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The fjord landscape of South America, stretching ~1500 km between Golfo Corcovado (~43°S) and Tierra del
Fuego (~56°S), is the largest continuous fjord landscape on Earth. This paper presents the results of new
structural geological and geomorphological mapping of this landscape using optical satellite images and
digital elevation models. First-order geological structures are represented by strike-slip faults forming
lineaments up to hundreds of kilometres long. The strike-slip faulting has been active since Late Cretaceous
times and is responsible for the presence of a conspicuous structural cleavage visible as lineaments up
to ~10 km long. A detailed analysis of these second-order lineaments from digital image data was carried out
in three sectors. In Sector 1, located northwest of the North Patagonian Icefield, there are three distinct mean
orientations, characterized by a main nearly orogen-parallel orientation (az. ~145°) and two orogen-oblique
secondary orientations (az. ~20° and az. ~65°). In Sector 2, located west of the South Patagonian Icefield,
there are also three separate mean orientations, with most of the lineaments concentrated between azimuths
0° and 80° (mean at ~36°); and two other orogen-oblique means at azimuth ~122° and ~163°. In Sector 3,
around the Cordillera Darwin, there is a single main orogen-parallel mean at ~100–115°. In all three sectors,
mapped fjord orientations bear a striking similarity to the structural data, with fjords orientated
preferentially in the same direction as structural lineaments. We infer that successive glaciations followed
the same ice-discharge routes, widening and deepening pre-existing geological structures at the expense of
the surrounding terrain to create the fjord landscape. This study has broader implications for ice sheet
reconstructions and landscape evolution beneath ice sheets because we demonstrate that the primary
control on fjord development in glaciated areas is geological and not glaciological.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Fjords are drowned glacial troughs. These deep, often-linear
features carved into bedrock represent the effects of glacial erosion
in situations where ice flow is confined by topography and channelled
along a trough or valley (Glasser and Bennett, 2004). Fjord landscapes
are common in the Arctic and Antarctic, as well as along the maritime
fringes of southern South America, NW Europe and Norway, Canada,
Alaska and New Zealand. Troughs and fjords also underlie the
contemporary Greenland and Antarctic ice sheets (Sugden, 1974;
Jamieson et al., 2005). Individual fjords are generally recognized to be
palimpsest features, developed over successive glaciations (Nesje and
Whillans, 1994; Bronge, 1996). Fjords erode rapidly under glacial
conditions and their considerable dimensions indicate that they
represent significant volumes of rock removal by glacial erosion. Mean
Quaternary glacial erosion rates of between 1 and 2mm a−1 have been

calculated for glacial troughs in western Norway (Nesje et al., 1992)
and Scotland (Glasser and Hall, 1997).

The cross-sectional form of individual glacial troughs has tradi-
tionally been described as ‘U-shaped’, but their true cross-sectional
morphology is more accurately described by empirical power-law
functions (Hirano and Aniya,1988; Harbor andWheeler,1992; Yingkui
et al., 2001) and by second-order polynomials (James, 1996). Trough
cross-sectional morphology is highly variable since it varies with
lithology (Harbor, 1995), rock mass strength (Augustinus, 1992a, 1995;
Brook and Tippett, 2002) and the degree of alluvial modification
(James, 1996). Modelling studies demonstrate that the cross-sectional
morphology of glacial troughs tends towards an equilibrium form
(Harbor et al., 1988; Harbor, 1992a,b). Valley patterns in fjord
landscapes have been used to quantify the effects of glacial erosion
(Haynes, 1977; Roberts and Rood, 1984; Haynes, 1995). Haynes (1972)
and Augustinus (1992b) have suggested that the dimensions of outlet
troughs in glaciated regions are adjusted to the discharge of ice
through the trough and MacGregor et al. (2000) reached similar
conclusions regarding trough longitudinal profiles.

