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1 | INTRODUCTION

Large strike-slip fault systems, characterized by structures several
1000km long, involve large and continuous seismogenic zones with
high potential for triggering destructive earthquakes. The 2023
seismic events of Mw 7.8 and 7.5 occurred in few hours along the
East Anatolian Fault in Turkey and Syria, causing tens of thousands
of victims, are the latest examples illustrating the dangerousness of
this type of tectonic structures. The frequency of these earthquakes
depends on the fault slip rate, mainly controlled by tectonic load-
ing. However, due to second-order processes we discuss below, slip
rates may vary both along strike and in time. Few faults have been
studied from this perspective, and the causes of these variations are
often poorly understood.

Along-strike-slip rate gradients have been observed and gener-

ally attributed to endogenous parameters such as the orientation

| Christian Sue® |

The Magallanes-Fagnano Fault is an active strike-slip structure accommodating the
relative displacement between South America and the Scotia Plate. The Chilean por-
tion of the fault is poorly studied because most of it runs below the sea level in the
Strait of Magellan. Our tectonic geomorphological study is focused on a rare onshore
fault section, along which streams horizontally deflected by hundreds of metres since
the last main deglaciation are compatible with a dominant left-lateral fault kinematics
and yield a slip rate of 15.7 + 2.4 mm/year. This rate is between 2 and 3 times higher
than the one estimated on the Argentinian portion of the fault over the same period.
This spatial variation may be due to both glacial unloading on the fault zone and/
or structural factors. These results point out the need to study strike-slip faults on

several portions to unravel behaviour changes related to internal or external forcing.

ice loading, slip rate variation, South America, strike-slip fault, tectonic geomorphology

changes in relation to regional stress, the partitioning of deformation
or the lithospheric thickness (Chevalier et al., 2016; Kirby et al., 2007,
Liu et al., 2020; Matmon et al., 2006). Millennial-scale temporal
variations have been even more rarely reported and have been
mainly ascribed to regional tectonic rate changes or fault strength
alterations (Bennett et al., 2004; Dolan et al., 2016, 2024; Gold &
Cowgill, 2011; Ninis et al., 2013; Zinke et al., 2021). No case stud-
ies deal with the impact of glacier dynamics on transform fault slip
rate variability, though theoretically significant. Indeed, mechanical
models show that flexure of the lithosphere may cause an increase
in compressive tangential stress in the seismogenic crust, which may
delay the occurrence of earthquakes (Hampel et al., 2009; Steffen
& Steffen, 2021). The Magallanes-Fagnano Fault (MFF), crossing a
region characterized by major Quaternary glaciation-deglaciation
phases, offers excellent conditions to better understand the effects
of such tectonic-climatic interactions.
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2 | GEOLOGICAL SETTING

The Strait of Magellan, at the southern tip of America, has been
shaped by the interaction between strike-slip faulting and glacier
erosion during Quaternary. The MFF is a major left-lateral trans-
form fault system that separates the austral segment of South
America from the Scotia Plate (Ghiglione, 2002; Klepeis, 1994;
Lodolo et al., 2003; Tassone et al., 2005, 2008; Torres Carbonell
et al., 2008; Winslow, 1982). The onset of strike-slip faulting in
Tierra del Fuego along the MFF probably occurred during the
late Miocene (Torres Carbonell et al., 2014). This transform plate
boundary is mapped from the Pacific entrance of the Strait of
Magellan to the Scotia subduction zone in the Atlantic Ocean
(Figure 1). Most of this fault system is offshore, Tierra del Fuego
owing its largest onshore section. This fault already triggered
three strong earthquakes in barely two centuries of historical re-
cord (Costa et al., 2006; Febrer et al., 2000; Jaschek et al., 1982;
Pelayo & Wiens, 1989). The latest major seismic sequence is ex-
traordinarily similar to the 2023 Eastern Anatolian Fault one, with
the occurrence of a Mw 7.8 followed by a Mw 7.5 in less than
1day in December 1949, although we do not know whether they
occurred on the same fault, or on a different one, as in Turkey.
Another Mw 7-7.5 shook the region in 1879, at the beginning of
the settlements in Ushuaia and Punta Arenas (Lomnitz, 1970).
Tierra del Fuego was largely covered by ice during the last gla-
cial period (Figure 1). Observations of the trimline at ~700ma.s.l. in
the area between the Almirantazgo Sound and Lake Fagnano suggest
a maximum ice thickness of approximately 1km. Fault morphology
was reset by glacier erosion, and tectonic deformation has been re-
corded in the landforms during post-glacial period. Fault slip rates
were determined along its Argentinian portion at the present and at
the millennial time-scale, both estimates yielding a sinistral velocity
of 6-7mm/year (Mendoza et al., 2015; Roy et al., 2020; Sandoval &
de Pascale, 2020; Smalley et al., 2003). On the other hand, due to
the difficult accessibility and the position of large part of the fault
trace below the sea, fault slip rates for the Chilean portion of the
fault have not been quantified. Between the Strait of Magellan and
Fagnano Lake, the fault trace is often confounded with bedrock in-
herited structures along the steep mountain slopes with neither suit-
able nor datable markers that could be used to get a robust slip rate.
The only obvious onshore active fault segment in Chile is limited to a
10-km-wide advance of land into the sea: the Ainsworth Peninsula.

