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Dear patrticipants,

On 4 February 1976, a magnitude 7.5 earthquake rupturedthtagua Fault, which is part of the

North AmericarCaribbearplate boundary in Guatemala. More than 23,000 people lost their lives and
the devastation was huge. On the day 50 years laterywamet to commemorate this disasteandwe

want to talk about the lessons learned since then.

The International INQUA Meeting on Paleoseismology, Active Tectonics arm@@geismology (PATA
Days) brings together earthquake scientists from all continents to share latest research in earthquake
geology and to discuss the developments in our discipAneentral part of the PATA Dagre the joint

field trips to active faults and to the sites where the actual research takes place. This idea has always
been at the core of the PATA Days since their initiation in 2009.

PATA Days congress activity
Sy [I] PATA Days past/planned '
| ] INQUA congresses past/planned|

The PATA Days are held under the umbrella of INQUA, the International Union for Quaternary
Research and its TERPRO Commig¢$iemestrial Processesww.inqua.org. We are grateful for

L b v | dorfirduous support for Early Career Researchers and Researchers from Developing Countries.
But most importantly, we are grateful to our entire team for helping to organize this event.

The PATA Days World Map.

We wish all participants a successful conference, interesting field trips, unforgettable moments, and
fruitful discussions.

Your organizing committee

Carla Gordillo

Omar Flors

Tina M. Niemi
Christoph Gritzner
Jonathan ObrisFarner
Hairo Castellanos
Bridget Garnier
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Active tectonics and paleoseismology of Northern Algeria: an overview

SeifeddineAdjiri, AichaHeddar YahiaMohammedi, Abderezzak Tizeraoui Hamoud Beldjoudi

(1) Center of Research in Astronomy, Astrophysics and Geophysics (CRAAG), Bouzareah, Algeria
Email address of corresponding authseifeddine.adjiri@gmail.com

Abstract: Algeria lies within the western Mediterranean domain, wheredS®/ convergence between the African and Eurasian

plates generates a complex system of active compressive and transpressive structures. This tectonic framework is expressed by
moderate to strongseismicity, including damaging earthquakes such as El Asnam 1980 (Ms 7.2) and Boumerdes 2003 (Mw 6.9).
Seismic activity is mainly accommodated within three domains: the Algerian margin, where several active offshore structures
have been identifiedhe Telian Atlas, whichs folded and faulted by active structures shaping seismogenic basins egend
easkwest along the coastline, and the Saharan Atlas to the south, which also records significant activity. Despite the high
seismicityin the area the lack of paleoseismological studies remains a significant gap. This presentation aims to provide an
overview of active tectonics in Algeria, summarising the main structural featheeseismic activity, and recent advances in

identifying seismogenic sourceshile emphasising the need to refine seismic hazard assessments.

Key words Northern Algeria, Seismicity, Active tectonics, Paleoseismology, Faults

INTRODUCTION AND SEISMOTECTONIC SETTING

Northern Algeria is situated along the Afr@urasia
tectonic plate boundary at the southern margin of the
Western Mediterranean Sea, constituting a key segment of
the Maghrebides orogen in Northwest Africa (Durand
Delga, 1969; Fig. 1a). The ongoing aldiqconvergence
between these two plates, estimated at approximately 5
mm/yr (e.g., Bougrine et al.2019) makes this area a locus
of significant active deformation and frequent seismic
activity. This deformation is distributed within a diffuse,
50¢100 km wide EW corridor encompassing the Tell Atlas
fold-andthrust belt and extending northward into the
offshore domain (Meghraoui and Pondrelli, 2012; Fig. 1b).
The convergence is primarily accommodated by right
lateral transpression, inducing coevahortening and
strike-slip structures.

In Central and Western Algeria, the tectonic regime is
dominated by active thrust fault systems and associated
folding. The Late Pleistocene shortening rate across the
Tell Atlas is estimated at 2.2 mm/yr, based on cumulative
shorteningin the Chelif Basin (Meghraoui and Pondrelli,
2012). The seismogenic potential of these thrusts has been
demonstrated by larg¢o-moderate earthquakes, such as
the 1980 El AsnartMw 7.3; Ouyed et al1981)and the
2003 ZemmoufrBoumerdegMw 6.8; e.g., Delouj2004)
events. In Eastern Algeria, deformation exhibits strain
partitioning, with strikeslip mechanisms inlandsuch as
along the North Constantine Fault, where slip rates reach
2.3 mml/yr (Bougrine et al., 2019)and thrusting offshore
(e.g., the 2021 Mw 6.0 Bémearthquake).

Despite this clear seismogenic potential, characterizing
active faults in Northern Algeria poses significant
challenges, primarily due to the prevalence of blind thrust
faults and the long recurrence intervals of characteristic

events. To address these uncertainties, multiple
approaches have been initiated over the past few decades.
These include the expansion of the Algerian Digital Seismic
Network (ADSN)o improve earthquake relocation and
source characterizatio(iYellesChaouche et al2013) the
installation of the permanent Algerian GNSS network
(REGAT; Yell&haouche et 812019) and the launch of
major offshore reconnaissance projects to map active
structures along the Algerian margie.g., Déverchere
2003)

Parallel to these nationacale initiatives, regional studies
utilizing tectonic geomorphologgBoudiaf 1996) coastal
deformation (Maouche 2010) and active tectonics
analysis(Meghraoui and Pondrell2012, and references
therein) have significantly enhanced our understanding of
active faulting in Northern Algeria. Furthermore, high
resolution characterization of specific fault systems has
been accomplished using paleoseismology. Despite the
scarcity of recent surface ruptures, sessful paleoseismic
investigations have deciphered past earthquake records
and provided critical data for key structures. These
methods have been applied onshore using classical
trenching notably on the El Asnam Fault, the Sahel Fault
(near Algiers), anthe Tessalla Fault in the Oranie region
and offshore through the analysis of turbidite deposits.
The aim of this short paper is to provide an overview of
active tectonics and paleoseismic studies in Algeria. We
summarize the main structural features and seismic
activity and review recent advances in identifying
seismogenic sources through onshore amdfshore
paleoseismology, emphasizing the need to refine seismic
hazard assessments in this complex transpressional
domain.
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Figure 1:Tectonic and seismotectonic setting of the IbBtaghreb region. (a) Regional tectonic map of the Alpine orogeny in North Africa
showing the main tectonic domailafter DurandDelga 1969)and the intramontane Neogen®uaternary basins. (b) Seismotectonic map of
Northwest Africa displaying active and potentially active fault systems within the Eviigia plate convergence zone. Seismicity (Mw > 4.5)
is sourced from the USGS catalog0&®2025) and focal mechanisms from CSEM (£2823). Active faults are derived from the CRAAG
database for Algeria and the QAFI database for the Alboran domain. The map also shows the GALTEL diffuse platé¢bbowndstryp;
Meghraoui and Pondrel2012)and AfricaEurasia convergence vectdBougrine et a.2019)

MAIN ACTIVE TECTONICS DOMAINS

Active tectonics in Northern Algeria encompass a broad
region divided into distinct tectonic domains: the Algerian
margin, the Tell Atlas, and the Saharan Atlas. These
domains accommodate the Afridaurasia convergence
through varying deformation styles drrates. In general,
strain rates are highest in the north and decrease
southward. The tectonic regime is primarily dominated by
thrust faulting and associated folding in the Western and
Central parts, whereas a significant strilgp component
characterzes the eastern sector. This section provides an
overview of these tectonic domains, highlighting the
principal active faults and characteristic seismicity patterns
within each.

Theoffshore domain
The offshore domain corresponds to the Algerian margin,
interpreted as a passive margin originally formed in the
backarc setting of the Tethyan subduction zone and
subsequently inverted by ongoing Eurag\rica
convergence (e.g., Déverchere et al., 2005; YeHes
Chaouche et al., 2009; Medaouri et al., 201&)gh
resolution bathymetric mapping, combined with seismic
reflection and refraction surveys and tectonostratigraphic
analysis indicates a multiphase tectonic evolution during
the NeogeneQuaternary. The margin exhibits a complex
6

structural style, including reactivated extensional
structures and saltelated deformation. However, the
dominant active structures are ERlESW to EW-trending
thrust faults and associated fayfropagation folds
(Déverchere et al.2005; Domzig2006) These thrusts
generally dip southward and show clear evidence of Late
Quaternary reactivation. The 2003 ZemmaBdumerdes
earthquake (Mw 6.8) remains the most striking
instrumental example of the seismic potential of this
offshore thrust system(Fig. 2a) The rupture occurred
entirely offshore along the foot of the AlgigBoumerdes
margin(Déverchére et al2005 Strzerzynsket al., 202},

on a fault striking NO70° and dipping approximately 40° to
the south (Delouis 2004) This event was highlighted by
significant coseismic coastal uplift reaching 0.5 m
(Meghraoui et al.2004; Yelles et al2004)and induced a
minor tsunami recorded along the northern
Mediterranean coast. Several historical earthquakes are
now also considered to have been generated offshore, as
evidenced by their association with Mediterranean
tsunamis. Notable examples includesti790 Oran @ 1X)
and the 1856 Djidjeli dIX) earthquakes. The recent 2021
Béjaia earthquake (Mw 6.0), located in the eastern
offshore sector, further confirms the ongoing activity of
these systems.

TheTell Atlasdomain
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The Tell Atlas foldnd-thrust belt constitutes the primary
accommodation zone for a significant fraction of the
AfricagEurasia convergence. While active deformation is
diffuse across the belt, seismotectonic records indicate a
concentration of activity whin the postnappe, intra
montane Neogen&uaternary basins, oriented¢®/ to
ENEWSW, such as the Chelif, Mitidja, and Constantine
basins (Fig. 1a)n the western andcentral Tell Atlas, the
structural style is dominated by HEW trending, right
steppeden échelon thrust systems and associated fault
related folds that deform Quaternary deposits within and
along the basin margingMeghraouj 1988) The Chelif
Basin in Western Algeria stands out as one of the most
active basins in the Western Mediterranean, having hosted
several major historical and instrumental earthquakes.
Most notably, the 1980 ElI Asnam earthquakew(M.3)
remains the largest recorded event in the Western
Mediterranean, producing a 36 km surface rupture with a
maximum vertical slip of 6 m (Meghraoui, 1988). This event
was associated with a EW trending, northdipping
fault-related fold that induced extensive surface
deformation, including metriescale extrados normal
faulting along the active ElI Asnam fold axis (Fig. 2
Further east, the Mitidja Basin near Algiers is considered
the most active basin in Central Algeria. Its boundaries are
defined by active thrust faults that have hosted frequent
seismic activity, including major historical events such as
the Algiers earthgakes of 1365 ¢l= X) and 1716dl= IX),
and the 1825 Blida earthquake & X XI) (e.g., Harbi et al.,
2015). This basin appears to exhibit structural continuity
with the offshore domain. For instance, the 2003
ZemmourgBoumerdés earthquake (Mw 6.8) was
generated by a NfSW trending, soutldipping offshore
thrust fault, which § interpreted as the offshore extension
of the Mitidja Basin's southern boundary fault system

In the Eastern Tell Atlas, the deformation style transitions
to a dominance of &V dextral (righflateral) and NESW
sinistral  (leftlateral)  strikeslip  faulting onshore,
generating frequent damaging moderateagnitude
seismicity (Abacha 2015) The North Constantine Fault
represents the most prominent strikeip system in
northeast Algeria; it extends approximately 100 kmd
accommodates a slip rate of ~2.4 mm/yr, as inferred from
geodetic measurements (Bougrine et al., 2019). This fault
system is associated with the Guelma faphrt basin,
which induces local normal faulting events. The main
segment of the fault, howevegenerates pure rigHateral
strike-slip mechanisms, as observed during the 22020
seismic sequence®endjama et al.2021) The conjugate
NE;SW system comprises an array of sinistral stsiii@
faults associated with multiple historical and instrumental
events, including the 1985 Constantine (Ms 6.0) and the
2006 Laalam (Mw 5.0) earthquakésbacha 2015, and
references therein) This onshore strikslip regime
contrasts with the compressional style observed along the
Northeast Algerian margin, where active EMEW
trending thrust faults have been identified and mapped,
generating multiple offshore earthquakes.

Saharan Atlas domain
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The Saharan Atlas, located farther inland to the south of
the Tell Atlas, represents an intracontinental mountain belt
positioned between two stable domains: the High Plateaus
to the north and the Saharan Platform to the south (Fig.
1a). The northern limibf this domain is bounded by the
North Atlas Fault, while its southern boundary is defined
by the South Atlas Fault (SAF). The SAF is a major fault
system composed of en échelon noidipping thrusts and
related folds,segmentedby NW;SE trending strikelip
faults. Although the Saharan Atlas is generally less active
than the northern domains and exhibits more diffuse
seismicity, it occasionally records moderate to strong
earthquakes(e.g., Harbi et a).2015) This is particularly
true along its central and eastern segments, where
significant events such as the 1860 £l 1X) and the 2016
Biskra(Mw 5.2; Wimpenny et al2023)earthquakes have
occurred. These events were recorded along the eastern
segment of the SAF, a zone characterized by strong
Pleistocene deformation involving both thrust and strike
slip faulting (Outtani et al, 1995) Furthermore, the
occurrence of the 2023 Al Haouz earthquake (Mw 6.8) in
the analogous High Atlas system highlights the significant
seismogenic potential of this intracontinental belt,
emphasizing the critical need to integrate it into seismic
hazard assesments for Northern Algeria.