The role of geological structure in fjord formation has previously
been noted by a number of authors, although never investigated at a
regional scale or in systematic detail. Gregory (1913), for example,
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Fig. 1. High-resolution digital elevation model (Mercator projection) from processed National Aeronautics and Space Administration (NASA) Shuttle Radar Topography Mission data
(SRTM; Farr et al., 2007) of the southernmost Andes (~38°–56°S). Superimposed on the map are the centre-lines of mapped fjords and other large coastal valleys, indicated by the
white lines, and the Late Pleistocene ice limit from Sugden et al. (2005) marked with a red line. The white boxes indicate the extent of the three sectors used in orientation analysis:
(1) around the North Patagonian Icefield, (2) around the South Patagonian Icefield and (3) in the Cordillera Darwin.
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presented the extreme view that fjordswere of tectonic origin and that
the influence of glaciers on their origin is negligible. A relationship has
been established between geological structure, preglacial drainage
patterns, ice discharge routes and fjord development in parts of
Scandinavia (Randall,1961;Holtedahl,1967, Nesje andWhillans,1994),
Baffin Island (Briner et al., 2008) and EastGreenland (Swift et al., 2008).
In South America, Lliboutry (1999) noted that fjords around Isla
Wellington, on thewest coast of Chile between 49 and 50°S, have three
preferred orientations and used this to argue that former outlet
glaciers flowed in directions partly controlled by the geological
structure.

In this paper we develop these ideas by presenting the results of
new structural geological and geomorphological mapping of southern
South America. Our study area, stretching ~1500 km between Golfo
Corcovado (~43°S) and Tierra del Fuego (~56°S), constitutes the
southern end of probably the largest continuous fjord landscape on
Earth (Fig. 1). We compare structural and tectonic geological data
(Fig. 2) with fjord patterns in order to understand better the
relationship between these variables, and to gain insight into how
fjords develop in glaciated terrain. The approach adopted in this paper
is as follows. We first outline the geological structure and the tectonic,
geomorphological and glaciological framework of the southern Andes
before presenting our new mapping of the geological structures, fjord
and valley patterns from satellite images and a Digital ElevationModel
(DEM). In the discussion we consider the relationship between the
structural geological and geomorphological data.

2. Geological structure and tectonic framework

Southern South America is an ideal area in which to study fjord
development because there is a large fjord landscape with a known
history of tectonic activity and uplift. Regionally, the overall geological
structure was in place by the latest Miocene (ca. 6 Ma; Ramos and
Ghiglione, 2008), so we can be confident that the overall geological
structure pre-dates the major Quaternary glaciations.

One of the most conspicuous large-scale features of the Andes is
the progressive change in strike from the N–S-oriented Patagonian
Andes to the ESE–WNW-trending Fuegian Andes at the southern end
of the mountain chain (Fig. 3). This feature is both a physiographic and
a structural bend where the major tectonic provinces and geological
units gradually change their strike by 90° from north to south (Burns

et al., 1980; Ghiglione and Ramos, 2005). Both arms of the arc have
been affected by subduction of oceanic crust from the Pacific basin
against South America since the late Paleozoic–early Mesozoic,
leading to punctuated Andean uplift since the Late Cretaceous (Dalziel,
1981; Cunningham, 1995; Klepeis and Austin, 1997). The Late
Cretaceous–Cenozoic subduction history includes episodes of oblique
subduction causing strain partitioning along orogen-parallel litho-
spheric wrench faults (Thomson, 2002; Ghiglione and Ramos, 2005;
Fig. 3) that produced the conspicuous strike-slip (wrench) deforma-
tion observed throughout the oceanward crystalline domain (Nelson,
1982; Cunningham,1994, 1995; Cembrano et al., 2000, Thomson et al.,
2001; Cembrano et al., 2002).

Because of their different orientations, both arms of the arc (i.e. N–
S-trending Patagonian Andes and ESE–WNW-oriented Fuegian
Andes) experienced oblique subduction at different times, depending
on the angle between the subduction direction and the orientation of
the arm (Ramos and Aleman, 2000; Ghiglione and Cristallini, 2007).