3 | THE AINSWORTH PENINSULA FAULT
ZONE

During last glacial period, the fjords of the Strait of Magellan were
largely carved by glacier action. The MFF runs mostly in the mid-
dle of the main fjord, but it is clearly visible on the Ainsworth
Peninsula, the most prominent land advance in the southern part of
this area. This peninsula is characterized in its NE portion by meta-
morphic Middle/Upper Jurassic volcaniclastic bedrock belonging

Significance Statement

Our study focuses on the active tectonics of the Magellan-
Fagnano Fault (South Patagonia), in the Chilean part of the
transform plate boundary for which no data of Quaternary
activity are available up to date. Using tectonic geomor-
phology and geochronology, we determined post-glacial
deformation stages and fault slip rate along this section, as
already done for the Argentinian portion of the fault (Roy
etal., 2020). We highlight an along-strike-slip rate variation
over the last ~16ka. We argue it may be partially timely
related due to ice unloading above the fault zone during

last glaciation period.

to the Tobifera Formation (Pankhurst, 2000; Thomas, 1949) and
polished by glacier erosion, while its SW portion is covered by soft
sediments mainly constituted by till deposits (Figure 2a). In this
latter part, topography has a constant slope of 6° to the NE, locally
perturbed by flatter areas elongated parallelly to the axis of the
main valley that may be interpreted as kame terraces (Figure 2).
Here, a coloured patchwork of peat covering the ground is locally
interspersed by lines of tree vegetation growing along the drain-
age network. This network is constituted by temporary streams
of few metres deep, most of which are straight and parallel to the
main slope until they intersect a perpendicular lineament, asso-
ciated with a few metres high scarp, corresponding to the fault
trace. This regular pattern, due to a low degree of hierarchization
of the drainage network, is highly perturbed crossing the fault
zone. Some streams are laterally deflected by several tens or hun-
dreds of metres with bayonet geometries, whose most spectacular
manifestation is a continuous sigmoidal shape showing a deflec-
tion of 274+40m (Figure 2b,c). Other streams stop abruptly at
the toes of the scarp in a locally flat swampy zone. Symmetrically,
downstream of the fault zone we notice the presence of some be-
headed channels. All these geomorphic features are compatible
with cumulative deformation along a unique fault segment charac-
terized by dominant left-lateral strike-slip.

A hand-made trench across the scarp revealed both the shal-
low stratigraphy of the deposits and the deformation affecting
them (Figure 3). Till and colluvium lie over lacustrine sediments,
from which they are separated by an erosive contact. The appar-
ent dip of silty-sandy lacustrine layers dated at 42-51ka (Table 1)
varies from 10° SW to 40° NE across the scarp, indicating a gentle
folding. Several ruptures dipping strongly to the SW affect both
lacustrine and glacial deposits with small apparent reverse and
normal offsets. These observations, which attest to the presence
of localized surface deformation along the fault, are typical of pos-
itive flower structure consistent with dominant strike-slip kine-
matics. They also show that the last glaciation significantly eroded
the unconsolidated sediments situated in the area, leading to a
rejuvenation of the landscape.
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FIGURE 1 (a) Tectonic map of the Magallanes-Fagnano Fault (MFF) zone with Last Glacial Maximum (LGM) ice extension in the Southern
Andes. The red lines indicate the recognized MFF fault sections, and the dashed red lines indicate the MFF interpolated traces (Betka

