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Abstract Fault slip rate is one of the most crucial parameters to characterize earthquake occurrence in
fault-based seismic hazard assessments (SHA). Accordingly, paleoseismic studies have increasingly focused

on constraining this parameter in active faults worldwide. We present a comprehensive paleoseismic study

in the Alhama de Murcia Fault (AMF), one of the most active faults in SE Spain and source of destructing
earthquakes such as the 2011 M, 5.2 Lorca event. Contrasting with previous studies, we integrate paleoseismic
data from four fault strands in the AMF and, based on trench slip analysis and numerical dates, we derive slip
rate estimates of each strand over the whole transect and assess their time variability. The AMF has a minimum
net slip rate between 1.35+0-1/_ | “and 1.64%15/_, | mm/yr for the past 18 + 1 to 15.2 + 1.1 ka. These results
prove the importance of accounting for the complete sections of a geological structure as they are almost

twice the previous estimates for a single fault branch. Slip rate variability is identified in the AMF, with cyclic
acceleration-quiescence patterns that could be related to stress field changes driven by fault interaction or
synchronicity with neighboring faults (e.g., Carrascoy). We hope that the data presented here motivates their
inclusion into forthcoming fault-based SHAs. In this regard, limitations related to the lack of paleoseismic data
for one fault strand, along with poor characterization of the strike component of slip and insufficient age control
of the units for another strand are highlighted and need to be accounted for by modelers.

1. Introduction

Characterizing the fault slip rate is one of the most important steps in active tectonics research because it is a
critical parameter to infer earthquake rates in fault-based probabilistic hazard assessments (e.g., Field et al., 2015;
Go6mez-Novell et al., 2020; Stirling et al., 2012; Valentini et al., 2017; Woessner et al., 2015). The estimation
of this parameter in low to moderate strain regions is usually challenging because the rates of surface processes
that shape landscapes might overcome and/or mask the expression of tectonic deformation at/near the surface,
especially if the deformation is diffuse and distributed over wide and complex fault zones. For these reasons and
in these settings, a reliable fault characterization based on geomorphological, paleoseismic, and geodetic studies
requires additional efforts, observation sites along fault strands and lengthier geodetic records.

A common practice in paleoseismology (due to lack of resources) is to assume fault characterization observa-
tions from a unique location as representative of the entire length of a fault. This issue is further emphasized
when applied to distributed deformation areas where observations are scarcer and, for this reason, the integration
of data from multiple sites is usually the most reliable way to improve the representation of fault parameters.
Supporting this reasoning, multi-site paleoseismic data allowed the scientific community to improve the under-
standing of faults as structures able to accommodate deformation in complex slip patterns, by sometimes simul-
taneously rupturing and interacting (e.g., Dolan et al., 2007; DuRoss et al., 2011, 2021; Ren et al., 2013). Here,
we apply this multi-site concept in the framework of SE Spain.

The SE of Spain is one of the most seismically active regions of Iberia and has accommodated some of its largest
earthquakes during historical times (I, = VII-IX): 1522 Almeria, 1674 Lorca, 1804 Dalias-Berja or 1829
Torrevieja events (Martinez Solares, 2003; Mezcua, 1982; Silva et al., 2014) (Figure 1a). This list includes the
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2011 M, 5.2 Lorca earthquake (Alguacil et al., 2014; Lépez-Comino et al., 2012) that stands out as the largest
and most damaging event of the past 50 years. Such context has motivated several paleoseismic and geodetic
studies over the past decades, focused on characterizing the SE Iberian faults' slip rates and quantifying the main
parameters needed for the seismic hazard assessments (SHA) (e.g., Echeverria et al., 2013, 2015; Insua-Arévalo
et al., 2015; Martin-Banda et al., 2015, 2021; Martinez-Diaz et al., 2003; Masana et al., 2004, 2005, 2018). Most
of these faults are part of the Eastern Betics Shear Zone (EBSZ), one of the main active fault systems in Spain.

In general, the EBSZ faults encompass a broad, distributed deformation zone with several active fault branches.
Nonetheless and with some exceptions (e.g., Ortufio et al., 2012), the majority of paleoseismic studies there have
been restricted to single sites along single fault strands due to the limited availability of recent Quaternary sedi-
ments (e.g., Ferrater et al., 2016) and erosion predominance (Silva et al., 2003), especially in proximal parts of the
mountain ranges. This fact implies that the paleoseismic parameters estimated for these faults, and notably their
slip rates, are potentially underestimated and underrepresented. Therefore, characterizing all structures within the
whole system is necessary.

Herein, we present a comprehensive paleoseismic study on one of the most active faults of the EBSZ, the Alhama
de Murcia Fault (AMF), by means of paleoseismic surveys along four sub-parallel fault branches that represent a
transect across the entire fault zone. Our aim is to improve the overall quality of AMF slip rate estimates by inte-
grating paleoseismic data from multiple sites. We also analyze the slip rate variability over time to detect possible
patterns and discuss their causes and implications for seismic hazard. To do so, we perform (a) a detailed field
geomorphological and structural characterization, (b) an exhaustive fault slip analysis in each of the trenched
locations and (c) numerical dating of the sediments using radiocarbon and Optically Stimulated Luminescence
(OSL) techniques.

2. The Alhama de Murcia Fault

The AMF is a ~87 km long reverse-strike slip fault located in the central part of the EBSZ, a ~400 km long
transpressive tectonic corridor (Bousquet, 1979; Martinez-Diaz, 1998; Montenat, 1973; Silva et al., 1993) that
accommodates an important part of the convergence between Africa and Eurasia (4-6 mm/yr; e.g., DeMets
et al., 2015). The AMF is one of the most active and prominent structures of the EBSZ (Martinez-Diaz, 1998;
Masana et al., 2004; Silva et al., 1992) with a marked geomorphological expression, paleoseismic evidence,
and historical and instrumental seismicity (Figure 1a). According to Martinez-Diaz et al. (2018), at least eight
I\ > VIearthquakes have occurred within <10 km of the AMF since the 16th century (e.g., 1674 I, VIII, 1818
Ipys VI-VIIand 1579 I, VII events in Lorca, and the 1908 and 1910 Iy, VI events in Alcantarilla; Figure 1b).
More recently, the AMF has produced several moderate magnitude earthquakes, with the 2011 M, 5.2 Lorca
earthquake (Alguacil et al., 2014; Lopez-Comino et al., 2012) standing out for its impact: 9 deaths, extensive
damage across the city of Lorca and losses over 1200 million euros (Martinez-Diaz, Masana, & Ortufio, 2012).

The AMF constitutes the NW tectonic limit between the Guadalentin Depression and the uplifted ranges (Las
Estancias, La Tercia, Espuiia; Figure 1c) with Paleozoic-Cenozoic basement. Along these ranges and to their SE,
the AMF displaces several generations of Quaternary alluvial fans (Figure 2a) (e.g., Martinez-Diaz, 1998; Silva
et al., 1992). Based on its geomorphological expression, fault orientation and seismicity, the AMF is divided into
four along-strike segments (Martinez-Diaz, Masana, & Ortuifio, 2012; Silva, 1994), with the two SW segments
being the ones with stronger (more recent and higher cumulative displacement) geological evidence of activity
(Goéiiar-Lorca and Lorca-Totana; Figure 1c). Thus, the majority of geomorphic, paleoseismic and geodetic stud-
ies in the AMF have focused on these two segments (e.g., Echeverria et al., 2013; Ferrater et al., 2016, 2017,
Martinez-Diaz et al., 2003; Masana et al., 2004; Ortufio et al., 2012), and particularly in the central Lorca-Totana
segment.

To date, the paleoseismic slip rate of the Lorca-Totana segment is estimated to be 0.9 + 0.1 mm/yr for the
past 22.1 + 0.2 to 15.2 + 1.1 ka (Ferrater et al., 2016), and agrees with the geomorphic rate of 1.0 + 0.2 mm/
yr for the past 30 ka (Ferrater et al., 2017). These rates are also consistent with the geodetic left-lateral rate of
1.5 + 0.3 mm/yr across the whole Guadalentin Depression (Echeverria et al., 2013), which suggest a control of
the AMF in the structural development of the basin in this area (Ferrater et al., 2016). The current geological
slip rate estimates, however, were obtained from a single site along one fault branch (Ferrater et al., 2016 at El
Saltador site; Figures 2 and 3) out of the three proposed Lorca-Totana fault strands (Ferrater et al., 2017). In the
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present study, following the thesis work by Gémez-Novell (2021), we recognize and describe two additional
fault strands along this segment, increasing the count up to a total of five. To completely characterize the entire
fault-system slip rate, paleoseismic information is needed for all branches. Thus, such an information gap is the
impetus for the development of our study.

3. Methods

A trenching analysis is performed to infer the geological slip rates of the AMF. To do so, we carried out geomor-
phological and structural mapping in the Lorca-Totana segment (Figure 2), and a paleoseismic investigation from
eight paleoseismic trenches at four sites across four fault strands (out of five) in a NW-SE transect of the AMF
(Figure 2a). From NW to SE, the sites are referred to as La Tercia (T-2, T-6), El Roser (T-1), El Saltador (T-16)
and La Hoya (T-0, T-3, T-4, T-5). At the El Saltador site, T-16 is an enlargement of a previous trench (TR-7;
Ferrater et al., 2016) (Figures 3d and 3e). At the La Hoya site, only T-3 provides useful paleoseismic data for the
purpose of this study.

To quantify the deformation, a vertical throw analysis is carried out from trench observations where uplift related
to folding is detected (Figure S1 in Supporting Information S1), and a paleochannel lateral offset analysis is
carried out in the trenches with strike slip component. The final throw and slip values result from several meas-
urements per horizon, and are expressed as the mean and corresponding uncertainties (1o interval).

The age of the deformation is established by dating a total of 19 new samples throughout the stratigraphy: 10 with
OSL and 9 with radiocarbon. We also use 6 OSL dates from a previous trenching survey at the El Saltador site
(Ferrater, 2016 ) (see results in Section 5.2):

For the OSL dates, fine-grained alluvial sediments are sampled in all cases using opaque aluminum cylin-
dric tubes (20 X 4 cm), properly sealed with duct tape and kept from light exposure. Based on the information
provided by the respective laboratories, the absorbed dose measurements are conducted using 90-250 pm quartz
multi-grain aliquots (the number of aliquots read per sample varied from a minimum of 24 to a maximum of
72) and following the SAR-OSL protocol (e.g., Murray & Wintle, 2000, 2003) with Risg readers DA-20. Dose
rate measurements are obtained after determining the moisture of each sample, concentration of U, Th, and K
isotopes, and in situ gamma spectrometry carried out by the staff of each laboratory. The statistical model used
to calculate luminescence ages is the Central Age Model (CAM; Galbraith & Roberts, 2012) for the samples of
T-1, T-2, T-6, and T-16, while the Robust Mean (RM; AMC, 2001) for T-3 (see Table 1). In all cases outliers are
excluded. Dates are provided in calendar years, which we transform to years before present (BP).

For the radiocarbon dates, fossil snail shell fragments (1-2 cm diameter) and charcoal fragments (1-5 mm diam-
eter) are sampled from the sediments in the trenches with a spatula, wrapped into aluminum foil and stored
into suitable airtight plastic bags. Based on the information provided by the respective laboratories, radiocarbon
concentrations (fraction of modern), radiocarbon age and correction for isotopic fractionation are carried out
following Stuiver and Polach (1977). Measurements are conducted on an AMS spectrometer. We calibrate the
dates to years BP using the OxCal v.4.3.2 software (Ramsey, 2017) and the IntCal20 atmospheric curve (Reimer
et al., 2020).