The Fuegian Andes show evidence of Late Cretaceous counter-
clockwise crustal rotation and strike-slip faulting along the Beagle
Channel Fault Zone (Cunningham, 1994, 1995). This deformational
event produced the pervasive strike-slip faulting present through the
basement domain (Cunningham, 1994; Ghiglione and Cristallini,
2007; Fig. 3) and caused the accelerated exhumation of Cordillera
Darwin metamorphic complex between ca. 90 and 70Ma and from ca.
65 to 40 Ma (Nelson, 1982; Kohn et al., 1995). The oldest wrench
deformation recognized so far in the southernmost Andes is
documented in the Early Cretaceous left-lateral Seno Arcabuz fault
zone at Diego de Almagro Island (Hervé and Fanning, 2003; Olivares
et al., 2003; Fig. 3). Another strike-slip event taking place since at least
Oligocene times, and still active today, is due to the movement of the
Magallanes–Fagnano fault zone, with deformation concentrated in the
central part of Tierra del Fuego (Fig. 3).

In the Patagonian Andes, the ca. 47–27 Ma period coincided
with slow convergence rates and extremely oblique convergence
(Pardo-Casas and Molnar, 1987; Somoza and Ghidella, 2005). The
Paleogene oblique subduction against the Patagonian Andes has
been connected with lower denudation rates revealed by fission-
track data from the basement domain (Thomson et al., 2001) and
the large counterclockwise rotation of the Late Paleozoic Madre de
Dios Terrane in Eocene times (Rapalini et al., 2001; Fig. 3). Further
north, fission-track results obtained across the transpressional

Fig. 2. Maps showing concordance between field-mapping and satellite image interpretation in the Roncagli area, south of Cordillera Darwin (see Fig. 3 for location): a. Lineaments
(white lines) mapped through satellite image interpretation; b. Simplified structural map from Cunningham (1995), constructed using structural field observations; continuous black
lines represent schistosity.
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Fig. 3. High-resolution digital elevation model (Mercator projection) from processed National Aeronautics and Space Administration (NASA) Shuttle Radar Topography Mission data
(SRTM; Farr et al., 2007) of the southernmost Andes (~38°–56°S) showing trend lines (thin solid white lines), major strike-slip faults (dashed yellow lines), and basement thrust-front
(thick solid black line). The white boxes indicate the extent of the areas used in structural analysis of the studied sectors.
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Liquiñe–Ofqui fault system (Fig. 3) show a period of rapid local
rates of transpressional denudation between 7 and 2 Ma that
initiated between ~16 and 10 Ma and was preceded by a period of
pure strike-slip or transtensional movement (Thomson, 2002). The
Liquiñe–Ofqui fault system is composed of a series of orogen-
parallel strike-slip faults (Fig. 3) that divide constrained crustal
blocks showing very different cooling and denudation histories
(Cembrano et al., 2000, 2002; Thomson, 2002). Paleomagnetic
studies reveal a complex pattern of crustal rotations that are
counterclockwise west of the Liquiñe–Ofqui fault zone and clock-
wise within the fault zone and to its east (Beck et al., 2000). A
minimum amount of finite Cenozoic displacement across the
Liquiñe–Ofqui fault system can be estimated from a 30 km dextral
offset of a Cretaceous pluton of the Patagonian Batholith at 41°
(Adriasola et al., 2005). Furthermore, kinematic modelling suggests
that this fault zone accommodated around 50–100 km of clockwise
displacement between 38°S and 43°S since the Pliocene (Rosenau
et al., 2006).

Based on the relative age of exhumed structures, sedimentary
sequences and plutons, the brittle Liquiñe–Ofqui fault system
deformation is estimated to have spanned from ca. 11 to ca. 3 Ma,
although still partly active to the present day (Adriasola et al., 2005;
Rosenau et al., 2006). Therefore, most of the strike-slip deformation
described here preceded the first late Cenozoic glacigenic deposits
between 7 and 4.6 Ma in age (Mercer and Sutter, 1982), generated
when the onset of major global cooling ca. 6 Ma (Rabassa et al., 2005)
and the accelerated uplift triggered glacial denudation in the uplifted
Patagonian Andes (Ramos and Ghiglione, 2008). Relative uniformity of
topography across individual fault blocks of the Liquiñe–Ofqui fault
system, despite their different denudation history, imply that glacial
erosion balanced rock uplift and hasmaintained the landscape close to
steady state (Thomson, 2002).