PALEOSEISMOLOGY

Paleoseismological studies in Algeria were pioneered
following the devastating El Asnam earthquake of October
10, 1980 (Mw 7.3), focusing primarily on the seismically
active Central Tell region. These investigations have
successfully established a chrongjyoof Holocene seismic
ruptures along major active fault systems in the Chelif and
Mitidja basins, both onshore and offshore (Fig. 3a).

The 1980 ElI Asnam event provided the first extensively
documented example of active compressive tectonics in
North Africa, characterized by complex coseismic
deformation involving folding, thrusting, and secondary
extrados normal faultingKing and Vitdinzi, 1981) While
preliminary trenching was initiate(Fig. 3a)l) during post
seismic microzonation studies (WCC, 1983), the
foundational paleoseismological reference for the region
was established by Meghraoui (1988). This detailed study
involved the excavation and analysis of multiple trenches
across the active faultrace (e.g. Fig. ®). Through the
analysis of deformed sedimentary unitspecifically
buried paleosols and colluvial wedgeand radiocarbon
dating, Meghraoui (1988) identified nine paleo
earthquakes wer a period of approximately 7,300 years.
The results revealed an irregular seismic cycle
characterized by clusters of activity separated by periods
of quiescence. While the lorigrm average recurrence
interval was estimated at 1,061 years, the clustgrin
behavior suggests significantly shorter intervals during
active episodes. Furthermore, the analysis of cumulative
deformation yielded a slip rate of 0.4 to 0.6 mm/yr on the
El Asnam fault itself. When integrated with regional data,
this implies a total Isortening rate of ~2.2 mm/yr across
the Western Tell Atla@veghraoui and Doumaz 996)
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Figure 2:The major actives structures of northern Algeria. A: The central Algerian margin high resolution DEM showing the stndctural a
sedimentary pattern and the surface processes (Strzerzynski et al., 2021). B: Bloc diagram showing the geomorphologeneneaocentral
segment of the E1 Asnam and the main fault trace at the northeastern end of the rupture zone, with slickensides (Meg88uoui, 1

These findings have served as a critical baseline for
subsequent syntheses of active tectonics in Northern
Algeria and the stress distribution along the AfgEarasia
plate boundary (Meghraoui and Pondrelli, 2012).

In the northern part of the Mitidja Basin (Figa,32,
paleoseismological investigations have targeted the Sahel
anticline near Algiers. This structure is controlled by a blind
reverse faulf{Meghraouj 1988; Maouche et al2011)and

is covered by thick alluvial deposits, posing significant
challenges for direct observation. To overcome this,
Heddar et al. (2013ndopted a strategy focused on
detecting secondary deformation features. Trenches were
excavated across the hanging wall of the Sahel blind thrust
to expose extrados faults generated by flexesth folding.
One trench, located within a small grabike structure
(Fig. &), enabled detailed stratigraphic analysis and
radiocarbon dating {4C AMS). This approach allowed for
the identification of eight rupture events corresponding to
both historical and prehistoric earthquakes. Consequently,
this study demostrated that the paleoseismic history
derived from secondary extrados faults serves as a reliable
proxy for activity on the underlying master thrust, thereby
significantly completing the seismic catalog for the Algiers
region.

Submarine paleoseismology is a relatively recent field of
study in Algeria, despite lomganding evidence that major
historical earthquakes such as Orléansville 1954 $i6l7),

El Asnam 1980 (M7.3), and Boumerdés 2003 (Mw 68)
can trigger significant underwater turbidity currer(esg.,
Heezen and Ewing 1955:Ebbrini et al. 1985)Since the

2000s, several geophysical campaigns (e.g., the MARADJA
2003 and 2005 cruises) have facilitated extensive offshore
surveys along the Algerian mardég., Dévercherg2003)

The first dedicated offshore paleoseismological st(fig.

3a, #3)was conducted biRatzov et al. (2015pased on the
analysis of three sediment cores (Fid) 8ollected off the
coast of the area affected by the 1954 and 1980
earthquakes. These cores were retrieved near the location
of the 1954 submarine cable break, directly along the path
of the turbidity currents triggered by that event. Using
multi-proxy aralysig including Xray imagery, magnetic
susceptibility, and graisize analysis the study identified
between 10 and 25 Holocene turbidites per core.
Correlation between these cores revealed a recofdl4
major seismic events over the last ~8,000 years, many of
which correlate well with events identified onshore along
the ElI Asnam fault. Significantly, the results highlight a
pattern of temporal clustering: seismic events appear to
occur in groups oB to 6 ruptures with relatively short
recurrence intervals (approximately 300 to 600 years),
separated by longer periods of quiescence lasting ~1.6 kyr.
This study demonstrates that offshore paleoseismology
not only extends but also refines the knowledgeyided

by terrestrial trenching, particularly regarding the
frequency and clustering of major earthquakes along the
central Algerian margin.

In summary, while paleoseismological research has yielded
critical data, it remains geographically concentrated in two
main terrestrial areas (the Chelif and Mitidja basins) and
the central segment of the offshore margin (turbidite
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records). However, other regionsncluding the West
(Oran), the East (Eastern Tell), and the SaharanTAtlas
exhibit promising potential for active tectonic studies. A
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comparable, comprehensive paleoseismological program
is required in these areas to refine the national seismic
hazard assessment.

TRENCH Il

10/10/1980
Fault trace

L
>

Figure 3:A: Location map of the different paleoseismology studiased in northern Algerial:El Asnam fault, Northern part of the Mitidja
basin, 3: Chlef offshore area; orarlgees are submarine cables, stars are breaks after the 1954 earthgBaRee of thetrenches realised in
El Asnanfault related fold structuréMeghraoui, 1988). Ohe Sahel trench (Heddar et al., 2013). D: Offshore results (Ratzof et al., 2015)

GONCLUSION

Northern Algeria represents a key segment of the
boundary between the African and Eurasian plates, where
active tectonics reflects the loAgrm and ongoing
convergence, expressed through a complex compressional
and transpressional structures. This actteformation is
essentially accommodated by reverse, thrusts faulting
commonly related to folding structures, and strikip
faulting, which crosscut the Algerian margin, the Tell Atlas
and adjacent Neogene basins, and the intracontinental
Saharan Atlas. his tectonic framework results in a
segmented belt of active structures that control both
seismicity distribution and surface deformation. Despite
the high seismic risk that characterises this region, the
longterm behaviour of many active structures remsi
poorly constrained due to the limited spatial coverage of

9

palaeoseismic studies. This gap highlights a strong
potential for future research based on integrated
approaches combining terrestrial and offshore
palaeoseismology, higtesolution offshore andonland
geophysics, geomorphology, geodesy (GNSS) and
advanced chronological methods. Enlarging these
multidisciplinary studies within the framework of
collaborative exchanges will not only improve seismic risk
assessment in Algeria, but also provide criicitormation

on the geodynamics of diffuse boundaries between
tectonic plates and transpressive systems across the
western Mediterranean.
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Geomorphic expression and neaurface structure of a lowdisplacement intrgAIpine strike slip fault
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Baltes Sebastiarfl), Virginia Toy (1), Friedrich Hawemann (1), Marco Vernier (1), Stephen Michalchuk (1), Mara Weiler (1), Steven Smith (2),
Paul Herwegh (3)
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(2) 249 Strada Cantonale, 7602 Casaccia, Switzerland.
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Abstract: We studied the surface geomorphology and bedrock structure around the Engadine Line (EL) in southeast Switzerland.
We focused on the area south of the Maloja Pass and Lake Sils and Lake Silvaplana. The surveyed structures suggast that the f
zone displgs classical Riedshear geometry. Overall, the fault zone strikes 058°, and principal displacement occurs across an en
echelon array of vertical, 042triking brittle faults with synthetic Riedghear orientations and sulorizontal striatiors indicating

pure strike slip. Adjacent units are folded arourd/rending, sukhorizontal axes, also consistent with a Riedel shear system.

This structure is characteristic of a very immature fault system and is consistent with comparatively lowrdespiaThis finding
highlights the importance of detailed mapping to characterize theteetonics of the fault zone.

Key words Engadine Line, Rieewtear, Negectonics

GEOLOGICAL SETTING

The Engadine Line (EL) is an active NE striking transform ‘
fault in SE Switzerland, Grisons (Fig. 2a). In the area aroundj,
Maloja Pass and lakes Silser and Silvaplana, (Schmid &
Froitzheim, 1994), found that offset of older tectonic
contacts demonstrate thefault in this area has
accommodated only 2.8 km of sinistral slip since the 8 g
Oligocene. This displacement varies with distance along 4 ()
the EL, reaching a maximum of 3.2 km-&h&nf.

Recent work has demonstrated that the EL is an active
fault. Cores from Lake Silvaplana contain turbidite deposits
resulting from massive slope failure that indicate there §
have at least been four significant seismic events in the &
region in the last 1400 yes (Bellwald et. al., 2023). The
largest local event in seismic catalogues is@3M on 23
February 1978 in Silvaplana (Fah et al., 2003). Historic [
records reveal nearby events in 1917 and 1927 (at St.
Moritz) that generated ground shaking of MM-W The
Bormio area, 15 km distant from Engadine, has a predicted
potential maximum ground shaking hazard of MM XII (Galli
et al.,, 1994). There is anecdotal evidence of historic e
records of a larger earthquake near Chiavenna (15km SW |
of the studied area) in th&700s.

There are also exposed fault rocks in the bed of the Orlegna .-
River (Fig. 1), meaning that this is one of only a handful of
sites globally offering unique insight into the relationship
of slip mechanics to the structure and composition of fault
rocks on aractive structure.

FIELD OBSERVATIONS
Faultrelated features in the Inn Valley

The surface trace of the fault is decorated by active
Quaternary features such as shutter ridges, truncated river

Figurel: 3D model of outcropping fault rocks in Orlegna River bed.
terraces. scarps and possible ds (Fig. 2). In the bed ductile foliation in metabasic host rock is crass by a discrete brittle
» Scarp P | 9. 2) WEFGSa0 LINAYOALI f Af A Lthick Blatkayer {

with random fabric and injection veins.
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of the offset Orlegna river, we observe various fault
related rocks, including a c. 1.5 m thick zone of distinctly
foliated material and a c. 1 cm thick dark black layer with
random internal fabric and injection veins that may be an
ultracataclasite or pagdotachylyte (Fig. 1).

Drumlins

A characteristic feature of the topography of the valley are
linear drumlins (Fig. 3). Existing geological maps show small
faults on the planar sides of these features suggesting they
are structurally controlled. Field observations demonstrate
that the planar sides, including more gently dipping
surfaces at the base of these sides, have glacial striations.
Furthermore, in many cases, the drumlins are parallel to
minor fold hinge lines, and upstanding parts correlate to
more resistant lithologies e.g. in tbtores.

MICROSCOPIC ANALYSIS

:Planar edge toidrumlin

K8
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Polished petrographic thin sections of the fault rock were
analyzed using &ESCAN scanning electron microscope
(SEM) equipped with Oxford Instruments detectors at
Johannes Gutenberg University, MainBackscattered
electron (BSE) images and energy dispersiveayX
spectroscopy (EDS) analyses of chemistry were acquired.
The step size for maps was>1Y Data were processed
dzaAy3d ehEFT2NRQa ! %iSOhyS$S

The results of these analyses (Fig. 4) indicate cataclastic
zones that cut at a high angle to foliation and juxtapose
foliated micaschists (with a spaced foliation defined by
layers of quartz + white mica) and dolomite. The -sub
rounded fragments of dolomit are typically wrapped by
mm/sized, intact, white mica grains likely derived
cataclastically from the micaschist, but there are also areas
of fine grained white mica and small euhedral sulfides.

Linear
trough

glacial '\
striations

Fold hinge line
- Glacial striation
" Trace of bedding |

Figure3: (a) lllustration of topographic expression of drumlins in LIDAR and geological map data derived from ©SwissTopo. A
are here mapped as red lines (dashed where inferred) and different coloured polygons reflect bedrock lithology. (bgrvationsbs
illustrating association of drumlins with fold structures. (c) Field observations illustrating drumlins and striated margins.
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DISCUSSION

Field expression of the EL in the Inn Valley

The observed minor fault and fold orientations are broadly
consistent with the predictions of a Riedel shear geometry,
as illustrated in Fig. 2(d). We suggest that due to its
relatively small (knscale) displacement, the EL has only
generated a zone of digbuted structures consistent with
this system in the neasurface. It is unknown if a single,
discrete fault plane exists at depth, but this should be a
target for future investigations.

Drumlins

The presence of glacial striations on the steep side surfaces
of drumlins as well as the sloping lower sides, indicates
these features pralate the last glaciation of the valley.
Furthermore, the association with fold orientations,
including more resistant lithologies in fold cores, indicates
the drumlin shapes are controlled by the underlying
bedrock structure, rather than by recently active faults.

Fault rock composition and predicted behaviour

The foliated fault rocks we have observed and sampled so
far are similar in character to those typically observed on
creeping faults such as the San Andreas (Lockner et al.,
2011) and potentially the Southern Alpine Fault (Barth et
al., 2013), particularlyn being dominated by a matrix of
foliated, weak micaceous material (lkari et al., 2011). We
expect that the ultracataclasite or pseudotachylyte layer
observed and sampled from the Orlegna River outcrop (Fig.
1) preserves evidence of shallower, possilgissicrate

slip but further microstructural analysis of these samples is
still required.