Finally, slip rates are computed combining the measured slips and numerical dates. For a better assessment of the
uncertainties we use the MATLAB code by Zechar and Frankel (2009). Detailed methods for the deformation
quantification, sampling, dating procedures in each laboratory and trenching survey are available in the Support-
ing Information S1 of this paper. Uninterpreted trench images and MATLAB scripts are available in an online
repository (Gémez-Novell et al., 2022; see Open Research statement) to reproduce the slip measurements and slip
rate calculations presented in this work.

Figure 1. (a) Seismotectonic setting of SE Iberia with the traces of the main active faults (QAFI database v4; IGME, 2022) and the 1048-2011 seismicity (M,, > 4.0;
IGN-UPM, 2013). The buffer area of the Eastern Betic Shear Zone (ZESIS database; IGME, 2015) is drawn around the faults, and the most damaging historical and
instrumental earthquakes are highlighted, including the 2011 M, 5.2 Lorca earthquake (focal mechanism extracted from IGN, 2011). Intensity scale is European
Macroseismic Scale (EMS98). Hillshaded relief from the WMS service by IGN (https://servicios.idee.es/wmts/mdt) (b) Instrumental (M,, > 4.0) and historical
(IEMS > VI) seismicity around the Alhama de Murcia Fault (AMF). Main earthquakes are indicated by arrows. (c) Main geological features and segmentation of the
AMF. Hillshaded relief obtained from the LiDAR-based 2 m DTM by the IGN agency (MDTO02; https://centrodedescargas.cnig.es).
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Figure 2. (a) Geological map of the studied area within the Lorca-Totana segment of Alhama de Murcia Fault (AMF). The numbers in circles indicate the location
of the different paleoseismic sites from NW to SE, which can be viewed in the images of Figure 3. The location of the A-A’ cross section is also indicated. Hillshaded
relief obtained from the LiDAR-based 2 m DTM by the IGN agency (MDTO2; https://centrodedescargas.cnig.es) and basement cartography is based on the Spanish
Geological Map (1:50,000) zone 2100 (Marin-Lechado et al., 2011). (b) Geological cross section of the studied transect with our proposal of deep structure for the
AMF, based exclusively on surface data.
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Figure 3. (a) Aerial view of El Saltador alluvial fan with the location of the paleoseismic sites in it (La 1: Tercia, 2: El Roser and 3: El Saltador). The
geomorphological scarps and lineations generated by the most prominent fault branches (N,-AMF and S-AMF) are indicated with a dashed red line. (b) Aerial view of
the frontal pressure ridge with the traces of the limiting fault branches indicated, as well as the location of the respective paleoseismic sites (3: El Saltador and 4: La
Hoya). (c) Detail view of La Tercia and El Roser sites, with the location of the trenches (magenta) respective to the fault branches. (d) Plan view of El Saltador site with
the location of T-16 with respect to previous 3D trenches in that site (Ferrater, 2016 ; Masana et al., 2004). (e) Image of T-16 in El Saltador site, an exceptionally deep
paleoseismic trench (~7 m) to capture the whole deformation generated by the S-AMF. (f) Aerial view of La Hoya site in the context of the frontal pressure ridge. The
trenches used in this study are highlighted in magenta (T-3).
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Table 1
Dating Results of the Sedimentary Units
Optically stimulated luminescence (OSL)
Depth Moisture Dose rate Absorbed dose Measured/accepted Outliers Statistical Age + lo
Fault Sample ID (m) (%) (Gy/ka) (Gy) Method aliquots (number/%) model (kyr BP)
N,-AMF  T1-OSL-1* 0.9 3.65+0.18 X+X MG np np CAM Out of range
T1-OSL-4* 0.6 3.01 £0.16 2309 + 11.7 MG 44/31 6 CAM 76.8 + 5.6
T1-OSL-6* 2.0 3.08 + 0.16 X+X MG np np CAM Out of range
T1-OSL-7% 1.7 3.48 +£0.17 159.3 £8.2 MG 42/29 5 CAM 458 +3.3
T1-OSL-9* 0.9 3.78 £0.18 1553 +4.4 MG 36/24 8 CAM 41.0+23
S-AMF SAL-27° 0.9 3.36 +0.12 51.2+4.7 MG np <5% CAM 152 + 0.1
T16-OSL-3¢ 1.2 2.45+0.08 408 + 1.6 MG 72/66 6 CAM 16.7 + 0.9
SAL-10° 1.7 3.02+0.14 61.0+3.0 MG np np CAM 21.7 + 1.6
SAL-24° 22 3.30 + 0.56 79.4 +3.7 MG np <5% CAM 31.2 + 2.6
SAL-25° 1.9 3.05 £ 0.49 127.1 £4.6 MG np <5% CAM 459 + 3.5
SAL-26° 2.5 3.24 +0.53 175.6 +7.2 MG np <5% CAM 73.4 +7.0
SAL-11° 1.1 ik 247 £0.11 >250 MG np np CAM >101°
F-AMF T3-OSL-7¢ 52 11 2.4 +0.1 46 + 4 MG 24/19 5 RM 19+2
T3-OSL-9¢ 1.0 15 3+0.1 34+4 MG 24/19 5 RM 11+1
T3-OSL-13¢ 4.6 7 2.02 +0.04 49+5 MG 24/23 1 RM 18+1
T3-OSL-164 1.4 12 2.6 +0.05 14 +4 MG 24/9 15 RM Sae2
Radiocarbon
Fault Sample ID Sample type Fraction of modern (pMC + 16)  Radiocarbon age (years BP + 20)  Calibrated age (years BP + 20)
N,-AMF T2-cc-1°¢ Snail shell fragments 2.906 + 0.042 28,424 + 116 32,051-33,092
T2-cc-2¢ (1-2 cm) 2.541 + 0.039 29,502 + 123 33,781-34,376
T2-cc-3¢ 2.434 + 0.038 29,848 + 125 34,123-34,581
N,,-AMF Tl-cc-1°¢ 2.209 + 0.040 30,627 + 145 34,630-35,336
T1-cc-2° 0.779 + 0.028 39,000 + 289 42,384-42,907
T1-cc-6° 1.377 + 0.033 34,424 + 193 39,205-39,996
F-AMF T3-ch-1" Charcoal fragments 0.3724 + 0.0012 7,935 + 30 8,638-8,985
T3-ch-21 (1-5 mm) 0.3453 £ 0.0037 8,540 + 90 9,306-9,759
T3-ch-3f 0.3803 + 0.0013 7,765 + 30 8,449-8,600

Note. The dates are obtained using OSL and radiocarbon techniques. The target mineral for luminescence is quartz. Outliers are the values excluded to calculate the
absorbed dose distributions. Calibration of radiocarbon ages is done with the IntCal20 curve (Reimer et al., 2020) and OxCal v.4.3.2 (Ramsey, 2017). The position of
the samples is found in Figures 7 and 8. The dates highlighted in bold are the ones used for the slip rate analysis of this study. CAM: Central Age Model (Galbraith &
Roberts, 2012); RM: Robust Mean (using Robust Statistics V1.0; AMC, 2001); np: not provided by the laboratory; MG: multi-grain aliquots (quartz). pMC: percent

modern carbon.

aSamples dated at CENIEH (Burgos, Spain). *Dates carried out by Ferrater (2016) at the El Saltador site (see Supporting Information S1 for technical details on these
dates). “Sample dated at the University of Cologne (Germany). Samples dated at the Instituto Tecnico Superior (Lisboa, Portugal). °Samples dated at the DirectAMS
Laboratory (Bothell, USA). fSamples dated at the KCCAMS facility, University of California (Irvine, USA).

4. Structure and Kinematics of the Fault Branches Across the Transect

From the geomorphological and structural mapping, we recognize at least five subparallel fault branches showing
clear surface expression and late Quaternary deformation in a ~2 km-wide NE-SW-striking fault zone. Except
for the northwesternmost branch, the other four strands are well-expressed in the fault-parallel sector between
Lorca and the La Salud Creek (Figure 2), while to the SW and to the NE, the fault zone loses surface expression,
becoming more evident in the morphology a single fault trace (Figure 1c). The apparent loss of fault expression
might reflect a decrease in its activity, but it might also be due to the lack of geomorphological markers such
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as alluvial surfaces or displaced/deflected drainages, and the predominance of erosive processes exposing the
Miocene basement rocks.

Previous studies identified three of the five fault strands for the northern (N-AMF) and central sectors (S-AMF)
(e.g., Martinez-Diaz, 1998; Martinez-Diaz & Hernidndez-Enrile, 2001), and the frontal zone (Ferrater et al., 2017).
In this study, we provide a more detailed mapping of two additional fault strands and show evidence of the
Quaternary paleoseismic activity for all five of them. Based on that, we name each fault branch as follows
(Figure 2): N|-AMF, N,,-, and N, -AMF referring to the three branches of the northern sector (N-AMF), S-AMF
refers to the central sector, and F-AMF refers to the frontal part of the system. Both S-AMF and F-AMF, and
N,,- and N, -AMF bound the limits of two push-up structures (Figure 2b).

The fault branches affect different generations of Quaternary alluvial fans that drain from the ranges that are
uplifted by the AMF in the NW (La Tercia range) toward the Guadalentin Depression to the SE. Four genera-
tions of alluvial fans are defined from the Middle Pleistocene to the Holocene, as described by Silva (1994) and
Martinez-Diaz et al. (2003). The older generations (Q4 and Q3) are mostly spatially limited between the main
mountain front (N,-AMF) and the central branch (S-AMF). One of the main examples of this generation is the
El Saltador alluvial fan, along which the La Tercia, El Roser and El Saltador sites are located (Figures 2 and 4).
The Q2a surface, which represents a transitional generation to Q2, is coeval with the late Q3 generation at some
points (see Section 5.2) and is usually restricted to proximal areas of the mountain front (Figure 2a). The Q2
alluvial fans are incised into the Q3 and Q4 deposits and extend farther from the mountain fronts toward F-AMF.
The Q2 generation is not active albeit not completely disconnected from the drainage channels. Q1 represents the
active alluvial and fluvial systems, located in the center of the Guadalentin Depression. The scarce relief of this
lowland area and the extensive agriculture makes it difficult to recognize all alluvial landforms. We therefore map
them as a uniform polygon that includes deposits from alluvial fans and floodplains river areas.

4.1. Fault Branches and Slip Partitioning

The five fault branches of the Lorca-Totana segment define three structures that can be distinguished at the surface
(Figure 2b): a major mountain front (N,~-AMF) and two push-up structures; one central (N,,- and N,,-AMF) and
one in the front (S-AMF and F-AMF). The slip is partitioned among these five branches; three show predominant
vertical throw while the other two accommodate strike slip, as we detail below. We describe each fault from NW
to SE, and their deformation is depicted in Figures 5-8.

4.1.1. Mountain Front (N,-AMF)

The N,-AMF fault strand represents the northernmost identified limit of the fault zone, bounding the La Tercia
range mountain front with an average N55° strike, changing to N35°-N41° at the El Saltador fan (Figure 2a).
In outcrops, the fault is displayed with a subvertical or strong dip to the NW (70°-90°) affecting materials from
the metamorphic basement of the La Tercia range and Quaternary alluvial materials. In older materials, the fault
zone presents shear bands with incohesive fault breccias and clay-rich gouges developed up to widths over tens
of meters (e.g., Figure 5b), which evidence the long-term activity of this fault strand. In the Late Pleistocene
alluvial fan deposits (3040 ka; see dates in Table 1), the fault generates discrete subvertical fractures with clast
lineations, and lack the deformation recognized in the underlying basement rocks, (Figure 5a). This evidence is
expected due to the much younger age of the deposits and therefore less cumulative deformation.

