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Dear participants, 
 
On 4 February 1976, a magnitude 7.5 earthquake ruptured the Motagua Fault, which is part of the 
North American-Caribbean plate boundary in Guatemala. More than 23,000 people lost their lives and 
the devastation was huge. On the day 50 years later, we want to commemorate this disaster, and we 
want to talk about the lessons learned since then.  
 
The International INQUA Meeting on Paleoseismology, Active Tectonics and Archaeoseismology (PATA 
Days) brings together earthquake scientists from all continents to share latest research in earthquake 
geology and to discuss the developments in our discipline. A central part of the PATA Days are 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.  
 

 
The PATA Days World Map. 

 
The PATA Days are held under the umbrella of INQUA, the International Union for Quaternary 
Research and its TERPRO Commission (Terrestrial Processes, www.inqua.org). We are grateful for 
Lbv¦!Ωǎ continuous 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.  
 
We wish all participants a successful conference, interesting field trips, unforgettable moments, and 
fruitful discussions. 
 
Your organizing committee: 
 
Carla Gordillo 
Omar Flores 
Tina M. Niemi 
Christoph Grützner 
Jonathan Obrist-Farner 
Hairo Castellanos 
Bridget Garnier 

http://www.inqua.org/
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Active tectonics and paleoseismology of Northern Algeria: an overview 
 

Seifeddine Adjiri, Aicha Heddar, Yahia Mohammedi, Abderezzak Tizeraoui Hamoud Beldjoudi 
 

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

 
 

Abstract: Algeria lies within the western Mediterranean domain, where NWςSE 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 strong seismicity, 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 identified, the Tellian Atlas, which is folded and faulted by active structures shaping seismogenic basins extending 
eastςwest along the coastline, and the Saharan Atlas to the south, which also records significant activity. Despite the high 
seismicity in 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 features, the seismic activity, and recent advances in 
identifying seismogenic sources, while 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 AfricaςEurasia 
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 oblique convergence 
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, 
50ς100 km wide EςW corridor encompassing the Tell Atlas 
fold-and-thrust belt and extending northward into the 
offshore domain (Meghraoui and Pondrelli, 2012; Fig. 1b). 
The convergence is primarily accommodated by right-
lateral transpression, inducing coeval shortening 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 
shortening in the Chelif Basin (Meghraoui and Pondrelli, 
2012). The seismogenic potential of these thrusts has been 
demonstrated by large-to-moderate earthquakes, such as 
the 1980 El Asnam (Mw 7.3; Ouyed et al., 1981) and the 
2003 Zemmouri-Boumerdès (Mw 6.8; e.g., Delouis, 2004) 
events. In Eastern Algeria, deformation exhibits strain 
partitioning, with strike-slip mechanisms inlandτsuch as 
along the North Constantine Fault, where slip rates reach 
2.3 mm/yr (Bougrine et al., 2019)τand thrusting offshore 
(e.g., the 2021 Mw 6.0 Béjaïa earthquake). 
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) to improve earthquake relocation and 
source characterization (Yelles-Chaouche et al., 2013), the 
installation of the permanent Algerian GNSS network 
(REGAT; Yelles-Chaouche et al., 2019), and the launch of 
major offshore reconnaissance projects to map active 
structures along the Algerian margin (e.g., Déverchère, 
2003). 
Parallel to these national-scale initiatives, regional studies 
utilizing tectonic geomorphology (Boudiaf, 1996), coastal 
deformation (Maouche, 2010), and active tectonics 
analysis (Meghraoui and Pondrelli, 2012, 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, successful paleoseismic 
investigations have deciphered past earthquake records 
and provided critical data for key structures. These 
methods have been applied onshore using classical 
trenchingτnotably on the El Asnam Fault, the Sahel Fault 
(near Algiers), and the Tessalla Fault in the Oranie regionτ
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 and offshore 
paleoseismology, emphasizing the need to refine seismic 
hazard assessments in this complex transpressional 
domain. 
 

 
 



13th International INQUA Meeting on Paleoseismology, Active Tectonics and Archeoseismology (PATA), 1 ς 5 February 2026, Guatemala 

 
 

INQUA TERPRO Project Cascading Hazards and Mitigation (CHAMP)  
 

 

 

6 

 

 
Figure 1: Tectonic and seismotectonic setting of the Ibero-Maghreb region. (a) Regional tectonic map of the Alpine orogeny in North Africa 
showing the main tectonic domains (after Durand-Delga, 1969) and the intra-montane Neogene-Quaternary basins. (b) Seismotectonic map of 
Northwest Africa displaying active and potentially active fault systems within the Eurasia-Africa plate convergence zone. Seismicity (Mw > 4.5) 
is sourced from the USGS catalog (1908ς2025) and focal mechanisms from CSEM (1980ς2023). 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 plate boundary (brown strip; 
Meghraoui and Pondrelli, 2012) and Africa-Eurasia convergence vectors (Bougrine et al., 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 Africa-Eurasia convergence 
through varying deformation styles and rates. 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 strike-slip component 
characterizes the eastern sector. This section provides an 
overview of these tectonic domains, highlighting the 
principal active faults and characteristic seismicity patterns 
within each. 
 
The offshore domain 
The offshore domain corresponds to the Algerian margin, 
interpreted as a passive margin originally formed in the 
back-arc setting of the Tethyan subduction zone and 
subsequently inverted by ongoing EurasiaςAfrica 
convergence (e.g., Déverchère et al., 2005; Yelles-
Chaouche et al., 2009; Medaouri et al., 2014). High-
resolution bathymetric mapping, combined with seismic 
reflection and refraction surveys and tectonostratigraphic 
analysis indicates a multiphase tectonic evolution during 
the NeogeneςQuaternary. The margin exhibits a complex 

structural style, including reactivated extensional 
structures and salt-related deformation. However, the 
dominant active structures are ENEςWSW to EςW-trending 
thrust faults and associated fault-propagation folds 
(Déverchère et al., 2005; Domzig, 2006). These thrusts 
generally dip southward and show clear evidence of Late 
Quaternary reactivation. The 2003 ZemmouriςBoumerdès 
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 AlgiersςBoumerdès 
margin (Déverchère et al., 2005; Strzerzynski et al., 2021), 
on a fault striking N070° 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 al., 2004) 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 include the 1790 Oran (Io IX) 
and the 1856 Djidjeli (Io X) earthquakes. The recent 2021 
Béjaïa earthquake (Mw 6.0), located in the eastern 
offshore sector, further confirms the ongoing activity of 
these systems. 
The Tell Atlas domain 
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The Tell Atlas fold-and-thrust belt constitutes the primary 
accommodation zone for a significant fraction of the 
AfricaςEurasia convergence. While active deformation is 
diffuse across the belt, seismotectonic records indicate a 
concentration of activity within the post-nappe, intra-
montane Neogene-Quaternary basins, oriented EςW to 
ENEςWSW, such as the Chelif, Mitidja, and Constantine 
basins (Fig. 1a). In the western and central Tell Atlas, the 
structural style is dominated by NEςSW trending, right-
stepped en échelon thrust systems and associated fault-
related folds that deform Quaternary deposits within and 
along the basin margins (Meghraoui, 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 El Asnam earthquake (Mw 7.3) 
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 NEςSW trending, north-dipping 
fault-related fold that induced extensive surface 
deformation, including metric-scale extrados normal 
faulting along the active El Asnam fold axis (Fig. 2b). 
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 earthquakes of 1365 (Io = X) and 1716 (Io = IX), 
and the 1825 Blida earthquake (Io = XςXI) (e.g., Harbi et al., 
2015). This basin appears to exhibit structural continuity 
with the offshore domain. For instance, the 2003 
ZemmouriςBoumerdès earthquake (Mw 6.8) was 
generated by a NEςSW trending, south-dipping offshore 
thrust fault, which is 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 EςW dextral (right-lateral) and NEςSW 
sinistral (left-lateral) strike-slip faulting onshore, 
generating frequent damaging moderate-magnitude 
seismicity (Abacha, 2015). The North Constantine Fault 
represents the most prominent strike-slip system in 
northeast Algeria; it extends approximately 100 km and 
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 pull-apart basin, 
which induces local normal faulting events. The main 
segment of the fault, however, generates pure right-lateral 
strike-slip mechanisms, as observed during the 2017ς2020 
seismic sequences (Bendjama et al., 2021). The conjugate 
NEςSW system comprises an array of sinistral strike-slip 
faults associated with multiple historical and instrumental 
events, including the 1985 Constantine (Ms 6.0) and the 
2006 Laalam (Mw 5.0) earthquakes (Abacha, 2015, and 
references therein). This onshore strike-slip regime 
contrasts with the compressional style observed along the 
Northeast Algerian margin, where active ENEςWSW 
trending thrust faults have been identified and mapped, 
generating multiple offshore earthquakes. 
 