3. Geomorphological and glaciological framework

Twomajor icemasses (theNorth and South Patagonian Icefields) and
numerous snow- and ice-capped volcanoes and mountain icefields
currently exist in the region. The North Patagonian Icefield (47° 00′S,
73° 39′W)is~120km longand40–60kmwide,withanareaof 3953km2

(Rivera et al., 2007). This icefield caps the Andean Cordillera between
altitudes of 700–2500 m a.s.l. (Fig. 1). The South Patagonian Icefield is
much larger, covering an estimated 13,000 km2 (Aniya, 1999) and
running N–S for ~360 km between 48° 50′S and 51° 30′S, with a mean
width of ~40 km (Fig. 1). Mountain icefields, glacier-capped volcanoes
and isolated cirqueglaciers also exist inmanyplaces along theN–S spine
of the Andes (Figs. 4, 5), as well as in the very southern part of the study
area in the Cordillera Darwin (Fig. 6). During the Quaternary these
icefields expanded and contracted in response to climatic forcing a
numberof times (Heusser, 2003;Harrison, 2004; Sugden et al., 2005). At
times the icefields and glaciers coalesced to form the much larger
Patagonian Ice Sheet, which covered the entire study area between
latitudes 38°S and 56°S (Glasser et al., 2008).

Modelling studies (Hulton et al., 1994, 2002) and evidence from
marine sediment cores (Lamy et al., 2004; Kaiser et al., 2007) suggest
that the last regional ice maximum (the Last Glacial Maximum; LGM)
coincided with a ~6 °C sea surface temperature lowering in the
southeast Pacific off southern Chile. Numerical ice sheet modelling
suggest that, under LGM conditions, an ice sheetwith a volume slightly
in excess of 500,000 km3 built up along the southern Andes (Hulton
et al., 2002). Models show a marked contrast between the continental
andmaritimeflanks of the ice sheet, with positive glaciermass balance
exceeding 2 m in the west and declining tenfold to the east.

The eastern (continental) extent and ice-discharge patterns of
the former Patagonian Ice Sheets are relatively well-understood.
Caldenius (1932) first mapped moraine systems to the east of the

Fig. 4. Glacial geomorphology showing mapped fjords (left panel) and structural lineament observations (right panel) draped on a shaded relief image of a Landsat image in sector 1
(NW of the NPI and Chilean Lake District). Inset: geological map from SERNAGEOMIN (1982). Strike-slip faults are after SERNAGEOMIN (1982). CDF: Canal Darwin Fault; CCF: Canal
Costa Fault; LOFZ: Liquiñe–Ofqui Fault Zone; Kig: Lower Cretaceous (144–90 Ma) granitoid; Tr4a: Triassic meta-turbidites; Tr4b: Triassic mica schist. See Fig. 1 for location.
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contemporary icefields, distinguishing four separate moraine belts. He
concluded from their state of preservation that the three innermoraine
systemswere relatively young. In accordancewith the stages of the last
Weichselian Glaciation in northern Europe, Caldenius named the three
moraine limits the “Daniglacial”, the “Gotiglacial” and the “Finiglacial”.
Later, the Finiglacial moraines were correlated to the last glaciation
maximum (LGM) and the Daniglacial and the Gotiglacial moraine
systems to the middle Pleistocene (Mörner and Sylwan, 1989). The
fourth (outermost) moraine system, termed the “Initioglacial” by
Caldenius (1932), is still poorly constrained in age, but is thought to be
between 1.1 Ma and 2.3 Ma in age (Mörner and Sylwan, 1989). Other
major contributions to the glacial chronology of South America include
those of Singer et al. (2004), Kaplan et al. (2008) and Rabassa et al.
(2005).

In comparison, the Western (maritime) extent and ice-discharge
patterns of the former Patagonian Ice Sheets are poorly understood.
Here a large fjord landscape is developed and long, deep, narrow
fjords dissect the landscape creating a labyrinth of channels and
passages. The Chileanmainland and the islands between the fjords are
heavily ice-scoured. Modelled LGM ice sheet outlet glacier velocities
commonly reach 400 ma−1 in the western fjords (Hulton et al., 2002),
suggesting the presence of fast-flowing outlet glaciers. It is assumed
that glaciers advanced down the fjords to terminate in iceberg-calving
fronts at the shelf edge (DaSilva et al., 1997).

