
ADRA .
g Malaguide comple:
1910 (Vi) - / gui plex

Z 1 / \\/
a / - Alpujarride complex
g
©
© | DALIAS 000

1 1804 (1X) @ > - Nevado-Filabrides

7 \ complex

s

—. -

FIGURE 1. A) Map of the westernmost Mediterranean with the main Neogene onshore contractional ranges; B) Simplified geological map of the
eastern Betics with the main structural units and the location of the Eastern Betic Shear Zone (EBSZ, within a dashed rectangle) and Trans-Alboran
Shear Zone (TASZ). Red stars indicate the epicentral location of the historical largest earthquakes with its year and intensity value (Mezcua et al.,
2013). Thin grey isolines in the offshore area indicate the bathimetry in meters.
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(possibly Holocene in age) (Gracia et al., 2006; Reicherter
and Hiibscher, 2007; Moreno, 2011; Moreno et al., 2015,
2016) and iii) yields surprisingly high slip rates for the late
Quaternary, 1.3mm/yr for the last 110ka (Moreno et al.,
2015).

The present paper builds upon the geomorphological,
geochronological and neotectonic study of the CFZ at the
La Serrata Range by Moreno et al. (2015). These authors
indicated that the NW boundary of this range displays
extensive and locally deformed Quaternary deposits
overlying the fault trace, with moderate sedimentation-
erosion ratios that makes it suitable for a paleoseismological
study. Our study focuses on the CFZ at this boundary of
La Serrata section, at Los Trances site, with the aim of

2°(i'W

Paleoseismology at Los Trances site (Carboneras Fault Zone)

demonstrating its seismogenic behavior and obtaining its
first earthquake history. The resulting paleoseismological
dataset is essential for a more realistic seismic hazard
modeling and risk assessment in the region.

BACKGROUND
Regional setting

The Betics in southern Spain, together with the
Rif in northern Africa, represent an arcuate shaped
fold-and-thrust belt (Fig. 1) where Africa and Eurasia
tectonic plates converge with a relative velocity ranging
from 4.8 to 5.4mm/yr (Reilinger and McClusky, 2011;
Argus et al., 2011). The region is characterized by a
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FIGURE 2. A) Topographic and bathymetric map of the Eastern Betic Shear Zone with indication of the main active faults. From North to South: AMF:
Alhama de Murcia Fault; BSF: Bajo Segura Fault; CaF: Carrascoy Fault; CFZ: Carboneras Fault Zone; CrF: Crevillente Fault; PF: Palomares Fault.
The CFZ offshore includes the South Carboneras Fault (SCFS) and North Carboneras Fault (NCFS) sections (Moreno et al., 2016); B) Closer view of
the northeastern part of the Carboneras Fault Zone with the four sections proposed by Garcia-Mayordomo (2005): C: Carboneras; EA: El Argamason;
LS: La Serrata; RM: Rambla Morales. The black outlined square shows the location of Figure 3A.
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diffuse shallow to deep seismicity of small to moderate
magnitude earthquakes (Stich et al., 2003a; Martin et al.,
2015), spanning approximately a 400km wide zone from
the Rif to the Betics. In eastern Iberia, most of present-
day shortening is accommodated by the Eastern Betics
Shear Zone (Bousquet et al., 1975; Bousquet, 1979; De
Larouziére et al., 1988; Sanz de Galdeano, 1990). This
shear zone deforms the Internal Zones of the Betics, also
referred to as the Alboran Domain (e.g. Booth-Rea et al.,
2007). It is composed by major NE- to ENE-trending,
left-lateral strike-slip faults and E-W reverse faults at
its northeastern end, from North to South: Bajo Segura,
Alhama de Murcia, Palomares and CFZ (Figs. 1; 2). The
CFZ enters about 90km into the Alboran Sea and is part of
what has been defined as the Trans-Alboran Shear Zone,
first described by Frizon de Lamotte et al. (1980) and De
Larouziere et al. (1988). This last shear zone connects
north-African extensional and transtensional faults such
as Bokkoya and Trougout faults (Lafosse et al., 2017), the
Al-Idrissi fault system and strike-slip faults of the Djibouti
plateau (Martinez-Garcia et al., 2013), with the Adra
(Gracia et al., 2012) and CFZs in Almeria at the Iberian
margin (Gracia et al., 2006; Moreno et al., 2016).

The seismicity in the Iberian Peninsula is moderate and
mostly concentrated on the Betics where large historical
and instrumental earthquakes have occurred, such as the
1518 Igyq05 VII-IX Vera earthquake, the 1522 Iy g0 VIII-
IX Almeria earthquake, the 1804 Iy VIII-IX Dalias
earthquake, the 1829 Iy IX-X Torrevieja earthquake,
the 1884 Ipy505 IX-X Arenas del Rey earthquake, the 1910
Adra earthquake (Mw 6.1) (Stich et al., 2003b; Perea et
al., 2012; Mezcua et al., 2013) and the recent 2011 Lorca
earthquake (Mw 5.2) (Vissers and Maijninger, 2011;
Loépez-Comino et al., 2012). In the Moroccan margin,
the most relevant seismic events are the 1994 (Mw 6.0)
(Calvert et al., 1997) and 2004 (Mw 6.3) (Tahayt et al.,
2009) Al-Hoceima earthquakes, and the 2016 Al-Idrissi
earthquake (Mw 6.4) (Buforn et al., 2017) in the offshore.

