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ABSTRACT

Forests situated above active fault zones may record hillslope
evolution, thus holding information about recent seismic
events. Lenga trees (Nothofagus pumilio) extend across the
Magallanes—Fagnano fault system (MFFS), the active trans-
form boundary between the South American and Scotia
plates. Coseismic surface ruptures along the fault scarp tilt
trees located uphill. During the interseismic period, tree

growth curves the trunks. Annual tree rings from the study

area show abrupt changes from concentric to asymmetric,

allowing the timing of major historical earthquakes to be

Introduction

A foremost challenge in seismic haz-
ard studies is determining the source
of major earthquakes that pre-date
instrumental records. Palaeoseismolo-
gy provides details on the timing,
location and size of prehistoric
(McCalpin, 2009) and historical
earthquakes (Yeats and Prentice,
1996). Large earthquakes are capable
of creating or modifying the topo-
graphic surface (e.g. Keller and Pin-
ter, 2001). Surface rupture on active
faults usually forms scarps and initi-
ates erosive processes at the new topo-
graphic step. Although this process is
more intense in normal and reverse
faults, strike-slip faults can leave
topographic signatures in transtensive
and transpressive areas, or where they
deform previous topographic features
(e.g. Keller and Pinter, 2001). Forests
extending across active fault zones
can record the interplay between
tectonic uplift and hillslope erosion
(Jacoby, 1997; McCalpin, 2009). For
example, tree trunks contain useful
records of historic and prehistoric
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earthquakes along the San Andreas
Fault in southern California (Jacoby
et al., 1988), the Denali Fault in
Alaska (Carver et al., 2004) and the
North Anatolian Fault in Turkey
(Kozaci, 2012).

The Magallanes—Fagnano fault
system (MFFS) forms the active
transform plate boundary between
the South American and Scotia
plates (e.g. Barker, 2001; Lodolo
et al., 2003). The last major earth-
quake to shake Tierra del Fuego (Ms
7.8 on 17 December 1949) probably
nucleated on this fault, and undated
fault scarps on the MFFS may be
associated with this event (Costa
et al., 2006). A previous seismic
event shook the region on 1 Febru-
ary 1879 (Modified Mercalli Scale,
MMS VI), although the source of
this earthquake is unknown. The aim
of this study is to detect major reju-
venation of the Magallanes—Fagnano
fault scarp by analysing annual tree-
ring patterns in Lenga trees (Nothof-
agus pumilio) and testing whether
they correlate with the last major his-
torical and instrumental earthquakes.

The Magallanes—Fagnano fault
system

The MFFS extends ~650 km from
the western limit of the Magallanes

established. In this case, tree-ring analysis suggests rupture
on the MFFS fault scarp in 1883 + 5 and 1941 + 10, coincid-
ing with the February 1, 1879 (Modified Mercalli Scale, VI)
and the December 17, 1949 (Ms 7.8) earthquakes in Tierra del
Fuego. Our results provide evidence that this fault system
was the source of these earthquakes, which has implications
for seismic hazard in the study region.
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Strait to the Atlantic coast, cutting
across Tierra del Fuego Island. The
offshore trace of the MFFS contin-
ues ~2200 km across the North Sco-
tia Ridge, up to the northern border
of the East Scotia Ridge, close to the
South Sandwich Islands (Fig. 1A).
The plate boundary has a general
E-W trend, which changes to
WNW-ESE in the Magallanes sec-
tion, with left-lateral kinematics (e.g.
Klepeis, 1994; Lodolo et al., 2003).
The MFFS has been active since the
Tortonian (~11-7 Ma, Torres-Carbo-
nell et al., 2008). Global Positioning
System (GPS) measurements reveal
that crustal deformation is clearly
concentrated along the MFFS,
mainly in the continental sector
around Fagnano Lake, suggesting a
present-day (period 1993-2008) hori-
zontal slip rate of the fault zone of
around 4.4 + 0.6 mm a~' (Mendoza
et al., 2011). We focus our descrip-
tion on the eastern onshore section
of the MFFS, from Fagnano Lake
to the Atlantic coast (Figs 1B and
C), where aerial and satellite imagery
allows fault scarps to be mapped.
There, the MFFS consists of several
discontinuous fault segments, each
from 5 to 15 km long, that develop
parallel ridges and valleys (Figs 1
and 2) (Lodolo et al., 2003). A left-
stepping extensional en echelon zone
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Fig. 1 (A) Tectonic setting of the Magallanes—Fagnano Fault System (MFFS) in the framework of the Scotia Arc. (B) Seismic-
ity in the onshore eastern section of the MFFS after Sabbione e al. (2007a,b, 2011). (C) MFFS trace, main rivers and lakes
plotted over the digital elevation model of Tierra del Fuego National Aeronautics and Space Administration (NASA) Shuttle
Radar Topography Mission data (SRTM; Farr et al., 2007). Bathymetric map of Fagnano Lake taken from Waldmann et al.
(2011). The on-fault coseismic effects of the 1949 Ms 7.8 earthquake (Costa et al., 2006), new palaeoseismological evidence and
stream channels showing apparent left-lateral offset are also indicated. The location of the map in Fig. 4 is marked.