et al., 2016; Cunningham, 1993; Esteban et al., 2014; Fernandez et al., 2017; Klepeis, 1994; Klepeis & Austin, 1997; Lodolo et al., 2003;
Onorato et al., 2021; Perucca et al., 2016; Roy et al., 2020; Sandoval & de Pascale, 2020; Smalley et al., 2003; Winslow, 1982). Yellow
diamonds indicate the slip rate sites of Roy et al. (2020) (R) and Sandoval and De Pascale (2020) (S). Yellow star indicates the offshore study
area of Bran et al. (2023). The base map is the shaded DEM SRTM ALOS World 3D-30m (©JAXA). The blue line shows the LGM extensions
(Bentley et al., 2005; Boyd et al., 2008; Clapperton et al., 1995; Coronato et al., 2004, 2009; Davies et al., 2020; Fernandez et al., 2017;

Hall et al., 2019; McCulloch et al., 2005; Rabassa et al., 2000). The blue dashed line is the poorly constrained extension. A.S. stands for
Almirantazgo Sound. (b) Map of the Almirantazgo Sound showing location of the Ainsworth Peninsula study site and the MFF trace.
Bathymetry of Almirantazgo Sound with a 50-m contour interval is the Esri, GEBCO, NOAA (2014) grid.

4 | BACK-SLIP RESTORATION

Back-slip restoration at the scale of the Ainsworth Peninsula is based
on the realignment of streams uphill and downhill the fault scarp
going back in time. Considering nine principal streams crossing the
fault, the realignment of several of them at a tectonic stage deter-
mines the simultaneous setting up of a localized drainage system
(Figure 4). Compared to the measurement of distinct piercing points,
this technique being based on multiple geometrical constraints re-
sults in more robust offset restoration with improved measurement
accuracy. Each stream generation, triggered by particular climatic/
erosional conditions, records the cumulative strike-slip deforma-
tion by incremental lateral displacement along the fault zone. The
slight uplift of the upstream block determines the absence of major
counterscarps along the fault that could promote non-tectonic
deflections.

We put in evidence two well-defined back-slip stages. Stage
1 is determined by the realighnment of 5 streams at 120+ 10m of
back-slip restoration. Stage 2 is determined by the realignment of 4
streams at 260+ 20m. This stage corresponds to the oldest possible
configuration. Since displacements in the central part of the fault
zone are larger than the spacing between streams, two of them sit-
uated downstream of the fault have been successively fed by two

different channels during stages 1 and 2.

5 | DATING THE CUMULATIVE
DEFORMATION

The benefit of using a poorly hierarchized drainage network for back-
slip restoration is the availability, in a relatively small area, of several
suitable markers for an accurate reconstruction of past geometries.
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FIGURE 2 (a) Geological map of the
Ainsworth Peninsula. The blue triangles
1-4 refer to °Be samples T1 to T4 with
ages available in Table 1. The base map is
satellite Bing™ Map with 2x exaggerated
relief. (b) Aerial view of the left-lateral
stream deflection by the Magallanes-
Fagnano Fault, indicated by red arrows;
other views of the fault zone are available
in Supplemental File S1. (c) Digital
Surface Model of a portion of the fault
zone obtained from Pleiades images (1m
resolution). Streams appear as apparent
positive relief associated with top of
trees growing inside them. Note the slight
obliquity of the main stream with respect
to the fault scarp direction, excluding
possible non-tectonic deflection linked to
fault topographic barrier.

The disadvantage is that we cannot directly date the setting of these from the Ainsworth Peninsula. Dating of the glacial retreat therefore
markers. We thus need to date the genesis of the landforms succes- yields the best estimate for the age of the oldest back-slip stage.

sively incised by streams assuming that these depositional/erosional We collected 4 samples of polished bedrock for 1°Be exposure
events are almost synchronous. In this context, we supposed that the dating (Figure 2a). Considering no bedrock denudation since deglaci-
onset of the drainage network started with the retreat of the glaciers ation, we obtained 3 similar minimal exposure ages within analytical
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FIGURE 3 (a) Photomosaic of the
trench western wall (-54.375606,
-69.449923); detailed views are available
in Supplemental File S1. (b) Interpretative
logs and sample locations. Details on *C
samples are given in Table 1 (all the ages
are calibrated, except sample C2). (c)
Interpreted fault zone geometry at depth.