CONCLUSIONS

These preliminary observations of the EL illustrate it is an
immature fault zone with a Riedel shear geometry and sets
of smaller structures. Our work highlights the importance
of detailed and careful mapping, taking account of both
geomorphic features anbedrock structure to characterize
the neotectonics of fault zones. Future joint investigation

paleoseismicity.org

of the geomorphic expression of faulting and associated
fault rocks, coupled with geodetic data analysis is
recommended.
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Holocene slip rates on the Santa Cruz Mountains section reveals temporal and
spatial consistency for Northern San Andreas Fault, CA
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Abstract Field observations and highsolution topography data combined with 10Be exposure dating on offset
landforms indicate higher than expected fault slip rates and seismic hazard potential on the Santa Cruz Mountain
section of the northern San Andreas Faulihie San Francisco Bay Area. Geomorphic mapping in Sanborn County
Park near Saratoga reveals a progression of alluvial fans and debris flows dextrally offset from their upstream
sources by 55 + 10 m, 170 + 20 m and 320 £ 20 m, respectiveiiceuosure dating of large sandstone

boulders in these deposits, which are derived from the Tertiary Vaqueros Formation, reveals three distinct
depositional ages, ranging from 2.8 + 1.3 ka, 7.7 + 0.9 ka, and 12.3 = 1.§)keegpectively. Combining observed
offsets with depositional ages indicates an average slip rate of 24.8 + 3.0 mm/yr on this section of the San Andreas
Fault, which is higher than the previously assumed rate of 17 £ 4 mm/yr. This higher slip ratéaait thggests
potentially hgher seismic risk for this section of the San Andreas Fault and that slip may remain relatively constant
for the northern San Andreas Fault from the North Coast to the Santa Cruz Mountain section.

Key words San Andreas Fault slip rates

INTRODUCTION uncertainties, to Holocene slip rate estimates asthame
The transform plate boundary between the Pacific and location of at least 21 to 25 mm/yr since ~1 ka (Grove and
North America plates is made up of a system of stsilge Niemi, 2005). On the Peninsula section of the fault,
faults that cut urban northern California into crustal blocks. Holocene slip rate estimates appear to slow to 13 to 21
The movement of these blocks past one another produces ~ mml/yr, but overlap narrowly at 21 mm/yr with the North
earthquakes, one of the gatest natural hazards affecting Coast section (e.g., Hallal., 1999). The observed slowing
northern CaliforniaSeismically active faults here include of geologic slip rates from the North Coast section to the
the (1) Concord Green Valley/ I f I @SN} &% 0 H (PeninsilR JeStiNdisi similar to geodetic block models of
Creek Hayward (3) Northern San Andreasand (4) San fault slip for the NSAF, which indicate 20 to 23 mm/yr and

Gregorio Faults, all of which define the Northern San 13 to 17 mm/yr for the North Coast and Penifesssections,
Andreas Fault System (Fig. 1). Of these faults, the Northern NB a LSOOG A @St & o6SPaAds RQ!If Saanrz
San Andreas Fault (NSAF), comprised of the North Coast, These data suggest a kinematic model where slip rate
Peninsula, and Santa Cruz Mountain sections (Fig. 1), isone decreases southward along the NSAF as the fault enters

of the bes-studied and seismically active faults in the the urban areas surrounding the Peninsula and Santa Cruz
region, with fast slip rates and a large historic earthquake Mountain setions. Accordingly, fault slip is transferred
occurring as recently as 19@6D.,(Mw7.9) (e.g. Lawson, westward to the San Gregorio Fault and eastward to the
1908; Song et al., 2008pespite multiple previous fault Calaveras and Hayward faults (Johnson et al., 2008)is
sliprate studies completed alanthe NSAF (e.g., Hall et al, paper, we estimate slip rates over three different Holocene
1999; Grove and Niemi, 2005), data gaps still exist along timescales onhe Santa Cruz Mouain section of the NSAF
the ~470 km length of the fault, becauséeep terrain, at Sanborn County Park in Saratoga, &Aection of the
mass wasting, vegetation, and urban development have fault where no published slip rate data exist, to better
generally made slip rate estimates challenging to obtain. characterize the temporal and spatial patterns of fault slip
Yet, dtaining these data is importartiecause slip rates for the NSAFWith this data we infer an alternative
directly feed into deformation models used to estimate kinematic model wherdault slip rate remains steady and
earthquake probability in a regiofe.g. UCERF3, Fields et constant on the entire length of the NSAF from the North
al., 2015)Especially, sincdne NSAF appears locked, there Coast to the Santa Cruz Mountains sections over Holocene
is no evidence for shallow creep and there is very little timescales. In this kinematic model, seismic hazard
microseismicity on the fault. remains the same for the length of the NSAF, while it may

Published geologic, geomorphic, and paleoseismic data on  be reduced on the San Gregorio Fault
the NSAF suggest slip rates from 13 mm/yr to 35 mm/yr, at

various locations and time intervals along fault strike (e.g., METHODS

Hall et al., 1999; Grove and Niemi, 2005). On the North  To determine ages of the displaced landforrasielative
Coast section of theatlilt, slip rates determined over late stratigraphy for observed alluvial fans was developed
Pleistocene timescales since ~30 ka and ~200 ka suggest following the nomenclature of Bull (1991). This
rates from 17 mm/yr up to 35 mm/yr (Grove and Niemi, stratigraphy is based on surface morphology, which
2005). These rates are similar, within their respective includes inset geometry, the presence or absence of bar
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INQUATERPRO ProjeCascading

and-swale micretopography, the degree of fan dissection,
the degree of weathering of sandstone boulders, and
overall texture of the surface observed from high
resolution digital topography data and field observations.
Based on fan nomenclature of Bull €119, older alluvial fan
surfaces are classified as Qf2, intermediate aged surfaces
are mapped as Qf3, and the youngest alluvial surfaces are
classified as Qf4 (Bull, 1991). Additionally, we apply the
AYRAOSA a4l ¢ FYyR ao6é¢ G2 +y
indicate older and younger fans, respectively (e.g. Bull,
1996). Absolute ages of offset alluvial fans in this study are
constrained with cosmogenit®Be concentration within
surface clasts. All%Be surfaceexposure dates were
LINE OSaasSR I G {GFyF2NR !
radionuclide laboratory following the procedures
summarized in Blisniuk et al. (2012) and final dates are
calculated using theonline exposure age -calculator
formerly known as the CRON{&3rth online exposure age
calculatorusing versior8.0 (Balco et al., 2008).

RESULTS

Through surface exposure geochronologic constraints and
detailed site mapping, we establish a timeline for
deposition and subsequent dextral offset for a

progression of alluvial fans and debris flows along the
NSAF aSanborn County Park near Saratoga, CA (Fig. 2,
Fig. 3, Fig. S1). Alluvial fans here contain large quahz
sandstone boulders that are derived from the Tertiary
Vaqueros Sandstone Formation (Tvq), which is located
within the upper reaches of the Santau@ Mountains.

Tvq is exposed as bedilo~500 m west of the fault in the
larger stream catchments of Todd Creek, Service Road
Creek, and Aubrey Creek (e.g., Brabb et al., 2000; Stoffer,
2005) (Fig. 2). Along the hillslopes adjacent to the fault
are Tertiary mudstones of the San Lorenzo Foromati

(Tsl). The presence of Tsl along the adjacent hillslopes and
of Tvq boulders and alluvium at the mouths of the creeks
allow us to characterize and correlate alluvial fan units
across the NSAF because the source of Tvq must be one
of these larger drainags (Fig. 2).

Four distinct alluvial fan units are identified, these units
from oldest to youngest are Qf2, Qf3a, Qf3b and Qf4. Qf2
is the oldest and topographically highest surface mapped.
These surfaces often contain random yet abundant large
Tvq boulders. West of thiault, preserved Qf2 is located

at elevations ranging from 440 to 450 m and is
distinguished in the field by its elevated, planar
topographic expression. East of the fault, Qf2 surfaces are
located at 440 to 446 m in elevation and are distinguished
by their rounded moundike topographic expression.

Inset and incised into Qf2 are Q3a and Q3b alluvial
surfaces. Qf3a and Qf3b surfaces are the most extensive
surfaces in the field and are characterize by a hummocky
and rough surface morphology. These surfaedsibit

little to no topographic smoothing and contain many
debris flow levee bars of Tvq boulders. Qf3a is
distinguished from Qf3b in the field by the more
weathered appearance of Tvq boulders on the Qf3a
surface, the presence of more random Tvq bouldass,

well as a varying direction of imbrication of these
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boulders within debris flow bars. Qf3b surfaces contain
many debris flow deposits that are more dominated by
boulders and large cobbles than Qf3a deposits. Qf4 are
the youngest surface deposits offset by the NSAF. These
surfaces are characterized by fredbbris flows deposits,
which consist of sharp, wedlelineated, and linear Tvq
boulderrich deposits. Results &iBe surface exposure
geochronology (Table 1) also indicate the presence of four
tidtirictdpdmdrphic sirfacgs, ranging indde FIMMIFAEA 2 v
2.4 £ 1.3 ka (N=8), Qf3b =7.7 £ 0.9 ka (N=7), Qf3b =

vl <
& M6.0,
X

2016 Napa

This study
248 £ 3.0
mm/yr

\\'\\ n

Figure 1 Regional fault map of the San Francisco Bay Area,
California; Faults modified from the USGS Quaternary Fault
Database, Northern San Andreas Fault shown in red, while other
active faults are shown in black. Focal Mechanisms plotted and
tl 65t SR @eamhhuaked since 4306hn the USGS
Earthquake catalog, with focal mechanism data from Wang et al.
(2009). Estimated geologic and geodetic fault slip rates are given
and cited as (a) Hall (1984), (b) Hall et al. (1999), (c) Niemi and
Hall (1992)(d) Grove and Niemi (2005), (e) Budding et al. (1991),
(f) Schwartz et al. (1992), (g) Lienkaemper and Borchardt (1996),
(h) Borchardt et al. (1999), (i) Sawyer and Unruh (2002), (j) Kelson
et al. (1996), (k) Simpson et al. (1999), and (I) Kelson a9a8Y.

All geodetic slip rates are plotted from Evans et al. (2012).

12.3 £ 1.5 ka (N=7), and Qf2 = 19.5 + 3.3 ka (N=2) (Fig. 2; ).
We interpret these ages to represent four discrete
episodes of fan emplacement and subsequent
displacement (Fig. 3; t=1, t=2, t=3 and t=4), which allows
for the reconstruction and measurement displacement
across the NSAF.

The oldest offset surface preserved along the NSAF at the
study site is Qf2 (Fig. 3; t = 1). T¢usface is mapped west

of the fault in Todd, Service Road and Aubry Creeks, as
high terraces, and near the mouths of Service Road Creek
and Aubry Creek, as raised rounded mouikd deposits

(Fig. 3. Two surface exposusges from boulders on a
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Qf2 terrace surface in Service Road Creek yield a mean
age of 19.5 + 3.3 ka. The preserved extent of these
deposits is limited, therefore reconstructing their original
depositional location involves much more uncertainty
than for more recent deposits, arfdr this reason we do

not include the Qf2 offset and age in our final slip rate
calculations. Here, we infer a maximum (550 m) and
minimum (440 m) offset based on aligning a major
drainage to the north of Todd Creek, which allows for Qf2
east of the faulto align near a source drainage (Fig. S3E).
This realignment infers that Qf2 located at the mouth of
Service Road Creek is sourced and was deposited by Todd
Creek, and that the Qf2 deposit near the mouth of Aubry
Creek was deposited by Service Road Créiek 8; Fig.
S3E). Combining the age of Qf2 with its displacement
suggest a slip rate of 25.2 + 3.4/2.8 mm/yr since ~20 ka.

Following aggradation and subsequent displacement of
Qf2 is the emplacement of Qf3a (Fig. 3; t = 2). The Qf3a
surface is the most extensive surface present at the
Sanborn site. Qf3a is mapped west of the NSAF in Todd
Creek and Aubry Creek and east of thelf in front of
Service Road Creek and as a shutter ridge at the mouth of
Aubry Creek. Sandstone boulders (N=7) from the surface
of Qf3a yield an average surface age of 12.3 + 1.5 ka.
Offset reconstructions of Qf3a realigns two streams that
are incised into Qf3a across the NSAF. The larger incised
stream is located south of Todd Creek and is presently
beheaded (Fig. 2). The second stream has been recently
captured by Aubry Creek along the NSAF in a left
deflection. Directions of boulder imlwation as well as

the direction of major stream incision indicate that
aggradation of the Qf3a surface from Todd Creek
occurred at an angle from northwest to southeast, rather
than directly northeast, or the direction of range incision.
This is most likelpecause dextral motion had blocked the
mouth of Todd Creek with a high bedrock block of
Tertiary Undifferentiated Sediments, forcing deposition of
sediment and stream incision to go around this bedrock
block (Fig. 3, t = 2). Realignment of Qf3a acrossathie

in this way requires an average of 320 m of offset (Fig. 2
blue dashed lines, Fig. S3D). We interpret Qf3a to be the
last surface to be deposited by Todd Creek before a new
downstream channel dextrally offset from the north
captured its flow. The mimum offset of ~300 m aligns

the beheaded stream incised into Qf3a with the south
channel wall of Todd Creek. The maximum offset reunites
the Qf3a surfaces across both sides of the fault at Todd
Creek (Fig. S3D). This reconstruction also aligns the Qf3a
shutter ridge and the second stream located at the mouth
of Aubry Creek to its source, Service Road Creek.
Combining the age of Qf3a with these offsets suggest a
slip rate of 26.0 + 4.3/3.5 mm/gince ~13 ka (Table 1).
The next youngest surface to aggrade is Qf3b, which is
preserved in and at the mouths of Service Road Creek and
near Aubry Creek (Fig. 3; t = 3). Surface exposure ages of
seven boulders from Qf3b yield'Be exposure model

age of 7.7 + 0.9 kdapped offsets of two different Qf3b
surfaces indicates 170 + 20 m of displacement. The
maximum offset reconstruction of 190 m realigns the
preserved extent of the Qf3 surface on either side of the
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fault at the mouths of both Service Road and Aubry

creeks. Combining the age of Qf3b withdisplacement
suggest a slip rate of 22.1 + 4.5/3.7 mm/yr since ~8 ka.