Although the N,-AMF is the geomorphological limit of the La Tercia range (Figure 3f), which indicates a major
vertical component in the past, the kinematic evidence in Late Pleistocene materials suggests a predominantly
strike slip motion, as evidenced by the following observations:

1. Fault plane striae in two basement outcrops along the fault branch show rakes of 2°-20° (Figure 5b).

2. Absence of significant vertical separations or scarps in the Quaternary alluvial fans (mainly Q2) at the La
Tercia site (see log of T-2 in Figure 7).

3. Stratigraphic incoherence of apparent fault offsets; for example, smaller vertical separations in older materials
than in younger (Figure 5a).

4. Presence of left-laterally deflected channels, such as San Julidn and El Saltador creeks (Figure 4).
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Figure 4. (a) Geological mapping of the northern sector of the Lorca-Totana segment. See Figure 2 for the legend of the geological units depicted. Note that the map
location of the outcrops shown in Figures 5c and 5d are indicated in this figure. (b) Detail of the geological map surrounding the La Tercia site. Note that the left-lateral
dislocation of the San Julidn Creek margin is indicative of the strike slip kinematics of the N;-AMF. (c) Detail of the left-lateral dislocation in the El Saltador Creek

related to the activity of the N,-AMF.

4.1.2. Central Push-Up (N,-AMF)

The N,-AMF push-up structure is part of the northern sector of the AMF and is formed by two subparallel
branches that define a push-up. This push-up is bounded by a synthetic fault (N,,-AMF) to the south and by an
antithetic fault (N,,-AMF) to the north, both with a mean strike of N55°-N58° and with opposing 70°-80° dips.
Along its trace, the N,,-AMF merges into N, -AMF coinciding with strike bends of the former, such as SW of
the La Carraclaca or near the San Julidn Creek (Figure 2a). The merging of the surface faults suggests that both
strands join at depth along most of their length.

The surface footprint of this structure is marked by ~1-2 m high fault scarps in the Quaternary alluvial fans. The
deformation pattern for both branches is controlled by near vertical monoclinal propagation folds (Figures Sc
and 5d) affecting the Tortonian marls substratum up to the Quaternary alluvial deposits (Q2 and Q3). Along the
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T N El Roser site (T-1) El Saltador site (T-16) MRS

Figure 5. (a) N;-AMF fault strand in young Q2 materials in the walls of T-2. Incongruent separations can be seen along the fault, evidencing lateral displacement. (b)
NW-dipping fault zone of the N;-AMF in basement materials, with deformation bands: incohesive fault breccias and clay-rich gouges. Notice that in this area the fault
puts in contact Paleozoic and Miocene materials. (¢) Outcrop of the N, -AMF in the northeastern margin of the El Saltador Creek, where the fault affects the whole
Quaternary sequence and generates a geomorphological bump on the surface. (d) Outcrop of the N,,-Alhama de Murcia Fault (AMF) in the NE margin of the San
Julian Creek where the fault generates a verticalized monoclinal fold in the Q4 (Cg unit) materials.

N,,-AMF, the fold geometry is observed at the El Saltador Creek, with a ~10 m vertical separation of the uncon-
formity between the Q3 and the Tortonian basement propagating upwards (Figure 5¢). In the N, -AMF, the fold
geometry is controlled by a highly cemented alluvial unit (Cg unit henceforth) that describes a monoclinal fold
with a ~20 m vertical separation in the San Julian creek margin (Figure 5d). This unit is the base of the Quater-
nary deposition in the study area and overlies the pre-Quaternary paleoreliefs (mostly Tortonian calcarenites

GOMEZ-NOVELL ET AL. 10 of 30

95U9D17 SLOLUWOD aAIea.D) a|gedldde ay) Ag peusenob aJe sapile YO ‘88N Jo Sajni 1oy AreIqiT 8UIUQ AS|IA UO (SUORIPUOD-PUe-SWB)W0D A8 | IMAlelq 1 pui|uoy/sdny) suonipuoD pue swie | au1aes *[e202/S0/TT] uo Ariqiyauliuo As|im ‘Usi| Aq S9v2000 12202/620T OT/10p/wod Ae | Arelq 1 jpuljuo'sgndnBe//sdiy Wwoy pspeojumod ‘2T ‘2202 ‘v6T6rr6T



A2 |
MI
ADVANCING EARTH
AND SPACE SCIENCE

Tectonics 10.1029/2022TC007465

NW-SE

Antithetio g
- fault © - o

Figure 6. (a) Detail image of the S-AMF fault zone in El Saltador site (T-16) affecting Q3 alluvial materials. The structure shows a positive flower geometry typically
found in strike slip systems. (b) Detail of the F-AMF and associated displacements in Q2 alluvials within T-3. (c) Deformation associated with antithetic faults of the
F-AMF in Plio-Quaternary alluvial materials of T-4; intense shear deformation and monoclinal tilting. (d) Picture of F-AMF in Plio-Quaternary alluvial materials
generating intense tilting and shear of the units in T-1.

and marls) with an irregular topography. In both branches, the deformation decreases to the surface with angular
unconformities, which support their repeated tectonic activity (Figures 5c, 5d, and 7).

The N,-AMF push-up has a strong vertical throw component evidenced by the (Figures 5c and 5d):

1. Presence of significant vertical separations related to fault-propagation folding (e.g., Cg unit).
2. Presence of fault scarps at the alluvial fan surfaces associated with the trace of the push-up structure.

The strike slip component is likely present here as well, especially considering the steep dips of the faults
(Figures 5c and 5d) and the fact that push-up structures are typically formed in strike slip fault zones. However,
the geomorphic evidence of lateral component along this push-up is unclear in the study area. For instance, the
right lateral channel deflections observable at the top of the El Saltador fan (Figure 4a) can be explained by the
re-adjustment of the drainage to the uplift generated by the push-up. 3D trenching is therefore required to properly
characterize the strike slip component.

4.1.3. Frontal Pressure Ridge (S-AMF and F-AMF)

The frontal pressure ridge has an average ~N65° strike and is limited by two principal fault branches (S-AMF
and F-AMF).

4.1.3.1. S-AMF

The northern bounding fault, S-AMF, is the most geomorphologically and structurally prominent branch of
the AMF, with a fault zone that can reach up to dozens of meters in thickness (Martinez-Diaz, 1998). Such a
prominent expression explains why all previous paleoseismic studies along the Lorca-Totana segment have been
conducted on this branch.

GOMEZ-NOVELL ET AL.

11 of 30

85U80 1 SUOLIWIOD A1) 3(deotjdde auy Aq pausenoh aie ssjone O ‘@8N JOSa|ni 104 Akeiq18ulUO AB|IM UO (SUORIPUOO-PUe-SLUBI IO A8 1M AReiq1jeu|uo//:Sdny) SUORIPUOD Pue SLB | 8L} 89S *[£202/S0/TT] Uo Ariqiauliuo A ‘usil Ad S9172000 12202/620T OT/10p/wioo Ao im Areiqjeuljuo'sandnfe//sdny wouy papeo|umoq ‘2T ‘Z20z ‘veTevreT



Arst | .
ﬁ:im Tectonics 10.1029/2022TC007465
T-2 SW wall NW SE

T2-cc-1: 32.1-33.1 cal ka BP

T2-cc-3: 34.1-34.6 ka BP
) T2-cc-2: 33.8-34.4 cal ka BP

2m

T-1 SW wall
T1-OSL-4:76.8 £5.6 ka BP (P)
3 Unit 5

N,-AMF
T1-cc-1: 34.6-35.3 cal ka BP (P)

Re-worked Bsm

T1-cc-6: 39.2-40 cal ka BP
— T1-OSL-9: 41.0 £ 2.3 ka BP

Bsm

T-6 SE wall
Sw

La Tercia site

El Roser site

ond| 1 Clast-supported fine to medium well sorted gravels with silty layers.

sed| 2.1-2.2 Two sequences (2.1 and 2.2) of poorly sorted clast-supported gravels.
3  Clast-supported medium to coarse gravels (channelized).
4.1 Very fine and well sorted pure silts.

2nd| C1  Clast-supported fine to medium gravels (channelized).
Seq'l C2 Clast-supported fine to medium gravels.

1st| D Clast-supported medium to coarse gravels (channelized).
Seq'[ Rg Regolith of the underlying Cg unit.

Common units at both sites (base of the sequence) 51;‘ 4.2 Clast supported coarse gravels with variable clast sizes (10-20 cm).
Cg Coarse and highly cemented conglomerates forming a 1-2 m thick slab (Q4). 5 Paleosoil developement (red coloration).
Bsm Yellow marls and gypsum veins (Tortonian basement). 6 Sequences of clast supported gravels with carbonatic cementation.

Figure 7. Interpreted trench photologs of T-2 and T-6 at the La Tercia site, and T-1 at the El Roser site. The samples and resulting numerical dates of the stratigraphy
are indicated. The dates located in the opposite trench wall than the depicted in the figure are projected into the same stratigraphic position and indicated with the
descriptor “(P).” The blue dates are the ones selected for the slip rate analysis. Note that all trench walls have been mirrored to follow a consistent down-slope (left to
right) orientation. To observe full uninterpreted logs of both walls, as well as the complete length of T-2, see Gémez-Novell et al. (2022).

Structurally, the S-AMF dips subvertically, uplifting the SE block, and generating a SW-NE scarp and elongated
relief that, along with F-AMF, form the pressure ridge. The fault zone is defined by upturned Quaternary alluvial
deposits in the footwall (Figure 6a), in contact with the Tortonian basement ridge in the hanging-wall (Figure 2a).
In addition, secondary synthetic SE-dipping faults form a positive flower structure with NW-verging propagation
folds in the Quaternary sequence (e.g., El Saltador site; Figures 6a and 8). These accommodate an important
part of the vertical component of this fault, and generate a counter-slope scarp that acts as a sedimentary trap
for the alluvial flows, making it a unique site for the preservation of the fault's morphogenetic history (Ferrater
et al., 2016).

Kinematically, the S-AMF is predominantly strike slip as characterized in previous studies at the El Saltador site
(inferred 8-10 times the vertical from Ferrater et al., 2016). The main evidence is the presence of laterally offset
active streams (Ferrater et al., 2015; Martinez-Diaz, Masana, & Ortuiio, 2012) and laterally offset paleochannels
crossing the fault, as demonstrated by 3D trenching (Ferrater et al., 2016). Despite this, we observe that the
S-AMF has a significant vertical component associated with the propagation folds in the footwall (Figure 6a).