(@) N195°

1 meter

Elements

3 inferred faults

[¥13.37 - 3.21 cal ka BP

Y main faults and associated fault splays

0
meter

Stratigraphic log / facies

2 U0: modern soil

M U1: peat

B U2: colluvia

W Us: till

[ U4: coarse foreset beds (lacustrine)

_|Us: fine foreset beds (lacustrine)
~Ué: bottomset beds (lacustrine)

TABLE 1 Mass spectrometry measurements of radiocarbon samples.

Sample Lat%/long® N°SaCa IGSN Nature Unit

Cc1 54.375606°S, 60,318 IEROYOO0OT Charcoal U4
69.449923°W

Cc2 54.375606°S, 61,164 |EROYOO0OU  Charcoal U4
69.449923° W

Cc4 54.375606°S, 60,319 IEROYOOOV  Charcoal U1l
69.449923°W

C5 54.375606°S, 60,320 IEROYOOOW Charcoal U1l
69.449923°W

Cé 54.375606°S, 60,321 IEROYO00OX  Charcoal U1l
69.449923°W

Mass spectrometry measurements (ages and errors in
years BP)

Calibrated ages

1.66

0.96

0.89

(calyears BP)
mgC Delta e pMC ‘e age Err From To
-22.1 0.567+0.141 41,600 2000 51,139 42,276
-18.3 <0.41° >44,100 NA NA NA
-33.6 68.168+0.232 3080 30 3370 3212
-24.3 62.078+0.209 3830 30 4402 4097
-26.2 64.336+0.213 3545 30 3959 3718

Note: The ages are calibrated using OxCal version 4.4 (Ramsey, 2009, 2017) with atmospheric curve SHCal 20 (Hogg et al., 2013). Note that the
measurements were made at LMC14, CEA, Saclay, France, using the Artemis accelerator mass spectrometry (AMS) facility following preparation

protocols (Dumoulin et al., 2017; Moreau et al., 2020).

Abbreviations: Delta 13C, per cent of isotope 13C; IGSN, International Geo Sample Number; mg C, amount of carbon in mg; pMC, per cent modern

carbon.

@Apparent age close to background: 16 < measured sample activity <2c. Error on 14C age and calibration not applicable (NA).

errors at 16 +2ka, with an older one at 21.7 +3.2ka (Table 2). Our
ages at ~16ka are compatible with the dating in the Ainsworth
Peninsula based on *C on organic rests in cores from peatbog above
glacial sediments ranging from 17.1 to 15.5calka BP (Hall et al.,
2013) and on °Be on the frontal moraine at the mouth of the fjord
that borders the Ainsworth Peninsula to the north-west at ~16.5ka

(Reynhout et al., 2021) (Figure 2a). They are also consistent with
the whole deglaciation history in the Strait evidencing a rapid ice
sheet shrinking of piedmont glaciers at ~17.5ka (Davies et al., 2020;
McCulloch et al., 2005). Considering both our dates and the pre-
vious contributions, we may set the deglaciation of the Ainsworth
Peninsula at 16.5+1ka.
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FIGURE 4 Back-slip restoration in 2 stages (120+10m and 260+ 20m) using the drainage network deflected by the MFF (Bing™ satellite
image). At each stage, streams aligned on both sides of the fault (in bold) are newly formed and their final deflection corresponds to the
following cumulative strike-slip deformation.

TABLE 2 'Be measurements.

Sample Lat°/long®

T1 54.36083°S,
69.47073°W
T2 54.36493°S,
69.45719°W
T3 54.36978°S,
69.43087°W
T4 54.36924°S,
69.42814°W

Altitude
(ma.s.l.)

121

74

40

23

Nature

Polished bedrock

Polished bedrock

Polished bedrock

Polished bedrock

10B¢ (at/g)
88,488

77,489
74,765

1,01,718

Error 1°Be
(at/g)

7266

6016

2698

6646

Production
rate
(at/g/year)

5.25

5.01

4.84

4.75

Error on
production rate
(at/g/year)

0.45

0.43

0.42

0.41

Shielding
0.998799

0.998799

0.999604

0.999161

Age (years)
16,715

15,685

15,613

21,697

Error
on age
(years)

2817

2547

1912

3721

Note: All measurements were made at Laboratoire National des Nucléides Cosmogénique LN2C (Cerege, Aix-en-Provence, France) using the
accelerator 5 MV ASTER and following the procedure of Braucher et al. (2015). Errors on 10Be concentrations include measurement (number of
count), standard (certification), average standard measurements (machine) and systematic error (machine external error 0.5%, Arnold et al., 2010).
The production rates have been calculated following Stone (2000) using modified scaling function from Lal (1991). The topographic shielding
calculator used in this study is Stoneage.ice-d.org version 2.