forms a small closed depression, the
Laguna Negra bog (Figs 1C and 2B)
(Menichetti et al., 2001).

Seismicity in Tierra del Fuego is
characterized by relatively frequent
moderate earthquakes (M < 5.0) and
rare large events (M > 7). Large
earthquakes are mostly concentrated
in the Scotia Plate above 30 km depth
and located close to the MFFS
(Fig. 1B) (Sabbione et al., 2007a,b,
2011). The earliest large earthquake
reported in Tierra del Fuego occurred
on 1 February 1879 and was felt in
Ushuaia with a MMS intensity of VI
(Febrer et al., 2000). The epicentre of
this earthquake is unknown, but was
tentatively placed offshore in the
Atlantic Ocean (Febrer et al., 2000).
On 17 December 1949, a Ms 7.8
earthquake (MMS Intensity VIII) was
strongly felt in the eastern Tierra del
Fuego, near Fagnano Lake (Febrer

et al., 2000). Several coseismic fea-
tures were recognized along the east-
ern onshore section of the MFFS
(Winslow, 1982; Dalziel, 1989). A ver-
tical scarp (~0.5-1 m) occurred in a
gravel bar bordering the eastern side
of Fagnano Lake (Fig. 1C). Coseis-
mic subsidence along this shore of the
lake formed a series of connected
lagoons, damaging many trees
(Figs 1C and 2D) (Menichetti et al.,
2001). Shear fractures with ~6 m lat-
eral offset and open cracks were
described close to the Irigoyen River
near the Atlantic coast (Costa er al.,
2006). In addition, coseismic off-fault
features such as cracks and liquefac-
tion processes were reported further
to the north. Coseismic deposits asso-
ciated with two, or possibly three, pal-
aeoearthquakes during the last 9 ka,
previous to the 1949 earthquake, have
been recognized and dated in trenches

across the eastern MFFS (Costa
et al., 2006).

Methods

Nothofagus pumilio is a deciduous
broad-leafed tree with a generally
straight trunk that covers large areas
in Tierra del Fuego. Some studies
have used changes in tree-ring width
and density to determine climate
variations (Villalba et al., 2003), and
the record of scars in the wood to
establish the snow avalanche occur-
rence (Mundo et al., 2007). The sud-
den formation/rejuvenation of a fault
scarp during an earthquake may tilt
trees, stimulating disturbances in the
growth-ring series (Jacoby et al.,
1988). Tilted trees naturally have the
ability to recover verticality by devel-
oping J-shaped morphologies along
the trunk (Scurfield, 1973; Fig. 3).

© 2014 John Wiley & Sons Ltd
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Fig. 2 Field photographs of the Magallanes-Fagnano Fault System. (A) Fault
scarp at the San Pablo River sector. (B) Extensional fault scarp at the Laguna Ne-
gra bog. Note the bent lengas located on the fault scarp. (C) E-W trending crack
where the fault system crosses the Lainez River (site 3 in Fig. 1). (D) Sector
affected by coseismic subsidence that damaged trees along the eastern side of Fag-
nano Lake during the 1949 Ms 7.8 earthquake.

This process is recorded by the onset
of asymmetric tree-ring growth (Tim-
ell, 1986), i.e. narrow annual rings
on the tilted side and wide rings on
the opposite side.