4. Methods

4.1. Satellite images and digital elevation model (DEM) data

Fjords, other large coastal valleys and geological structures were
mapped in ENVI 3.6 image processing, ArcMap and Global Mapper GIS
software using Landsat 7 ETM+ and ASTER images overlain onto a
high-resolution digital elevation model (DEM) compiled from
National Aeronautics and Space Administration (NASA) Shuttle
Radar Topographic Mission (SRTM) with a ground resolution of
~90 m and linear vertical absolute height error of less than 16 m (Farr
et al., 2007). Satellite image interpretation was performed using
multiple band combinations and standard image enhancement
procedures (contrast stretching and histogram equalization) to
improve the signal strength and contrast in the images. The spatial
resolution of the satellite images is 30 m (15 m in the panchromatic
band) for Landsat 7 ETM+ images and 15 m for ASTER images.

4.2. Lineament analysis

Geological lineaments were digitized, georeferenced and compiled
together with satellite images in the GIS. Structural cleavage is visible
as open joints and fractures, especially in areas of ice-scoured bedrock
(e.g. Fig. 2). Linear surface features include valleys, rivers, shorelines,

Fig. 5. Glacial geomorphology showing mapped fjords (left panel) and structural lineament observations (right panel) draped on a shaded relief image of a LandSat image in sector 2
(W of the SPI). Strike-slip faults are after SERNAGEOMIN (1982). See Fig. 4 for key and Fig. 1 for location.
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boundary lines of rock formations and fracture zones (Fig. 3). Fault
scarps resulting from strike-slip faultingwere identified as continuous
straight landforms several kilometres in length (Rosenau et al., 2006).
Data from other published geological maps and studies (e.g. Suárez
et al., 1984; SERNAGEOMIN, 1982; Thomson, 2002) were added where
appropriate. The positions of most of the strike-slip faults were taken
from the digitized geological maps, although sometimes we altered
their path according to our interpretation of their position and
orientation (Figs. 4–6). A total of 1035 structural lineaments with a
cumulative total length of ~8236 kmweremapped (Fig. 3 and Table 1).
Histograms using the azimuth of the lineaments and their weighted
length (i.e. a 2 km-long lineament counts as 2 lineaments of 1 km in
length) were constructed using the SpheriStat© software. Lineaments
were mapped using a Mercator projection, i.e. a conformal map

projection that preserves angular relations and scales between points
without distorting angles.

The analysis was divided into three sectors, each according to
regional changes in the main orientation of lineaments and fjords
observed in a first, qualitative, approximation (Fig. 3): Sector 1: located
northwest of the North Patagonian Icefield (NPI) and Chilean Lake
District sector, with a main NW trend; Sector 2: located west of the
South Patagonian Ice field (SPI), with a predominant NE orientation;
and Sector 3: around Cordillera Darwin trending mainly SE-E.

In each sector, the structural lineaments were measured in smaller
areas than the fjords (compare Figs. 1 and 3) in places where available
outcrops made it possible to undertake a detailed study of second-
order lineaments from a combination of satellite images and DEM
(Figs. 4–6). These smaller areas are thought to be representative of

Fig. 6.Glacial geomorphology showingmapped fjords (lower panel) and structural lineament observations (upper panel) draped on a shaded relief image of a LandSat image in sector 3
(Cordillera Darwin). Strike-slip faults are after SERNAGEOMIN (1982) and Cunningham (1994, 1995). See Fig. 4 for key and Fig. 1 for location. MFFZ: Magallanes-Fagnano fault zone.
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each studied sector because they are composed of the same
proportions of rock lithology and share an identical geological history
to the rest of the sector.

Each studied family of fjords and lineaments orientations was
divided into groups, represented by a different mean. For each group,
themean, 95% Confidence Interval (CI) and Standard Error ofmean (SE)
were calculated (Table 1). In calculations the weighted value of data
was used, corresponding to the length of each measured lineament or
fjord in kilometres.

4.3. Geomorphology

Individual fjords were mapped from satellite images as long,
narrow valleys connected to the sea (Figs. 1, 4–6). They are commonly
approximately the same width along their entire length and
surrounded by large expanses of ice-scoured bedrock on higher
ground consisting of exposures of bare bedrock with smoothed,
grooved or plucked surfaces; oftenwith enclosed rock basins and little
or no vegetation cover. Mapping of fjord orientation and length was
completed at 1:500,000 scale (Fig.1). The inland continuation of fjords
and other major coastal valleys were identified on satellite images and
from the SRTM DEM at 1:250,000 scale. The orientation and length of
660 major fjords and coastal valleys were mapped (Table 1).