The Carboneras Fault Zone (CFZ)

The CFZ (Bousquet et al., 1975; Bousquet and Philip,
1976) is a N50-65° striking left-lateral fault (Fig. 2) that
extends to the lower crust, with a maximum brittle break
depth around 15km (Pedrera et al., 2010). It is composed
(Keller et al., 1995) by an array of first-order subvertical
NE-trending left-lateral strike-slip faults and by another
array of second-order E- to ENE-trending faults that show
an added reverse component. The width of the fault zone
varies from a few hundred metres to about 2km at La
Serrata Range. It is formed by overstepping and en echelon
faults showing structures (pressure ridges, shutter-ridges,
deflected drainages, sag ponds, water gaps and en echelon
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folds), both onshore (Moreno et al., 2015) and offshore
(Gracia et al., 2006; Moreno et al., 2016) that denote a
recent transpressive deformation also evidenced by micro
and macrostructures along the fault zone (Bousquet et al.,
1975; Fournier, 1980; Rutter et al., 1986: Keller et al.,
1995). The motion of the CFZ began at the early Miocene
(Fournier, 1980; Hall, 1983; Weijermars, 1987; Sanz de
Galdeano, 1990; Vegas, 1992; Scotney et al., 2000) and
has persisted to the Quaternary (Bousquet et al., 1975;
Bousquet and Philip, 1976) and possibly to the Holocene,
as suggested by Moreno et al. (2015).

Hall (1983) proposed 35-40km of strike-slip (and
5-6km of vertical slip) for the CFZ since the Burdigalian
(15.9-20.4Ma), which implies a slip-rate of 1.7-2.5mm/yr.
This is in agreement with studies based on the apparent offset
of volcanic rock outcrops (Rutter ef al., 1986; Montenat
and Ott D’Estevou, 1996) and with the 2mm/yr minimum
slip-rate inferred by Montenat et al. (1990) based on the
18km displacement defined on an upper Tortonian/lower
Messinian olistrostrome (“‘bréche rouge”) along the CFZ.

Integration of onshore and offshore data suggests
two major fault sections owing to its trace orientation: a
northeastern NO47 trending section and a southwestern
NO059-050 trending section entirely placed offshore (2B).
In the onshore of the first fault section, Garcia-Mayordomo
(2005), in a study devoted to seismic hazard analysis,
proposes 4 minor-scale sections in accordance with the fault
trace continuity its surface geomorphological expression
and the presence of minor N-S and NW-SE faults. These
fault sections are, from North to South, Carboneras, El
Argamasén, La Serrata (site of this study) and Rambla
Morales, each of them about 10-14km of length (Fig. 2B).
However, it is unclear if those sections are real seismogenic
segments or they are well connected in depth in such a way
that they easily can produce ruptures that can cross their
edges during earthquakes. Even though the CFZ is a left-
lateral fault, at La Serrata section, where Los Trances is
located, shows a reverse component of motion that has
derived in the uplift of the La Serrata Range.

Historically, a number of damaging earthquakes (e.g.
1487, 1518, 1522, 1804 and 1910) have destroyed the
nearest cities and towns (e.g. Almerfa, Vera and Berja)(e.g.
Udias et al., 1976; Bousquet, 1979). Estimated intensities
for these earthquakes range from VIII to X (Martinez-
Solares and Mezcua, 2002; Mezcua et al., 2013), and
specifically are VIII (Almeria 1487, Adra 1910) and VIII-
IX, (Vera 1518, Almeria 1522, Dalias 1804). The CFZ has
been proposed as apossible source of the 1522 earthquake
based on possible sea bottom surface ruptures (Reicherter
and Hiibscher, 2007), but the epicentral location is
uncertain. During the instrumental period, scarce low to
moderate magnitude earthquakes have been recorded
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along the fault trace. Recent damaging events (Mw from
4.1 to 6.1) have been associated to minor NW-SE and N-S
faults located northwest of the CFZ (Adra 1910, Adra
1993-1994; Rodriguez-Escudero et al., 2014).

In spite of this scarce seismicity, the CFZ shows
evidence of its Quaternary cumulative activity. Onshore,
Quaternary deposits along the fault show horizontal and
oblique slikensides revealing a horizontal motion with
some vertical component (Bousquet, 1979). Faulted and
vertically separated Tyrrhenian (early late Pleistocene; Goy
and Zazo, 1983) marine terraces suggest a vertical slip-
rate between 0.05 and 0.Imm/yr at the southwestern tip
of the onshore fault (Rambla Morales area) and 0.05mm/
yr at its northeastern tip (Carboneras area) (Bell et al.,
1997). Offshore, sea bottom scarps have been described
that suggest recent fault-related ruptures (Estrada et al.,
1997, Gracia et al., 2006; Reicherter and Hiibscher, 2007,
Moreno et al., 2016).