We examined complete cross-sec-
tions from 34 trees that were cut by
the timber industry in 2007 (Fig. 4).
Samples cover two complete tran-
sects across the southern fault seg-
ment in the Laguna Negra stepover,
from the uplifted to the downthrown
block. The trees were sanded in the
field, and tree-rings were counted
and ring widths measured directly in
the field and in the laboratory using
scaled and restored photographs.
Uncertainties in the attribution of an
age to some trees and rings resulted
from unclear ring boundaries and the
presence of spoiled areas. Four trees
in a flat area close to the fault scarp
and unaffected by tilting were also
analysed. They show common ring
width variations that enabled us
to establish an accurate reference

© 2014 John Wiley & Sons Ltd

chronology, which is compared with
the disturbed growth-ring patterns of
the trees situated above the fault
scarp. Determination of past earth-
quake events is based on the number
of trees showing asymmetric growth
onset in a specific year. To avoid
overestimation, we used the index
value (/r) defined by Schroeder
(1978) as the percentage of trees
showing a reaction in a specific year
compared with the sample trees alive
in that year. The age of the analysed
trees was between 62 and 180 years,
providing a record back to 1827,
balanced to include older and youn-
ger trees.

Results

Fault traces of the MFFS were rec-
ognized from Fagnano Lake to the
Atlantic coast according to satellite
imagery and field work. We identified
fault scarps, stream channels showing
an apparent left-lateral offset, and

Fig. 3 Schematic sequence of lenga tree
growth conditioned by the sudden for-
mation of a coseismic fault scarp: (A)
vertical trees with symmetric tree-ring
growth; (B) scarp rejuvenation associ-
ated with a strong seismic event that
tilted the trees and activated creep due
to slope increase; (C) tree trunks recov-
ering verticality and tree-ring asymme-
try marking scarp development.

palacoseismological evidence such as
liquefaction features, E-W-trending
cracks and NE-SW left-stepping en
echelon cracks (Figs 1 and 2). Analy-
sis of 34 trees in the Laguna Negra
stepover, where the fault scarp is
~8 m high, allowed us to identify
asymmetric ring growth related to
past earthquakes (Figs 3C and 4A).
Two clear disturbance events were
detected where the onset of asymmet-
ric growth-ring patterns interrupted
the reference chronology. Seven tree
trunks record asymmetric growth
onset in 1941 £ 10 years (It = 23%)
and  eight in 1883 £ 5 years
(1t = 100%). In addition, 15 trees
show an entirely asymmetric ring
pattern, interpreted as growth on an
already unstable slope. A group of 9
tree trunks has ages clustered around
1941 + 10 years, and a group of just
four older trees began growth in
1910 £+ 5 years (Fig. 5 and Table
S1).

Discussion

The perturbation in annual tree-ring
growth patterns caused by seismic
damage provides important informa-
tion about the frequency and location
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the Laguna Negra bog, and the location of the studied trees. (B) Example of a curved tree trunk situated above the fault scarp
(tree sample 1 in Fig. 5). (C) Growth ring pattern with symmetric-asymmetric transition in 1949.
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tion events coincide with the 1 February 1879 (Modified Mercalli Scale, VI) and the 17 December 1949 (Ms 7.8) major earth-
quakes.

of the seismic events. Trees may
record palacoearthquakes directly
when they grow above the fault trace
and are either tilted by the fault
scarp formation or sheared by the
fault plane. In addition, trees farther

from the seismic fault could be dam-
aged by coseismic subsidence and
strongly influenced by shaking or
other secondary effects such as land-
slides  (Jacoby, 1997; McCalpin,
2009).

Ruptures associated with the 1949,
Ms 7.8 earthquake extend at least
~50 km, from the eastern shore of
Fagnano Lake to the Irigoyen River,
revealing that the earthquake nucle-
ated on the eastern onshore sector of