4.1.3.2. F-AMF

The F-AMF constitutes the SE limit of the pressure ridge, the southernmost branch of the AMF known to date,
and likely the frontal structure of the entire AMF bounding the Guadalentin basin. The F-AMF has an irreg-
ular trace with relay zones, such as NW of the La Hoya site (Figure 2a), and its surface location is mainly
inferred by the geomorphological limit of the pressure ridge. Direct observations of this fault are mainly from the
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T16-OSL-3:16.7+ 0.9 ka BP  SAL-25 (OSL): 45.9 + 3.5 ka BP (P)

T-16 SW wall
oblique wall .
bench level "
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~

SAL-11 (OSL):
>101 ka BP (P)

25m SAL-27 (0SL): -~ e
15.1 £1.1 ka BP (E) bench level —

SAL-10 (OSL): 21.7 1.6 ka BP (P)

SAL-24 (OSL): 31.2 £ 2.6 ka BP (P)
'SAL-26 (OSL): 73.4 2 7.0 ka BP (P)
El Saltador site

B  Clast-supported fine-medium gravels (channelized) L1 Massive grey-orange silts to matrix-supported fine grey sands.
C  Matrix-supported yellow fine gravels with carbonatic pedogenic nodules. L2 Clast-supported fine gravels with abundant silty grey-ochre matrix.
D Clast-supported heterometric grey gravels (channelized). M  Clast-supported medium gravels with abundant silty grey-brown matrix,
sze"s_ E-F Orange silts with pedogenic nodules and clast-supported medium gravels. N1-N5 Alternations of clast-supported medium-coarse gravels and orange silts.
G Orange massive silts with coarse gravels at the base and floating clasts. 51:(;_ O  Clast-supported grey medium-coarse gravels with grey carbonated limes.
H  Clast-supported heterometric gravels with silty grey matrix. P Orange-brown silts with floating clasts, especially at the top.
| Clast-supported medium gravels with embedded layers of fine sands-silts. Q Clast-supported coarse gravels with an orange matrix-supported layer on top.
1st| J  Orange massive silts with carbonatic cementation and floating clasts. R  Yellow-ochre silts with floating clasts.
% K Clast-supported coarse gravels with high proportions of grey sandy matrix. S  Clast-supported heterometric gravels with red silty matrix.
T-3 SW wall oblique wall T3-ch-1: 8.4-8.6 cal ka BP (P) T3-ch-1: 8.6-9.0 cal ka BP
_ . - T3-OSL-16: 5 * 2 ka BP

T3-OSL-9: 11 £ 1 ka BP

T3-ch-2: 9.3-9.8 cal ka BP

<«
bench level

25m

T F-AMF ' -OSL-13: 18 + 1 ka BP

La Hoya site T3-OSL-7:19 + 2 ka BP
A Clast-supported medium gravels (channelized). Recent creek deposits.
Clast-supported medium gravels with silty brown layers (channelized).
Clast-supported medium ochre and well-laminated gravels with boulders.
Clast-supported coarse gravels with distinctive red coloration.

Clast-supported medium-coarse gravels with yellow coloration. 2nd
Clast-supported fine-medium gravels with erosive base (paleochannel). sed:
Clast-supported fine-medium gravels with brown sandy matrix.

Clast-supported fine-medium gravels with ochre sandy matrix.

Fine sands and silts with floating clasts with channelized coarse gravels.

Clast-supported coarse gravels with abundant brown sandy matrix.

Clast supported coarse gravels alterned with layers of fine-medium gravels.
Clast-supported medium-coarse gravels with distinctive red coloration.
Clast-supported coarse gravels with chaotic fabric (channelized).
Clast-supported and well laminated fine-medium gravels with coarser levels.
Alternations of coarse and fine-medium clast-supported gravels.
Clast-supported coarse gravels with chaotic fabric.

Fine brown silts with floating clasts, especially on top.

2nd
seq.

OzZZ2ZrXc —w
S<CcHnwIOT

Figure 8. Interpreted trench photologs of T-16 and T-3 in El Saltador and La Hoya sites, respectively. The samples and resulting numerical dates of the stratigraphy are
indicated. The dates located in the opposite trench wall than the depicted in the figure are projected into the same stratigraphic position and indicated with the descriptor
“(P).” Similarly, in T-16 the date of unit B, which is extrapolated from a previous trench in El Saltador site (TR-10; Ferrater, 2016; Ferrater et al., 2016), is indicated
with the descriptor “(E).” See Figure 3d for the location of TR-10. The blue dates are the ones selected for the slip rate analysis. Note that both trench walls have been
mirrored to follow a consistent down-slope (left to right) orientation. To observe full uninterpreted logs of both walls, see Gémez-Novell et al. (2022).

paleoseismic survey at the La Hoya site and the road cut described by Ferrater (2016, p. 53). Its diffuse expression
can be explained by the younger age of materials affected (Q2), which implies less cumulative tectonic activity.
Moreover, the intense anthropic activity in this sector further obscures the surface expression of the fault.

The F-AMF is a low angle NW-dipping (~20°) reverse fault (Figure 6b). In Plio-Quaternary deposits, the fault is
associated with strong tilting, folding, localized shear zones and SE-dipping faults interpreted to be antithetical
to the principal NW-dipping structure (Figures 6¢ and 6d). In Q2 deposits the deformation is more subtle, with
small decametric scale on-fault slips and with the most part of the deformation accommodated by a low angle
monoclinal propagation fold (see T-3 log in Figure 8). The differential deformation between deposits suggests
repeated activity in this branch throughout the late Quaternary.

Kinematically, we identify this fault as mainly dip-slip. The supporting evidence are:

1. Dipping angle of ~20°, unusually low for a strike slip fault.
2. Absence of laterally offset or deflected features along the fault trace.
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3. Lack of strike slip evidence in the affected sediments. For instance, fault offsets are stratigraphically concord-
ant (decreasing to the surface) (Figures 6b and 8).

5. Paleoseismic Trench Results

Paleoseismic trenching was carried out along four of the five active branches of the Lorca-Totana zone across
a NW-SE transect (Figures 2 and 3). The La Tercia site is along the N;-AMF, the El Roser site is along the
N,,-AMF, the El Saltador is along the S-AMF and the La Hoya is along the F-AMF. Paleoseismic results are
extracted from all trenches, except from T-0, T-4, and T-5 at the La Hoya site where recent Quaternary deforma-
tion is not recorded. Notably, the N, -AMF has not been studied because we could not identify a good trenching
location.

5.1. Stratigraphy

The sediments exposed in the trenches belong mainly to the Q3 and Q2 alluvial fan generations. However, at the
El Saltador fan, the base of the Quaternary deposits is formed by the Cg unit (part of Q4), made of a 1-2 m thick,
highly cemented conglomerate. This unit lies on top of Tortonian yellow marls and calcarenites and crops out
mainly in the proximal parts of the fan (La Tercia and El Roser sites) where the Q2 and Q3 deposits are thinner
(Figure 7).

The stratigraphy over the Cg unit is divided into two sequences of deposits corresponding to the Q3 and Q2 gener-
ations. The lower (older) sequence is formed by clast supported coarse to medium heterometric and subangular
conglomerate interpreted to be debris flow and sheet flow deposits (Q3). This sequence is related to the proximal
alluvial activity and is represented by different units: unit Rg to D in T-2, unit D in T-6, units 6 to 3 in T-1 and
units S to J in T-16 (Figures 7 and 8). The second (younger) sequence represents a change in the depositional
environment to a channelized alluvial regime formed by clast-supported gravels with planar and localized crossed
bedding. The sequence is formed by the late Q3 generation and transitional Q2a generation, and culminates with
the Q2 generation in the frontal part (Figure 2a). This sequence is incised into the older deposits, marking the
onset of the abandonment of the alluvial fans and migration of the drainage toward the Guadalentin Depression
(Martinez-Diaz et al., 2003; Silva et al., 1992); see Section 5.2 and dates in Table 1. In the trenches, the sequence
is formed by units C2 and C1 in T-2, units 2 and 1 in T-1, and unit I up to the current soil in T-16. At the La Hoya
site (see location in Figure 2a), all of the exposed stratigraphy in T-3 corresponds to this younger sequence (Q2),
culminating with deposits from the active La Salud Creek (units B and A; Figure 8). This sequence is deposited
unconformably on top of strongly cemented Plio-Quaternary alluvium that crops out in T-4 (Figure 6c).

The nomenclature used for the units is different for each site, hence similar names do not imply correlation, except
for the Cg unit that is common for both the La Tercia and El Roser sites. In T-16 at the El Saltador site we adopt
the unit nomenclature used by Ferrater et al. (2016) and we define sub-units to those strata where we observe
better stratigraphic resolution (e.g., units N1, N2, N3 for unit N; Figure 8).

5.2. Age Control

The age control of the units is crucial to estimate the rates of the deformation on each fault branch. Table 1
compiles the dating results of the samples from each trench. Out of the 19 new samples, 8 are ultimately selected
for the slip rate estimates because they are either the ones that yield better stratigraphic coherency or show
smaller uncertainties than other dates from the same strata. For instance, in T-1, the radiocarbon dates of units
2.1 and 2.2 provide smaller uncertainties, hence we select them over the OSL ages (Table 1). Similarly, in unit B
of T-3 we select the three radiocarbon dates over the OSL because the latter are incoherent with the stratigraphy
(T3-OSL-16 is younger than T3-OSL-9; Figure 8). In addition, the age of T3-OSL-16 is based on the meas-
urement of only 9/24 aliquots (Table 1), which likely yields a less reliable age estimate. At the El Saltador site
we use five of the six previous OSL dates from Ferrater (2016). Four of those dates are from TR-7 (location in
Figure 3d), whose location makes the correlation to the trench walls of T-16 simple. The other date is extrapolated
from a more distant trench (TR-10) at the El Saltador site, which dates unit B in T-16 (Table 1). For more details
on samples and datings used from this study see the Supporting Information S1 of this paper.
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The base age of the Quaternary deposits (Cg unit) of the area is not determined in our study. However, Martin-
ez-Diaz and Hernandez-Enrile (2001) dated this unit near the La Carraclaca site using the U/Th technique on the
travertines developed on top of the unit. Although the results were highly variable depending on the stratigraphic
position sampled, its minimum age was estimated to be 198 + 6.5 ka (Upper Middle Pleistocene), which we
adopt here. Above the Cg stratum, the older Late Pleistocene alluvial sequence at the El Saltador fan ranges from
>101 (SAL11) to 42.6 + 0.1 ka (T1-cc-2) in the proximal parts of the fan (T-1), or to 31.2 + 2.6 ka (SAL24) in
the distal parts (T-16) (Figure 2a). During this time period, the alluvial sedimentation was active between the
N,-AMF and S-AMF, as revealed by the deposition of the El Saltador fan. The onset of the younger sequence
started in the proximal parts at 39.6 + 0.2 ka (T1-cc-6) and extended until at least to 35-32 ka (T-2 samples in
unit C2). In the central parts (e.g., El Saltador site), the sequence started later around 21.7 + 1.6 ka (SAL10)
extending up to 15.2 + 1.1 ka (SAL27). Because the Q2a is not present in this sector (Figure 2a), the onset of the
younger sequence necessarily belongs to the upper part of the Q3 generation. These data suggests that both gener-
ations coexisted in time at different sectors of the fault and indicates that the younger deposition was migrating
toward the south. From this point we interpret the fan deposition between N;-AMF and S-AMF to be practically
abandoned, with only a few small channels developed in recent years (unit A; Ferrater et al., 2016). The age of
abandonment and migration of the alluvial systems to the frontal parts of the range is consistent with the age of
the lower units in T-3 at the La Hoya site (18 + 1 ka; T3-OSL-13). There, the alluvial deposition lasted at least
until 8.53 + 0.04 ka (T3-ch-3), and afterward, the incision of the current creeks (e.g., La Salud) progressed to the
Guadalentin Depression, feeding the Q1 fans.