Moreno et al. (2016), assuming the entire rupture
(140km) of the CFZ, calculate a maximum possible
earthquake of Mw 7.6 +0.3 (based on Wells and
Coppersmith, 1994, scaling laws).

La Serrata section

The CFZ is mainly a left-lateral strike-slip structure
(Bousquet, 1979). However, at La Serrata section, it also
shows evidence of a vertical component, such as a positive
flower structure or restraining step-overs that crop out
extensivelly along the La Serrata Range.

La Serrata Range is a 14km long and lkm wide
elongated range bounded by two main parallel faults of
CFZ (Weijermars, 1991; Bell et al., 1997; Silva et al.,
2003). These faults show a main left-lateral strike-slip
sense of motion added to a minor reverse component
(Fig. 2). The range is made up of Pliocene conglomerates
(Bell et al., 1997) and Neogene volcanic and marine-
sedimentary deposits that unconformably overlie Paleozoic
and Mesozoic rocks of the Internal Betics. In particular,
phyllites, quartzites and dolomites of the Alpujarride
Complex and limestones, lutites and sandstones of the
Malaguide Complex (Pineda et al., 1981; Boorsma, 1992;
Fernandez-Soler, 1996; Vera, 2000).

The fault bounding La Serrata Range to the NW shows
a discontinuous pressure ridge where Pliocene rocks crop
out (Fig. 3A) (Bell et al., 1997) and a fault zone up-to
200m wide with constant step-overs.

A systematic left-lateral deflection of drainages is
remarkable, especially along the NW La Serrata range
boundary (Baena et al., 1977; Bousquet, 1979; Goy and
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Zazo, 1983; Weijermars, 1991; Boorsma, 1992; Bell
et al., 1997). Bell et al. (1997) suggest that left-lateral
displacements in the order of 80-100m took place there
at least since 100ka, most probably during the middle
Pleistocene (125-700ka). Assuming a mean age of 500ka,
the average lateral slip-rate calculated by these authors is
0.2-0.3mm/yr. They did not report evidence of movements
younger than 35-100ka. In contrast, Moreno et al. (2015),
interpreting a number of left laterally deflected channels
along La Serrata Range, proposed a minimum left-lateral
slip-rate of 1.31mm/yr since 110.3ka, which is in agreement
with the rate obtained by GPS measurements (Echeverria
et al., 2015). In addition, Moreno et al. (2015) suggested
dislocation of a dated Holocene fluvial channel at El Hacho
site (Fig. 3A), indicating that a fault movement may have
taken place later than 637yr AD.

Continental alluvial fans and fluvial sediments, fed by
the La Serrata Range, characterize the Quaternary record
at both sides of La Serrata Range. Alluvial fans were
initially grouped into different generations attributed to
the Pleistocene and Holocene (Pineda et al., 1981; Goy
and Zazo, 1983, 1986; Schulte, 2002; Maher et al., 2007,
Santisteban and Schulte, 2007). Rodés et al. (2011) dated
the lower generation using cosmonuclide ('’Be), obtaining
an age between 200ka and ca. 1Ma (1o 1Ma (ca. 200 an
age). More recently, Moreno et al. (2015) constructed a
chronological framework for these alluvial and fluvial
units based on 42 new numerical ages combined with the
regional climatic model of alluvial deposition in SE Iberia.
In this framework, they distinguished 4 main phases of
alluvial fan aggradation (A1 to A4) and 2 phases of fluvial
deposition (F1, F2) in La Serrata Range area (Fig. 3). These
are, from bottom to top:

i) The A1 alluvial fans, interpreted as likely early to
middle Pleistocene in age, with a minimum age between
ca. 1-0.35Ma.

ii) The A2 alluvial fans, interpreted as being deposited
during the cold stages of the middle Pleistocene, with a last
aggradation pulse that probably occurred during Marine
Isotopic Stage (MIS) 6 (191-130ka). In concordance with
the numerical dates, unit A2 is 133-56.7ka old.

iii) The F1 fluvial deposits, which were formed during
the late Pleistocene within the MIS 5 and during MIS 4
(130-57ka) and yield ages constrained between 83 and
45.5ka.

iv) The A3 alluvial fans show two sequences from
bottom to top, A3.1 and A3.2, being the former the only
one in contact with the fault (and the only dated). These
alluvial fans were formed during the late Pleistocene
glacials of MIS 4 and MIS 2 (71-14ka) with A3.1 yielding
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FIGURE 3. A) Geological map of La Serrata Range area (modified from Moreno et al., 2015) with the location of the Los Trances site (Fig. 3B). See
map location in Figure 2B; B) Detail of the geological map at the Los Trances site with the position of studies trenches 1, 2 and 3 (LT-TR-1, LT-TR-2
and LT-TR-3); C) Photography of the fault damage zone of Trench 2 (see Fig. 4A for details on the observed structure and stratigraphy).
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an age of aggradation between 71.6 and 20.6ka and likely
younger than 30.8ka.

v) And, finally, fluvial channels (F2), entrenched on top
of A3 fans, where dated as 1313-929yr BP (paleochannel
infill at El Hacho site) and as 1413-744yr BP (Fig. 3A).