Saharan Atlas domain 

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 limit of 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 north-dipping thrusts and 
related folds, segmented by NWςSE trending strike-slip 
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 al., 2015). This is particularly 
true along its central and eastern segments, where 
significant events such as the 1869 (Io = IX) and the 2016 
Biskra (Mw 5.2; Wimpenny et al., 2023) 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 assessments 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 chronology of Holocene seismic 
ruptures along major active fault systems in the Chelif and 
Mitidja basins, both onshore and offshore (Fig. 3a). 
The 1980 El 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 faulting (King and Vita-Finzi, 1981). While 
preliminary trenching was initiated (Fig. 3a, 1) 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 fault trace (e.g. Fig. 3b). Through the 
analysis of deformed sedimentary unitsτspecifically 
buried paleosols and colluvial wedgesτand radiocarbon 
dating, Meghraoui (1988) identified nine paleo-
earthquakes over 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 long-term average recurrence 
interval was estimated at 1,061 years, the clustering 
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 shortening rate of ~2.2 mm/yr across 
the Western Tell Atlas (Meghraoui and Doumaz, 1996). 
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Figure 2: The major actives structures of northern Algeria. A: The central Algerian margin high resolution DEM showing the structural and 
sedimentary pattern and the surface processes (Strzerzynski et al., 2021). B: Bloc diagram showing the geomorphologic environment near central 
segment of the E1 Asnam and the main fault trace at the northeastern end of the rupture zone, with slickensides (Meghraoui, 1988). 

 
These findings have served as a critical baseline for 
subsequent syntheses of active tectonics in Northern 
Algeria and the stress distribution along the AfricaςEurasia 
plate boundary (Meghraoui and Pondrelli, 2012). 
In the northern part of the Mitidja Basin (Fig. 3a, 2), 
paleoseismological investigations have targeted the Sahel 
anticline near Algiers. This structure is controlled by a blind 
reverse fault (Meghraoui, 1988; Maouche et al., 2011) and 
is covered by thick alluvial deposits, posing significant 
challenges for direct observation. To overcome this, 
Heddar et al. (2013) adopted 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 flexural-slip folding. 
One trench, located within a small graben-like structure 
(Fig. 3c), enabled detailed stratigraphic analysis and 
radiocarbon dating (14C AMS). This approach allowed for 
the identification of eight rupture events corresponding to 
both historical and prehistoric earthquakes. Consequently, 
this study demonstrated 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 long-standing evidence that major 
historical earthquakesτsuch as Orléansville 1954 (Ms 6.7), 
El Asnam 1980 (Mw 7.3), and Boumerdès 2003 (Mw 6.8)τ
can trigger significant underwater turbidity currents (e g., 
Heezen and Ewing 1955; El-Robrini 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 margin (e.g., Déverchère, 2003). 
The first dedicated offshore paleoseismological study (Fig. 
3a, #3) was conducted by Ratzov et al. (2015), based on the 
analysis of three sediment cores (Fig. 3d) collected 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 analysisτincluding X-ray imagery, magnetic 
susceptibility, and grain-size analysisτthe study identified 
between 10 and 25 Holocene turbidites per core. 
Correlation between these cores revealed a record of 14 
major seismic events over the last ~8,000 years, many of 
which correlate well with events identified onshore along 
the El Asnam fault. Significantly, the results highlight a 
pattern of temporal clustering: seismic events appear to 
occur in groups of 3 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 knowledge provided 
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 regionsτincluding the West 
(Oran), the East (Eastern Tell), and the Saharan Atlasτ
exhibit promising potential for active tectonic studies. A 

comparable, comprehensive paleoseismological program 
is required in these areas to refine the national seismic 
hazard assessment.

 

 
Figure 3: A: Location map of the different paleoseismology studies realised in northern Algeria, 1:El Asnam fault, 2: Northern part of the Mitidja 
basin, 3: Chlef offshore area; orange lines are submarine cables, stars are breaks after the 1954 earthquake. B: One of the trenches realised in 
El Asnam fault related fold structure (Meghraoui, 1988). C: The Sahel trench (Heddar et al., 2013). D: Offshore results (Ratzof et al., 2015). 

 
CONCLUSION 
 
Northern Algeria represents a key segment of the 
boundary between the African and Eurasian plates, where 
active tectonics reflects the long-term and ongoing 
convergence, expressed through a complex compressional 
and transpressional structures. This active deformation is 
essentially accommodated by reverse, thrusts faulting 
commonly related to folding structures, and strike-slip 
faulting, which crosscut the Algerian margin, the Tell Atlas 
and adjacent Neogene basins, and the intracontinental 
Saharan Atlas. This 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 
long-term behaviour of many active structures remains 
poorly constrained due to the limited spatial coverage of 

palaeoseismic studies. This gap highlights a strong 
potential for future research based on integrated 
approaches combining terrestrial and offshore 
palaeoseismology, high-resolution offshore and onland 
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 crucial information 
on the geodynamics of diffuse boundaries between 
tectonic plates and transpressive systems across the 
western Mediterranean. 
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Geomorphic expression and near-surface structure of a low-displacement intra-Alpine strike slip fault 
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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 suggest that the fault 
zone displays classical Riedel-shear geometry. Overall, the fault zone strikes 058°, and principal displacement occurs across an en 
echelon array of vertical, 042°-striking brittle faults with synthetic Riedel-shear orientations and sub-horizontal striations indicating 
pure strike slip. Adjacent units are folded around E-W-trending, sub-horizontal axes, also consistent with a Riedel shear system. 
This structure is characteristic of a very immature fault system and is consistent with comparatively low displacement. This finding 
highlights the importance of detailed mapping to characterize the neo-tectonics of the fault zone.  

 
Key words: Engadine Line, Riedel-shear, Neo-tectonics 
 
GEOLOGICAL SETTING 
 
The Engadine Line (EL) is an active NE striking transform 
fault in SE Switzerland, Grisons (Fig. 2a). In the area around 
Maloja Pass and lakes Silser and Silvaplana, (Schmid & 
Froitzheim, 1994), found that offset of older tectonic 
contacts demonstrate the fault in this area has 
accommodated only 2.8 km of sinistral slip since the 
Oligocene. This displacement varies with distance along 
the EL, reaching a maximum of 3.2 km at S-chanf. 
 
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 years (Bellwald et. al., 2023). The 
largest local event in seismic catalogues is a Mw 3.4 on 23 
February 1978 in Silvaplana (Fäh et al., 2003). Historic 
records reveal nearby events in 1917 and 1927 (at St. 
Moritz) that generated ground shaking of MM IV-V. 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 
records of a larger earthquake near Chiavenna (15km SW 
of the studied area) in the 1700s. 
 
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 an active structure.  
 
FIELD OBSERVATIONS 
 
Fault-related features in the Inn Valley 
The surface trace of the fault is decorated by active 
Quaternary features such as shutter ridges, truncated river 
terraces, scarps and possible sag-ponds (Fig. 2). In the bed 
 

Figure 1: 3D model of outcropping fault rocks in Orlegna River bed. A 
ductile foliation in metabasic host rock is cross-cut by a discrete brittle 
ΨƭŀǘŜǎǘ ǇǊƛƴŎƛǇŀƭ ǎƭƛǇ ȊƻƴŜ t{½ΩΦ tŀǊŀƭƭŜƭ ǘƻ ǘƘƛǎ ƛǎ ŀ ŎƳ-thick black layer 
with random fabric and injection veins. 
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Figure 2: Overview map based on a LiDAR map of the Inn Valley (Data ©SwissTopo), illustrating geomporphic features and bedrock 
structure discussed in the text. Insets: (a) overall location (Data ©EuroGeographics). Inset stereonets are equal area, lower hemisphere 
and display (b) Fold and (c) Minor fault orientations. (d) is an ideal Riedel shear geometry for the major orientation of the EL. 
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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 pseudotachylyte (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 fold cores.  
 
MICROSCOPIC ANALYSIS 

 
Polished petrographic thin sections of the fault rock were 
analyzed using a TESCAN scanning electron microscope 
(SEM) equipped with Oxford Instruments detectors at 
Johannes Gutenberg University, Mainz. Backscattered 
electron (BSE) images and energy dispersive X-ray 
spectroscopy (EDS) analyses of chemistry were acquired. 
The step size for maps was 1 ˃ ƳΦ Data were processed 
ǳǎƛƴƎ ϭhȄŦƻǊŘΩǎ !½ǘŜŎhƴŜ ǎƻŦǘǿŀǊŜΦ 
 
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 dolomite 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. 

Figure 3: (a) Illustration of topographic expression of drumlins in LiDAR and geological map data derived from ©SwissTopo. Active faults 
are here mapped as red lines (dashed where inferred) and different coloured polygons reflect bedrock lithology. (b) Field observations 
illustrating association of drumlins with fold structures. (c) Field observations illustrating drumlins and striated margins. 