The alluvial deposition in the area is typically intermittent and therefore can lead to gaps (hiatuses in deposition)
throughout the stratigraphic sequences. The largest gaps appear in the apical parts of the El Saltador fan, where
erosion dominates, as opposed to the tectonic barrier at the El Saltador site. At the El Roser site, for instance, gaps
are identified between units Cg and 6 (~120 kyr), and between units 6 and 4.2 (~35 kyr) (Figure 7). Moreover,
the lack of recent sedimentary record since ~35-32 ka is also remarkable in this sector (La Tercia and El Roser).

Lastly, some of the samples (T1-OSL-1 and T1-OSL-6; Table 1) could not be dated due to the absorbed dose
of the sample being out of the detection range of the method. Given that these samples are in higher (younger)
stratigraphic positions than others that are successfully dated (e.g., T1-OSL-4), and thus cannot be older than the
detection age range for the OSL, we estimate that they might be affected by inheritance of luminescence signal or
quartz minerals with different characteristics. We suggest that the most likely justification are that quartz grains
were not properly bleached during a short transport and deposition, consistent with the short distance of the El
Roser site to the source area of the alluvials sampled (La Tercia range).

5.3. Fault Deformation

Fault vertical throw and strike slip are measured for each fault branch according to their predominant kinematics.
Vertical throw across the N, -AMF (T-1), S-AMF (T-16) and F-AMF (T-3); strike slip across the N,-AMF and
S-AMF.

5.3.1. Vertical Throw

We measure the vertical throw of the different stratigraphic horizons that delimitate unit blocks with clear differ-
ential deformation at the N,,-AMF, S-AMF and F-AMF strands (e.g., angular unconformities, decreasing fault
offsets) (Figure 9). At the N,-AMF we calculate the throws indirectly from the fault strike, and then the net slip
considering a 2°-20° rake range based on field measurements (Equations S1 and S2 of the extended methods
in Supporting Information S1). A 2° rake is the most consistent with the local <1 m vertical separations in
T-2 (Figures 5a and 7), although this might be a local effect and an apparent separation related to the strike
slip. Conversely, a 20° rake yields vertical throws of 8.6—-10 m, which help to explain the important uplift associ-
ated with the Quaternary materials in the mountain front of the La Tercia range.

Table 2 summarizes the vertical throws measured in each trench. It should be noted that, in general, all the vertical
throws here could be apparent to some extent because of (a) the lateral component of the fault branches (espe-
cially N,-AMF and S-AMF), and (b) the fact that the trenches might not be excavated completely parallel to the
shortening direction.
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Figure 9. Structure simplification of T-1, T-16 and T-3 to calculate vertical throws (see details in Text S1 and Figure S1 in Supporting Information S1). Note that

the measured throws are a minimum in units that do not entirely crop out in the trench because the dips and fault-displacements are adopted from younger and less
deformed units. Also, in T-16, the lack of observation of the units in the SE block of the fault further emphasizes this minimum. The schemes presented here correspond
to a single wall per trench and a single position of the unit contact. The trench wall from T-1 has been mirrored to follow a consistent down-slope (left to right)
orientation.
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Table 2
Vertical Throw, Strike and Net Slips of the Trenches
Unit block Age (ka) Vertical throw + 1o (m) Strike slip + 1o (m) Net slip + 1o (m)
N,-AMF
Unit D Minimum of 42.6 + 0.2 2° rake 20° rake 253728 . 2532 o

Maximum of 76.8 + 5.6 0.8-1+0.03 8.6-10+0.4
T-1 (N,,-AMF)

Unit 6 76.8 £5.6 7.6 +0.7 - 79+0.7
Units 4.2 to 3 42.6 +0.2 (4.2) 43+03 - 45+03
Units 22to 1  39.6 +0.3(2.2) 35 +0.2 (2.1) 26+02 - 27+02
T-16 (S-AMF)
Unit N1 Min. 73.4 + 7.0 (N1) 10.1 £0.3 394+12 40.7+ 12
Units M to L2 Min. 45.9 + 3.5 (L2) 89+0.2 348 +0.8 359+0.8
Units K2 to J Min. 31.2 +2.6 (J) 6.8 +0.3 265+ 1.2 274+12
Units I to D 21.7 1.6 (1) 43+02 163727/, 16.8*27/
16.7 + 0.9 (E)
152 + 1.1 (B)
T-3 (F-AMF)
Units W to O Min. 18 + 1 (O) 52+02 - 15.2 + 0.6
Unit B 8.5+ 0.04 (B top) 22+02 - 6.4+ 0.6

Note. The measurements are provided for the different deformed blocks dated in N,-AMF, N,,-AMF (T-1), S-AMF (T-16), and
F-AMF (T-3). Out of the I-D block, the strike slips from T-16 are indirectly inferred (analytically derived) from the rake and
vertical throw. See text for details. All values correspond to the median and 16 intervals. Blank fields mean “undetermined.”

5.3.2. Strike Slip

The strike slip in N,-AMF is provided by the offset of the paleochannel observed in T-2 and T-6 (paleochannel
D) with respect to the modern creek to the NE, interpreted as its source (Figure 10). The estimated lateral offset
is 25.32%/_, . m (mean and 1o interval) (Table 2). This value is a maximum because we cannot ignore that the
paleochannel might be buried under the fan surface on the SE block of the fault. Moreover, the deepest exposure
of paleochannel D in T-6 is assumed as the thalweg position (Figure 10c), which also yields a maximum displace-
ment value. In this line, 3D trenching is encouraged to refine the position of this paleochannel. In S-AMF we
adopt the lateral offset of unit D (16.323/_, , m) from Ferrater et al. (2016). According to those authors, the offset
measured for this unit (not to be confused with paleochannel D in N,-AMF) is the most reliable out of the various
features measured. In the N,-AMF push-up, despite acknowledging that the strike slip component is likely present
due to the nature of the structure and its high-angle dip (70°-80°), we are not able to identify clear offsets and
datable markers. Hence, for this fault strand the net displacement is a minimum solely based on the vertical throw.

5.3.3. Measurement of Net Slip

Fault net slips are inferred from the vertical and strike slip components and fault dip. The dips considered are:
80° for the N,-AMF, 75° for N,,-AMF, 90° for the S-AMF and 20° for F-AMF. For the N,,-AMF and F-AMF,
only dip slips are calculated due to the absence of strike slip characterization. In N,-AMF we compute net slips
of 25.3+26/_, ; and 26.9**7/_, . m, based on the 2-20° rake range, respectively. In S-AMF, the arctangent of the
quotient between the vertical throw and strike slip of unit D (Table 2) yields a fault rake of ~14.8° (see Equation
S3 of the extended methods in Supporting Information S1). We then use this rake to compute the strike and net
slips of the other T-16 units from the observed vertical separations.

6. Geological Slip Rates

We compute the slip rates for each fault branch (Table 3) and sum the slip rates for all four branches that we
analyze to resolve the overall slip rate of the fault system.
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T-2 SW wall (flipped)

Paleochannel D
SW margin

lg T-6 SE wall (flipped)

SW Deepest exposure (assumed thalweg) NE

Figure 10. Estimation of the lateral slip of the N,-AMF, based on Gold et al. (2011) method. (a) Plan view of the displaced
features (right margin and thalweg) of paleochannel D and an active channel in each side of the fault. Downstream of

the fault, the intersection of the channel features with the fault are used as piercing points. To capture better the average
orientation of the channel, a linear regression is also approximated to the features and projected into the fault, resulting in
another pair of piercing points. Upstream these features are projected using the paleochannel orientation observed in T-2 and
T-6. The final lateral displacement is a PDF resulting from the four measurements between the mentioned piercing points. (b)
Position of the paleochannel D's right margin in one of T-2 walls. Its orientation inferred from both trench walls is projected
onto the fault (N,-AMF). (c) Geometry of the paleochannel D in the photomosaic of T-6. Note that the position of the deepest
exposure of the paleochannel is assumed as the northeasternmost position of the thalweg. Hence, its position could actually
be more toward the SW implying a smaller lateral offset.

6.1. Individual Branch Slip Rates
6.1.1. N,-AMF (La Tercia Site)

For the N|-AMF at the La Tercia site, the strike slip rate is computed using the incision of paleochannel D as
a marker. Although its age cannot be constrained with dates at this site, we infer its age based on stratigraphic
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Table 3

Vertical Throw, Strike Slip, and Net Slip Rates of the Trenches

Strike slip Strike slip Net slip Net slip rate
Time period Marker used Vertical throw (m) Vertical throw rate (mm/yr) (m) rate (mm/yr) (m) (mm/yr)
N,-AMF
76.8/42.6 ka-present Unit D3 2° rake 20° rake 2° rake 20°rake  25.3*%6/_ 5 0.591006/_ . 253%26/_ . 0.59*0%/_
(paleochanncl) 8.6-10+ 04 002409~ 021400
+0.03
N,,-AMF
76.8 ka-present Unit 6.2 7.6 +0.7 0.10 + 0.01 - - 79+0.7 0.10 + 0.01
42.6 ka-present Unit 4.2 43+03 0.10 £ 0.01 - - 45+03  0.11 +0.01
35 ka-present Unit 2.1 2.6+02 0.07 £ 0.01 - - 2.7+0.2 0.08 + 0.01
76.8-42.6 ka Unit 6 to 4.2 33+0.8 0.10 + 0.03 - - 34+08 0.10+0.03
42.6-39.6 ka Unit 4.2 t0 2.2 1.7£04 0.56 +0.14 - - 1.8+04 059+0.14
S-AMF
73.4 ka-present Unit N1 10.1+0.3 0.14+00%_ 383+1.2 0.53%00/ o 39612 0.5410%
45.9 ka-present Unit L2 89+0.2 0.2070%%/_ 337+08 074+006 349+08 0.767%7/
31.2 ka-present UnitJ 6.8 +0.3 0.22 +0.02 258+1.2 0.8370%/ . 267+12 0.867% .
16.7/15.2 ka-present Unit B 43+03 Q27 16.3%27/ o, 1.01+015/_ 0 16.9*27/_ o 1.05%015/_ o
73.4-45.9 ka Unit N1 to L2 1.2+04 0.05 + 0.02 46+14 018709/ o 47x14 0.1970%/_
45.9-31.2ka Unit L2 toJ 2.1+04 0.15+004_ 79+14 055714 82+14 0571,
31.2-21.7ka UnitJ to I 25+04 0.30+0149/_ - 95+ 1.1 11570 o 98+12 1.18+05_
F-AMF
18.1 ka-present 52+0.1 0.29 + 0.02 - - 152+03  0.84 +0.05
8.5 ka-present Unit B (top) 22+02 0.26 + 0.02 - - 6.4 +£0.6 0.75 £ 0.07
18-9.5 ka Unit O to B (base) 3.0+0.2 0.35%7095/_, o, - - 88+07 1.03+016 .