METHODS

Obtaining relevant paleoseismological data largely
relies on accurate selection and analysis of trenching
sites. Geological and Geomorphological mapping at
1:10,000 scale (described in Moreno et al., 2015) allowed
the selection of Los Trances site as a suitable area for a
paleoseismological study (Fig. 3B), as the trace of the NW
La Serrata Range bounding fault is in coincidence with the
most recent alluvial units.

Three parallel trenches were dug and analyzed at this
place. Trenches were 20-30m long and 2.5-3m deep, but
a pre-existing 5Sm high anthropic wall was also cleaned
and used for paleoseismological analysis (trench 2). After
cleaning of the walls, reference grids for logging were
installed using nylon string at 1m spacing at trenches 1 and
3 and at 2m at trench 2. Series of photographs of every
grid cells were obtained and then retro-deformed using
Photoshop software and assembled to construct photo-
mosaics (Fig. 4). The resulting 2D image model of each
trench wall was used in the field as a reference graphic
record to log at a 1:20 scale the stratigraphic, pedogenic and
tectonic limits. Finally, the interpreted log was digitized
to obtain an image that synthesizes the paleoearthquake
history resulting from the trench wall analysis (Fig. 4A).

Sedimentary units cropping out on trench walls were
sampled for radiocarbon, thermoluminescence (TL), and
U-series dating, depending on the availability of suitable
material. A detailed account on the sampling criteria, on
the materials used for dating and on the resulting numerical
ages of Quaternary units of regional extent is reported in
Moreno et al. (2015).

RESULTS
Los Trances site

Los Trances site is located in the central part of the NW
Serrata Range boundary (Fig. 3A), which is constituted
here by Neogene volcanic rocks (polygenic tuffs and
conglomeratic breccias). The fault bounding La Serrata
Range to the northwest splits here into two main parallel
faults delimiting a pressure ridge made up of Pliocene
quartz rich bioclastic calcarenites and marls (Fig. 4B). To
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the northwest of this ridge, the thick calcrete crust on top of
the A1 alluvial unit crops out locally at the bottom of a gully.
A2 alluvial fans are in linear contact with the pressure ridge
except in the NE of the area where several apexes overlie
the fault zone. A3.1 alluvial fans were mostly deposited
downhill from the pressure ridge, although their apexes are
located locally beyond the trace of the northwestern fault.

In this setting, trenches 1 and 2 were placed across the
trace of the fault bounding the pressure ridge to the NW,
and trench 3 across the trace that limits this ridge to the
southeast (Figs. 3B; 4). Trench 2 (a Sm high wall) facilitated
the investigation of old events as it exposed a deep cross
section of the NW fault, showing A1, A2 and A3 alluvial
fans being thrusted by Pliocene rocks (Fig. 3C). Trench 1
was dug in younger deposits (F1 fluvial unit), to investigate
faulting on the uppermost deposits (Figs. 3; 4). To obtain
evidence of recent faulting along the fault bounding the
pressure ridge to the southeast, trench 3 was opened where
a young alluvial deposit covers the trace (TR3; Figs. 3; 4).

Los Trances Trench 1 (TR1)

The NE wall of this trench (Fig. 4) shows a Sm wide
fault zone (both walls looked very similar). To the SE
the quartz-rich Pliocene calcarenites contain interbedded
microconglomerates of well-rounded quartz pebbles and
abundant marine fossil shells. The F1 fluvial unit onlaps
the Pliocene rocks and is faulted and uplifted in the fault
zone showing a positive flower structure. Unit F1 is made
up of light brown sandy matrix-supported conglomerates
with millimetric to decimetric pebbles showing a good but
irregular internal stratification, which suggests a fluvial
process of formation (Moreno et al., 2015). Pebbles are
mainly of volcanic nature and define layers of alternating
different sizes and cementation degree. Locally, some
channel-shaped bodies of matrix-supported sand and
orangey clay levels are observed within unit F1. Unit
A3.1 (upper Pleistocene alluvial fan) overlies unit F1 and
extends to the SE directly covering the Pliocene sediments.
However, unit A3.1 is absent in the area between the main
faults, probably because it was uplifted and eroded. On
top of the trench wall and unaffected by the fault zone,
a dark brown unit with pebbles, roots and high organic
content was labeled as the current soil and may be partly
reworked by human activity, so it will not be taken into
account in the description of the events. The main faults
(f1 and £2) bound units C10, C11 and B3 (Fig. 4). Unit C10
has a chaotic aspect made up of rounded cobbles (up to
25cm) with smaller pebbles and sand filling the interstitial
spaces. Unit Cl11 is also composed of rounded cobbles but
with a good internal stratification, interpreted as a slightly
deformed fluvial unit. Both units probably correspond to
lower layers of the deformed F1 fluvial unit and are clearly
younger than A2 (in TR2) according to their composition
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and to the absence of calcified layers, very abundant
in A2 (see TR2 for a description of A2). Overlying the
fault contact (f4) between C10 and C11, there is a loose,
local and chaotic deposit, labeled B3, which is made up
of angular Neogene volcanic pebbles of different sizes.
According to its wedge shape and its coarse (and local)
composition, this deposit was interpreted as the remains
of a colluvial wedge associated with the fault zone. Other
faults were revealed by this exposure (f3). The central
part of this trench (columns number 12 to number 16 in
the log; Fig. 4) is uplifted by two main faults (f1 and f2)
with reverse separation that affect the complete sequence
(owing to the long-term behavior of the CFZ).