© 2014 John Wiley & Sons Ltd
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the fault. Evidence from the Atlantic
coast at Malengiiena Cape (Torres-
Carbonell et al., 2011) suggests that
the ruptures could extend further east-
wards. This would be in agreement
with the empirical relationships
between magnitude and rupture
length, given that earthquakes with
magnitudes between 7 and 8§ usually
have associated surface fault ruptures
ranging from 50 to 300 km (Wells and
Coppersmith, 1994). We found that
this earthquake rejuvenated the fault
scarp in the Laguna Negra releasing
stepover, with a considerable dip-slip
component, tilting the trees. Vertical
motion (0.5-1 m) was described by
inhabitants near Fagnano Lake,
another releasing bend sector, where
many trees were flooded due to coseis-
mic subsidence during this seismic
event (Costa et al., 2006). On the
other hand, the oldest studied trees
record a change from symmetric to
asymmetric  growth in 1883 +
5 years, coinciding with the 1 Febru-
ary 1879 earthquake (MMS VI),
probably as a result of scarp rejuvena-
tion during this earthquake.
Regarding the location of trees
within the fault scarp, the trunks that
show symmetry—asymmetry changes
(7 trees in 1949 and 8 trees in 1879)
started growing in a stable part of
the scarp, although placed on the
fault scarp. Scarp rejuvenation events
during earthquakes trigger creep in
these sectors by increasing the slope
during the years following the earth-
quake. Some of the trees reach a new
balance by bending upwards, but
most of them present asymmetric
growth until the end. The age uncer-
tainties of +5 and +10 years are
caused by the presence of false
annual rings (triggered by an abrupt
change in climate within one season),
by the occurrence of missing rings
(lack of growth following damage),
and also by a delayed response of
specific trees to the surface deforma-
tion. In our example, part of the
fault scarp remains unstable giving
rise to trees showing an entirely
asymmetric ring pattern. Three main
reasons could explain why some trees
would not be tilted by a given seis-
mic event: the location of the tree
within the fault scarp, the degree of
tilting, and the age/size of the tree
when the event occurs. Regarding
the size of the tree, if the tilted tree

© 2014 John Wiley & Sons Ltd

is older than ~50 years, it lacks the
ability to recover verticality (Fig. 5).
This is probably due to its size, as
smaller trees can easily reorientate
after tilting.

To discard the possibility that the
slope processes detected in our study
could be driven by climatic causes,
we examined climatic controlled
slope processes occurring in other
parts of Tierra del Fuego. Mundo
et al. (2007) examined geomorphic
events affecting the Nothofagus pumi-
lio forest on the western hillside of
Martial Valley (Tierra del Fuego).
The slope of the valley (30-45°) is
equivalent to the slope of the fault
scarp studied here. Their study con-
firmed a climatic-controlled ava-
lanche in 1976, based on scars,
changes in radial growth patterns
and climate data. This regional cli-
matic event was not recorded by the
trees on the fault scarp, and the
Martial Valley trees on similar
slopes, but away from the fault, does
not show the earthquake signatures.

Elastic rebound theory predicts
that the major earthquakes on a
fault are time dependent, as they are
linked to a period of built-up energy
(interseismic) with abrupt relaxation
stages (coseismic). Both the short-
term geodetic (Mendoza et al., 2011)
and the long-term geological slip
rates of the MFFS are low
(~5 mm a~ ) (Torres-Carbonell

et al., 2008). Therefore, the time
span between major earthquakes
should be larger than the one

obtained. Considering a simple tec-
tonic setting of a pure left-lateral
strike-slip fault with a constant
5mma”! slip rate (geodetic slip
rate, Mendoza et al., 2011) able to
generate ~6 m of left-lateral maxi-
mum displacement at the surface
during the largest earthquakes
(effects of the 1949 Ms 7.8 earth-
quake; Costa et al., 2006), the
expected time span between compa-
rable earthquakes would be around
10 ka. Yet the time between the two
most recent large earthquakes on the
eastern onshore fault section of the
MFFS was about 70 years. Such a
great discrepancy could result from
the presence of locked sections and/
or variable slip rate history, the lack
of accurately documented surface
ruptures for the calculations, and/or
the complexities of the extensional en

echelon geometry of the MFFS in
the study area. Further work is
needed to assess this question. Not-
withstanding, our results fill the time
gap between the 1949 event and the
two, possibly three, palacoearth-
quakes detected by trenching during
the last 9 ka (Costa et al., 2006) and
suggest a complex earthquake type
(M > 7) recurrence on the MFF.

Conclusions

Tree-ring analysis suggests rupture
on the MFFS fault scarp in
1883 + 5 and 1941 + 10, coinciding
with the 1 February 1879 (Modified
Mercalli Scale, VI) and 17 December
1949 (Ms 7.8) earthquakes in Tierra
del Fuego. Our contribution encour-
ages the study of disturbed trees
growing over seismic faults. This line
of research is very useful in areas like
Tierra del Fuego with an incomplete
catalogue of historical earthquakes
and a very short instrumental seis-
micity record.
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