13th International INQUA Meeting on Paleoseismology, Active Tectonics and Archeoseismology (PATA), 1 ς 5 February 2026, Guatemala 

 
 

INQUA TERPRO Project Cascading Hazards and Mitigation (CHAMP)  
 

 

 

14 

 

 
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 (km-scale) displacement, the EL has only 
generated a zone of distributed structures consistent with 
this system in the near-surface. 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 pre-date 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), particularly in being dominated by a matrix of 
foliated, weak micaceous material (Ikari 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, possibly seismic-rate 
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 and bedrock structure to characterize 
the neo-tectonics of fault zones. Future joint investigation 

of the geomorphic expression of faulting and associated 
fault rocks, coupled with geodetic data analysis is 
recommended.  
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Abstract: Field observations and high-resolution 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 Fault in the 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, respectively. Surface-exposure 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 ± 1.5 ka (2s), respectively. 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 rate on the fault suggests 
potentially higher 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 
The transform plate boundary between the Pacific and 
North America plates is made up of a system of strike-slip 
faults that cut urban northern California into crustal blocks. 
The movement of these blocks past one another produces 
earthquakes, one of the greatest natural hazards affecting 
northern California. Seismically active faults here include 
the (1) ConcordτGreen Valleyτ/ŀƭŀǾŜǊŀǎΣ όнύ wƻŘƎŜǊΩǎ 
CreekτHayward, (3) Northern San Andreas, and (4) San 
Gregorio Faults, all of which define the Northern San 
Andreas Fault System (Fig. 1). Of these faults, the Northern 
San Andreas Fault (NSAF), comprised of the North Coast, 
Peninsula, and Santa Cruz Mountain sections (Fig. 1), is one 
of the best-studied and seismically active faults in the 
region, with fast slip rates and a large historic earthquake 
occurring as recently as 1906 A.D., (Mw7.9) (e.g. Lawson, 
1908; Song et al., 2008). Despite multiple previous fault 
slip-rate studies completed along the NSAF (e.g., Hall et al, 
1999; Grove and Niemi, 2005), data gaps still exist along 
the ~470 km length of the fault, because steep terrain, 
mass wasting, vegetation, and urban development have 
generally made slip rate estimates challenging to obtain. 
Yet, obtaining these data is important because slip rates 
directly feed into deformation models used to estimate 
earthquake probability in a region (e.g. UCERF3, Fields et 
al., 2015). Especially, since the NSAF appears locked, there 
is no evidence for shallow creep and there is very little 
microseismicity on the fault.  
Published geologic, geomorphic, and paleoseismic data on 
the NSAF suggest slip rates from 13 mm/yr to 35 mm/yr, at 
various locations and time intervals along fault strike (e.g., 
Hall et al., 1999; Grove and Niemi, 2005). On the North 
Coast section of the fault, slip rates determined over late 
Pleistocene timescales since ~30 ka and ~200 ka suggest 
rates from 17 mm/yr up to 35 mm/yr (Grove and Niemi, 
2005). These rates are similar, within their respective 

uncertainties, to Holocene slip rate estimates at this same 
location of at least 21 to 25 mm/yr since ~1 ka (Grove and 
Niemi, 2005). On the Peninsula section of the fault, 
Holocene slip rate estimates appear to slow to 13 to 21 
mm/yr, but overlap narrowly at 21 mm/yr with the North 
Coast section (e.g., Hall et al., 1999). The observed slowing 
of geologic slip rates from the North Coast section to the 
Peninsula section is similar to geodetic block models of 
fault slip for the NSAF, which indicate 20 to 23 mm/yr and 
13 to 17 mm/yr for the North Coast and Peninsula sections, 
ǊŜǎǇŜŎǘƛǾŜƭȅ όŜΦƎΦΣ ŘΩ!ƭŜǎǎƛƻ Ŝǘ ŀƭΦΣ нллрΤ 9Ǿŀƴǎ Ŝǘ ŀƭΦΣ нлмнύΦ 
These data suggest a kinematic model where slip rate 
decreases southward along the NSAF as the fault enters 
the urban areas surrounding the Peninsula and Santa Cruz 
Mountain sections. Accordingly, fault slip is transferred 
westward to the San Gregorio Fault and eastward to the 
Calaveras and Hayward faults (Johnson et al., 2009). In this 
paper, we estimate slip rates over three different Holocene 
timescales on the Santa Cruz Mountain section of the NSAF 
at Sanborn County Park in Saratoga, CA, a section of the 
fault where no published slip rate data exist, to better 
characterize the temporal and spatial patterns of fault slip 
for the NSAF. With this data we infer an alternative 
kinematic model where fault slip rate remains steady and 
constant on the entire length of the NSAF from the North 
Coast to the Santa Cruz Mountains sections over Holocene 
timescales. In this kinematic model, seismic hazard 
remains the same for the length of the NSAF, while it may 
be reduced on the San Gregorio Fault. 

METHODS 
To determine ages of the displaced landforms, a relative 
stratigraphy for observed alluvial fans was developed 
following the nomenclature of Bull (1991). This 
stratigraphy is based on surface morphology, which 
includes inset geometry, the presence or absence of bar-
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and-swale micro-topography, 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 (1991), 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 
ƛƴŘƛŎŜǎ άŀέ ŀƴŘ άōέ ǘƻ ŀƴ ŀƭƭǳǾƛŀƭ Ŧŀƴ ŎƭŀǎǎƛŦƛŎŀǘƛƻƴ ǘƻ 
indicate older and younger fans, respectively (e.g. Bull, 
1996). Absolute ages of offset alluvial fans in this study are 
constrained with cosmogenic 10Be concentration within 
surface clasts. All 10Be surface-exposure dates were 
ǇǊƻŎŜǎǎŜŘ ŀǘ {ǘŀƴŦƻǊŘ ¦ƴƛǾŜǊǎƛǘȅΩǎ ŎƻǎƳƻƎŜƴƛŎ 
radionuclide laboratory following the procedures 
summarized in Blisniuk et al. (2012) and final dates are 
calculated using the online exposure age calculator 
formerly known as the CRONUS-Earth online exposure age 
calculator using version 3.0 (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 at Sanborn County Park near Saratoga, CA (Fig. 2, 
Fig. 3, Fig. S1). Alluvial fans here contain large quartz-rich 
sandstone boulders that are derived from the Tertiary 
Vaqueros Sandstone Formation (Tvq), which is located 
within the upper reaches of the Santa Cruz Mountains. 
Tvq is exposed as bedrock ~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 Formation 
(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 drainages (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 the fault, 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 mound-like 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 surfaces exhibit 
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 boulders, as 
well as a varying direction of imbrication of these 

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 fresh debris flows deposits, 
which consist of sharp, well-delineated, and linear Tvq-
boulder-rich deposits. Results of 10Be surface exposure 
geochronology (Table 1) also indicate the presence of four 
distinct geomorphic surfaces, ranging in age from Qf4 = 
2.4 ± 1.3 ka (N=8), Qf3b = 7.7 ± 0.9 ka (N=7), Qf3b =  
 
 

 
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 
ƭŀōŜƭŜŘ ŦƻǊ ŀƭƭ җaсΦ0 earthquakes since 1900 in 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 (l) Kelson et al. (1998). 
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 of displacement 
across the NSAF. 
The oldest offset surface preserved along the NSAF at the 
study site is Qf2 (Fig. 3; t = 1). This surface 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 mound-like deposits 
(Fig. 2). Two surface exposure ages 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, and for 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 fault to 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 Creek (Fig. 3; 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 the fault 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 imbrication 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 likely because 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 across the fault 
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 minimum 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/yr since ~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 a 10Be exposure model 
age of 7.7 ± 0.9 ka. Mapped 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 

fault at the mouths of both Service Road and Aubry 
creeks. Combining the age of Qf3b with its displacement 
suggest a slip rate of 22.1 ± 4.5/3.7 mm/yr since ~8 ka. 
 

 
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) across the 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 2.4 ± 0.3 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 Ramón Fault, Chile. 
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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 intensity of this 
distributed deformation 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 high-resolution terrestrial LiDAR point clouds, applied to a bedrock outcrop of the San Ramón Fault (SRF) (central Chile). The 
method integrates geometric attributes derived from point-cloud surface normals with density-based unsupervised clustering 

(HDBSCAN) to identify coherent fracture families. Results identify four classes, one of them being consistent with the distributed 
damage-zone architecture measured in the field, providing first-order geometric constraints on surface deformation at the outcrop 
scale. 
 
Key words: active fault, LiDAR, clustering, surface deformation. 

 
 
INTRODUCTION 
 
Rapid urban expansion into piedmont areas of mountain 
ranges worldwide 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 slip along principal 
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 traditional measurements, and the 
substantial time required for detailed structural data 
acquisition using conventional field-based approaches. 
 

 
Figure 1: a) Bedrock outcrop of San Ramón Fault. b) Processed 
terrestrial LiDAR point cloud used in this study.  

 
Here we present an automated workflow for the remote 
detection, classification, and spacing analysis of fracture 
networks derived from high-resolution terrestrial LiDAR 
point clouds, applied to a well-exposed anthropogenic 

bedrock outcrop of the San Ramón 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 of Dip/Dip direction = 41°/62°. Two 
main fracture sets, previously identified through detailed 
field-based structural mapping and displaying fault-related 
geometric characteristics such as planar continuity and 
persistence, are present at the site: F1 with Dip/Dip 
direction = 90°/270°, and F2 with Dip/Dip direction = 
73°/340°. The method integrates geometric attributes 
derived from point-cloud normals with density-based 
unsupervised clustering (HDBSCAN) to identify coherent 
discontinuity families without a priori orientation 
constraints. 
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Figure 2: a) Inset of bedrock outcrop of San Ramón Fault. b) Inset 
of the terrestrial LiDAR point cloud from Figure 1, showing the 
main fracture set and the achieved point density (~440,000 
pts/m²). 

 
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 fault-related bedrock 
surface. Individual scans were first aligned and registered 
into a single point cloud and subsequently georeferenced 
using differential GPS measurements (Figure 1 and 2). The 
merged dataset was then filtered to remove noise and 
non-relevant points, resulting in a final point cloud 
consisting of approximately 800,000 points, with a global 
registration error of 0.008 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 attributes 
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 Density-Based 

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 hierarchy of density-based 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 classification of noise. In this 
study, point-cloud 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 
clustering was performed using min_cluster_size = 10,000 
and min_samples = 100, values selected to ensure robust 
identification of large-scale, 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 identified fracture 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 Figures 3, 4 
and Table 1. 
 