The analysis of trench 1 shows young units involved
in the fault zone and allowed us to differentiate two
paleoseismic events (T1 and T2), postdating the A2
alluvial fan cropping out at trench 2 (Figs. 3; 4). Event T1
is evidenced by the upward termination of fault f4 sealed
by unit B3 that might be the remnant of a colluvial wedge.
Event T2 is evidenced by faults f1, f2 and f3 that affect
units F1 and A3.1 and reach the surface.

Los Trances Trench 2 (TR2)

This trench shows a superimposition of Al, A2, F1
and A3.1 units (Fig. 4). Unit Al is composed by a matrix
supported conglomerate with a brown to ochre sandy
matrix and dispersed quartz and volcanic pebbles, the later
up to 30cm in size. Quartz pebbles are sub-rounded and
the volcanic ones are sub-angular containing abundant
hornblende crystals. Towards the top, this unit shows up to
50cm thick calcrete crust with different phases of laminated
layers. The base of the conglomerates corresponding to
the unit A2 is erosive on top of Al. A2 has paleochannels
that are filled with decimetric well-rounded boulders of
volcanic origin at the base grading upwards to centimetric-
size pebbles. The upper parts of the channels are made up
of a hardened clay-sandy pink matrix and contain well-
rounded quartz pebbles changing into volcanic gravels
upwards. A densely fractured calcrete crust is present on
top of the unit with variable thickness, from centimetric
to half a meter. The top of A2 is warped upwards next to
the fault. In the NW part of the trench, unit F1 (fluvial
deposits) overlies erosivelly units Al and A2. Above, the
A3.1 alluvial fan covers F1 and A2 deposits and does not
reach the fault itself in this trench. Sands and clays with
dispersed quartz and volcanic pebbles compose unit C12,
located next to the main fault. It probably corresponds to a
deformed A2 (or A1) strip.

The southeastern part of the trench shows a sharp fault
(f7) bounding Pliocene and Quaternary deposits. The fault
dips strongly to the southeast, has a reverse separation, and
reaches the surface (soil was not considered as it shows
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evidence of very recent reworking), cutting through units
Al and A2 and slightly folding up the complete sequence.
Units F1 and A3.1 are not in contact with the fault but the
southeastern edge of A3.1, next to the fault, is warped
upwards. A number of reverse minor faults branch out
from f7 affecting the top of Al and the lower half of A2 (f5
and f6, respectively).

The analysis of trench 2 provided evidence for at least
three paleoearthquakes (L1 to L3) (Figs. 3; 4). Event
L1 is evidenced by the upward truncation of the two
branches of f6, being sealed by the middle part of unit
A2 close to the main fault zone. Event L2 is evidenced by
the upward truncation of f5 being sealed by the calcrete
crust of the upper part of unit A2 (the bottom of A3.1 is
not either affected by f5). Event L3 is evidenced by offset
and deformation along f7 that affects the calcrete layer
developed on top of unit A2 and warps unit A3.1 (and
affects unit C12).

Los Trances Trench 3 (TR3)

While the other two trenches where dug along the
same fault trace, trench 3 (Fig. 4) was excavated across
the trace that bounds to the southeast the pressure ridge
(Fig. 3B), composed by Pliocene calcarenites and
microconglomerates. Unit VN (Neogene volcanic ashes
with light green to white tuffs and some interbedded
light orange layers containing millimetric hornblende
crystals) crops out at the bottom of the exposure except
in its northwestern edge where the Pliocene deposits are
separated from VN by a fault (f8). This fault is sealed by
an underformed F1 deposit, which in turn is overlain by
the A3.1 alluvial fan (northwestern edge of the trench log).
Unit D1 and D2 composed by alluvial deposits, onlap on
the previous sequence. At the bottom, D1 is made up of
sands, clays and pebbles of different shapes and sizes. At
the base of D1, millimetric and well-rounded pebbles form
channels. In the middle of the unit, up to 10cm long angular
pebbles are dispersed in slightly cemented clay to sandy
matrix, with interbedded well-rounded pebbles. Towards
the top, unit D1 becomes well consolidated. Overlying D1
and A3.1, there is unit D2 that shows a double channel-
shaped morphology composed by loose dark brown to
grey sandy matrix with plenty of millimetric to centimetric
pebbles mainly of volcanic origin. The entire alluvial
succession is covered by an undeformed pedogenic soil
constituted by a dark brown sandy matrix with pebbles and
fine roots.