Y|

Deposition of QOf2| Key
t=1,195%+33ka Surface Units
[[] Qf4,24£03 ka
[] Qf3b,7.7+£09ka
[ Qf3a, 123 £ 1.5ka
[ Qf2,195+33 ka
Bedrock

Il Tdb Tertiary

500m

< E= Diabase
Deposition of Of
t=2,123%1.5ka Tun, Tertiary Sed.,
Undifferentiated

I Tsi. San Lorenzo
Mudstone

P Tvg.Vaqueros
Sandstone

[~ Streams (dashed

where interpreted)

Deposition of

t=3,7.7£009 ka| — San Andreas

Fault

/":’_—" Modern Day
un

h =/ 3 s
Figure 2:Schematic reconstruction of proposed depositional
history and fault motion of mapped alluvial fans along the
northern San Andreas Fault at Sanborn County Park, see text for
details.

The youngest offset surface to aggrade at Sanborn County
Park, Qf4, is observed in and at the mouths of Service
Road Creek and Aubry Creek (Fig. 3; t = 4). Surface
exposure dating of boulders, 2 from Service Road Creek
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and 5 from Aubry Creek (N=7), indicate emplacement at
2.4 + 0.3 ka. Qf4 is measurably offset in Aubry Creek,
where a linear debris flow bar of imbricated Tvq boulders
is dextrally displaced by 55 + 10 m. The maximum of 65 m
aligns the debris flow (Qf4) axssthe NSAF. The

minimum offset of 45 m realigns a channel that is incised
parallel to the Qf4 deposit across the fault (Figs. 2 and
S3B). These offsets combined with the 2@ 3 ka age of

the debris flow indicates a slip rate of 22.9 £ 6.1/5.1
mm/yr.
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Automated detection and spacing analysis of fracture networks from LiDAR point clouds: implications
for distributed surface deformation along the San Ramaon Fault, Chile

Nicolas Campillagl), Gabriel Eastofl), SofiaReboledo (1), Ignacio Gutiérrez (1), Marisol Lara (1), José Gonzélez (1)

(1) Department of Geology, Faculty of Physical and Mathematical Sciences (FCFM), University of Chile, SantiggoaiChile.
nicolas.campillay@uchile.cl

Abstract: Surface rupture associated with active faults commonly involves a combination of localized slip along principal fault
strands and distributed brittle deformation affecting surrounding rock volumes. Quantifying the geometry and intensiy of thi
distributeddeformation remains challenging due to limited field accessibility and scale dependence of traditional measurements.
We present an automated workflow for the remote detection, classification, and spacing analysis of fracture networks derived
from highresolution terrestrial LIDAR point clouds, applied to a bedrock outcrop of the San RamdSRE&{dentral Chile). The
method integrates geometric attributes derived from pedfdud surface normals with densityased unsupervised clustering

(HDBSCAN) to identify coherent fracture familResults identify four classes, apfethem beingconsistent with the distributed
damagezone architecture measured in the field, providing-finster geometric constraints on surface deformation at the outcrop

scale.

Key wordsactive fault LiDARclustering surface deformation

INTRODUCTION

Rapid urban expansion infgiedmont areasof mountain
rangesworldwide implies increased exposure to active
fault zones. Understanding subsurface faulting and surface
rupture is therefore essential for reducing seismic hazards
that may affect nearby populations and civil infrastructure.

Surface rupture associated with active faults is commonly
expressed as a combination of localized algngprincipal
fault strands and distributed brittle deformation affecting
surrounding rock volumes. Quantifying the geometry and
intensity of this distributed deformation remains
challenging due to limited field accessibility, the scale
dependence of traditibpal measurements, and the
substantial time required for detailed structural data
acquisition using conventional fielthsed approaches

Figure 2.0

b)
1 1 1
0 4 8 12 7

Figure 1:a) Bedrock outcropf San Ramén Fault. b) Processed
terrestrial LIDAR point cloud used in this study.

1 [m]
6

Here we present an automated workflow for the remote
detection, classification, and spacing analysis of fracture
networks derived from highesolution terrestrial LIDAR
point clouds, applied to a wedlxposed anthropogenic

19

bedrock outcrop of the San Ramén Fault (SRF), an active
fault located along the western flank of the Andes in
Santiago, Chile (Vargas et al., 2014). The outcrop is located
within the hanging wall of the SRF and is characterized by
a dominant orientation oDip/Dip direction = 41°/62°. Two
main fracture sets, previously identified through detailed
field-based structural mapping and displaying faeliated
geometric characteristics such as planar continuity and
persistence, are present at the site: F1 with Dip/Dip
direction = 90°/270°, and-2 with Dip/Dip direction =
73°/340°. The method integrates geometric attributes
derived from poinicloud normals with densitpased
unsupervised clustering (HDBSCAN) to identify coherent
discontinuity families without a priori orientation
constraints.
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Figure 2:a) Inset of ledrock outcromf San Ramoén Fault. Wpset

of the terrestrial LIDAR point cloud from Figure 1, showing the
main fracture set and the achieved point density (~440,000
pts/m?2).

METHODOLOGY

Data acquisition and preprocessing

Terrestrial LIDAR data were acquired using a Leica BLK360
G1 laser scanner, a compact TLS sensor capable of
acquiring up to 360,000 points per second. The scanner
was deployed at 14 scan positions to fully capture the
geometry of the outcropping faultelated bedrock
surface. Individual scans were first aligned and registered
into a single point cloud and subsequently georeferenced
using differential GPS measureme(fsgure 1 and 2)The
merged dataset was then filtered to remove noise and
non-relevant ponts, resulting in a final point cloud
consisting of approximately 800,000 points, with a global
registration error of 0.08 m (Figure 1). Using
CloudCompare sofware geometric attributes were
computed for each point, including surface normals (NX,
Ny, Nz) and orientation parameters (Dip and Dip Direction).
The enriched point cloud was then exported as a .txt file,
preserving the spatial coordinates and derived atités

for subsequent analysis.

Data analysis and clustering

The analysis of the exported .txt file, containing point
coordinates, surface normals, and orientation parameters,
was performed using the Hierarchical Dendysed
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Spatial Clustering of Applications with Noise (HDBSCAN)
algorithm. HDBSCAN is an unsupervised clustering method
that groups data based on local density while explicitly
identifying noise and outliers (Campello et al., 2015). The
algorithm constructs a hiarchy of densitypbased clusters
and selects the most stable cluster configurations across
multiple spatial scales.

Two key parameters control the clustering behavior:
min_cluster_size, which defines the minimum number of
points required for a cluster to be considered valid, and
min_samples, which controls the strictness of the density
definition and influences the clasication of noise. In this
study, pointcloud surface normals were used as the
primary input features for clustering, allowing the
identification of discontinuity families based on geometric
similarity rather than spatial proximity alone. The
clusteringwas performed using min_cluster_size = 10,000
and min_samples = 100, values selected to ensure robust
identification of largescale, structurally meaningful
fracture sets

Normal spacing between discontinuities

Normal spacing between discontinuities was quantified
following the methodology proposed by Mammoliti et al.
(2022. For each identifiefracture set, inter-discontinuity
distances were calculated along the mean normal direction
of the cluster, allowing objective estimation of fracture
spacing independent of scanline orientation. This approach
enables consistent comparison of spacing statistics across
different fracture families and provides a quantitative
measure of brittle damage intensity within the fault
related damage zone.

RESULTS

Data analysis reveals four classes identified by the
HDBSCAN algorithm, together with an additional noise
class. The number of points assigned to each class and their
geometric characteristics are summarized in Figide4

and Table 1.

Table 1:HDBSCAN algorithm results and normal spacing between
discontinuity

ClasgN° pointgDip_meanDip std|DipDir mearDipDir std|Mean spacinfiMax spacin|
-1 | 697,142 60.3° 10.2 303.7° 235 NA NA
0 39,194 32.3° 3.4 309.0° 131 0.31m 0.74m
1 | 13554 | 60.4° 1.8 279.0° 2.1 0.39m 3.89m
2 | 13,901 | 52.7° 1.8 290.1° 1.9 0,15m 0.7m
3 36,211 57.2° 3.5 296.3° 3.4 0.05m 0.3m




13th International INQUA Meeting on Paleoseismology, Active Tectonics and Archeoseismologyl (PAFé)ruary2026, Guatemala

250

Dip direction ()
%
8
H

2

100

Ruido (-1)

Clase 0
o Clasel %
Clase 2 £ 2

e Clase3

10 20 EY 40 50 60 70 80 %0
Dip (*)

Figure 3:Dipcdip direction diagram showing fracture families
identified using HDBSCAN clusterifige plotted points represent
a subsample of the complete poicibud dataset.

DISCUSSION

When comparing thelassesdentified by HDBSCAN with
field data and direct outcrop observationsnly Class 1
shows a consistent correspondence in terms of dip and dip
direction whit F1 (Figure 4)In contrast, Class 0 is
associated with colluvial deposits derived from the outcrop
surface, while Classes 2 and 3 cannot be identified in the
field as genuine structural discontinuities. This highlights
that HDBSCAN may erroneously identify planar fesstu
that do not represent real discontinuities, such as debris
patches or natural slapsurfaces (Menegoni et al., 2019).

Conversely, one fracture family recognized in the f{El2)

was not detected by HDBSCAN. This discrepancy is likely
related to the choice of algorithm input parameters. In
particular, this fracture set may exhibit higher internal
variability and therefore does not meet the density and
stability requirements impose by the clustering criteria
(e.g., min_cluster_sizge resulting in its classification as
noise rather than as a distinct cluster.

The fracture set identified by HDBSCAN (Class 1) likely
represents brittle deformation produced by multiple slip
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events of the San Ramodn Fault (SRF), rather than being
associated solely with the most recent event. This class
constitutes one of the structural sets defining the
secondary deformation architecture of the SRF. Because
this fracture network is expressed #be surface,it is

“““ 0KFG  Fdzi dzNBE  adzaNFF OS
preferentially exploit YR T2t f 2¢ 0KAa LJ1
geometric and spatialgitern, at least at the outcrop scale.
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Investigating continentaiscale deformation and fault coupling in northern central
America using Sentinel INSAR

CosenzaMuralles Beatriz(1), Cécile Lasser(8), Giorgio Gomb&3), Francesco De Z£8), Charles DeMet), Marianne Métoig2),
and Héléne Lyofaen(5)

(1) Universidad de San Carlos de Guatemala, Instituto de Investigacion en Ciencias Fisicas y Matematicas, Gistwois ésicas y
Matematicas, Mixco, Guatemaladosenza@ecfm.usac.edu\.gt

(2) Laboratoire de Géologie de Lyon: Terre, Planétes et Environnement (LGLTPE), Université Claude Bernard Lyon 1

(3) German Aerospace Center (DLR)

(4) Department of Geoscience, University of Wiscordadison

(5) Laboratoire de Géologie, CNRS, Ecole Normale Supérieure Paris, PSL University

Abstract: Tectonic deformation in northern Central America, driven by the interactions betwe&odaes, Caribbean, and North
America plates, is accommodated by the Motagua and Pol&sftilateral faults, grabens south of the Motagua Fault, the Middle
America subduction zonand rightlateral faults along the Middle America volcanic arc. Major earthquakes assouidtethese
structures include the 1976 MW 7.5 Motagua and 2012 MW 7.5 Champerico eVeritaiestigate current deformation in this
setting, we useéhtinell radar images covering most Guatemala, El Salvador and western Honduras to obtain thefisight
velocity fields, whiclve subsequently decompose into horizontal and vertical componafhige in overall agreement with GNSS
data and elastic block models for the region, the higgolutioninSAR data brings new information, highlighting spatial variations
across main faultsncluding a creeping segment along the Motagua fault, slip partitioning within the Carilgietnwedge and
possible caopling variations along the subduction interface.
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Strain accumulation along the Motagua Fault: a creeping segment in the context of the
1976 earthquake

CosenzaVuralles Beatriz(1), Cécile Lasser(8), Fares Mokhtarf2), Giorgio Gomb#3), Francesco De Z§B), Charles DeMei®), and
Héléne LyoiCaen(5)

(1) Universidad de San Carlos de Guatemala, Instituto de Investigacion en Ciencias Fisicas y Matematicas, Gistwwis fésicas y
Matematicas, Mixco, Guatemaladosenza@ecfm.usac.edu\.gt

(2) Laboratoire de Géologie de Lyon: Terre, Planétes et Environnement (LGLTPE), Université Claude Bernard Lyon 1

(3) German Aerospace Center (DLR)

(4) Department of Geoscience, University of Wiscordadison

(5) Laboratoire de Géologie, CNRS, Ecole Normale Supérieure Paris, PSL University

Abstract: The Motagua Fault, a major structure accommodating the relative motion between the Aloegtrican and Caribbean
plates, generated a 23km-long rupture with an averagdisplacement of ~1.08 m during the devastating 1976 earthquake. Slip
varied significantly alongtrike, reaching a maximum of 3.40 m. In the months following the earthquake, afterslip was
documented along most of the fault, also showing spatial variations. These obsensatimest that the Motagua Fault exhibits
not only stickslip behavior but also aseismic cregfsing Sentinel radar imagery, we derived lirad-sight velocity fields for the
regionsurrounding the fault, which we decomposed into vertical and-{aadallel horizontatomponents to analyze along

strike sliprate variations. The unprecedented higgsolutionlnSAR data reveal a ~40 #amg creeping section along the fault.