5. Results

5.1. Mapped geological structures

The regional progressive change in the structural trend of the
southernmost Andes is a map-view curve, which can be defined as a
recess, since it is a curve that is concave in the direction of transport
(sensu Marshak, 2004; Fig. 3). The structures in the N–S segment

(Patagonian Andes) of the recess are eastward vergent and the one
located in the E–W segment (Fuegian Andes) has a north to north-
eastward vergence.

It is possible to differentiate two patterns of trend lines within the
recess (Fig. 3): (1) Patterns of trend lines are constituted by groups of
lineations with different orientation on the oceanward internal
domain, composed of the Patagonian Batholith and metamorphic
basement blocks (Figs. 4–6), and (2) appear to be mainly orogen-
parallel on the fold-thrust belt located on the internal arc, including
late Jurassic to Tertiary sedimentary sequences. The boundary
between these two domains is the basement thrust front (Fig. 3)
that transmitted the cratonward orogenic shortening from the
internal domain to the fold-thrust belt (Klepeis, 1994).

In some places, patterns of trend lines are truncated by regional
strike-slip faults on the internal domain, where most of the fjords are
emplaced (Figs. 4–6). While this strike-slip is fundamentally right-
lateral in the Patagonian Andes (Cembrano et al., 2002; Thomson,
2002; Figs. 4, 5), it is left-lateral in the Fuegian Andes (Cunningham,
1994; Fig. 6).

The mapped lineaments and associated geomorphology are shown
on Figs. 4–6:

Sector 1 (Figs. 4, 7A, Table 1): The distribution of lineaments in this
sector indicates three distinct groups, characterized by a nearly
orogen-parallelmain orientation (az. ~145°) and twoorogen-oblique
secondary orientations (az. ~20° and az. ~65°).
Sector 2 (Figs. 5, 7B, Table 1): In this sector there are also three
separate means, with a majority of lineaments between azimuths 0°
and 80° (mean at ~36°); and two other orogen-oblique means at
azimuth ~122° and ~163°.
Sector 3 (Figs. 6, 7C, Table 1):Here there is avery strongmain orogen-
parallel mean at ~117° that almost obliterates two other smaller
means at approximately 5° and 75°. Our results from Cordillera
Darwin are very similar to field-based studies of cleavage, lineations
and fold axis from Cunningham (1994, 1995; Fig. 2).

In general, all sectors show three strong preferred orientations of
structural lineations, constituting a strong network-fabric that condi-
tioned the course of rivers, lakes and mayor valleys and fjords as
discussed in the following sections.

5.2. Mapped fjord and valley patterns

The mapped fjord and valley patterns show considerable variation
between the size and orientation of fjords in different areas (Fig. 1).

Sector 1 (Figs. 4, 7A, Table 1): The distribution of fjords in this
sector indicates three distinct groups, characterized by amain orogen-
perpendicular orientation (az. ~154°) and two orogen-oblique
secondary orientations (az. ~16° and az. ~97°).

Sector 2 (Figs. 5, 7B, Table 1): Here there are also three separate
means, with a main number of orogen-parallel lineaments between
azimuths 0° and 80° (mean at ~29°); and two other orogen-oblique
means at azimuth ~112° and ~157°.

Sector 3 (Figs. 6, 7C, Table 1): In this sector there is a single, very
strong main orogen-parallel mean at ~105°.

The fjords orientated perpendicular to the main spine of the Andes
are interpreted as valleys formed by outlet glaciers draining westward
from an ice sheet with an ice-divide located over the Andes. However,
the development of large N–S-orientated fjords is more difficult to
explain under an ice sheet with glaciers discharging towards the west
from the Andes. The implication is that while some of the fjords may
have developed purely in response to patterns of ice discharge, many
fjords developed also as a result of the control of geological structure.
Fjord orientation strongly reflects this structural geological control on
glacial erosion (Fig. 7).