Trench 3 shows two areas with evidence of deformation.
The most evident is on its northwestern edge (f8), where
Pliocene units are in sharp, almost vertical, contact with
units VN and the lower part of F1. We interpreted this as a
fault contact (f8; Fig. 4). The upper part of F1 onlaps the
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TABLE 1. Radiocarbon dating results

Paleoseismology at Los Trances site (Carboneras Fault Zone)

Radiocarbon dating from a Snail shell

Sample  Sample |, . Laborator Lab. Ref Detection 13C/12C Conventional 4C Calibrated age Conventional *C age
name type y ek method (%o) age 20 (ka BP) 20 (calka BP) range 20 (ka BP)
LT-18 Snail shell  A3.1 Beta Analytic 244754 AMS -7.6 37.2+05 42.5-40.8 36.7-37.7

eroded fault scarp developed on the Pliocene deposits and,
thus, postdates the last movements of this fault. The other
possible deformation zone is at column number 23 (f9; Fig.
4), where a NOSOE trending open crack filled with A3.1
sediments was identified in the irregular volcanic unit.

The paleoseismological analysis of this trench shows
evidence for at least two paleoearthquakes (H1 and H2).
The buried scarp on the Pliocene unit (f8) evidences event
HI. Unit F1 does not show evidence of faulting near the
fault and therefore the event took place likely before the
deposition of F1. The fact that the scarp shows a buried free
face in the Pliocene unit, which is here very loose, suggests
that F1 may shortly postdate the event. The second event,
H?2, is based on a fault crack (f9; Fig.4) that is filled up
with sediments of unit A3.1, suggesting an opening of the
crack after the deposition of A3.1. However, considering
that VN is cemented, the opening of the crack is not well
constrained in time as it could have remained opened for a
period of time and thus, the opening could be previous to
A3.1. Unit D2, instead shows no evidence of deformation
and, thus, postdates the event. This is a weak evidence for
a paleoearthquake event as other processes, like terrain
adjustments, may account for it.

Dating at Los Trances area

In the trenches at Los Trances, Moreno et al. (2015)
used U-series to date calcrete crusts on top of units A1 and
A2, thermoluminescence to date fine grained sediments
from units A2, F1 and A3.1, and radiocarbon to date a
charcoal fragment from unit A3.1 (Fig. 4; Tables 1; 2; 3).
The U-series ages on the calcrete crust were calculated
using isochrones. The authors suggested that these
calcretes are often polygenic, with phases of precipitation
of carbonates that take place long after initial precipitation.

TABLE 2. U-series dating results

Hence, they tend to yield younger ages than those of the
final aggradation of the fan. These calcrete crusts were
sampled and dated because, even if they do not provide an
exact age of the alluvial fans, they predate the age of the
calcrete crust rupture.

The timing of the paleoearthquakes was constrained
by using the results from the samples in the Los Trances
trenches taking into account their stratigraphic position
(Fig. 5). Additionally, in the absence of other ages, we also
used the ages and chronology of the regional units defined
by Moreno et al. (2015). According to them, unit Al has
an age of 0.35-1Ma, unit A2 of 136-56.7ka, and unit F1
of 83-45.5Ka.

DISCUSSION
Time constraining of the event horizons

The age of each event horizon was constrained using
the regional and local dates available (Fig. 5; Tables 1; 2;
3) as follows:

i) Event T1, in trench 1, took place after the deposition
of units C10 and Cl11, dated by sample TRA15 (60.0—
83.0TL ka). It predates units B3 and F1. The lowest sample
dated in F1 unit is TRA23 (Trench 2, 73.0-109.8TL ka).
Therefore, the age of Event T1 is constrained between 83
and 73ka.

ii) Event T2, in trench 1, is evidenced by faults f1, {2
and f3 that cut across all the sedimentary units up to the
base of the present reworked soil and, hence, postdating
units F1 and A3.1. A radiocarbon age (sample LT-18) was
obtained at the base of unit A3.1 (42.5-40.8cal ka BP) long

U-series from laminar calcrete

Isochron age

Sample Lab . U-238 Th-232 534238 230 /232 2341 | /232 238] |/232 230 /234 Nominal date Nominal date  Isochronage
name code "™ (opm)  (ppm) UL SThESTh =RUAETh - =8UR%Th - =5 ThAU (ka BP) range (kaBP)  (ka BP) (g‘gg)
LT-27b 2508 A2 1 0.47 1.27 6.216 8.359 6.596 0.74 13.7 +6.8/-6.5 7.2-205 80.5
LT-27 3308 A2 0.67 0.39 1.31 6.01 7.059 5.393 0.85 18 +11.2/-10.3 7.7-292  4p9gl.03g 90-7—1103
LT-26 2108 A2 0.53 0.37 1.22 4.642 5.357 4.408 0.87 19.4 +16/-14.1 53-354
LT-23 2008 A1 1.55 0.57 1.36 9.437 11.558 8.491 082 162.3+12.8/-11.6 15071751  117.74761 410 1054
LT-30 2408 A1 1.29 0.22 1.42 18.910 25.539 17.992 0.74 132.7 +6.2/-5.9  126.8 - 138.9 7.2 : :
Geologica Acta, 16(4), 461-476 (2018) |470]
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predating event T2. An additional sample (HAC-17) was
dated on top of A3.1 unit at El Hacho site (Moreno et al.,
2015) suggesting that the top of unit A3.1 would have been
deposited after 30.8TL ka. According to this, Event T2
would have occurred after 30.8ka.