We discuss the alorgfrikevariations in creep in relation to local geology, as well as the coseismic slip and aflistsbpition
associated with the 1976 earthquake.
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The Saga of Grindavik Il: Mapping Concealed Active Graben Faults and Fissures in Iceland Using
Electrical Resistivity

De Pascale, G.B)

(1) Faculty of Earth Sciences, University of Iceland, Askja Building, 102, Reykjavik, Iceland

Abstract: On November 11, 2023, an intense seismic swarm was coincident with fault slip along graben faults in and around the
Town of Grindavik in Southwest Iceland. An ~5 km wide graben with abundant normal faults slipped in this area with extensive
extension thawas also manifested by opening of mode | fissures (i.e. pure opening) that caused hundreds of millions of dollars of
damage and one fatality. Importantly, many faults were obscured at the surface due to the built environment or duéaiea till

To map these subsurface hazards, electrical resistivity techniques were used. The resistivity technique was excellectsas cond
poorly and thus high resistance areas were oftentimes correlated with subsurface faults and fissures that were thed wétlidat
trenching. Resistivity surveys worked best in this instance and helped target subsurface faults and fissures that abekkbd ad

for risk mitigation.

Key words Fault Mapping, Active faults, Resistivity, Iceland, Graben

INTRODUCTION

Structural geology and tectonic investigations and research
and document platdooundary geological deformation.
After the unrest that started in October 2023 near
Grindavik as noted with abundant seismicity, we
undertook field investigations starting on MolQ" to
document and understand the nature of faults and fissures
and associated deformation. Early in the field
investigations it was clear to the field team that a graben
or fault bounded depression was approximately 5 km wide
at the surface formed (Figurg,lalong normal faults, both

in and around the town of Grindavik. All of this was
summarized in the publication by De Pascale et al. (2024).
One key finding was the this was dominantly a tectonic
event with seismicity coincident with faulting (De Pascale
et al., 2024).

METHODS

Electrical resistivity is a geophysical technique to take
ground measurements and is related to Ohm's Law where:
voltage = current times resistance (or V=IR). For ground
investigations, we can calculate resistance as R=V/I, and
the resistivity is related @ geological parameters like
mineralization and fluid contents, temperature, porosity,
and presence of voids. By measuring an electric field at a
known current, it is possible to calculate the resistance of
the total volume of material between the transrtet and
receiver to the depth of detection limit of the transmitter
signal (Loke and Barker, 1996). Because voids, like lava
tubes or fissures or faults are often free of materials, that
is are open (i.e. air instead of rock or sediments), they have
correpondingly high resistivity values which makes
resistivity the gold standard technique for void detection.
Thus using resistivity surveys across a site, stratigraphy,
lithology, and voids can be detected. This technique, which
is also common for geothermalexploration and
characterisation of hydrothermal zones was used
successfully for both subsurface cave mapping (e.g.
Weissling and White, 2008), as well as for lava tube
mapping in the Canary Islands near the Corona Volcano
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(e.g. Torrese et al.,, 2021). Capacitive coupled electrical
resistivity- measures the electrical properties of rock and

soil without cumbersome galvanic electrodes used in
traditional resistivity surveys.
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Figure 1:Map of the field area in Grindavik in Southwest Iceland.
Epicenters of earthquakes between 25 October and 17 November
2023 shown in yellow to green with size corresponding to
magnitude. Seismic and GPS stations are shown with the former
labeled in italic.Note that THOB is the Mt. Thokbj station.
Sundhigkur cone row is located along and crossing the SUND
station. Lavas produced in the last volcanic period are shown in
pink, 202%2023 lavas in deep red. Main graben faults that slipped
inNovend SNJ HaHo ! m9 FNB tFo6StSR |
2024. Figure modified after the publication by De Pascale et al.,
2024.

A simple coaxial cable array with a transmitter (Tx) and
receiver (Rx) sections are pulled along the ground (Figures
2 and 3). Data acquisition is much faster than the DC
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resistivity  technique and provides accurate
stratigraphy/lithology/fracture mapping. For calibration of
the system, the resistivity system was used over known
cracks, faults, voids, that were documented by De Pascale
et al. (2024 to see the response of the system. As
expected, the highest resistivity values were encountered
(oftentimes with values 1 to 2 orders of magnitude higher
than nonfractured areas) at the surface. In Grindavik, an
OhmMapper resistivity system was used fhe duration

of the invesigation (Figure 2). Survey points were marked
out on the ground with a tape measure and survey paint,
and GPS waypoints were taken at each survey location to
correlate with the geophysical data. All GPS points were
saved as KMZ/KML files for viewing in GlecEarth or GIS
systems. Note that O on the resistivity profiles is the start
of line. Thus10 in any GPS line is 10 m to the west of start
points, and thus20 is 20 m before the start of the survey
line. Generally most surveys were taken over known
fractures as found through surface mapping, however
geophysical anomalies as indicated by ground penetrating
radar (GPR) along all of the roads in Grindavik were also
investigated by electrical resistivity methods. Surveys were
collected to maximum depth ofvestigation (i.e. where
signal was lost) by repeating surveys with varied distances
between the transmitter and receivers. In general the
closer to the harbour or coastline in Grindavik, the more
shallow the maximum depth of resolution of the system
whichis due to the influence of seawater which is relativity
conductive and thus with loss of signal. The electrical
resistivity data were data were reduced using the DataMap
2000 software (Geometrics, 2001), and plotted as
pseudosections (geometrical view ohe measured
apparent resistivity data set) while inversion models (i.e.
shows true resistivity for each model block, calculated
independent of the resistivities of the surrounding model
blocks) were completed using the twbbmensional
inversion software RS2DINV (Loke and Barke, 1996; Loke,
1999). Data were plotted in a pseudosection, where the
depth scale is calculated as a function of the separation
between the dipoles.

Figure 2:Field photograph showing the resistivity system survey
crossing surface fractures in central Grindavik in 2024.

Results and Interpretations

During surveys, surface cracks or faults were noted in the

field (as previously mapping using field mapping and drone

mapping; e.g. De Pascale et al., 2024) including what GPS
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point the survey encountered these cracks for correlation
of the survey observations along with the subsurface
resistivity observations. All of the results of the resistivity
surveys are found in Appendix A, B, and C. However for
demonstrative purposes, aprofile of Route 427
(Austervegur), was undertaken at the start of the
geophysial investigation to see the subsurface
characteristics of the faults and fissures mapped by De
Pascale et al. (2024) in the eastern graben along the
eastern side of Grindavik. This profile is fairly long (>300 m
long), and had a subsurface penetration & m depth
(Figures 3 and 4) and show a clear correlation between the
surface fractures and faults and fissures mapped at the
surface (Figure 5).

1

Figure 3:Resistivity pseudosections, with the measured resistivity
at the top, and model outputs of the apparent resistivity in the
middle and the calculated resistivity model at the bottom for route
427 in Grindavik (Austervegur) from near the retirement home
towards the eastern entrance of town. Resistivity values are in
Ohmm. Please note that there are orders of magnitude difference
in values as shown with colours. Yellow and red and orange are
much more resistant. These are coincident with the matrit fa
zones D and E shown on the map in Figure 1 (2024).

Resistivity values ranged from less than 10 @hnto over
1X1@in the surveys were undertook and there were clear
correlations between high resistivity values and known
surface faulting and fissures as well as in many areas that
the GPR system showed anomalies. Meetings were
undertaken to compare resistivity valuestivGPR values
and later with magnetic data and during these meetings,
areas that had correspondingly high resistance values were
compared with these other methods, although the method
with the least uncertainty was shown to be the resistivity
system for detection of faults and fissures in the
subsurface. Field validation was also critical and was
undertaken using fault trenching as well as drilling in key
areas where critical infrastructure ebi as underground
electrical lines or water lines were crossing the faults and
fissures (e.g. Figure 3)
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Figure 4:Comparison of the resistivity model (from Figure 3) with
the map showing faults at the surface to show the 1:1 correlation
between surface cracking and high resistance zones. Please note
that there are also bedrock highs in areas in the models that also
show up as relatively higher zones of resistance. Please note that
the map at the top is stretched to scale the model and atze
same scale. This shows the utility of electrical resistivity values.
Please note that the zone at station 155 m was excavated and
there was a open bedrock fissure there that was field validated
coincident with the red coloureghigh resistivity aea below ~2 m
depth. A photograph of this can be seen in Figure 5.

Importantly, at the key site shown in Figure 4, there were
open fractures (Figure 5), that opened in November 2023
in the subsurface that had a potential to collapse during
future fault motions, earthquakes, or due to settlement
that were then excavated fomitigation. In this case the
fissures were opened and then infilled with rubble to
reduce the likelihood of collapse and thus risk to the buried
critical infrastructure there.

< S

. e s
Figure 5:Field photograph by G. De Pascale showing a subsurface
horizontally open fissure in bedrock as shown in the locations near
station 150 on the horizontal axis in Figure 9 and 10. Please note
that during the fixing of the road here, it provided an important
opportunity for subsurface insight here as well as validation of the
nature of the high resistivity values which in this instance are due
to an open fissure at about 2 m below road level. Please note that
the photo was taken at road level and thgcavator was digging
down to fix infrastructure in the subsurface and mitigate the
fractures here (aka fill them in so that they did not collapse during
future earthquakes). Please note that the zone at station 155 m
was excavated and there wapen bedrock fissure there that was
field validated coincident with the red colouredigh resistivity
area below ~2 m depth.
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In conclusion, faults and fissures that opened and slip
during the 2023 unrest in Grindavik Iceland caused
considerable damage to the built environment.
Subsurface, yet open voids from a few centimetres to over
a meter wide were oftentimes concealed but thin,
centimetre to metre thick layer of till, marine clay, or
construction materials. In order to mitigate hazards of
these open voids, electrical resistivity surveys were
undertaken that help identify problematic areas that could
then be targeted for migation. Ultimately, along
extensional plate boundaries like where nrudeanic
ridges come onshore like in Iceland or in East Africa, future
extensional events will also likely have concealed faults
and fissures that can be accurately detected using
resisivity methods, even where concealed at the surface.
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Active westvergent Andean orogeny and potential for large earthquakes along the San Ramon Fault in
Santiago, central Chile

Easton Gabriel(1), Juan Carlos B&€2), Sergio Ruif3), José Gonzélez Alfaf®), Sofia Rebolledo (1), Sebastian Arr{@laSebastian Barr§2),
Carolina Valdera®j, Angelo Villalobos (1), Luisa Pinto (1), Sergio Barrientos (2)

(1) Departamento de Geologia, Facultad de CieRts#sas y Matematicas, Universidad de Chaston@uchile.cl
(2) Centro Sismolégico Nacional, UniversidadChile
(3) Departamento de Geofisié@cultad de Cienciddsicas y Matematicas, Universidad de Chile

Abstract:

The San Ramdn Fault is an active fault system located at the west Andean thrust front in central Chile. The faultdsfaddagrih
piedmont in the eastern border of Santiago, capital city of the country. From seismic network and geodetic monitooiegdimpr
during the last decade, we assessed seismic activity and préagrdeformation along the fault system. We found two main
north-south oriented domains of microseismicity: one located betwee201In depth just below the Andes beside Santiago, and
another one located ca. 30 km to the east, at depths betwe#&h Em, both compatible with major wesergent thrust geological
structures. Results from geodetic measurement from continuous and campaign stations reveal a sharp decreassagt west
velocities in the mountain front area, which we interpret as locking of the San Ramoén Fault at shallowirdépehsrust,
suggesting potential for major earthquakes along this fault system.

Key words West Andean front, active orogeny, San Ramén Fault, Santiago, Chile
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A longterm slip rate and total offsetestimate for the Motagua Fault, Guatemala

Ebell, Hannes (1), Christoph Gritzfi@rTina Niem(2), Sumiko Tsukamoto (3), Jeremy Maurer (4)

(1) Institute of Geosciences, Friedri§chiller University Jena, Jena, Germahyistoph.gruetzner@urena.de
(2) Earth and Environmental Sciences, University of Misd¢amisas City, Kansas City, NUSA

(3) LIAG Institute for Applied Geophysics, Hannover, Germany

(4) Geology and Geophysics, Missouri University of Science and Technology, Rolk§ MO

Abstract: The Motagua Fault in Guatemala is part of the plate boundary between the North American and Caribbean plates. The
long-term slip rate and the total offset of the fault are poorly constrained so far. We analyzed morphological markers dégital of
such agivers and ridges, using TanDBMligital elevation data with 12 m resolution and own airborne LiDAR elevation datasets

in some places. Sinistraffgets found in the Motagua Fault Zone range from several hundred meters to over 10 km, with large
displacements being much less frequdritetotal offsetdoes notexceed 1839 km The data imply that recent activity is mainly
concentrated on the strand that ruptured in the 1976 earthquake, while past activity shifted between different strandsy ereat

wide multistranded fault zoneUsing OSL dating of offset river terraces at the Rio El Tambor site, we meakpmaie ofca. 3

5 mm/a for the active strand of the Motagua Faudthis is in line with previous estimates and geodetic rates.