 
Table 1: HDBSCAN algorithm results and normal spacing between 

discontinuity. 

 
 

 

ClassN° pointsDip_meanDip std.DipDir meanDipDir std. Mean spacingMax spacing

-1 697,142 60.3° 10.2 303.7° 23.5 NA NA

0 39,194 32.3° 3.4 309.0° 13.1 0.31 m 0.74 m

1 13,554 60.4° 1.8 279.0° 2.1 0.39 m 3.89 m

2 13,901 52.7° 1.8 290.1° 1.9 0,15 m 0.7 m

3 36,211 57.2° 3.5 296.3° 3.4 0.05 m 0.3 m
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Figure 3: Dipςdip direction diagram showing fracture families 
identified using HDBSCAN clustering. The plotted points represent 
a subsample of the complete point-cloud dataset. 

 
DISCUSSION 
 
When comparing the classes identified by HDBSCAN with 
field data and direct outcrop observations, only 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 features 
that do not represent real discontinuities, such as debris 
patches or natural slope surfaces (Menegoni et al., 2019). 
 
Conversely, one fracture family recognized in the field (F2) 
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 imposed by the clustering criteria 
(e.g., min_cluster_size), 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 

events of the San Ramón 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 at the surface, it is 
ŜȄǇŜŎǘŜŘ ǘƘŀǘ ŦǳǘǳǊŜ ǎǳǊŦŀŎŜπǊǳǇǘǳǊŜ ŜǾŜƴǘǎ Ƴŀȅ 
preferentially exploit ŀƴŘ Ŧƻƭƭƻǿ ǘƘƛǎ ǇǊŜπŜȄƛǎǘƛƴƎ 
geometric and spatial pattern, at least at the outcrop scale. 
 
Acknowledgements: Thanks to Projects Fondecyt 1241021, 
Fondecyt 1230350 and CHAMP (Cascading Hazards and Mitigation 
Project). 
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Abstract: Tectonic deformation in northern Central America, driven by the interactions between the Cocos, Caribbean, and North 
America plates, is accommodated by the Motagua and Polochic left-lateral faults, grabens south of the Motagua Fault, the Middle 
America subduction zone, and right-lateral faults along the Middle America volcanic arc. Major earthquakes associated with these 
structures include the 1976 MW 7.5 Motagua and 2012 MW 7.5 Champerico events. To investigate current deformation in this 
setting, we use Sentinel-1 radar images covering most of Guatemala, El Salvador and western Honduras to obtain the line-of-sight 
velocity fields, which we subsequently decompose into horizontal and vertical components. While in overall agreement with GNSS 
data and elastic block models for the region, the high-resolution InSAR data brings new information, highlighting spatial variations 
across main faults, including a creeping segment along the Motagua fault, slip partitioning within the Caribbean plate wedge and 
possible coupling variations along the subduction interface.  
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Abstract: The Motagua Fault, a major structure accommodating the relative motion between the North American and Caribbean 
plates, generated a 230-km-long rupture with an average displacement of ~1.08 m during the devastating 1976 earthquake. Slip 
varied significantly along strike, 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 observations suggest that the Motagua Fault exhibits 
not only stick-slip behavior but also aseismic creep. Using Sentinel-1 radar imagery, we derived line-of-sight velocity fields for the 
region surrounding the fault, which we decomposed into vertical and fault-parallel horizontal components to analyze along-
strike slip-rate variations. The unprecedented high-resolution InSAR data reveal a ~40 km-long creeping section along the fault. 
We discuss the along-strike variations in creep in relation to local geology, as well as the coseismic slip and afterslip distribution 
associated with the 1976 earthquake. 
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The Saga of Grindavík II: Mapping Concealed Active Graben Faults and Fissures in Iceland Using 
Electrical Resistivity 
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Abstract: On November 11, 2023, an intense seismic swarm was coincident with fault slip along graben faults in and around the 
Town of Grindavík in Southwest Iceland. An ~5 km wide graben with abundant normal faults slipped in this area with extensive 
extension that was also manifested by opening of mode I 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 due to a till layer. 
To map these subsurface hazards, electrical resistivity techniques were used. The resistivity technique was excellent as conducts 
poorly and thus high resistance areas were oftentimes correlated with subsurface faults and fissures that were then validated with 
trenching. Resistivity surveys worked best in this instance and helped target subsurface faults and fissures that could be addressed 
for risk mitigation. 

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

 
 
INTRODUCTION 
Structural geology and tectonic investigations and research 
and document plate-boundary geological deformation. 
After the unrest that started in October 2023 near 
Grindavík as noted with abundant seismicity, we 
undertook field investigations starting on Nov 10th 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 (Figure 1), along normal faults, both 
in and around the town of Grindavík. 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 to 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 transmitter 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 
correspondingly 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 geothermal exploration 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 

(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.  

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. Thorbjǀrn station. 
Sundhnǵkur cone row is located along and crossing the SUND 
station. Lavas produced in the last volcanic period are shown in 
pink, 2021ς2023 lavas in deep red. Main graben faults that slipped 
in NovemōŜǊ нлно !π9 ŀǊŜ ƭŀōŜƭŜŘ ŀǎ ƳŀǇǇŜŘ ōȅ 5Ŝ tŀǎŎŀƭŜ Ŝǘ ŀƭΦΣ 
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 non-fractured areas) at the surface. In Grindavík, an 
OhmMapper resistivity system was used for the duration 
of the investigation (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 Google Earth or GIS 
systems. Note that 0 on the resistivity profiles is the start 
of line. Thus -10 in any GPS line is 10 m to the west of start 
points, and thus -20 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 Grindavík were also 
investigated by electrical resistivity methods. Surveys were 
collected to maximum depth of investigation (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 Grindavík, the more 
shallow the maximum depth of resolution of the system 
which is 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 of the 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 two-dimensional 
inversion software RES2DINV (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 

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, a profile of Route 427 
(Austervegur), was undertaken at the start of the 
geophysical 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 Grindavík. This profile is fairly long (>300 m 
long), and had a subsurface penetration of ~5 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). 
 

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 Grindavík (Austervegur) from near the retirement home 
towards the eastern entrance of town. Resistivity values are in 
Ohm-m. 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 main fault 
zones D and E shown on the map in Figure 1 (2024). 
 
Resistivity values ranged from less than 10 Ohm-m, to over 
1X105 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 values with GPR 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 such 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 map at the 
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 coloured ς high resistivity area 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 for mitigation. 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.  
 

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 the excavator 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 was open bedrock fissure there that was 
field validated coincident with the red coloured ς high resistivity 
area below ~2 m depth. 

 
 
In conclusion, faults and fissures that opened and slip 
during the 2023 unrest in Grindavík 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 a 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 mitigation. Ultimately, along 
extensional plate boundaries like where mid-oceanic 
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 
resistivity methods, even where concealed at the surface. 
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Active west-vergent Andean orogeny and potential for large earthquakes along the San Ramon Fault in 

Santiago, central Chile 
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(2)    Centro Sismológico Nacional, Universidad de Chile 
(3)    Departamento de Geofísica, Facultad de Ciencias Físicas y Matemáticas, Universidad de Chile 
 
 

Abstract:  
The San Ramón Fault is an active fault system located at the west Andean thrust front in central Chile. The fault is along the Andean 
piedmont in the eastern border of Santiago, capital city of the country. From seismic network and geodetic monitoring improved 
during the last decade, we assessed seismic activity and present-day deformation along the fault system. We found two main 
north-south oriented domains of microseismicity: one located between 10-20 km depth just below the Andes beside Santiago, and 
another one located ca. 30 km to the east, at depths between 5-15 km, both compatible with major west-vergent thrust geological 
structures. Results from geodetic measurement from continuous and campaign stations reveal a sharp decrease in west-east 
velocities in the mountain front area, which we interpret as locking of the San Ramón Fault at shallow depths in the crust, 
suggesting potential for major earthquakes along this fault system. 

 
Key words: West Andean front, active orogeny, San Ramón Fault, Santiago, Chile. 
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A long-term slip rate and total offset estimate for the Motagua Fault, Guatemala 

 
Ebell, Hannes (1), Christoph Grützner (1), Tina Niemi (2), Sumiko Tsukamoto (3), Jeremy Maurer (4) 
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(2)    Earth and Environmental Sciences, University of Missouri-Kansas City, Kansas City, MO, USA 
(3)    LIAG Institute for Applied Geophysics, Hannover, Germany 
(4)    Geology and Geophysics, Missouri University of Science and Technology, Rolla, MO, USA 
 
 

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 of total offset 
such as rivers and ridges, using TanDEM-X digital elevation data with 12 m resolution and own airborne LiDAR elevation datasets 
in some places. Sinistral offsets found in the Motagua Fault Zone range from several hundred meters to over 10 km, with larger 
displacements being much less frequent. The total offset does not exceed 18ς39 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 strands, creating a 
wide multi-stranded fault zone. Using OSL dating of offset river terraces at the Rio El Tambor site, we measure a slip rate of ca. 3-
5 mm/a for the active strand of the Motagua Fault. This is in line with previous estimates and geodetic rates. 
 