iii) Event L1, in trench 2, is evidenced by the upper
truncation of faults f6 and f6’. Sample TRA21 (89.0-
133.0TL ka) underlies the event horizon and provides a
good maximum age estimate for the event. The isochrone
drawn from calcrete samples LT26, 27 and 27b (Moreno
et al., 2015) yield an age (110.3-56.7U-series ka), which
postdates the event. Hence, event L1 took place between
133.0ka and 56.7ka. This is consistent with the older age
regionally obtained for the aggradation phase of unit Al
(0.35-1Ma) by Moreno et al. (2015).

iv) Event L2 is younger than event L1 but cannot be
discriminated. According to the available dates (see Event
L1), it occurred also between 133.0 and 56.7ka.

v) Event L3 is younger than Event L2 and the calcrete
crusts on top of unit A2. It is also younger than unit A3.1
according to the fact that this unit is warped next to the
fault. Based on the age constraints on A3.1 (Moreno et al.,
2015) event L3 occurred later than 30.8ka.

vi) Event H1 took place little before the deposition of
unit F1 and after unit VN. There is no age constraint for
VN and the (stratigraphically) lowest sample at unit F1
is TRA23 (trench 2), which indicates that this event may
have occurred little before 73ka.

vii) Event H2 is uncertain as an event and has a weak
chronology (see discussion in description of the events).
Despite this, if we consider the most likely interpretation, it
occurred after the deposition of sample LT 18 (42.5-40.8cal
ka BP) in unit A3.1. Therefore, we suggest that event H2
occurred after 42.5ka.

Correlation of events

Observation along the three analyzed trenches
provides evidence for 7 rupture events, each of which
ischronologically constrained. No more than three
consecutive events are observed from any single trench.
The analysis of the complete dataset suggests that all events
can result from a minimum of 4 paleoearthquakes (Fig. 5),
which we label Pgkl to Pqk4, from old to young. Pgkl1 is
deduced in trench 2 and corresponds to Event L1. It would
be younger than 133ka and, based on its stratigraphical
position, older than Pgk2. Event L2 evidences Pgk2 in
trench 2 and is, based on its stratigraphical position,
younger than Pgkl and older than Pqk3. Pgk3 is based
on the correlation of events T1 (in trench 1) and H1 (in
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trench 3), as both ruptures would have taken place shortly
before the deposition of units B3 and F1. It is constrained
as taking place in the period 83-73ka. Finally, Pgk4 is
deduced from Events T2 (observed in trench 1), L3 (in
trench 2), and the doubtful H2 (in trench 3). No layer other
than the reworked soil overlaps horizon events T2 and
L3 (f2, f3, f1 and f7 appear to be truncated), whereas the
younger unit D2 covers horizon event H2. However, all
these events postdate at least the bottom of unit A3.1, and
no evidence is found to attribute them to more than a single
paleoearthquake. Based on the age of top of unit A3.1, Pqk4
took place later than 30.8ka. According to the correlation
of events and their time constraints, a synchronous activity
of the two analyzed fault traces is suggested.

The seismic potential of the Carboneras Fault Zone
(CF2)

Evidence of at least 4 paleoearthquakes was found in
three trenches at Los Trances site. Events were interpreted
based on fault terminations, a colluvial wedge, an open
crack and a buried scarp. Further paleoseismic studies
should confirm the lateral extent of these ruptures and the
possible segmentation of the fault.

Previous studies (Reicherter and Hiibscher, 2007;
Moreno et al., 2016) have already suggested that the CFZ
ruptures the sea floor and that it is a potential source of the
1522 Almeria earthquake. Our study provides the first in situ
paleoseismic evidence of the seismogenic nature of this fault
zone by means of a paleoseismological analysis. The thick
fault gouge described at the CFZ northestern end (Faulkner
etal.,2003; Rutter et al., 2012; Fig. 2B) suggest an aseismic
behavior, in contrast to the now proved seismogenic La
Serrata section. Faulkner et al. (2003) suggested that the
fault might behave differently as a function of the basement
rocks involved in the fault gouge. These authors proposed
a mixed mode seismic signature for the CFZ by comparing
it to particular segments of the San Andreas Fault, which
move both seismically and by creep. In the CFZ case,
earthquakes would nucleate in the fault zone developed over
the bedrock brittle portions, whereas the phyllosilicate-rich