Note. The slip rates are provided for different time periods in N,-AMF, N, -AMF (T-1), S-AMF (T-16) and F-AMF (T-3). The time periods used are marked by the
numerical ages of the bracketing marker units (second column). All values correspond to the median and 1o intervals. Note that some slip rate values in S-AMF show
larger uncertainties due to the error propagation of the slip. Blank fields mean “undetermined.”

comparison with units at the El Roser site. Paleochannel D is postdated by unit C2 in T-2 (32.6 + 0.3 to
34.4 + 0.1 ka; Figure 7) and predated by unit Rg, whose age is unknown. At the El Roser, units 2.1-2.2 have
similar sedimentological characteristics as unit C2 at the La Tercia, and also ages in the same range (35.0 + 0.2
and 39.6 + 0.2 ka, respectively). Hence, we correlate these strata as likely having been deposited during the
same phase of aggradation. In this manner, the underlying alluvial units 3.1 to 6.2 can be correlated by strati-
graphic correspondence to unit D, with an age range of a minimum 42.6 + 0.2 ka (base of unit 4.2) to a maxi-
mum 76.8 + 5.6 ka (base of unit 6.2). Considering the offset of the paleochannel D (25.372%/_, ; m) and the
mentioned estimated dates, this yields a strike slip rate between 0.59*%%/_ . mm/yr (mean and 1o interval) and
0.337004/_, .. mm/yr, respectively. Accounting for the rake variability (2°-20°), such strike slip rates translate
into a minimum net slip rate of 0.33-0.35+0%%/_ .. mm/yr (past 76.8 + 5.6 ka) and a maximum between 0.59 and
0.62%00/_, ., mm/yr (past 42.6 + 0.2 ka). In the same manner, the vertical throw rates range widely from 0.02 to
0.21%0%%/_, - mm/yr (Table 3).

It should be noted that the age of the incision could be older than the infill deposits of paleochannel D and,
therefore, because the channel incision is the feature used as the offset marker, the calculated slip rate range is a
maximum. Similarly, the offset of paleochannel D is also a maximum (see Section 5.3.2).

6.1.2. N, -AMF (EI Roser Site)

The vertical throw rates are computed for different time periods, highlighting a slight decrease in the mean uplift
values toward recent times; the mean long-term values (past 76.8 + 5.6 ka; 0.10 + 0.01 mm/yr) are higher than the
mean short-term rates (past 35.0 + 0.2 ka; 0.07 + 0.01 mm/yr) (Table 3). If we analyze the periods in-between,
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Figure 11. Cumulative slips as a function of time for the (a) net, (b) vertical and (b) strike components for each of the fault branches studied. For the net slip and
vertical throw, the comparison between branches is only reliable for the last ~18 ka because the record available in the F-AMF controls this period. The strike slip is
reliable for the last ~42 ka controlled by N,-AMF. The slope of the curves that link the different data points in each branch represents the slip rate between time periods
(Table 3), with higher slopes representing higher slip rates. Note that for the N,-AMF two curves are provided to represent the uncertainty linked to the fault rake. Ages
are extracted from numerical dates of the units in the trenches (Table 1), and cumulative slips are inferred from the values in Table 2. Gray bands represent periods of
slip rate acceleration with respect to periods of decreased slip rates (white bands).

we observe that this decrease is not progressive but was preceded by a drastic increase between 42.6 + 0.2 and
39.6 + 0.2 ka (0.56 + 0.14 mm/yr) (Figure 11b). Remarkably, we infer that there was no displacement on the fault
during the deposition of units 2.2 and 2.1 because they are equally deformed, which is interpreted as a “no-slip”
period in this specific fault branch. This is and evidence of its seismogenic behavior, although the possibility of
coseismic ruptures in other parallel fault branches cannot be discarded. The throw rates are minimums because
the structural modeling provides minimum vertical displacements, especially for older units where the complete
structure is not visible in the trench (e.g., unit 6; Figure 9). Similarly, the net slip rates here lack the estimation of
the strike slip, further highlighting that such estimations are minimums.
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6.1.3. S-AMF (EIl Saltador Site)

The vertical throw rates are computed in four age markers for both long-term (unit N1; 73.4 + 7.0 ka) and
short-term (units L.2, J and B; 45.9 + 3.5, 31.2 + 2.6, and 15.2 + 1.1 ka, respectively). Higher slip rates are
identified if shorter periods are considered, with a maximum vertical slip rate of 0.27+%9%/_; .- mm/yr for the past
16.7 + 0.2 to 15.2 + 1.1 ka (Table 3). When analyzing this increase in rate, we recognize that it was achieved
in two pulses, a smaller one of 0.15+0%%/_ .. mm/yr between 45.9 + 3.5 to 31.2 + 2.6 ka, and a larger one of
0.307%14/_, .. mm/yr between 31.2 + 2.6 to 21.7 + 1.6 ka (Figure 11b). As with the N,,-AMEF, the lack of appar-
ent deformation between 21.7 + 1.6 ka (unit I) and 15.2 + 1.1 ka (unit B) is interpreted to indicate a quiescence
period.

The strike slip rates depict the same temporal variation patterns as the vertical rates, but they are much higher
due to the ~14.8° rake of the S-AMF (Figure 11c). Here we better constrain the age of unit D than published in
Ferrater et al. (2016) because of an additional date in unit E (16.7 + 0.2 ka; T16-OSL-3), which is stratigraphi-
cally closer to unit D (Figure 8). The minimum age of D is defined by overlying unit B on top (15.2 + 1.1 ka). This
new age constraint yields a strike slip rate of 1.01+%15/_; | 'since 16.7 0.2 to 15.2 + 1.1 ka, consistent with but
slightly higher than the 0.9 + 0.1 mm/yr documented by Ferrater et al. (2016) (past 15.2 + 1.1 to 21.9-22.3 ka).

The resulting net slip rates are the largest out of all the analyzed sites (Table 3), consistent with the most marked
geomorphological expression of the branch.

6.1.4. F-AMF (La Hoya Site)

The F-AMF branch at the La Hoya depicts the most recent activity of the transect (Late Pleistocene to Early
Holocene). The vertical throw rates are nearly identical for the two dated markers in T-3: 0.28 + 0.02 mm/yr since
18 + 1 ka (unit O) and 0.26 + 0.02 mm/yr since 8.53 + 0.04 ka (youngest age of unit B). Likewise, the net slip
rates show the same patterns but with much higher values due to the low angle dip of the fault, requiring more
shortening to achieve the same vertical displacements than high angle faults. The age of the last deformation can
only be estimated posterior to 8.53 + 0.04 ka due to the lack of dates in unit A (Figure 8), but could be historical
given that this unit corresponds to modern La Salud Creek deposits.

6.2. Summed Slip Rates for the Transect

We provide summed vertical, lateral, and net slip rate values for the four branches analyzed across the transect
considering that all branches link at depth. Because the age constraints differ from one site to another, we use
markers with similar ages to ensure better comparison. The age reference for the past 18 + 1 to 15.2 + 1.1 ka is
selected as the common and most reliable age period to compute the total slip rates across all branches, assuming
that the slip rate has remained constant along the N,-AMF and N, -AMF for the past 42.6 + 0.2 to 76.8 & 5.6 ka
and 35.0 + 0.2 ka, respectively. The average dip of the at-depth fault plane considered to compute the total
slip rate is 70°, based on MT data by Marti et al., 2020 (Equation S4 of the extended methods in Supporting
Information S1).

The total net slip rate of the transect ranges from 1.35%%15/_ | to 1.63*%16/_ ,, mm/yr for the four fault branches
since 18 + 1 to 15.2 + 1.1 ka. This value comes from a total vertical throw rate between 0.11%%%/_, .. and
0.3170%/_, ., mm/yr, and a strike slip rate between 1.34716/_, | ~and 1.607%16/_, ,; mm/yr. Note that the total
throw value results from subtracting the rates of S-AMF and F-AMF (because they have opposed dip directions)
and adding the residual to the N, ,-AMF and N,-AMF.

7. Discussion
7.1. Structural and Tectonic Characterization of the Alhama de Murcia Fault

The Lorca-Totana segment is composed of five sub-parallel branches that accommodate the overall transpression
in a complex fault zone. These branches are estimated to link at depth, although the geometry of such a junction
is still unresolved due to the lack of deep geophysical data. We suggest that the structural model of Figure 2b
based on surface data, which is similar to the one proposed by Martinez-Diaz, Masana, and Ortufio (2012) and
represents a positive flower structure typical of strike slip systems (e.g., Sylvester, 1988). The net slip rate vector
decomposition reflects a predominant role of the lateral component in the transect since 18 + 1 to 15.2 + 1.1 ka,
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even more considering that the strike slip is unknown in the N,-AMF push-up. In fact, from the vertical and strike
slip components of the slip rate, a strike slip predominant rake between 5° and 12° is inferred for the segment
(using Equation S3 in Supporting Information S1). In this respect, the vertical component could result mainly
from the extrusion of the tectonic blocks under the transpressive regime, especially because the more perpen-
dicular orientation of the Lorca-Totana segment with respect to the Africa-Eurasia convergence (323° + 1.8°;
Argus et al., 2011) generates a complex restraining bend in a positive flower structure. Most importantly, this
vertical component could be even smaller if the unstudied branch (N,,-AMF) is accounted for, because its vertical
rates should be subtracted from the N, -AMF as part of the same push-up. Similarly, in this setting, the strike
slip component could be amplified by horizontal block extrusion. The findings by Alonso-Henar et al. (2020) in
the Goéiar-Lorca segment near Lorca support this model; the authors identify a clear strain partitioning in the
fault zone and shear-related vertical extrusion of the fault gouge in the northernmost branch (equivalent to the
N,-AMF).

Previous studies have suggested a structural control of preexisting Miocene extensional faults in the development
of the active transpressive structure of the AMF, for instance at the NE end of the fault (e.g., Herrero-Barbero
et al., 2020). Up until the Late Miocene, these faults bounded major sedimentary basins located NW of the modern
AMEF trace (i.e., Lorca and Fortuna basins; Figure 1c), which then inverted into oblique-reverse faults forming
the related thrust-fold ranges of the Las Estancias, La Tercia and Espufia (Martinez-Diaz, 1998; Meijninger &
Vissers, 2006; Montenat et al., 1987). In the transect, the northernmost branch (N,-AMF) is likely the clearest
expression of such an inherited structure as it constitutes the wide tectonic boundary between the SE margin of
Lorca basin and the La Tercia range on the one hand, and the Guadalentin sector on the other hand (Figure 1b).
Despite being the main structural limit, additional evidence for tectonic inheritance in this sector of the fault is
not yet clear given the complexity of the deformation zone. Along this line, microstructural studies have shown no
evidence of inherited fabrics representing stress fields prior to the current regime (see references in Alonso-Henar
et al., 2021), so more work is needed in this aspect.

The current nearly pure strike slip motion of the N;-AMF contrasts with the prominent range that this fault
limits. This suggests a shift in the mountain front kinematics, from a strong reverse component during the early
neotectonic basin-inversion phase, to strike slip at least during the Late Quaternary record (from Cg unit; past
~200 ka). Accordingly, most of the vertical component of the system seems to be currently accommodated along
the frontal pressure ridge (Figure 11b). Martinez-Diaz (2002) proposed that the variations in the kinematics of the
Lorca-Totana segment over time can be related to phenomena such as static stress transfer (interaction) between
fault blocks, horizontal block motion in the fault zone, differential uplift rates in the hanging wall, among other
processes that should be investigated. These observations however contrast with the strong reverse kinematics of
the 2011 Lorca earthquake (39° rake; Martinez-Diaz, Bejar-Pizarro, et al., 2012) at the equivalent northern fault
zone, which may suggest that the behavior of the fault at depth is different than what we infer from surface data.