Acknowledgemens: This project was conducted as part of the Guatemala GeoHazards IRES program that is funded by an NSF

GrantOISEMmpoTmp G2 bASYA yR I 5CD LINE 2SO NophAtmericam platecbouadar@itn A & S
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Investigating evidences of Quaternary fault reactivation in Southwest Iberia, Portugal

Figueiredo, P.M. {1Ressurrei¢édo, R2), Custddio, S1), Tsukamoto, S. (3)

(1) Instituto Dom Luiz, Science Faculty, University of Lisbon, Portugal. pmfigueiredo@fc.ul.pt.
(2) Laboratério Nacional de Energia e Geologia, Cartografia Geolégica, Alfragide, Portugal
(3) Leibniz Institute for Applied Geophysics, Geochronology, Hannover, Germany

Abstract:

Southwest Portugal is close to the Europesrican plate boundary, antb Mw~8 1755 epicenter. It has seismicity asttbws
Quaternarydeformation through NNESSW faults and uplifted marine terraces contrasting with neighboring areas. Recent
geophysical and geodetic data highlighted a positive gravimetric anomaly consistent with the uplifted area, limited irdand by
misunderstood 90 kiNW-SE structure, that only matches a known fault for ~50 km. The rema#frign is considered to be an
inherent structure, not active, despite a noticeable and prominent scarp in the landscape. We present a preliminarybasalgsis

on 50 cm highresolution lidar and PlieQuaternary data, indicating evidence of subtle geomorphic deformation in a wide area, to
be investigated combining geology, geophysics and geochronology methods.

This work is supported by Fundacdo para a Ciéncia e Tecnologia, FCT, I.P./MCTES through national funds (PIDDAC
UID/50019/2023, LA/P/0068/2020, UID/50019/2025  https://doi.org/10.54499/LA/P/0068/2020 and
https://doi.org/10.54499/UID/PRR/50019/202&nd by the European Union (SEISRRBACT, GA101211167).

Keywords Quaternary activity, seismogenic sources, low strain deformation, cryptic structures, SW Iberia
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Czechia, central Europe
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Abstract: ¢ KS al NAt ya1sS [+TyS Cldf G o6a[C0O Ay 6SaGSNYy /1 SOKAI Aa
Bohemian Massif. While its northern segment is known for Holocene surface ruptures, the timing and nature of movements along
the southern MLFemain uncertain. The site near Nova Hospoda, where distinct offset valleys are exceptionally well preserved
despite the humid temperate climate and intense periglacial solifluction during the Pleistocene, provides rare evidexce of ve
young deformation. Bhough a nearby paleoseismological trench (made 2023) revealed late Pleistocene and no clear Holocene
displacement, the valley morphology strongly suggests-past Glacial Maximum movement. Electrical resistivity tomography

and groundpenetrating radarsurveys were conducted to identify sedimentary infill suitable for subsequent dating and to
characterize the subsurface structure. Determining the precise age and style of recent fault activity at Nova Hospé@aldas cruc
understanding MLF segmentatidate Quaternary kinematics, and intraplate seismic hazard in the Bohemian Massif.

KeywordY at NAty&al1sS [+t1yS Cldfds 277480 SrttSeas 12t208yS Frdd G FOGABAG

INTRODUCTION

¢tKS alNAtyals [+tTyS cCldfi
prominent tectonic structures (Fig. 1) of the Bohemian
Massif (Czechia, Central Europe), forming the eastern
boundary of the Chets 2 YI Of A OS DN} 68y oF
HnnnX ~LI 681 Si trapldig thetMLFH 0 ¢
shows significant Cenozoic activity. Geomorphological and  £>
structural indicators of recent deformation can be ® 7
F2it26S8SR f2y3 Ada SydiiaNB &
2022); however, the most active parts are separated by
distances exceedg 50 km. The northern part has
produced Holocene surfaeeipturing earthquakes :
0~0SLIy6N1 20t SG £ dX HAMO
characterized by segment with clearly visible offset valleys
and a weldefined scarp (Fig. 2).

Recent paleoseismological trenches at Kopanina and Horka
(northern MLF) and at Nova Hospoda (southern MLF)
demonstrate that seismic behaviour can vary significantly
S¢Sy 0680655y RalOSyd asave
2025). The northern MLF borders thegBtBasin, a region
typified by recurrent earthquake swarms, mantlerived -
/ hi RS3AlFaaAay3as yR vdzZ G§SNyI
HAaMnT ~GSLIy6EN128t SiG oz
deformation and crustal fluid activity. In contrast, although
the2 dzi KSNY a[C SELISNASYOSR
earthquake (Fischer et al., 2014) and displays strong
geomorphic evidence of activity, the 2023 Nova Hospoda
trench revealed only late Pleistocene deformation.

This inconsistency may reflect segmentation that halts
rupture propagation, differences in fault geometry and
orientation, variations in crustal stress accumulation, or
erosion/burial  of  Holocene  surface evidence.
Understanding segmentation and behaviouxariability
along the MLF is essential for reconstructing Pleistogene | 3
Holocene landscape evolution and improving seismic Figure 1: Digital elevation model showing the strikin
hazard assessment. Y2NLK2f 238 |f2y3 {Kpointedbyikd
The present study reports first results from new arrows.

geophysical surveys conducted as a preparatory step for

further paleoseismological trenching. The main goal was to

characterize sedimentary infill in offset valleys across the
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southern MLF and identify sites suitable for detailed
paleoseismic investigation, complementing previous work
at the nearby Nova Hospoda trench.

O thalweg

O offset valley continuation
~» MLF fault strands

¢3 trench position

Neogene fluvial to
fluviolacustrin:

T =
Hospodaf — ‘i s

Figure 2:Digital elevation model with MLF traces, trench site and

offset valleys

METHODS AND RESULTS

Eight geophysical profiles (1§60 m long) were acquired
along and across the proposed fault trace in order to get
both cross sections and longitudinal profiles of the offset
valleys, which are made along the particular part of the
fault. Two complementar methods were used: electrical
resistivity tomography (ERT) and groymehetrating radar
(GPR), both were used in the same profiles (Fischer et al.,
2012).

The surveys confirm the presence of sedimentary infill in
several of the investigated valleys. ERT profiles reveal
distinct resistivity contrasts on the eastern (upslope) side
of the fault consistent with thicker sediment
accumulations (2 m), and GPR dat support this
interpretation by showing layered to chaotic reflections
typical of fluvial to colluvial deposits. Sedimentary bodies
were also identified on the western (downslope) side of
the fault, although thinner (£m), suggesting more
complex sedimenrouting and valley development than
inferred from surface morphology alone (Fig. 3).

Although the continuity and origin of individual sediment
units cannot be resolved solely from geophysical data, the
surveys successfully identify multiple localities where
sediment thickness and configuration appear suitable for
targeted trenching. The pfiles also indicate that the fault
trace may be more complex or segmented at a local scale,
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providing valuable structural constraints for follayp
paleoseismological research.

DISCUSSION

It is probable based mainly on the initial terrain
morphology analysasthat two generations of offset
valleys are present: two larger main valleys offset by
approximately 40 meters, and around twenty smaller
erosion gullies offset byc® meters. This patta likely
reflects two phases of landscape evolution or,
alternatively, two periods of movement along the fault.
The main valleys may be of late Pleistocene age, whereas
the smaller gullies could be Holocene in age. The
preliminary results suggest that thtaicker infill of larger
valleys could be offset, but the situation is not clear
regarding the smaller gullies.

Despite clear geomorphic indications of valley offset and
active tectonics, the initial geophysical data do not yet
constrain the scale of displacement. A key limitation is that
ERT and GPR cannot reliably differentiate among fluvial,
deluviofluvial, andslopederived sediments, which often
share similar physical properties (Fischer et al., 2012). This
restricts the ability to quantify offsets or interpret the
stratigraphy in terms of earthquake history.

Nevertheless, the reconnaissance surfidfils its primary
objective: identifying locations with sufficient sediment
accumulation and favourable geometry  for
paleoseismological trenching. Paleoseismology remains
essential for determining the age, style, and recurrence of
past surfaceupturing earthquakes along the MLF
0~GSLIYy6NT28t SG i oz
The results indicate that the fault zone is structurally
complex and may be segmented at a finer scale than
suggested by regional geomorphology. Such segmentation
could influence rupture propagation (Zielke & Klinger,
2025) and may explain why laRleist@ene activity is
documented at the Nova Hospoda site (approximately 500
m to the south), whereas Holocene ruptures have not yet
been detected.

The next research phase will focus on detailed trenching at
newly identified sites between the offset valleys north of
Nova Hospoda. These investigations aim to refine the
segmentation model of the southern MLF, determine
whether  Holocene surfaemupturing earthquakes
occurred but left limited preservation, and evaluate the
possibility of past muksegment ruptures. Ultimately,
integrating geomorphology, geophysics, and
paleoseismology will improve understanding of the
seismotectonic behaviour of the regi@nd support more
robust seismidhazard assessments in western Czechia.

HAMpO P
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Figure 3:Comparison between two ERT profiles along the MLF crosscutting the valleys: eastern side of the fault (top), westtre fadé of
(bottom). Note that the orientation of the profies is soutbrth.
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Evidence of Upper Pleistocerdolocene tectonic activity along the LonghefeadaltoCadola line
(eastern Southern Alps, NE ltaly)
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(3) Teamgeofisica.ceg: Centro di Elaborazione dati Geofisici (Ferrara, Italy).

Abstract:We made paleoseismological investigations on the eastern part of the Bagséthmbbiadene Thrust Auct., i.e. the left
lateral Longherd~adalteCadola transpressive fault. The study area lies at the PlieQeagernary front of the eastern Southern
Alps,a SSE verging active thrusind-fold belt characterized by moderate to high seismic hazard and risk, where some historical

SIENIKIdzZ 1 Sa

NB 3 A a (i &/adbbiadede ThiustAdct. éxterRls with BiEtrendifg at the base of the Venetian

Preals, where the Jurassretaceous carbonate succession overthrusts the Palaeozoic Turbidites and Miocene Molasse. In the
framework of the National Seismic Microzonation Project, we carried out a paleoseismological study following preliminary
morphotectonicand geophysical investigations, to assess the recent activity and capability of LoRghaf®Cadola
transpressive fault. The paleoseismological trenches, dug on upper Pleisttmlenene sediments, reveal clear evidences of
recent tectonic activity, gssibly related to the 1873 Alpago earthquake (Imax X MCS, Mw 6.3).

Key words Paleoseismology, transpressive fault system, seismic hazard, eastern Southern Alps, NE lItaly.

INTRODUCTION

Theeastern Southern Alps (ESA) is-ee®)ing foldand
thrust belt, evolving from the middle Miocene up to the
Present. Their development occurred in the Neogene
Quaternary time interval Qoglioni & Bosellini, 1987
Castellarin et al., 199Fantoni et al., 2002 related to the
Neoalpine compressional eventThe ESA present
architecture largely results from the interaction between
the Jurassi€Cretaceous continental rifting and the change
in plate kinematics occurred at the end of the early
Cretaceous. During the Mesozoic, the former Triassic
Jurassic platformwas split into NNESWrending
structural blocks, bounded by normal faul{8osellini,
1973) When extension ended, a convergence between
Adria-Africa and Europe lithosphere plates started. This
compressional regime controls the evolution of the Alps up
to their present setting, and the Mesozoic normal faults
were frequently reactivated and invied during the
Neogene contractional even(€astellarin & Cantelli, 2000
Doglioni, 1992 Galadini et al., 2005 The major
deformation phases in the external Venetian Prealps
occurred during the Messiniant A 2 OSy §
on Castellarin & Cantelli, 200@)nder NWSEoriented
maximum horizontal stress. This contractional phase
activated major thrust system, such as the Bassano
Valdobbiadene, Polcenigdontereale, Cansiglio and
Montello-Conegliano  thrussystems (Castellarin &
Cantelli, 200Q)This tectonic phase is still active, and during
Pliocene and Quaternary it caused the propagation of the
external front toward the piedmont venetian plain that
represents its forelan@Galadini et al., 2005Zaputo et al.,
2010; Fig. 1)
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Figure 1:Structuralsketchmapof theeastern Southern Alps (SR:
EPSG 6708Yyellowstarsindicatethe historical and instrumental

a X earthgouakes that hit ESA during the lastlennium
(Rovida et al., 2022) egendBC: Bassano
Cornudarh.;BL:BellunoTh;BV: Bassan®aldobbiadend hrust
system; CACansigliorh.; LCH:onghereFadaltoCadoldine; MTF

AR: MontelleArcade Th.; PMPolcenigeMonterealeTh. The black
box notes the study area of Fig. 2.

LK &8¢

Between Bassano del Grappa and Vittorio Veneto
localities, most of the late Miocene to Pleistocene
deformation at the ESA front is accommodated by the
BassaneValdobbiadene (BV) and Montello thresgstems
(Castellarin & Cantelli, 20Q0yhe BV Th. tectonic activity
continued up to the Holocene and the strain field obtained
from geodetic data (horizontal GPS and terrestrial vertical
levelling data) indicated that the BV Th. is the structure
with the highest seismogenic potential in theenétian
Prealps Barba et al., 2013)n particular, within the study
area, the leftlateral closure of the Bassafu(aldobbiadene
thrust (i.e. the Longher&adalteCadola line), overthrusts
the Jurassi€Cretaceous calcareous units on the
Palaeocene turbiditic sequences and Miocene Molasse
(Antonelli et al., 19903long the inherited western border
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between the Friuli Carbonatic Platform, in the east, and
Belluno basin, in the west (Fig. 2)

From the seismological point of view, the area experienced
AaSOSNIt a x pop
(Rovida et al., 2022; Fig..1n particular, the Alpago
Vittorio VenetoCansiglio Mt. area was affected by two
strong events: the 28 June 1873 {Jox X MCS e M6.3)
Alpago earthquake and the #®ctober 1936 fl.xVIIl MCS

e My 6.1) Cansiglio earthquake. While the 1936 event is
attributed to the Cansiglio sourc€Sirovich & Pettenati,
2004; Galadini et al., 2008Burrato et al., 2008)Galadini

et al. (2005)associated the 1873 event of Alpago to the
PolcenigeMontereale seismogenic source, but it cannot
be ruled out that the seismogenic source of this seismic
event could be associated to the Longhé&radalteCadola
transpressive fault.