Table 1
Calculations obtained for each studied family of fjords and lineaments orientations and
its groups, as shown in Fig. 7

Weighted value⁎ Prefered trend 95% Confidence
interval

Standard error
of mean

NW of North Patagonian Icefield Lineaments
All data (n=508) 3954 159.8 ±12.1° ±6.2°
Group0–40° 876 19.1 ±3.8° ±2.0°
Group 41–90° 801 65.3 ±4.3° ±2.2°
Group 91–180° 2277 144.8 ±4.0° ±2.0°

Fjords
All data (n=113) 1778 126.6 ±17.5° ±8.8°
Group 0–40° 323 16.4 ±5.8° ±2.9°
Group 41–130° 953 97.1 ±11.4° ±5.8°
Group 131–180° 502 154.3 ±6.7° ±3.4°

W of South Patagonian Icefield Lineaments
All data (n=161) 1705 190.1 ±21.5° ±11.0°
Group 0–80° 1017 36 ±7.4° ±3.8°
Group 81–135° 355 121.7 ±8.7° ±4.4°
Group 135–180° 333 162.7 ±6.7° ±3.4°

Fjords
All data (n=133) 2258 179.2 ±36.4° ±18.6°
Group 0–80° 1102 28.6 ±9.7° ±4.9°
Group 81–135° 608 111.4 ±9.5° ±4.9°
Group 136–180° 548 157.1 ±8.6° ±4.4°

Cordillera Darwin Lineaments
All data (n=366) 2577 116.7 ±7.1° ±3.6°
Group 50–150° 2165 111.9 ±4.9° ±2.5°

Fjords
All data (n=414) 1856 105.3 ±15.8° ±8.1°
Group 50–150° 1244 101.5 ±6.2° ±3.2°

For these calculations the weighted value of data was used, corresponding to the length
of each measured lineament or fjord in kilometres.
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Fig. 7. A, B, C: Histograms showing the distribution of lineaments and fjords for each sector. The calculated mean and 95% Confidence Interval for each group of orientations
is also plotted. Note the striking similarity between the orientations of the structural lineaments and the fjords in all three areas. Locations of the three sectors are shown
in Fig. 1. Left column shows geometric relations of calculated means combined schematically with a Riedel strain ellipse, R: synthetic Riedel shear, R′: antithetic Riedel
shear, P: synthetic P shears, Y: shear or principal displacement zone, T: tension fractures or normal faults, C: folds axis or thrust faults. See Table 1 for data and
calculations.
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6. Discussion

6.1. Mapped geological structures

Each studied sector shows one strong preferred orientation of
lineaments that coincides with the orientation of strike-slip faults in
that region (Figs. 4–6). For that reason, and in view of the established
regional tectonic history (see “Geological structure and tectonic
framework” section), preferred orientations were compared to a
Riedel strain ellipse (Fig. 7). The main orientation was considered as
the Y shear or principal displacement zone.

In the area NW of the NPI there are a series of N–NW-oriented
strike-slip faults (Fig. 4).We characterize the previously inferred Canal
Darwin fault (SERNAGEOMIN, 1982; Fig. 3) as the most important,
since a left-lateral displacement of more than 20 km can be measured
from the offset of geological contacts (see inset in Fig. 4). Because of
the presence of the Canal Darwin fault and previous paleomagnetic
studies revealing a counterclockwise pattern of crustal rotations west
of the Liquiñe–Ofqui Fault Zone (Beck et al., 2000) we assume a
dominant left-lateral wrench kinematics for this sector (Fig. 7A). If the
strongest mean of orientations (az. ~145°) is considered as the Y shear,
and the Riedel strain ellipse is oriented accordingly to this presump-
tion, then the second mean at az. ~65° coincides closely with the
theoretical orientation of an R' antithetic Riedel shear (Fig. 7A). The
third mean (az. ~20°) is slightly rotated (~15° counterclockwise) with
respect to a theoretical compressional component (Fig. 7A).

For Sector 2, we considered a right-lateral wrench kinematics
because this sector is affected by NE-oriented faults parallel to the
southern end of Liquiñe–Ofqui and Canal Costa clockwise fault zones
(Figs. 3, 5). The Riedel strain ellipse from Fig. 7B was oriented
considering that the strongest mean of orientations at az. ~36° is
representing the Y shear. In concordance, the second and third mean
coincide approximately with the theoretical orientation of an R'
antithetic Riedel shear and to a compressional component respec-
tively (Fig. 7B).