Acknowledgements: This project was conducted as part of the Guatemala GeoHazards IRES program that is funded by an NSF 
Grant OISE-нмротмр ǘƻ bƛŜƳƛ ŀƴŘ ŀ 5CD ǇǊƻƧŜŎǘ рнфолортс ά!ŎǘƛǾŜ ǘŜŎǘƻƴƛŎǎ ƻŦ ǘƘŜ /ŀǊƛōōŜŀƴ-North American plate boundary in 
DǳŀǘŜƳŀƭŀέ ǘƻ DǊǸǘȊƴŜǊΦ 
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Investigating evidences of Quaternary fault reactivation in Southwest Iberia, Portugal  
 

Figueiredo, P.M. (1), Ressurreição, R. (2), Custódio, S. (1), Tsukamoto, S. (3) 
 
 

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

Abstract:  
 

Southwest Portugal is close to the European-African plate boundary, and to Mw~8 1755 epicenter. It has seismicity and shows 
Quaternary deformation through NNE-SSW 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 inland by a 
misunderstood 90 km NW-SE structure, that only matches a known fault for ~50 km. The remaining -40 km is considered to be an 
inherent structure, not active, despite a noticeable and prominent scarp in the landscape. We present a preliminary analysis based 
on 50 cm high-resolution lidar and Plio-Quaternary 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 Fundação para a Ciência 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/50019/2025 and by the European Union (SEISMO-REACT, GA101211167).  
 
Keywords: Quaternary activity, seismogenic sources, low strain deformation, cryptic structures, SW Iberia 
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Pleistocene-IƻƭƻŎŜƴŜ Ŧŀǳƭǘ ŀŎǘƛǾƛǘȅ ŀƴŘ ƻŦŦǎŜǘ ǾŀƭƭŜȅǎ ŀƭƻƴƎ ǘƘŜ ǎƻǳǘƘŜǊƴ aŀǊƛłƴǎƪŞ [łȊƴŠ CŀǳƭǘΣ 
Czechia, central Europe 

 
CƭŀǑŀǊΣ Wŀƴ όм), ¢łōƻǌƝƪΣ tŜǘǊ όмύΣ ~ǘŠǇŀƴőƝƪƻǾłΣ tŜǘǊŀ (1), Yaneva, Marlena (2), Donkova, Yordanka (2), Kalchev, Radoslav (2) 

 
όмύ    LƴǎǘƛǘǳǘŜ ƻŦ wƻŎƪ {ǘǊǳŎǘǳǊŜ ŀƴŘ aŜŎƘŀƴƛŎǎΣ /ȊŜŎƘ !ŎŀŘŜƳȅ ƻŦ {ŎƛŜƴŎŜǎΣ ± IƻƭŜǑƻǾƛőƪłŎƘ фпκпмΣ tǊŀƘŀ уΣ /ȊŜŎƘƛŀΣ ŜƳŀƛƭΥ flasar@irsm.cas.cz  
(2)   Geological institute, Bulgarian Academy of Sciences, Bonchev str. 24, Sofia, Bulgaria 
 
 

Abstract: ¢ƘŜ aŀǊƛłƴǎƪŞ [łȊƴŠ Cŀǳƭǘ όa[Cύ ƛƴ ǿŜǎǘŜǊƴ /ȊŜŎƘƛŀ ƛǎ ǇǊƻōŀōƭȅ ǘƘŜ Ƴƻǎǘ ŀŎǘƛǾŜ Ŧŀǳƭǘ ȊƻƴŜ ǿƛǘƘƛƴ ǘƘŜ ƛƴǘǊŀǇƭŀǘŜ 
Bohemian Massif. While its northern segment is known for Holocene surface ruptures, the timing and nature of movements along 
the southern MLF remain uncertain. The site near Nová Hospoda, where distinct offset valleys are exceptionally well preserved 
despite the humid temperate climate and intense periglacial solifluction during the Pleistocene, provides rare evidence of very 
young deformation. Although a nearby paleoseismological trench (made 2023) revealed late Pleistocene and no clear Holocene 
displacement, the valley morphology strongly suggests post-Last Glacial Maximum movement. Electrical resistivity tomography 
and ground-penetrating radar surveys 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 Nová Hospoda is crucial for 
understanding MLF segmentation, late Quaternary kinematics, and intraplate seismic hazard in the Bohemian Massif. 

 
Key wordsΥ aŀǊƛłƴǎƪŞ [łȊƴŠ CŀǳƭǘΣ ƻŦŦǎŜǘ ǾŀƭƭŜȅǎΣ IƻƭƻŎŜƴŜ Ŧŀǳƭǘ ŀŎǘƛǾƛǘȅΣ ƎŜƻǇƘȅǎƛŎŀƭ ƳŜǘƘƻŘǎΦ   

 
INTRODUCTION  
¢ƘŜ aŀǊƛłƴǎƪŞ [łȊƴŠ Cŀǳƭǘ όa[Cύ ƛǎ ƻƴŜ ƻŦ ǘƘŜ Ƴƻǎǘ 
prominent tectonic structures (Fig. 1) of the Bohemian 
Massif (Czechia, Central Europe), forming the eastern 
boundary of the Chebς5ƻƳŀȌƭƛŎŜ DǊŀōŜƴ ό~ǇƛőłƪƻǾł Ŝǘ ŀƭΦΣ 
нлллΣ ~ǇŀőŜƪ Ŝǘ ŀƭΦΣ нлннύΦ !ƭǘƘƻǳƎƘ ƛƴtraplate, the MLF 
shows significant Cenozoic activity. Geomorphological and 
structural indicators of recent deformation can be 
ŦƻƭƭƻǿŜŘ ŀƭƻƴƎ ƛǘǎ ŜƴǘƛǊŜ ƭŜƴƎǘƘ όCƭŀǑŀǊ ϧ ~ǘŠǇŀƴőƝƪƻǾłΣ 
2022); however, the most active parts are separated by 
distances exceeding 50 km. The northern part has 
produced Holocene surface-rupturing earthquakes 
ό~ǘŠǇŀƴőƝƪƻǾł Ŝǘ ŀƭΦΣ нлмфύΣ ǿƘŜǊŜŀǎ ǘƘŜ ǎƻǳǘƘŜǊƴ ǇŀǊǘ ƛǎ 
characterized by segment with clearly visible offset valleys 
and a well-defined scarp (Fig. 2). 
Recent paleoseismological trenches at Kopanina and Horka 
(northern MLF) and at Nová Hospoda (southern MLF) 
demonstrate that seismic behaviour can vary significantly 
ŜǾŜƴ ōŜǘǿŜŜƴ ŀŘƧŀŎŜƴǘ ǎŜƎƳŜƴǘǎ ό~ǘŠǇŀƴőƝƪƻǾł Ŝǘ ŀƭΦΣ 
2025). The northern MLF borders the Cheb Basin, a region 
typified by recurrent earthquake swarms, mantle-derived 
/hі ŘŜƎŀǎǎƛƴƎΣ ŀƴŘ vǳŀǘŜǊƴŀǊȅ ǾƻƭŎŀƴƛǎƳ όCƛǎŎƘŜǊ Ŝǘ ŀƭΦΣ 
нлмпΤ ~ǘŠǇŀƴőƝƪƻǾł Ŝǘ ŀƭΦΣ нлнрύΣ ŀƭƭ ƛƴŘƛŎŀǘƛƴƎ ƻƴƎƻƛƴƎ 
deformation and crustal fluid activity. In contrast, although 
the sƻǳǘƘŜǊƴ a[C ŜȄǇŜǊƛŜƴŎŜŘ ǘƘŜ ƘƛǎǘƻǊƛŎŀƭ мфлн tǌƛƳŘŀ 
earthquake (Fischer et al., 2014) and displays strong 
geomorphic evidence of activity, the 2023 Nová 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 behavioural variability 
along the MLF is essential for reconstructing Pleistoceneς
Holocene landscape evolution and improving seismic 
hazard assessment. 
The present study reports first results from new 
geophysical surveys conducted as a preparatory step for 
further paleoseismological trenching. The main goal was to 
characterize sedimentary infill in offset valleys across the 

Figure 1: Digital elevation model showing the striking 
ƳƻǊǇƘƻƭƻƎȅ ŀƭƻƴƎ ǘƘŜ aŀǊƛłƴǎƪŞ [łȊƴŠ Ŧŀǳƭǘ - pointed by red 
arrows. 
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southern MLF and identify sites suitable for detailed 
paleoseismic investigation, complementing previous work 
at the nearby Nová Hospoda trench.  
 

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

offset valleys. 
 
METHODS AND RESULTS 
Eight geophysical profiles (100ς250 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 complementary methods were used: electrical 
resistivity tomography (ERT) and ground-penetrating 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 (2-4 m), and GPR data 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 (1-2m), suggesting more 
complex sediment routing 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 profiles also indicate that the fault 
trace may be more complex or segmented at a local scale, 

providing valuable structural constraints for follow-up 
paleoseismological research. 
 