The other fault branches show less cumulative activity, not representing large block boundaries as observed for
the N,-AMF. This might suggest that some of these fault branches have less of a relationship with this inherited
structure and thus could have formed later to accommodate the neotectonic kinematics. The models by Sibson
and Ghisetti (2018) help to back up this idea in the area: on the one hand, fault refractions due to propagation of
basement-reactivated faults up to the sedimentary covers; on the other hand the formation of low-angle shortcut
faults due to the inversion of inherited structures misoriented with respect to the regional stress field. The former
model induces the formation of new lower angle (Andersonian) thrust and pop-up structures, coherent with the
configurations of the N,-AMF or the frontal pressure ridge. For instance, Herrero-Barbero et al. (2020) have
interpreted refraction as the cause of dip decrease at the surface in the NE tip of the AMF. The latter model could
also be the explanation for a frontal thrust in the transect (F-AMF) (Figure 2b). Along this line of reasoning,
subsurface data is important to unveil the relationships of the different fault branches at depth and their role
related to preexisting structures.

7.2. Temporal Variability of Slip Rates and Insights on Tectonic Evolution
7.2.1. Short-Term Slip Rates

In this work, we include three additional fault branches of the Lorca-Totana segment with respect to a previous
estimation of the slip rate in the area (Ferrater et al., 2016). We first discuss here the short-term slip rates for
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the past 18 + 1-15.2 + 1.1 ka because the period is the one with a deformation record for all the studied fault
branches. The short-term net slip rate obtained for the entire fault zone (1.35%15/ ,~1.63%01/ || mm/yr since
18 + 1-15.2 + 1.1 ka) is 1.5 to nearly twice the rate determined from the previous study (0.9 + 0.1 mm/yr; past
21.9-22.3 to 15.2 + 1.1 ka), which was only estimated from the S-AMF at the El Saltador site. This highlights
the importance of accounting for displacement across the entire deformation zone to develop a more reliable
characterization of active faults.

The analysis of the slip rates of each branch reveals that the S-AMF accommodates the largest part of the lateral
(60%—75%) and net slip since ~15 ka, which is consistent with its prominent geomorphological expression. This
percentage, however, is a maximum because the contribution to the strike slip of other branches in the segment
is not yet determined. Arguably, the push-up context and high-angle dips of the N,-AMF suggest that a strike
slip component is likely present in either or both bounding fault strands, and therefore that the strike slip rate of
the system obtained here is a minimum. Contrarily, the N;-AMF accommodates the remaining 25%-40%, which
is also a maximum since (a) the younger age assigned to the reference paleochannel D is a minimum, and (b) its
displacement is a maximum estimate.

From the vertical component we observe that the S-AMF and F-AMF present the higher vertical throw rates,
although they counteract each other in terms of overall uplift due to their opposite dips. Both branches show
nearly identical rates for the past 18 + 1-15.2 + 1.1 ka (Table 3), coherent with a pressure ridge context where
the tectonic block in-between is uplifted by extrusion due to the strike slip motion of the bounding faults at depth.
Also, the slightly higher vertical throw rates of F-AMF explain why the El Saltador fan is uplifted with respect to
the Guadalentin Depression. Likewise, the horizontal slip is partitioned between both branches with similar rates
(Table 3): S-AMF absorbs the strike slip component while the F-AMF the heave (i.e., the shortening in the dip
direction of the fault). In this setting, simultaneous ruptures between S-AMF and F-AMF are expectable.

The N, -AMF is the other remarkable branch with a vertical component, although its smaller rates suggest a
minor presence of uplift in the northern sector of the transect. Such rates in a relative short-term range are in
agreement with the 0.087+09%/_ mm/yr relative long-term rate (past 198-26 ka) inferred by Martinez-Diaz
and Hernandez-Enrile (2001) for the equivalent branch at the La Carraclaca site, NE of Lorca (see location in
Figure 2b). As with the S-AMF and F-AMF, the push-up context of this branch with respect to its antithetic strand
(N,,-AMF; Figure 2b) suggests that their vertical throw rates counteract. This points out that, when considering
this unstudied branch, the total vertical throw rate of the transect in the short-term could be lower than the rate
estimated here (0.11-0.31+0%%/_ .. mm/yr), further supporting that the vertical component is caused by the block
movement within a left-lateral fault zone.

Aside from the improvements obtained by multi-site analysis, the excavation of T-16 across the S-AMF allows
for a better understanding of the fault structure and related vertical throw rates. Our rate is ~2.6 times higher
than that of Ferrater et al. (2016) (0.1 mm/yr) because we account for the depositional alluvial slope (3.9°) as a
reference frame from which to measure the vertical throws (Figure 9), while Ferrater et al. (2016) considered the
horizontal. Given that the folding structure of S-AMF grows to the NW, the estimated vertical throws are higher
if the natural SE-descending slope is considered.

7.2.1.1. Comparison With Geodetic Data

The geological short-term slip rates provide further evidence that the AMF is one of the most prominent faults in
the EBSZ and plays a major role in the deformation rates caused by the Eurasia-Africa convergence (4—6 mm/yr;
DeMets et al., 2015). According to the geodetic data by Echeverria et al. (2013) and Borque et al. (2019), the
EBSZ accommodates about 25% (0.6-0.8 + 0.4 mm/yr; N315° direction) of the convergence in the Eastern
Betic Cordillera and Mediterranean margin (1.6-2.7 mm/yr; Serpelloni et al., 2007). From this convergence,
Echeverria et al. (2013) calculate an oblique-reverse horizontal rate of 1.5 + 0.3 mm/yr (N12° azimuth) across
the Guadalentin Depression. This value accounts for both the AMF and Palomares Fault (PF), as the contribution
of each cannot be resolved from the geodetic network layout. If the geological slip rates obtained here match
the geodetic values, the AMF would be accommodating all the slip rate across the Guadalentin Depression with
practically no contribution from the PF. Consistently, previous authors (e.g., Ferrater et al., 2017) have already
identified such predominancy of the AMF and low slip-rate of the PF in the Guadalentin area, based also on the
lack of seismicity of the latter fault.
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Comparing geodetic estimates of rate with our geological slip rates might lead to discrepancies that may reflect
mainly differences between on-fault and off-fault deformation. Moreover, the comparison should be approached
cautiously because, unlike the geodetic strain rate, geological rates are averaged over thousands or tens of
thousands of years and may not reflect the current elastic strain accumulation of the fault. In our case, further
complexity is introduced from: (a) the fact that the slip rates show noticeable fluctuations over time (Figure 11)
and (b) the way that the estimated total slip rates are based on sums that do not necessarily represent correlative
ages from branch to branch; for instance, the shorter-term slip rate for the N;-AMF is at minimum for the past
42.6 + 0.2 ka, whereas the rate for the S-AMF is for the past 15.2 + 1.1 ka.

7.2.2. Slip Rate Variability Over Time and Tectonic Implications

Fault slip rate is a crucial parameter for fault-based seismic hazard as it controls the rate of earthquakes and the
resulting hazard levels exceeded in a time frame (e.g., Field et al., 2014; Youngs & Coppersmith, 1985). Iden-
tifying its variations is critical as the selected periods highly impact the average slip rates used for probabilistic
seismic hazard analyses (PSHA). We identify slip rate variations over time in three fault branches, occurring in
different patterns depending on the branch (Figure 11). A transposition of the vertical throw rate toward the fron-
tal branch is also detected, as discussed below.

The S-AMF has the strongest control in the net slip rate fluctuations for the past 73.4 + 7.0 ka according to the
analysis in Figure 11, which is coherent with its predominant footprint at the surface throughout the area. It
should be noted, however, that the time frames of the geological records are not coincident between branches, so
that the last 18 + 1-15.1 + 1.1 ka is the only period with deformational records for all of them. Because of this,
and because both the S-AMF and F-AMF have similar contributions to the formation of the pressure ridge during
the last ~18 ka, we suspect that the F-AMF could have had the same contribution as the S-AMF did earlier. As
for the other branches, the N, -AMF shows a minor contribution to the net slip evolution with a slight decrease
in the vertical throw after 40 ka. In contrast, the lack of age control in the sediments at the La Tercia site hinders
the development of the evolution of the N,-AMF.

For the Upper Pleistocene-Holocene record of the transect, the slip rate evolution shows cyclic patterns character-
ized by long periods of lower to no displacement, alternating with short periods (3-9 kyr) of higher slip. Several
causes need to be considered to explain these variations, from the inherent fault behavior (non-characteristic
ruptures, aperiodic behavior or stress variations within the AMF) to changes affecting the whole EBSZ or even
the plate tectonic boundary between Africa and Eurasia.

A simple explanation to the slip rate changes could be that earthquake ruptures in the AMF do not follow a
characteristic model. This means that, depending on the seismic cycle considered, the studied section could be
alternatively within a larger (central) slip area of the rupture and causing larger offset differences between sedi-
mentary markers on the one hand, or at its tips and thus causing smaller offsets on the other hand. Contrarily,
assuming that the ruptures are, in general terms, characteristic, at least at a section scale, the discussion could be
open to other causes such as the existence of super-cycles or local/regional changes in stress.

Slip rate change patterns over time have been previously identified in other settings such as the Wasatch
Fault (Friedrich et al., 2003), the White Mountain Fault (Kirby et al., 2006) or the Garlock Fault (Dolan
et al., 2016). These have been related to super-cyclic variations in the strain rates over time that follow the same
increase-decrease alternations. If this was the case, two main super-cycles can be identified in the net and strike
slip components, driven by the activity of the S-AMF (Figures 11a and 11c), while three such cycles can be
identified for the vertical throw due to observations on the N, -AMF (Figure 11b). The number of cycles is a
minimum because (a) we do not have data on the variations for periods prior to 18 ka for the F-AMF, nor do we
have the resolution for the N;-AMF, and (b) because the sedimentary sequence in all trenches comprises periods
without deposition (i.e., deformation record) that are potentially masking fluctuations. The variations in the verti-
cal throw are most interesting because they depict a slight decrease in the north (N, -AMF) since ~40 ka, which
translates into an increase in the activity along the S-AMF for the same period (Figure 11b). As explained, for
the past 18 + 1-15.1 + 1.1 ka, the vertical rates are dominated by both the S-AMF and F-AMF, while these are
practically negligible along the northern part of the fault zone. This evolution since 40 ka suggests a southwards
transposition of the uplift in the transect, consistent with the evolutive models of active mountain ranges where
the youngest activity is progressively recorded in the forelands (e.g., Vergés et al., 2002). The decreased uplift
in the north is also consistent with the (a) observed abandonment of the alluvial deposition at the upper parts of
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the El Saltador fan after 39.6 + 0.2 ka, and (b) the subsequent migration of the alluvial systems toward the frontal
zone, as first described by Silva et al. (1992) and evidenced by the fluvial entrenchment NW of the F-AMF.

Super-cyclic patterns in the slip rate at the EBSZ are not restricted to the AMF but have also been identified along
the NE segment of the Carrascoy Fault (CAF) by Martin-Banda et al. (2021). For the first time in paleoseismic
studies in the Iberian Peninsula, we can compare with a minimum of resolution, the slip rate variations over time
of two neighboring faults. Interestingly, the most prominent slip rate acceleration in the CAF, between 34 and
28 ka, shows a good correlation in time and duration with the most prominent acceleration along the S-AMF
(31-22 ka). We consider that this could indicate synchronous activity among faults, unprecedented in SE Spain,
although the mechanisms for it have been ignored so far and need to be investigated. Also, it should be noted
that the correlation is only based on two discrete observations from two separate faults; therefore, more data is
probably needed across the fault system to establish more robust and confident statements about fault behavior.
Demonstrating synchronous activity in the EBSZ is strongly significant for the tectonic understanding of the area
and for the earthquake rate modeling in future SHA.