In the Cordillera Darwin sector, our results (Figs. 2, 6, 7C) are in
agreement with previous studies that demonstrate the concordance
between structural cleavage and a left-lateral strike-slip system
(Cunningham, 1994, 1995).

6.2. Relationship of fjords to geologic structure

Fjords are important topographic components of the ice sheet
system because the glaciers within them form fast-flowing arteries
that efficiently drain large ice sheets (Bennett, 2002). Fast-flowing,
warm-based erosive ice in fjords is often surrounded by slow-flowing,
cold-based protective ice on surrounding uplands (Sugden 1974;
Briner et al., 2006, 2008). Our results show that in South America the
overall evolution of the fjord landscape is controlled by the regional
geological and structural background (Fig. 7). Our findings agree with
the conclusions of a number of other studies that have previously
suggested that there is a strong structural geological control on fjord
orientation (e.g. Randall, 1961; Holtedahl, 1967, Lliboutry 1999) and
that glaciers exploit these structures to create fjord landscapes (e.g.
Nesje and Whillans, 1994; Swift et al., 2008). An exemplar of this is in
the Cordillera Darwin sector, where the fjords are orientated parallel
to the NW–N-trending Canal Darwin fault (Fig. 4), despite the fact that
this orientation is oblique to both the orogen and to a theoretically
“normal” east towest pattern of ice discharge. Once fjords and troughs
are established they are natural corridors for ice discharge so they are
exploited (i.e. widened and deepened) by subsequent glaciations.
Widespread deep glacial erosion makes it difficult to reconstruct the
preglacial landscape in this area sowe do not knowhow the pattern of
fjords developed from its fluvial precursors. However, it is tempting to
speculate that the fjords developed from an initial network of fluvial

valleys that also followed pre-existing geological structures (cf.
Montgomery, 2002; Swift et al., 2008).

6.3. Glaciological implications

One of the major implications of this study concerns the
configuration of the former Patagonian Ice Sheets. The pattern of
fjords must have played an important role in dictating ice discharge
patterns, meaning that the western and southern flanks of the
Patagonian Ice Sheets would have comprised a complex system of
outlet glaciers. Subglacial ice flow within the ice sheet in this area
would not have been simply from east to west but was strongly
controlled by fjord patterns. In some cases, large outlet glaciers may
even have drained towards the north and south (Figs. 4, 5). The former
Patagonian Ice Sheets would therefore have had complex surface
profiles. They were certainly not simple elongated ice sheets with a
convex east–west profile as depicted in many previous studies.

This work also has implications for studies of landscape evolution
beneath ice sheets because it implies that glacial erosion in fjord areas
is highly selective (i.e. erosion is focused along specific valleys; cf.
Sugden, 1974, 1978; Hall and Glasser, 2003). It follows that sediment
delivery to offshore depocenters is also selective because fjords would
focus sediment delivery to trough mouths (Ottesen et al., 2005;
Koppes and Hallet, 2006). Further detailed bathymetric and sedimen-
tological surveys of the Chilean fjord systems are required to confirm
this.

7. Conclusions

In this study we have mapped and compared structural and
tectonic geological data with fjord patterns in order to understand
better the relationship between these variables, and to gain insight
into how fjords develop in glaciated terrain. In our study area, the fjord
landscape of South America between Golfo Corcovado (~43°S) and
Tierra del Fuego (~56°S), we conclude that:

1. The presence of a pervasive structural network of lineaments with
strong preferred orientations was conditioned by a long-lived
history of wrench kinematics that affected the region.

2. There is a strong correspondence between mapped structural
geological lineaments and fjord orientation throughout the south-
ern Andes.

3. The underlying geological structure exerted a very strong control
on the pattern of ice discharge, and therefore constraining the
pattern of fjord development beneath the former Patagonian Ice
Sheets.

4. The location of fast-flowing outlet glaciers from the former
Patagonian Ice Sheets was determined more by the location of
these pre-existing structural geological weaknesses than by
glaciological controls on patterns of ice flow.
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