DISCUSSION 
It is probableτbased mainly on the initial terrain-
morphology analysesτthat two generations of offset 
valleys are present: two larger main valleys offset by 
approximately 40 meters, and around twenty smaller 
erosion gullies offset by 3ς5 meters. This pattern 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 the thicker 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, 
deluvio-fluvial, and slope-derived 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 survey fulfils 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 surface-rupturing earthquakes along the MLF 
ό~ǘŠǇŀƴőƝƪƻǾł Ŝǘ ŀƭΦΣ нлмфύΦ 
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 late-Pleistocene activity is 
documented at the Nová 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 
Nová Hospoda. These investigations aim to refine the 
segmentation model of the southern MLF, determine 
whether Holocene surface-rupturing earthquakes 
occurred but left limited preservation, and evaluate the 
possibility of past multi-segment ruptures. Ultimately, 
integrating geomorphology, geophysics, and 
paleoseismology will improve understanding of the 
seismotectonic behaviour of the region and support more 
robust seismic-hazard assessments in western Czechia. 
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Figure 3: Comparison between two ERT profiles along the MLF crosscutting the valleys: eastern side of the fault (top), western side of the fault 
(bottom). Note that the orientation of the profies is south-north.  
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Abstract: We made paleoseismological investigations on the eastern part of the Bassano-Valdobbiadene Thrust Auct., i.e. the left 
lateral Longhere-Fadalto-Cadola transpressive fault. The study area lies at the Pliocene-Quaternary front of the eastern Southern 
Alps, a S-SE verging active thrust-and-fold belt characterized by moderate to high seismic hazard and risk, where some historical 
ŜŀǊǘƘǉǳŀƪŜǎ ǊŜƎƛǎǘŜǊŜŘ aǿ җ сΦ ¢ƘŜ .ŀǎǎŀƴƻ-Valdobbiadene Thrust Auct. extends with NE-SW trending at the base of the Venetian 
Prealps, where the Jurassic-Cretaceous 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 
morphotectonic and geophysical investigations, to assess the recent activity and capability of Longhere-Fadalto-Cadola 
transpressive fault. The paleoseismological trenches, dug on upper Pleistocene-Holocene sediments, reveal clear evidences of 
recent tectonic activity, possibly related to the 1873 Alpago earthquake (Imax X MCS, Mw 6.3).  

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

 
 
INTRODUCTION 
 
The eastern Southern Alps (ESA) is a S-verging fold-and-
thrust belt, evolving from the middle Miocene up to the 
Present. Their development occurred in the Neogene-
Quaternary time interval (Doglioni & Bosellini, 1987; 
Castellarin et al., 1992; Fantoni et al., 2002), related to the 
Neoalpine compressional event. The ESA present 
architecture largely results from the interaction between 
the Jurassic-Cretaceous continental rifting and the change 
in plate kinematics occurred at the end of the early 
Cretaceous. During the Mesozoic, the former Triassic-
Jurassic platform was split into NNE-SSW-trending 
structural blocks, bounded by normal faults (Bosellini, 
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 inverted during the 
Neogene contractional events (Castellarin & Cantelli, 2000; 
Doglioni, 1992; Galadini et al., 2005). The major 
deformation phases in the external Venetian Prealps 
occurred during the Messinian-tƭƛƻŎŜƴŜ όά!ŘǊƛŀǘƛŎ ǇƘŀǎŜέ 
on Castellarin & Cantelli, 2000) under NW-SE-oriented 
maximum horizontal stress. This contractional phase 
activated major thrust system, such as the Bassano-
Valdobbiadene, Polcenigo-Montereale, Cansiglio and 
Montello-Conegliano thrust-systems (Castellarin & 
Cantelli, 2000). 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 foreland (Galadini et al., 2005; Caputo et al., 
2010; Fig. 1).  

 
Figure 1: Structural sketch map of the eastern Southern Alps (SR: 
EPSG 6708). Yellow stars indicate the historical and instrumental 
a җ рΦр earthquakes that hit ESA during the last millennium 
(Rovida et al., 2022). Legend: BC: Bassano-
Cornuda Th.; BL: Belluno Th; BV: Bassano-Valdobbiadene Thrust-
system; CA: Cansiglio Th.; LCF: Longhere-Fadalto Cadola line; MT-
AR: Montello-Arcade Th.; PM: Polcenigo-Montereale Th. The black 
box notes the study area of Fig. 2. 

 
Between Bassano del Grappa and Vittorio Veneto 
localities, most of the late Miocene to Pleistocene 
deformation at the ESA front is accommodated by the 
Bassano-Valdobbiadene (BV) and Montello thrust-systems 
(Castellarin & Cantelli, 2000). The 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 the Venetian 
Prealps (Barba et al., 2013). In particular, within the study 
area, the left-lateral closure of the Bassano-Valdobbiadene 
thrust (i.e. the Longhere-Fadalto-Cadola line), overthrusts 
the Jurassic-Cretaceous calcareous units on the 
Palaeocene turbiditic sequences and Miocene Molasse 
(Antonelli et al., 1990) along 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 
ǎŜǾŜǊŀƭ a җ рΦр ŜŀǊǘƘǉǳŀƪŜǎ ƻǾŜǊ ǘƘŜ ƭŀǎǘ ƳƛƭƭŜƴƴƛǳƳ 
(Rovida et al., 2022; Fig. 1). In particular, the Alpago-
Vittorio Veneto-Cansiglio Mt. area was affected by two 
strong events: the 29th June 1873 (Imax X MCS e Mw 6.3) 
Alpago earthquake and the 18th October 1936 (Imax VIII MCS 
e Mw 6.1) Cansiglio earthquake. While the 1936 event is 
attributed to the Cansiglio source (Sirovich & Pettenati, 
2004; Galadini et al., 2005; Burrato et al., 2008), Galadini 
et al. (2005) associated the 1873 event of Alpago to the 
Polcenigo-Montereale seismogenic source, but it cannot 
be ruled out that the seismogenic source of this seismic 
event could be associated to the Longhere-Fadalto-Cadola 
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 Longhere-Fadalto-
Cadola fault trace, following the Geological map of Italy, 
sheet 063 Belluno (Costa et al., 1996; Fig. 2). 
 

 
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'Italia at the 1:50000 scale). (Costa et al., 1996). Blue 
lines are Electrical Resistivity Tomography (ERT) investigations and 
illustrate the trench sites. 

Our research investigated the recent activity of the 
Longhere-Fadalto-Cadola line and its possible relationship 
with the 1873 Alpago earthquake (Imax = X MCS, Mw = 
6.3). 
We adopted a multidisciplinary approach combining 
morphotectonic analysis, geophysical survey and 
paleoseismological study. Using 1-m resolution LiDAR-
derived Digital Elevation Model (DEM), provided by the 
Provincia of Treviso, we identified some morphological 
anomalies along the Longhere-Fadalto-Cadola line, 
potentially linked to its recent tectonic activity (i.e. offset 
of geomorphic markers, slope breaks, tilted surfaces, 
drainage anomalies, land-surfaces suspended over the 
present valley bottom. Subsequently, Electrical Resistivity 
Tomography (ERT) surveys were achieved to image the 
shallow subsurface and to better identify the near-surficial 
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 orthomosaics 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 
¢ƘŜ ŦƛǊǎǘ ǘǊŜƴŎƘ ǿŀǎ ŘǳƎ ƻƴ ǘƘŜ άtƛŀƴ ŘŜƭƭŀ ¢ƻǊǊŜέ ǘŜǊǊŀŎŜΣ 
ƭƻŎŀǘŜŘ Ғпл Ƴ ŀōƻǾŜ ǘƘŜ ǇǊŜǎŜƴǘ [ŀǇƛǎƛƴŀ ±ŀƭƭŜȅΣ ƻƴ ǘƘŜ {9 
slope of the Visentin Mt. (Fig. 2). From the geological point 
of view the eastern slope of the Visentin Mt. corresponds 
to the eastern limb of the carbonatic anticline (Costa et al., 
1996; Fig. 2). Moreover, the geomorphological 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 contrast in Late Glacial 
sediments (Fig. 3). We dug a 22 m-long and 2.5 m-depth 
paleoseismological trench across this anomaly. 
 

 
Figure 3: Electrical Resistivity Tomography (ERT1) investigation of 
άtƛŀƴ ŘŜƭƭŀ ¢ƻǊǊŜέΣ ±ƛǘǘƻǊƛƻ ±ŜƴŜǘƻΦ ¢ƘŜ ǊŜŘ ƭƛƴŜ ƛƴŘƛŎŀǘŜǎ ǘƘŜ Ƴŀƛƴ 
resistivity anomaly while the orange one notes the trench trace. 

 
The trench exposed kame deposits (13-16 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 BP (Pellegrini & Surian, 1996; Pellegrini 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. 
¢ƘŜǊŜŦƻǊŜΣ ǿŜ Ŏŀƴ ǎǳǇǇƻǎŜ ǘƘŀǘ ǘƘŜ ŀƎŜ ƻŦ ǘƘŜ άtƛŀƴ ŘŜƭƭŀ 
¢ƻǊǊŜέ ŘŜǇƻǎƛǘǎ ƛǎ ǎǳōǎŜǉǳŜƴǘ ǘƘŜ CŀŘŀƭǘƻ ƭandslide. 
Deposits show a sub-horizontal setting typical of alluvial 
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sedimentation. Conversely, the NW sector of the trench 
shows tilted gravels, dipping SE at 50-60°. Moreover, a 
middle-high angle SE-verging reverse fault (300/55) affects 
units B and C with a vertical throw of about 10-15 cm (Fig. 
4), indicating post-LGM surface deformation.  
 

 
Figure 4: Paleoseismological log of Trench of Pian della Torre 
Street (Vittorio Veneto). In the NW sector a SE-verging thrust-fault 
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 maps (Costa et al., 1996; 
Pellegrini, 2000) attribute this scarp to fluvial erosion, 
affecting LGM glacial and fluvio-glacial deposits. However, 
since this morphological scarp coincides with the 
Longhere-Fadalto-Cadola line trace as mapped in the 
CARG-063 Belluno sheet, we verified whether the scarp 
could also be related to the recent tectonic activity of the 
LFC line. Here we dug a paleoseismological trench, 12 m-
long. 
 