Strain rates on faults are usually considered as constant between earthquake cycles, either because the resolution
of geological data is insufficient to depict variations (scarcity of markers; e.g., Kirby et al., 2006) or because the
data comes from GNSS, which covers too short of a time span. Our slip rate analysis suggests that this constant
strain model is likely not suitable for the AMF, at least for some of the branches considered in this study, albeit
the driving forces of such variations are yet to be understood. Dolan et al. (2016), summarizes three possible
mechanisms proposed in the literature: (a) weakening and strengthening of the fault zone in the crust leading to
earthquake clustering or gaps, respectively; (b) stress changes over time in the fault system; (c) rarely, changes in
the plate motions driving fault activity.

In terms of earthquake clustering, the available data does not have enough resolution to relate deformation incre-
ments to clusters or to a large slipping event. For instance, the slip increment of 31-22 ka is exclusively deter-
mined by the deformation difference between the consecutive dated units J and I in T-16 (Figure 9). Because there
is no record in between these units, estimating whether or not such deformation was achieved by one or more than
one earthquake is impossible at this site. Despite this, clustering behavior in the AMF is already deduced from
the paleoearthquake chronologies of Ferrater et al. (2016) at the El Saltador site, with groups of events occurring
in short periods of time, while others are separated by larger time spans. In this sense, refined chronologies for
the different sites studied that are currently ongoing will further help to discern earthquake clustering behavior
in the AMF.

Concerning stress field changes over time, few data are available on the role of stress in the evolution of fault
activity at the EBSZ. Martinez-Diaz (2002) identified stress orientation changes of the AMF since the Upper
Miocene and related them to phenomena such as dynamic interaction between fault strands. Although these
changes were not directly implicated as the cause for strain rate variations in the system, they could be one expla-
nation. Another possibility is that stress changes occurred at a larger scale, related to static and/or dynamic inter-
action between the AMF and other EBSZ faults. The recent work by Herrero-Barbero et al. (2021) suggested that
fault interaction is a possibility in the EBSZ by means of earthquake rupture propagation across fault sections.
This study used the RSQSim code (Dieterich & Richards-Dinger, 2010), which is a physics-based earthquake
simulator that allows to model earthquake occurrences in time and space, while also considering the physical
characteristics of earthquake ruptures at the fault system scale. Specifically, for the AMF, the authors remark that
the fault is capable of transferring slip to neighboring faults across the Guadalentin Depression, such as to the Los
Tollos Fault. If correct, fault interaction in terms of stress transfer (static and/or dynamic) could be a plausible
cause for the time-coincident slip rate increments in both the AMF and CAF, although the rupture compatibility
analysis between them is pending.

Regarding changes in the plate motions, these are an unlikely cause for the observed slip rate variations because,
probably, the time windows analyzed in the AMF are too short (<100 ka) to capture significant shifts in the plate
motions. For instance, studies such as Calais et al. (2003) have suggested that the convergence direction and
rate between Eurasia and Africa have changed progressively since ~3 Ma, becoming more oblique and slower.
However, these changes usually encompass the million-year time scale, in contrast with the more rapid variations
documented for the AMF which are thousands to tens of thousands of years long. Martinez-Diaz (2002) proposes
that the kinematic changes of the AMF are compatible with a single regional stress field (NNW-SSE Eurasia-Africa
convergence) if phenomena such as fault interaction and relative movements between fault-bounded blocks are
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accounted for (constriction and vertical extrusion would be results of this). Consequently, we infer that the slip
rate changes are also compatible with a constant regional stress field, considering the potential role of fault inter-
action in slip and strain rate variability.

In summary, our preferred hypotheses to explain the observed slip rate variability in the AMF are related to fault
interaction stress changes, and earthquake clustering, both of which should be further investigated in the future.

7.3. Significance for the Seismic Hazard Assessment and Main Limitations

In general terms, this study proves that multi-site paleoseismic analysis is a useful approach to improve the relia-
bility of paleoseismic parameters in active faults, compared to single-site studies. Low to moderate strain regions
particularly benefit from such analyses, especially when the deformation is commonly distributed in broad and
complex fault zones, because the evidence of tectonic activity is more affected (obliterated) by surface phenom-
ena such as erosion and anthropization. The case presented here might be useful not only for the context of SE
Spain but for other low to moderate strain rate regions worldwide that aim to characterize fault activity.

We state that the geological slip rates of the AMF over the last 15-18 ka are almost twice than the previously
determined (0.9 + 0.1 mm/yr; Ferrater et al., 2016), which suggest that an update of previous fault-based PSHAs
is likely needed (e.g., Gomez-Novell et al., 2020; Rivas-Medina et al., 2018). In such studies, the AMF is one of
the faults that contributes the most to the hazard levels (PGA) in SE Spain, also for standard return periods (e.g.,
475 years). Hence, the new values would likely imply even higher hazard. Regularly updating hazard estimates
should be standard practice, especially in areas such as SE Spain where the population levels and industrial
development are high, and where the knowledge on faults has been developing rapidly over the past several years.

The results of this study highlight several limitations that need to be addressed and analyzed before their use in
PSHA. The first limitation is the lack of data in one of the fault branches of the northern sector (N, ,-AMF), which
underestimates the overall deformation and both the vertical and strike components of the displacement. In this
regard, the overall poor characterization of the lateral component in the whole transect constitutes a remarkable
limitation.

The lack of actual 3D trenching across all of the fault branches, except for the S-AMF, possibly contributes to
the misestimation of the net displacement, and therefore the slip rate. On the one hand, the strike slip component
related to the N,-AMF push-up is undetermined here, which presumably leads to the underestimation of the
net displacement in this fault strand. On the other hand, the strike slip component assigned to the N;-AMF is a
maximum value, as parallel trenching is lacking across the SE block of the fault (Figure 10), which might lead to
an overestimate of the total net slip. Arguably, it should also be noted that there is a significant amount of defor-
mation in the transect absorbed in bulk between fault branches at the surface (folding, etc.) and therefore, this
component of the strike slip is not captured in our study (Figure 2).

Another limitation linked to the previous one is the potential inclusion of an apparent component to the vertical
slip estimates. In strike slip faults, the lateral motion can result in apparent vertical separations of the stratigraphic
units that can lead to errors in the vertical throw measurements, especially in alluvial environments where unit
contacts have irregular geometries. The quantification of this effect, although difficult, we estimate it to be small
here because, at all sites, the measured vertical throws are stratigraphically coherent and consistent throughout
all trench walls analyzed.

Lastly, albeit one of the most important limitations, concerns the poor age control of parts of the stratigraphic
sequences. First, the presence of large depositional gaps (see dates in Figures 7 and 8) due to the intrinsic inter-
mittent deposition of the area results in difficulties where (a) correlative age periods between branches are
needed to integrate slip rates more reliably and (b) capturing all slip rate fluctuations in the branches is unlikely
(Figure 11). Second, the proximity of the sites to their respective sedimentary sources limits the capability of
the luminescence techniques to yield useable dates, as the small transport distances can prevent the complete
bleaching of all the quartz grains in the samples (e.g., Colarossi et al., 2015). This is the case of two samples in
T-1 (Table 1), which result in OSL ages that are undetectable. Arguably, most of our samples might be affected by
incomplete bleaching to some degree due to their depositional setting, hence older ages are likely obtained (i.e.,
underestimated slip rates). Third, the presence of predominantly coarse grained and clast-supported sediments
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with highly irregular contacts increases the risk of mixing sediments from different units during the sampling
process, especially for OSL, which could provide inadequate dates.

We encourage modelers to include the data presented here in fault-based PSHAs, but we also recall that such
data should be used considering the aforementioned uncertainties. Most of them are mostly intrinsically linked to
the paleoseismic recording and method; very local observations that are highly dependent on the characteristics
of the specific site trenched. Thus, from our perspective, an important part of them could be aided by increasing
the number of observations along the fault branches studied here. Extending the paleoseismic research in other
sectors of the Lorca-Totana segment might fill in the information gaps identified in the current sites, especially
considering that the alluvial sediments in the area are highly variable from site to site. If the deformation of more
widespread and larger markers in the segment could be constrained and dated, the local or regional character of
the slip rate variations could be verified and correlated between sites. Also, and based on the successful results in
T-3 (F-AMF), we propose performing paleoseismic surveys at the bottom of the creeks in other fault branches to
characterize their recent history (last ~40 kyr), which is not captured at the surface of the Q3 alluvial fans (e.g.,
northern Saltador fan). Such contributions would ultimately help to complete and refine the deformation history
and parameters of the fault during the Late Pleistocene-Holocene period.

8. Conclusions

The Lorca-Totana segment of the AMF is a complex fault zone with at least five Quaternary active slip-partitioned
branches that form lower order sub-structures likely linked at depth. From N to S these sub-order structures
define the mountain front (N,-AMF) and two push-up structures (N, ,-AMF-N,,-AMF and S-AMF-F-AMF).
The N,-AMF and S-AMF are predominantly strike slip faults, while the N, ,-AMF-N,,-AMF and F-AMF show
strong dip-slip component. Previous studies only focused on characterizing the paleoseismic activity of one of the
branches, potentially underestimating the entire fault-system slip rate. Here, we carry out a paleoseismic survey
in four of the five fault branches, revealing that they all have been active during the Upper Pleistocene-Holocene
period, generating metric-scale cumulative deformations on the sediments and the surfaces of the alluvial fans
in the area.

We estimate a total net slip rate between 1.35+0-1/_ | -and 1.64+%16/_ |, mm/yr (four fault branches) since 18 + 1
to 15.2 + 1.1 ka, based on fault-slip analysis combined with OSL and radiocarbon datings. This represents almost
twice the previous estimated slip rate, which was solely based on data from a single branch and site, and demon-
strates that accounting for complete structures yields more reliable fault characterizations. In detail, this value is
decomposed in minimum lateral rates between 1.34+01%/_ | and 1.60*%16/_ ,, mm/yr and vertical rates between
0.11 and 0.31+%%%_ . mm/yr, respectively. The predominance of the lateral component suggests that the slip
partitioning might be caused by the tectonic block re-adjustment under the overall strike slip motion of the fault,
consistent with a flower-structure model of strike slip systems.

The slip rate analysis highlights a non-steady behavior of this parameter over time, following cyclic patterns of
short accelerations and longer periods of quiescence mainly recorded by the S-AMF. Such fluctuations might
be linked to non-characteristic ruptures or by changes in the strain rates of the system, potentially driven by
stress field changes due to fault interaction or synchronicity, among other causes. The time coincidence of one
significant acceleration in the AMF (31-22 ka) with another identified in the Carrascoy Fault by Martin-Banda
et al. (2021) (34-28 ka) suggests this acceleration is a real process that deserves further regional investigation.

We emphasize that our paper constitutes a step forward to improve the characterization of the slip rates in the
AMF and therefore motivates a reassessment of fault-based PSHA studies in the area, which have been demon-
strated to be highly dependent on this parameter. Moreover, the multi-site approach followed in this study might
serve as an example for other low-strain regions worldwide with complex fault zones. Despite this, two main
limitations need to be assessed: on the one hand, the lack of paleoseismic data in one of the branches of the tran-
sect together with the absence of actual 3D trenching in three of the branches, might be underestimating the total
slip rate of the AMF in this sector. On the other hand, the intermittent alluvial deposition of the area, together
with the proximal alluvial fan context, makes it difficult to resolve reliable age controls of the stratigraphy and,
therefore, the establishment of correlative time periods to integrate slip rates between sites. In this line, increasing
the number of observations by extending paleoseismic studies to other parts of the fault is crucial to complete the
deformation histories and slip rate characterization of the AMF.
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