Goals and Methods

In the framework of the Vittorio Veneto Seismic
Microzonation Project a series of seismotectonic
investigations in the Lapisina valley were carried out along
the possible surficial expression of the LonghEeslalte
Cadola fault trace, following the Geologl map of Italy,
sheet 063 Bellun¢Costa et al., 1996; Fig.. 2)

Legend

A Vs

Geological cross section trace (Costa et al., 1996)

= ERrTtrace

—- Longhere-Fadalto-Cadalto line

LFC transpressive thrust
system PRy ——

Visentin anticline:
Mesozoic Belluno basin

Pl
E;:;c‘n
Figure 2:Geological map and geological cross section (n. IV, green
line) of the Lapisina valley (from 063 "Belluno" sheet of the Carta
Geologica d'ltalia at the 1:50000 scalé}osta et al., 1996Blue
lines areElectrical Resistivity Tomography (ERT) investigations and
illustrate the trench sites.

Molassa
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Our research investigated the recent activity of the
LonghereFadalteCadola line and its possible relationship
with the 1873 Alpago earthquake (Imax = X MCS, Mw =
tlad
We adopted a multidisciplinary approach combining
morphotectonic  analysis, geophysical survey and
paleoseismological study. Usingni resolution LiDAR
derived Digital Elevation ModéDEM), provided by the
Provincia of Treviso, we identified some morphological
anomalies along the LongheFadalteCadola line,
potentially linked to its recent tectonic activity (i.e. offset
of geomorphic markers, slope breaks, tilted surfaces,
drainage anomalies, larsurfaces suspended over the
present valley bottom. Subsequtly, Electrical Resistivity
Tomography (ERT) surveys were achieved to image the
shallow subsurface and to better identify the neanficial

fault traces (Fig. 3 and Fig. 5).

Based on morphological and geophysics results, we
selected some trench sites across the possible surface
trace of the LFC line. Paleoseismological trench walls were
cleaned, mapped at 1:10 scale thanks to a 1 x 1 m string
grid, and documented with orthomagcs and 2D models.
Radiocarbon samples collected from the trench units were
dated at Beta Analytic to constrain the age of the deposits.

Paleoseismological trenches

Vittorio Veneto 1 Pian della Torre locality
¢KS FTANBRG GNBYyOK gl &
t20rGSR Fnn Y 02@8S GKS
slope of the Visentin Mt. (Fig. 2). From the geological point
of viewthe eastern slope of the Visentin Mt. corresponds
to the eastern limb of the carbonatic anticlifg€osta et al.,
1996; Fig. 2). Moreover, thegeomorphological map
(Pellegrini, 2000)indicate that the terrace consists of
fluvioglacial deposits related to the late stages of Piave
Glacier retreat after the Last Glacial Maximum (LGM). At
the base of the relief, a wide detrital talus is present. ERT
data revealed a lateral resistivity doast in Late Glacial
sediments (Fig. 3). We dug a 22long and 2.5 rdepth
paleoseismological trench across this anomaly.

Esecvos Spoceg =190

: trical Resistivity Tomography (ERT1) investigation of
Gt ALy RSEffF ¢2NNBéz +AGG2NR2
resistivity anomaly while the orange one notes the trench trace.

The trench exposed kame deposits {8 ka BP), overlaid

by anthropogenic fills. Clast lithology reflects the Fadalto
landslide source area, whose first activation occurred
between the Late Glacial and the final glacier retreat,
around 16 ka BBPellegrini & Surian, 199Bellegrini et al.,

2006) The composition of the clasts without dolomites
and other Triassic lithology typical of the upper Piave

catchment, confirms a local sediment provenance.
¢CKSNBT2NBs 4SS OFy adzallas
¢C2NNBé¢ RSLIRarAlda A&

Deposits show a suborizontal setting typical of alluvial
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sedimentation. Conversely, the NW sector of the trench
shows tilted gravels, dipping SE at-@0’. Moreover, a
middle-high angle Skerging reverse fault (300/55) affects
units B and C with a vertical throw of about-18 cm (Fig.
4), indicating post GM sirface deformation.

Figure 4:Paleoseismological log of Trench of Pian della Torre
Street (Vittorio Veneto). In the NW sector av8Ejing thrustfault
displaces the kame deposits of Upper Pleistocene age.

Vittorio Veneto 2 Cesana Street

ERT investigations acquired across a pronounced
morphological scarp near the locality of Cesana revealed
significant subsurface resistivity contrasts (Fig. 5).
Geological and geomorphological mg@osta et al., 1996;
Pellegrini, 2000)attribute this scarp to fluvial erosion,
affectingLGM glacial and fluviglacial deposits. However,
since this morphological scargoincides with the
LonghereFadalteCadola line trace as mapped in the
CAR®@63 Belluno sheet, we verified whether the scarp
could also be related to the recent tectonic activitytioé
LFC line. Here we dug a paleoseismological trench,-12 m
long.

Figure 5Electrical Resistivity Tomography (ERT2) investigations of
a/ Salyl {GNBSGés +AGG2NA2
resistivity anomaly while the orange one notes the trench trace.

The about 2,5 nhigh trench wall exposed alluvial and
fluvioglacial deposits, overlaid by agricultural soil, that
locally contains anthropogenic fills, with some artefacts.
No radiocarbon datable samples were found. However,
postLGM fan deposits are cutnd displaced by a high
angle reverse fault that propagates up to the base of the
agricultural soil, whose involvement cannot be excluded.
The vertical throw observed is at least 0.21 m, testifying
postLGM tectonic activitpf the LFC line.

35

+SyS$§

INQUATERPRO ProjeCascading Hazards and Mitigation (CHAM

paleoseismicity.org

. o

Faut  Units

Figure 6:Paleoseismological Trench of Cesana Street (Vittorio
Veneto). A highangle reverse fault cut and displace Upper

PleistoceneHolocene fan deposits, propagating up to the base of
the agricultural soil, whose involvement cannot be excluded.

Vittorio Veneto 3 Longhere locality

Near Longhere locality, a third trench exposed very
interesting evidence of both seismically induced
liquefaction and faukrelated deformation. In the northern
sector, Late Glacial sands and gravels, belonging to
fluvioglacial units A and B ({18 ka caBP), quickly change

in bedding attitude: from &ergent lower angle dip to high
angle (340/85) close to the northern scarp (Fig. 7a).
Southernmost, sands and gravels rich in matrix (unit C)
registered strong paleoliquefaction events. They are
overlaid by a colluvial deposit (unit D) radiocarbon dated
between 31032923 cal BP and 2423841 cal BP (Fig. 7b).

3 . “SSE
Figure 7:(a) Evidence of faultelated deformation:sands and
gravels of the fluvioglacial units A and B with high angle (340/85)
close to the northern scarp; (b) Evidence of seismic shadng:
.and_gravels liquefactions (unit C) on the soyth part of the
0% q fupit Q@ on the, goyth part g

ue?cg)vate% %ﬁ NB R
DISCUSSION AND CONCLUSION

Results from presented paleoseismological trenches testify
the activity of the Longher€&adalteCadola line during the
postLGM period. Late Glacial deposits are deformed and
displaced even if we cannot rule out that also the ploughed
soil could be affect#d by deformation (see for example
Vittorio Veneto 2, Cesana trench). In this context, the
absence of historical deposits precludes the possibility to
associate observed deformation with a historical event.
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Nevertheless, according to the Italian Technical
Commission for Seismic Microzonatig@015) and the
ITHACA guidelingsSPRA, 20224 fault showing evidence
of activation within the last 40 ka is classified as actile
LonghereFadalteCadola line meets this criterion at all
investigated sites, with significant implication for the high
local seismic hazard.

At present, no historical earthquake is conclusively
associated with the LFC line. According to the Italian
earthquake catalogues, the most recent earthquake
happened in the study area, possible referable to this fault,
Aa GKS wmyrToO
event is currently attributed to the Polcenigdontereale
system, our new paleoseismological evidence does not
exclude the possibility that the LFC line activated during
the 1873 earthquake. Further investigations are required
to validae this hypothesis, in order to constrain the
dSAaYy23SyA0 az2daNOS 2F (KS
Overall, the results highlight the relevance of the LFC line
as an active structure in the Venetian Prealps and
underscore its possible contribution to the high seismic
hazard of the area.
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Fault Throw Evolution Across Multiple Time Scales in the Arema@@iaque Miglia Fault System (Italy)

FrancesconeéMarco (1), Alberto Pizzi (1), Arthur Delorme (2), and Yann Klinger (2)

(1) Department of Engineering and Geology, University of GRiescara, Italyparco.francescone@unich.it
(2) Université Paris Cité, Institut de physique du globe de Paris, CNB®)% Paris, France

Abstract: The AremognaCinque Miglia Fault System (ACMFS), in the Central Apennines (ltaly), is an exceptiofakperetid
active normal fault system that offers key insights into kergn fault evolution. This study combines geological, geomorphological,
and paleoseismological data to quantify displacements over three timescalestdomg(~*2 Myr), midterm (postLast Glacial

Maximum, ~18 kyr), and sherérm (recent paleoearthquakes). Analyses of topography, geological sections, and fault scarps reveal

currulative throws up to ~1500 m in the Aremogna sector and ~1000 m in the Cinque Miglia sectbGMasffsets reach ~20 m,
mainly along Cinque Miglia faults, while trench data show coseismic displacements up to 0.8 m. The similarity betwashrudg

term profiles suggests that the ACMFS has acted as an integrated system through multiple seismic cycles, now approaeking compl

linkage. Structural inheritance controls segmentation and displacement patterns. These results constrain fault growttingnd sca
indicating potential earthquakes up to M6.5, with implications for regional seismic hazard.

Keywords active tectonics; fault displacement; hdimkage
INTRODUCTION

Longterm fault scarps form from the cumulative
displacement of multiple earthquakes and therefore
provide key insights into deformation processes
specifically, where past ruptures ended and how they
evolved. Precisely defining the spatial extent of casnés
ruptures is crucial for accurately estimating earthquake
magnitudes, conducting seismic hazard analysis, informing
engineering design, and ensuring public safety. However,
there is a lack of datasets that allow us to determine
whether the observed patirn remains consistent over
time and, if so, for how long. Our findings contribute to a
more comprehensive understanding of how normal fault
systems evolve across different time scales and how their
structural complexities modulate this evolution.

FAULT SYSTEM BACKGROUND

The Aremogn&inque Miglia Fault System (ACMFES) is
located along the NWBE seismogenic belt that
accommodates NExtension within the axial zone of the
Central Apennines chain, characterized by widespread
historical seismicity. The overall normal fault teys
bounds intermontane basins: the Aremogna plain at an
average elevation of 1450500 m a.s.l. to the south, and
the Cinque Miglia basin (1250 m a.s.l.) to the north, filled
by glaciafluvioglacial and alluvidhcustrine deposits,
respectively.The southwestipping Aremogna Fault (AF)
and Cinque Miglia Fault (CMF) in the southeastern Abruzzo
region (Central Apennines Italy) are two fault domains
composed of multiple and anastomosing strands of ~6 km
and ~8 km length, respectivelyThey are connected by a
complex relay zone between the two subparallel
overlapping faults, giving an overall length of 16 km of
ACMFS shows NWBE to NS trending scarps displacing
PleistoceneHolocene deposits (Fig. 1).

The presence of lowangle structures in the CMF, such as
the 30%dipping Mount Rotella fault, also suggests possible
positive inversion of a Mesozoic structure during
orogenesis. In turn, there is evidence that these faults have
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experienced a negative inversion during the Quaternary.
This behaviour is commonly observed in the Central
Apennines (Calamita et al., 2011; Falcucci et al., 2018).

PALEOSEISMICITY
The Aremogn&inque Miglia Fault System is one of the

first active fault systems in the central Apennines for which
a seismic potential was inferred by paleoseismological

GNBYOKAY3 O6CNBTT20GA ad 3 DANI

2001; Brunamonte et al.,2001). Timing of the
paleoearthquakes is based on radiocarbon dating and
stratigraphic relations. The most recent event is
constrained between 800 B.C. and 1030 A.D., possibly
closer to the youngest part of the interval; the penultimate
between 3735 and 2940 B,@vith the younger part of the
interval preferred; the oldest event is constrained between
3540 B.C. and 7000 B.P., possibly between 6500 and 7000
B.P. Considering all the fault sections that slip during large
surface faulting events, the authors estimateat the
average recurrence intervals range from 2140 to 5080
years, and the vertical slip per event ranges from 0.3 to 1
m. The Holocene vertical slip rate ranges from 0.1 to 0.5
mm/yr.

Although the Catalogue of Strong Italian Earthquakes
(Guidoboni et al., 2018; 2019) includes the most significant
events that occurred over the past two millennia, none can
be directly linked to the ACMFS. However, the possibility
that one of these earthgakes occurred during the
September 1349 earthquake sequence and was produced
by this fault should be considered.

In this context, and because the ACMFS is one of the few
fault systems in the Apennines with a clearly defined

surface trace, understanding its seismic behavior is
critically important.
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Figurel:a) Simplified geologic map of the Aremog@imque Miglia Fault System. Strikes of the faults are expressed on each main

b) Location box of the study area. c) Photo view from south to north of the main faults of the eastern Aremogna pladotifilggsint
is shown on panel (a).