 
Figure 5: Electrical Resistivity Tomography (ERT2) investigations of 
ά/Ŝǎŀƴŀ {ǘǊŜŜǘέΣ ±ƛǘǘƻǊƛƻ ±ŜƴŜǘƻΦ ¢ƘŜ ǊŜŘ ƭƛƴŜ ƴƻǘŜǎ ǘƘŜ Ƴŀƛƴ 
resistivity anomaly while the orange one notes the trench trace. 

 
The about 2,5 m-high 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, 
post-LGM fan deposits are cut and 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 
post-LGM tectonic activity of the LFC line. 

 

 
Figure 6: Paleoseismological Trench of Cesana Street (Vittorio 
Veneto). A high-angle reverse fault cut and displace Upper 
Pleistocene-Holocene 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 fault-related deformation. In the northern 
sector, Late Glacial sands and gravels, belonging to 
fluvioglacial units A and B (16-13 ka cal BP), quickly change 
in bedding attitude: from S-vergent 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 3103-2923 cal BP and 2423-2341 cal BP (Fig. 7b). 

 

  
Figure 7: (a) Evidence of fault-related 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 shaking: sand 
and gravels liquefactions (unit C) on the south part of the 
excavated wall. 

 
DISCUSSION AND CONCLUSION 
 
Results from presented paleoseismological trenches testify 
the activity of the Longhere-Fadalto-Cadola line during the 
post-LGM period. Late Glacial deposits are deformed and 
displaced even if we cannot rule out that also the ploughed 
soil could be affected 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 Microzonation (2015) and the 
ITHACA guidelines (ISPRA, 2022), a fault showing evidence 
of activation within the last 40 ka is classified as active. The 
Longhere-Fadalto-Cadola 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, 
ƛǎ ǘƘŜ муто !ƭǇŀƎƻΩǎ ŜŀǊǘƘǉǳŀƪŜ όaǿ 6.3). Although the 
event is currently attributed to the Polcenigo-Montereale 
system, our new paleoseismological evidence does not 
exclude the possibility that the LFC line activated during 
the 1873 earthquake. Further investigations are required 
to validate this hypothesis, in order to constrain the 
ǎŜƛǎƳƻƎŜƴƛŎ ǎƻǳǊŎŜ ƻŦ ǘƘŜ муто !ƭǇŀƎƻΩǎ ŜŀǊǘƘǉǳŀƪŜΦ 
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 AremognaςCinque Miglia Fault System (Italy) 
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Abstract: The AremognaςCinque Miglia Fault System (ACMFS), in the Central Apennines (Italy), is an exceptionally well-preserved 
active normal fault system that offers key insights into long-term fault evolution. This study combines geological, geomorphological, 
and paleoseismological data to quantify displacements over three timescales: long-term (~1-2 Myr), mid-term (post-Last Glacial 
Maximum, ~18 kyr), and short-term (recent paleoearthquakes). Analyses of topography, geological sections, and fault scarps reveal 
cumulative throws up to ~1500 m in the Aremogna sector and ~1000 m in the Cinque Miglia sector. Post-LGM offsets reach ~20 m, 
mainly along Cinque Miglia faults, while trench data show coseismic displacements up to 0.8 m. The similarity between long- and mid-
term profiles suggests that the ACMFS has acted as an integrated system through multiple seismic cycles, now approaching complex 
linkage. Structural inheritance controls segmentation and displacement patterns. These results constrain fault growth and scaling, 
indicating potential earthquakes up to M6.5, with implications for regional seismic hazard. 

 
Keywords: active tectonics; fault displacement; hard-linkage  

 
INTRODUCTION 
 
Long-term fault scarps form from the cumulative 
displacement of multiple earthquakes and therefore 
provide key insights into deformation processesτ
specifically, where past ruptures ended and how they 
evolved. Precisely defining the spatial extent of coseismic 
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 pattern 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 Aremogna-Cinque Miglia Fault System (ACMFS) is 
located along the NW-SE seismogenic belt that 
accommodates NE-extension within the axial zone of the 
Central Apennines chain, characterized by widespread 
historical seismicity. The overall normal fault system 
bounds intermontane basins: the Aremogna plain at an 
average elevation of 1450-1500 m a.s.l. to the south, and 
the Cinque Miglia basin (1250 m a.s.l.) to the north, filled 
by glacial-fluvioglacial and alluvial-lacustrine deposits, 
respectively. The southwest-dipping Aremogna Fault (AF) 
and Cinque Miglia Fault (CMF) in the southeastern Abruzzo 
region (Central Apennines ς Italy) are two fault domains 
composed of multiple and anastomosing strands of ~6 km 
and ~8 km length, respectively.. They are connected by a 
complex relay zone between the two subparallel 
overlapping faults, giving an overall length of 16 km of 
ACMFS shows NW-SE to N-S trending scarps displacing 
Pleistocene-Holocene deposits (Fig. 1).  
 
The presence of low-angle 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 

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 Aremogna-Cinque Miglia Fault System is one of the 
first active fault systems in the central Apennines for which 
a seismic potential was inferred by paleoseismological 
ǘǊŜƴŎƘƛƴƎ όCǊŜȊȊƻǘǘƛ aΦ ϧ DƛǊŀǳŘƛ /ΦΣ мфуфΤ 5Ω!ŘŘŜȊƛƻ Ŝǘ ŀƭΦ 
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.C., with 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 estimate that 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 earthquakes 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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METHODS  
 
Our approach combines high-resolution 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 evolution. 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 (AF - south) and the Cinque Miglia 
fault system (CMF - north), consisting of both synthetic and 
antithetic faults, along with nine associated 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 

geology, and high-resolution imagery, including Google 
Earth and a 5-meter-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 mid-term, to avoid overestimation, we 
chose cumulative displacement from the best-constrained 
topographic profile, which has 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 segment (Fig. 2). 
  

Figure1: a) Simplified geologic map of the Aremogna-Cinque Miglia Fault System. Strikes of the faults are expressed on each main trace. 
b) Location box of the study area. c) Photo view from south to north of the main faults of the eastern Aremogna plain. The shooting point 
is shown on panel (a). 
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The results indicate that segments with high geological 
displacement but without post-LGM activity are mainly 
located at high elevations (i.e., AF domain). In contrast, 
faults associated with the highest mid-term throws are 
generally located at lower elevations (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, suggesting there might be a shift of the activity 
at least for about 18 ky and a hard-linkage evolution. 
 
To assess how mid-term throw rates relate to the long-
term evolution of the fault system, we also compared the 
long-term throw curve for the ACMFS, assuming that the 
mid-term throw rates remained constant throughout the 
entire period of fault activity during the Quaternary. The 
comparison indicates that, under these assumptions, the 
long-term 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, 1994). We 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.  
 
 
 

CONCLUSIONS 
 
Comparing fault displacements across different time scales 
is key to understanding the evolution of a fault system 
(Puliti et al., 2020). The present-day setting of ACMFS 
shows geological offsets that transition smoothly from the 
cumulated lower displacement 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 surface faulting, providing 
also indications for those investigating seismic hazards.  
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Figure 2: Maps of the cumulative tectonic throw evolution 
through time: on the left long-term (ca 1-2 Myr) throw, on 
the right mid-term (post 18 Kyr) throw. The color scales 
show the range of vertical displacement at each time 
frame. 
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(3) Laboratorio de Tsunamis y Paleosismología, Universidad Nacional Autónoma de México, Mexico City, Mexico. 
(4) Instituto Geológico Minero y Metalúrgico (INGEMMET), Lima, Peru. 
 
 

Abstract: The Colca region represents a unique natural laboratory for studying landscape evolution driven by the interplay of 
tectonic and volcanic activity, fluvial erosion, mass-wasting processes, lithological variability, karst development, glacial 
processes, and climatic influences. Here, we adopt a multidisciplinary approach to understand the mutual feedbacks between 
these interacting processes. Our findings reveal strong coupling among tectonic, volcanic, and surface processes: 
paleoseismological and archeoseismological evidence indicates potential for large damaging earthquakes; active faults exert a 
primary control on the hydrothermal system; Coulomb stress-transfer modeling confirms a predominantly tectonic origin for 
Ƴƻǎǘ ŜŀǊǘƘǉǳŀƪŜǎΤ цх.Ŝςderived basin-averaged erosion rates vary among sub-basins, from the upper plateau and broad valley 
to the deeply incised canyon and piedmont basins; incision rates reveal the combined effects of tectonic uplift and mass wasting, 
including temporary river damming and ephemeral lake formation; and karst development, including travertine deposition and 
ŎŀǾŜ ŦƻǊƳŀǘƛƻƴΣ ƛǎ ŎƭƻǎŜƭȅ ƭƛƴƪŜŘ ǘƻ ǘƘŜ ǊŜƎƛƻƴΩǎ ǾƻƭŎŀƴƛŎ ŀƴŘ ǘŜŎǘƻƴƛŎ ŀŎǘƛǾƛǘȅΦ 

 
 
Key words: landscape evolution, incision, erosion, uplift, active tectonics, Andes 
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Ground-Based Remote Sensing for Enhanced Paleoseismic Characterization of Trenches and Fault 
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Abstract: Ground-based remote sensing provides new perspectives in paleoseismology by enhancing fault characterization and 
reducing interpretative uncertainty. This study applies portable multi-sensor hyperspectral imaging combined with LiDAR and 
high-resolution photogrammetry 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 Central Apennines. The objectives are to improve paleoseismic trench interpretation, identify subtle 
deformation features commonly overlooked in conventional logging to enhance event-horizon recognition, and analyze 
mineralogical and spectral variations along exhumed 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 fault-related surface deformation, centimeter-scale soft-sediment deformation, and spectral mineralogical 
variations expressed as zones of differential weathering along exposed fault surfaces. This multi-sensor approach demonstrates 
broad applicability and transferability across contrasting tectonic settings, strengthening event reconstruction and reducing 
interpretative uncertainty. 
 