TABLE 3. Thermoluminiscence dating results

Thermoluminescence (TL) dating from fine-grained sediments

S:a":r?ele ;—L:?;EI; Unit TL age (ka BP) TL age ranges (ka BP)
HAC-17 EH-TR2 A3.1 28.7 +2.1/-1.8 26.9-30.8
TRA-11 LT-TR1 F1 87.9 +22.4/-14.8 73.1-107.3
TRA-12 LT-TR1 F1 83.3 +21.0/-14.2 69.1-104.3
TRA-14 LT-TR1 F1 70.2 +14.4/-10.5 59.7 - 84.6
TRA-15 LT-TR1 F1 69.8 +13.2/-9.8 60 - 83
TRA-16 LT-TR1 F1 79.4 +16.6/-11.7 67.7 - 96
TRA-17 LT-TR1 F1 73.1 +19.4/-13.6 59.56-92.5
TRA-23 LT-TR2 F1 87.7 +22.1/-14.7 73-65.6
TRA-25 LT-TR2 F1 89.3 +22.2/-14.7 746-1115
TRA-21 LT-TR2 A2 106 +27/-17 89-133
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FIGURE 5. Chronological chart with, from top to bottom of the figure, i) the stratigraphy (A1, A2, C11, F1 and A3.1) and the age of the dated samples,
ii) the paleoseismic events observed in each trench with their assigned age (T1 and T2 in TR1, L1 to L3 in TR2, and H1 and H2 in TR3); and iii)
the minimum possible amount of paleoearthquakes (Pgkl to Pgk4) that can be inferred from the correlation among these events. In brackets, the

observed events assigned to each paleoearthquake.

fault gouge would behave as a creeping zone. More recently,
Rodriguez-Escudero (2017) proposed a rupturing model
for the Alhama de Murcia Fault (Figs. 1; 2) that might also
apply to the CFZ. This model, inspired in laboratory tests
performed by Niemeijer and Niemeijerand Vissers (2014)
and Rodriguez-Escudero (2017), proposes that seismogenic
ruptures nucleate in the resistant parts of the fault zone,
but can propagate through the more ductile parts. This
would happen when the energy of the earthquake and its
propagation velocity are large enough to trigger frictional
hardening effect on the fault gouge.
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The sequence deduced of 4 paleoearthquakes starting at
133ka or later (the age of Pqk1l), yields a maximum value
of 33ka for the mean recurrence interval of earthquakes
along the CFZ. However, this paleoearthquakes sequence
is based on the simplicity principle. So, an occurrence
of 7 earthquakes (a different one per each rupture event
identified in the 3 trenches) cannot be ruled out. This
scenario would imply a maximum value for the mean
recurrence interval of 19ka. Even considering 7 events,
the resulting recurrence does not scale with the slip-rate
along the fault of 1.3mm/yr since 110ka, deduced from
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geomorphological analysis by Moreno et al. (2015), as it
would imply an unrealistic slip per event larger than 24m.
This mismatch strongly suggests that the Los Trances site
is not representative of the complete rupturing history of
the fault zone.

Two main causes might be called to explain the
suspected lack of completeness of the paleoseismic record.
On one side, the discontinuous character of sedimentation
in the sites studied can only provide part of the history of
the fault: two rupturing events constrained by the same
stratigraphic markers, for instance, cannot be disclosed.
On the other side, magnetotelluric models across La
Serrata Range (Pedrera et al., 2010) shows that the fault
traces located on each side of it converge at depth to a
narrower deformation zone. During a seismogenic event
in the studied fault section, the deformation at depth might
be partitioned among the two fault branches limiting
the La Serrata Range flower structure. The paleoseismic
results discussed in this paper derive only from the fault
zone bounding La Serrata Range to the northwest. Thus,
the paleoseismic results are minimum values on the
assumption that the recent deformation may be distributed
over the entire deformation zone. To obtain a more realistic
idea of the paleoseismic parameters at La Serrata Range,
all the fault traces should be taken into account and should
be analyzed from a paleoseismic point of view.

The sequence of earthquakes described (Pgkl to Pqk4)
is not sufficiently constrained in time and is not complete
enough to extract the possible fault behavior in terms of
clustering or periodic recurrence. However, a minimum
of three paleoearthquakes (Pqkl to Pqk3) occurred in the
period comprised between 133ka and 67ka, and only one
(Pgk4), took place thereafter.

The left-lateral component of the CFZ hampers the
analysis of slip per event based on trenches dug across to
the fault (a 3D approach would be required). The structure
observed in the Los Trances trenches mimics what has been
described at a larger scale along the CFZ: a positive flower
structure, with reverse faults being shallowly rooted into a
highly dipping main fault that might absorb the main strike
slip component of slip. This has been especially described
in detail by high resolution seismic reflection along the
offshore part of the fault (Moreno et al., 2016).

CONCLUSIONS

Our results demonstrate that the Carboneras Fault Zone
(CFZ) is seismogenic. It has produced a minimum of 4
paleoearthquakes during the last 133ka, with a resulting
maximum possible average recurrence of 33ka. These
values are likely an underestimation of the complete history
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of seismic surface ruptures of the CFZ, but constitute
the first paleoseismic results in it. Evidence of surface
rupturing  paleoearthquakes (Mw>5, morphogenetic
events) is observed on the two fault traces analyzed
along the NW side of La Serrata Range, which bound
the pressure ridge at Los Trances site. The paleoseismic
parameters obtained are not scaled with the large slip-rates
deduced from geomorphological and geodetic studies. This
is consistent with the incompleteness of the paleoseismic
history being recorded at Los Trances site and suggests that
active deformation is also likely to be distributed along the
opposite (SE) side of La Serrata Range.

The characterization of the CFZ as seismogenic implies

that it should be considered in seismic hazard analyses of
the region.
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