METHODS

Our approach combines higlsolution topographic
analysis, detailed field mapping, and paleoseismological
trenching to reconstruct the fault's activity (i.e., throws)
across different timescales, enabling comparisons and
evaluating the fault system's ewdion. To study the
ACMFS in detail, we divided the fault system into two main
fault domains that display connected fault traces and
complex structural features. These domains are the
Aremogna fault system (Afsouth) and the Cinque Miglia
fault system (CMFnorth), consisting of both synthetic and
antithetic faults, along with nin@ssociated fault traces
(ranging from 4 to 11 km long). We identified fault domains
showing evidence of activity by integrating fieldwork data,
published geological maps, paleoseismology, structural
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geology, and highesolution imagery, including Google
Earth and a Smeter-resolution DEM.

RESULTS AND DISCUSSION

We reconstructed the evolution of the ACMFS from its
onset in the Early Quaternary to the present using vertical
throw data. For the miderm, to avoid overestimation, we
chose cumulative displacement from the besmnstrained
topographic profile, which ds low offset measurement
errors. Finally, we implied the highest throws for each
sector, so the obtained values are to be considered the
maximum throw for each segmentigF2).
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Figure 2Maps of the cumulative tectonic throw evolutio
through time: on the left longerm (ca 12 Myr) throw, on
the right midterm (post 18 Kyr) throw. The color scal
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frame.

The results indicate that segments with high geological
displacement but without postGM activity are mainly
located at high elevations (i.e., AF domain). In contrast,
faults associated with the highest midrm throws are
generally located at lower eletians (CMF). This
observation suggests that the most recently activated
segments are located on the footwall of the faults that
were formerly active, probably during an earlier stage of
the extension, or that the two main domains were
overlapped, suggestg there might be a shift of the activity
at least for about 18 ky and a halidkage evolution.

To assess how migrm throw rates relate to the long
term evolution of the fault system, we also compared the
longterm throw curve for the ACMFS, assuming that the
mid-term throw rates remained constant throughout the
entire period of fault activity dung the Quaternary. The
comparison indicates that, under these assumptions, the
longterm throw is generally consistent, especially in the
overlap zone.

The model of fault evolution presented here shows the
extent of the surface expression (~16 km), which allows us
to infer an expected magnitude of M6.5 for the event,
according to empirical relations in the literature (Wells and
Coppersmith, 1994We also inferred that the contribution

of displacement from secondary faults exceeds 33% of the
total amount, highlighting rupture processes that occur
over wide areas around active faults, which are difficult to
detect in the field.
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CONCLUSIONS

Comparing fault displacements across different time scales
is key to understanding the evolution of a fault system
(Puliti et al.,, 2020). The preseday setting of ACMFS
shows geological offsets that transition smoothly from the
cumulated lower displacenm in the northern part of the
system (~1000 m) to the cumulated higher displacement in
the south (~1500 m). This slightly asymmetric distribution
of displacement suggests that an overlap breaching zone
connects the faults.

Inheritance from reverse faults or older normal faults may
play a significant role in the formation and growth of
extensional structures at depth. It could have important
implications for empirical relationships between the
geometries and dimensions of dace faulting, providing
also indications for those investigating seismic hazards.
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Interplay Between Tectonics and Surface Processes in the Landscape Evolution of the Colca Region,
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Abstract: The Colca region represents a unique natural laboratorgtfatyinglandscape evolution driven by the interplay of
tectonic and volcanic activity,fluvial erosion,masswasting processes, lithological variabilityarst development,glacial
processesand climaticinfluencesHere, we adopt a multidisciplinary approachuederstandthe mutual feedbacks between
these interacting processeur findings reveal strong coupling among tectonic, volcanic, and surface processes:
paleoseismologicand archeoseismologicalidence indicates potential for largamagingearthquakes; active faults exert a
primary control on the hydrothermal syste@pulomb stresgansfer modéing confirms a predominantly tectonic origin for
Y2ail S NI Kiedsied b8siFaleraged er8sion rates vary among <wdisins, from the upper plateau and broad valley

to the deeply incised canyon and piedmont basir@sion rates reveal the combined effeatsectonic uplift and mass wasting,
including temporary river damming and ephemeral lake formatéom karst development, including travertine deposition and
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Key wordslandscape evolution, incision, erosion, upéifitive tectonicsAndes
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GroundBased Remote Sensing for Enhanced Paleoseismic Characterization of Trenches and Fault
Scarps in Tectonically Complex Areas of Spain and Italy
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Abstract: Groundbased remote sensing provides new perspectives in paleoseismology by enhancing fault characterization and
reducing interpretative uncertainty. This study applies portable rahisor hyperspectral imaging combined with LiDAR and
high-resolution plotogrammetry to characterize paleoearthquake events and deformation structures in trenches, outcrops, and
exhumed fault scarps across diverse tectonic regions in Spain and Italy, including the Eastern Betics Shear Zone, the Central
Pyrenees, and the Cenkrdpennines. The objectives are to improve paleoseismic trench interpretation, identify subtle
deformation features commonly overlooked in conventional logging to enhance-leentn recognition, and analyze
mineralogical and spectral variations alonghared fault rock scarps to detect alteration patterns linked to differential
exposure and progressive exhumation. Results show that hyperspectral analysis reveals features difficult to observe with the
naked eye, including faudltlated surface deformatigrcentimeterscale softsediment deformation, and spectral mineralogical
variations expressed as zones of differential weathering along exposed fault surfaces. Tisemaattapproach demonstrates

broad applicability and transferability across contragtitectonic settings, strengthening event reconstruction and reducing

interpretative uncertainty.

Key words Advances in Paleoseismology; GroBeded Remote Sensing; Hyperspectral Data; Paleoearthquake Event recognition.

INTRODUCTION

Paleoseismology extends seismic records beyond historical
archives, providing foundational parameters for seismic
hazard assessment. Conventional trench and bedrock
scarp studies, however, face persistent challenges and
sources of uncertainty: (i) subtleetbrmation is easily
masked by surface processes, (ii) dating precision is limited
by poor correlation of sampled units, and (iii) pdisid
validation is often impossible due to access restrictions and
trench backfilling.

Recent advances in growixhsed remote sensing now
offer centimeterscale, multisensor datasets formerly
unattainable. Pioneer studies (Ragona et al., 2006; Kirsch
et al., 2019) demonstrated that hyperspectral data can
significantly reduce interpretative uncertainties in
paleoseismic investigations by revealing deformation
structures not visible to the naked eye. The increasing
portability, reduced cost, and improved accessibility of
groundbased hyperspectral cameras, combined with the
development of opersource processing software (Thiele
et al.,, 2021), create favorable conditions for broader
application and methodological refinement across diverse
tectonic environments.

Here, we integrate hyperspectral, LiDAR, and
photogrammetric data from trenches, outcrops, and
exhumed fault scarps across three seismically active and
tectonically contrasting regions of Spain and ltaly: the
Eastern Betics Shear Zone, the Central Pyrereed the
Central Apennines. Our objectives are to refine
paleoearthquake interpretation by detecting subtle
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deformation features that escape visual logging and to
analyze mineralogical and morphological indicators along
exhumed faulrock surfaces to asse patterns of
differential exposure and progressive exhumation.
Together, these goals extend hyperspectral methods
(already proven in trenches) to outcrop sekdiment
deformation and exhumed fault scarps for the first time,
yielding a more robust and peoducible framework for
characterizing paleoearthquake evidence in complex
tectonic settings.

TECTONIC AND GEOLOGICAL SETTING

The Western Mediterranean is a natural laboratory of
active tectonics, where Africkurasia convergence and
Tethyan slab rollback drive collision, bak extension,
and strikeslip faulting that have fragmented and
reactivated faults. Historical and ambological records
document highintensity earthquakes since pfeoman
times, while palaeoseismic data reveal variable fault
geometries and slip rates since the Late Pleistocene
(GarciaMayordomo et al., 2012; Faure Walker et al.,
2021). We focus on threeepresentative regionskjgure

1A).

(i) Eastern Betics Shear Zone (SE Spain). A transtensional
corridor (1.5 mm/yr) with oblique thrusting and lfiteral

slip. The Alhama de Murcia Fault is the region's major
seismogenic structure. It has produced several damaging
earthquakes since 1500 AMartinezDiaz et al., 2019),
including the Mw 5.2 Lorca earthquake in 2011. The study
site lies at the La Tercia trenchigure 1B where at least
four ancient events have been documented in the last 40
ka (GomeaNovel et al., 2022).
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(ii) Central Pyrenees (NE Spain). This region exhibits slow
post-orogenic extension (0.@®.08 mm/yr vertical), minor
thrust reactivation, isostatic rebound, and gravitational
02ttt LJASP® | AadG2NRO ¢
Ribagorza 1373, 182/ielha) left coseismic environmental
signatures (Ortufio et al., 2008; Larrasoafia et al., 2010).
The Sort site is located on a lemergy fluvial terrace of
laminated finegrained Quaternary deposits, Noguera
Pallaresa RiveF{gure 1§

(iii) Central Apennines (ltaly). This region is dominated by
an extensional regime ¢3 mm/yr, NWSE), where some
of the most destructive earthquakes in Italy occurred: 1349
and 1703 NorcigL'Aquila, 1915 (Mw 7) Fucino, 2009 (Mw
6.3) L'Aquila, and the 20&67 earthquake sequence. Our
study focuses on the southern Fucino fault system,
specifically the San Sebastiano fault, where -m-fiigh
exhumed limestone bedrock scarp along the Giovenco
River valley has been characterized-igre 1.
Cosmogenic®Cl| dathg reveals at least five seismic
exhumation events preserved on the fault surface,
clustered around 4 and 11 ka, associated with repeated
earthquake sequences (Benedetti et al., 2013).
METHODS
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This study builds upon the workflow proposed by Kirsch et
al. (2019). We first conducted conventional
paleoseismological fieldwork. Terrestrial LIDAR (Optech

RS & i NUzOILRISEDS ard [phvindtdndzbtric Slata (Blikod DIGE, 45.%

MP) were acquired. Point clouds were genethtand
processed in Agisoft Metashape and CloudCompare for
orthophotos and digital elevation models. Hyperspectral
imagery was collected using SPECIM FX1G;1400 nm)
and FX17 (901700 nm) at Sort and San Sebastiano, and
AISA Fenix 1K (46600 nm) at LaTercia, all from
distances of §10 m and with spatial resolutions o&
mm. Radiometric correction, illumination modeling, and
geometric ceregistration with LiDAR/photogrammetry
point cloud were performed using the hylite package
(Thiele et al., 2021)enabling reflectance retrieval and
projection of the hyperspectral cube onte3D surfaces.
Additional processing included spectral smoothing,
empirical line correction, dimensionality reduction
(Minimum Noise Fraction MNF and Principal Component
Analysis PCA), mineradensitive band ratios, and the
generation of falseolor composites for lithological and
structural discrimination within a multilayer visualization
workflow.
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2014) compiled from the European Seismic Hazard Model (Basili et al., 2020), Benedetti et al. (2013), the QAFI andiBtabtsidAGarcia
Mayordomo et al., 2012; Faure Walker et al., 2021). B. La Tercia trench on the northern segment of the Alhama de Muprievieagly
studied by Gémeklovel et al. (2022); mapping adapted to the 5 m DEM (IGN, 2022). AteSiorttee Noguera Pallaresa River basin; Quaternary
deposit mapping modified from the 1:25,000 Ripoll sheet (ICGC, 2018) and the 5 m DEM (IGN, 2022). D. San Sebastignafapfiisga
adapted from the 1:25,000 Scano sheet (ltalian Geological S2®@8$) and the 1 m LIiDAR DEM (MASE, 2021).
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For the Tercia and Sort sites, field logs were compared with  strength and surface roughness; Zielke et al., 2022) were
stacked hyperspectral data to refine stratigraphic collected but are not presented here; they will be used to

boundaries, identify fractures, and classify centimeter O2NNBfFGS @GSNIAOFE YAYSNIf23AC
scale deformation features. At the San Sebastiano scarp,  exhumation history (Benedetti et al., 2013).

10 cmradius Regions of Interespaced every 25 cm were

extracted along vertical profiles from mineral band ratios. RESULTS AND CONCLUSIONS

Mean and normalized index values were plotted to detect

abrupt changes in slope and trend; these breaks were At least three paleoearthquake events during the past

identified both visually and with the BottomUp 34,000 years were identified in the La Tercia trench,
segmentation &orithm (Truong et al., 2020; Llinares et al., confirming a surfaceupturing event <15 ka (Figure 2A).

2025). Additional data (point spectra, Schraidimmer

Figure 2:A. La Tercia hyperspectmihhanced paleoseismic interpretation. Photogrammetric model vs.-éalse MNFVNIR and iroiband

ratio images; orange, purple, and yellow triangles mark spectral variability across distinct stratigraphic units. BcBgatphdtogrammetric
model with yellowboxed area for sofsediment photos B1 and B2; yellow dashed line shows hyperspectral coverageard NFCA/NIR
composites highlight clay/silt/sand packages and seftliment structures (Pn = pseudonodule, Nd = Negututike, Cd = clastic dike, Fs = flower
structure, Lc = load cast). C. San Sebastiano scarp: acquisition, veatigaltyl model; hematite (BR1) and goethite (BR2) band indices (raw
pM° 0fdzSTI y2N¥IfATEBRPOONDY &S| tra faghesankkk Fisual 8d 8dttomUp slbpeaks; red transparent
bands show®Cldated exhumation clusters (Benedetti et al., 2013).
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