Key words: Advances in Paleoseismology; Ground-Based 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) subtle deformation is easily 
masked by surface processes, (ii) dating precision is limited 
by poor correlation of sampled units, and (iii) post-field 
validation is often impossible due to access restrictions and 
trench back-filling. 
 
Recent advances in ground-based remote sensing now 
offer centimeter-scale, multi-sensor 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 
ground-based hyperspectral cameras, combined with the 
development of open-source 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 Italy: the 
Eastern Betics Shear Zone, the Central Pyrenees, and the 
Central Apennines. Our objectives are to refine 
paleoearthquake interpretation by detecting subtle 

deformation features that escape visual logging and to 
analyze mineralogical and morphological indicators along 
exhumed fault-rock surfaces to assess patterns of 
differential exposure and progressive exhumation. 
Together, these goals extend hyperspectral methods 
(already proven in trenches) to outcrop soft-sediment 
deformation and exhumed fault scarps for the first time, 
yielding a more robust and reproducible framework for 
characterizing paleoearthquake evidence in complex 
tectonic settings. 
 
TECTONIC AND GEOLOGICAL SETTING 
The Western Mediterranean is a natural laboratory of 
active tectonics, where AfricaςEurasia convergence and 
Tethyan slab rollback drive collision, back-arc extension, 
and strike-slip faulting that have fragmented and 
reactivated faults. Historical and archaeological records 
document high-intensity earthquakes since pre-Roman 
times, while palaeoseismic data reveal variable fault 
geometries and slip rates since the Late Pleistocene 
(García-Mayordomo et al., 2012; Faure Walker et al., 
2021). We focus on three representative regions (Figure 
1A). 
 
(i) Eastern Betics Shear Zone (SE Spain). A transtensional 
corridor (1.5 mm/yr) with oblique thrusting and left-lateral 
slip. The Alhama de Murcia Fault is the region's major 
seismogenic structure. It has produced several damaging 
earthquakes since 1500 AD (Martínez-Díaz et al., 2019), 
including the Mw 5.2 Lorca earthquake in 2011. The study 
site lies at the La Tercia trench (Figure 1B), where at least 
four ancient events have been documented in the last 40 
ka (Gómez-Novel et al., 2022). 
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(ii) Central Pyrenees (NE Spain). This region exhibits slow 
post-orogenic extension (0.06ς0.08 mm/yr vertical), minor 
thrust reactivation, isostatic rebound, and gravitational 
ŎƻƭƭŀǇǎŜΦ IƛǎǘƻǊƛŎŀƭ ŘŜǎǘǊǳŎǘƛǾŜ ŜŀǊǘƘǉǳŀƪŜǎ όŜΦƎΦΣ aǿ Ғ сΦн 
Ribagorza 1373, 1923 Vielha) left coseismic environmental 
signatures (Ortuño et al., 2008; Larrasoaña et al., 2010). 
The Sort site is located on a low-energy fluvial terrace of 
laminated fine-grained Quaternary deposits, Noguera 
Pallaresa River (Figure 1C). 
 
(iii) Central Apennines (Italy). This region is dominated by 
an extensional regime (2ς3 mm/yr, NW-SE), where some 
of the most destructive earthquakes in Italy occurred: 1349 
and 1703 NorciaςL'Aquila, 1915 (Mw 7) Fucino, 2009 (Mw 
6.3) L'Aquila, and the 2016ς17 earthquake sequence. Our 
study focuses on the southern Fucino fault system, 
specifically the San Sebastiano fault, where a 7-m-high 
exhumed limestone bedrock scarp along the Giovenco 
River valley has been characterized (Figure 1D). 
Cosmogenic 36Cl dating 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 

 
This study builds upon the workflow proposed by Kirsch et 
al. (2019). We first conducted conventional 
paleoseismological fieldwork. Terrestrial LiDAR (Optech 
ILRIS-3D) and photogrammetric data (Nikon D850, 45.7 
MP) were acquired. Point clouds were generated and 
processed in Agisoft Metashape and CloudCompare for 
orthophotos and digital elevation models. Hyperspectral 
imagery was collected using SPECIM FX10 (400ς1000 nm) 
and FX17 (900ς1700 nm) at Sort and San Sebastiano, and 
AISA Fenix 1K (400ς2500 nm) at La Tercia, all from 
distances of 5ς10 m and with spatial resolutions of 4ς8 
mm. Radiometric correction, illumination modeling, and 
geometric co-registration with LiDAR/photogrammetry 
point cloud were performed using the hylite package 
(Thiele et al., 2021), enabling reflectance retrieval and 
projection of the hyperspectral cube onto 2-3D surfaces. 
Additional processing included spectral smoothing, 
empirical line correction, dimensionality reduction 
(Minimum Noise FractionτMNF and Principal Component 
AnalysisτPCA), mineral-sensitive band ratios, and the 
generation of false-color composites for lithological and 
structural discrimination within a multilayer visualization 
workflow. 

 
Figure 1: !Φ [ƻŎŀǘƛƻƴ ƻŦ ǎǘǳŘȅ ǎƛǘŜǎ ƛƴ ǎŜƛǎƳƛŎŀƭƭȅ ŀŎǘƛǾŜ ŀǊŜŀǎ ƻŦ ǘƘŜ ǿŜǎǘŜǊƴ aŜŘƛǘŜǊǊŀƴŜŀƴΦ !ŎǘƛǾŜ Ŧŀǳƭǘǎ ŀƴŘ ŜŀǊǘƘǉǳŀƪŜǎ aǿ җ сΦл ό1005ς
2014) compiled from the European Seismic Hazard Model (Basili et al., 2020), Benedetti et al. (2013), the QAFI and Fault2SHA databases (García-
Mayordomo et al., 2012; Faure Walker et al., 2021). B. La Tercia trench on the northern segment of the Alhama de Murcia Fault, previously 
studied by Gómez-Novel et al. (2022); mapping adapted to the 5 m DEM (IGN, 2022). C. Sort site in the 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 Sebastiano fault scarp; mapping 
adapted from the 1:25,000 Scano sheet (Italian Geological Survey, 2008) and the 1 m LiDAR DEM (MASE, 2021). 



13th International INQUA Meeting on Paleoseismology, Active Tectonics and Archeoseismology (PATA), 1 ς 5 February 2026, Guatemala 

 
 

INQUA TERPRO Project Cascading Hazards and Mitigation (CHAMP)  
 

 

 

43 

 

For the Tercia and Sort sites, field logs were compared with 
stacked hyperspectral data to refine stratigraphic 
boundaries, identify fractures, and classify centimeter-
scale deformation features. At the San Sebastiano scarp, 
10 cm-radius Regions of Interest spaced every 25 cm were 
extracted along vertical profiles from mineral band ratios. 
Mean and normalized index values were plotted to detect 
abrupt changes in slope and trend; these breaks were 
identified both visually and with the BottomUp 
segmentation algorithm (Truong et al., 2020; Llinares et al., 
2025). Additional data (point spectra, Schmidt-hammer 

strength and surface roughness; Zielke et al., 2022) were 
collected but are not presented here; they will be used to 
ŎƻǊǊŜƭŀǘŜ ǾŜǊǘƛŎŀƭ ƳƛƴŜǊŀƭƻƎƛŎŀƭ ǾŀǊƛŀōƛƭƛǘȅ ǿƛǘƘ ǘƘŜ шы/ƭ 
exhumation history (Benedetti et al., 2013). 
 
RESULTS AND CONCLUSIONS 
 
At least three paleoearthquake events during the past 
34,000 years were identified in the La Tercia trench, 
confirming a surface-rupturing event <15 ka (Figure 2A). 

 
Figure 2: A. La Tercia hyperspectral-enhanced paleoseismic interpretation. Photogrammetric model vs. false-color MNF-VNIR and iron-band-
ratio images; orange, purple, and yellow triangles mark spectral variability across distinct stratigraphic units. B. Sort outcrop: photogrammetric 
model with yellow-boxed area for soft-sediment photos B1 and B2; yellow dashed line shows hyperspectral coverage. MNF- and PCA-VNIR 
composites highlight clay/silt/sand packages and soft-sediment structures (Pn = pseudonodule, Nd = Neptunian dike, Cd = clastic dike, Fs = flower 
structure, Lc = load cast). C. San Sebastiano scarp: acquisition, vertically-aligned model; hematite (BR1) and goethite (BR2) band indices (raw 
ҕмˋ ōƭǳŜΣ ƴƻǊƳŀƭƛȊŜŘ ōƭŀŎƪύ ŀƭƻƴƎ ǇǊƻŦƛƭŜ tςtΩΦ hǊŀƴƎŜ Ǉƻƛƴǘǎ ŀƴŘ ŘŀǊƪ-red dashes mark visual and BottomUp slope-breaks; red transparent 
bands show 36Cl-dated exhumation clusters (Benedetti et al., 2013). 