85U80|7 SUOWWIOD 3AIa.D 3|qeotjdde auy Aq peusenob aJe sajone O ‘88N 4O Sa|nJ 10} Arlq1T8UIUQ /8|1 UO (SUOIPUOD-pUe-SWWB}W0D" B 1M *ATe.d 1 [BUI|UO//:SANY) SUORIPUOD Pue SWiB | 84} 89S *[1202/70/7T] U0 A%eiqiT8uljuo AB|IM ‘80Ul aueIy0D Aq GTZZT RYTTTT OT/I0p/L00 A8 |Im AeIq1jeul |Uo//Sdny Wwoij papeojumoqd ‘0 ‘TZTESIET


http://stoneage.ice-d.org

VASSALLO €T AL.

6 | DISCUSSION AND CONCLUSIONS

We determined two back-slip drainage stages, which we interpret
as climatic/erosional events associated with an enhanced regressive
erosion of the streams across the fault zone. We propose that the
pristine drainage network corresponds to the oldest back-slip stage
found at the Ainsworth Peninsula, after landscape resetting by gla-
ciers. These streams therefore recorded the cumulative tectonic de-
formation along the MFF during the whole post-glacial period. The
youngest back-slip stage may correspond to a successive climatic
event, associated with a second generation of first-order streams.
The geomorphic fault slip rate obtained using the oldest deforma-
tion stage (260+20m) and the age of the glacier retreat (16.5+ 1ka) is
15.7 + 2.4mm/year. This millennial rate is the only one available for the
portion of the MFF in the Strait of Magellan, since the sparse GNSS
network in the Chilean region of the fault is unsuited to study tectonic
activity. However, this slip rate is between 2 and 3 times higher than
the rate estimated on the Argentinian portion of the fault at 6-7 mm/
year (Roy et al., 2020; Sandoval & de Pascale, 2020). This significant

difference may be ascribed to several non-exclusive possibilities:

1. Part of the deformation in the eastern region may be distrib-
uted over several faults. GNSS data in Argentinian Tierra del
Fuego and morphological analysis around Fagnano Lake tend
to exclude the existence of another important structure on
the island. Nevertheless, a recent study shows the presence of
Holocene strike-slip deformation in the Beagle Channel (Bran
et al., 2023; see Figure 1), which could be a good candidate
for hosting significant offshore faulting sub-parallel to the main
branch of MFF.

2. The bend of the MFF of 20° between the Strait of Magellan and
Fagnano Lake may reduce the strike-slip component to the east in
favour of an enhanced transtensive deformation, as proposed by
Lodolo et al. (2003) and Esteban et al. (2014). However, in a geo-
metrical model of rigid blocks, this fault bending may only explain
around 10% of the slip rate difference.

3. The glaciation event, at its maximum thickness above the MFF in
Chile while thinning towards the Atlantic coast, differently per-
turbed the tectonic activity along strike. Numerical models by
Hampel et al. (2009) show that deformation in normal and reverse
faults may be delayed beneath an ice cap and recovered when the
ice melts. The same results may apply to strike-slip faults, because
ice loading results in the flexure of the lithospheric plate which,
in turn, increases the horizontal compressive stress in the seis-
mogenic crust located in the inner arc of the flexed plate (Steffen
& Steffen, 2021; Stépancikova et al., 2022). For a vertical fault, it
means an increase in stress orthogonal to the fault plane push-
ing away the system from rupture conditions. Consequently, dur-
ing glaciation brittle deformation undergoes a delay that must be
caught up after deglaciation. This deformation catch-up results in
a higher average slip rate over the post-glacial period. The MFF
would be the first example of strike-slip fault where this phenom-
enon is observed.

Terra Nova NUITSAM

These results point out the need to study large strike-slip faults
on several portions to unravel behaviour changes related to exter-
nal or internal forcing. All slip rates along MFF are average values
over the post-glacial period; their strike-along variation could be
both spatial—if everywhere constant through time—and temporal.
Studies on shorter time-scales are necessary to discriminate be-

tween these possibilities.
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