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Chilean fjord sediments constitute high-resolution archives of climate and environmental change in the southern
Andes. To interpret such records accurately, it is crucial to understand how sediment is transported and de-
posited within these basins. This issue is of particular importance in glaciofluvial Martinez Channel and Steffen
Fjord (48°S), due to the increasing occurrence of Glacial Lake Outburst Floods (GLOFs) originating from outlet
glaciers of the Northern Patagonian Icefield. Hence, the bathymetry of the head of Martinez Channel and Steffen
Fjord was mapped at high resolution and the grain-size and organic carbon content of grab sediment samples
were examined. Results show that the subaquatic deltas of Baker and Huemules rivers at the head of Martinez
Channel and Steffen Fjord, respectively, are deeply incised (up to 36 m) by sinuous channels. The presence of
sediment waves and coarser sediments within these channels imply recent activity and sediment transport by
turbidity currents. Although several triggering mechanisms are possible, we argue that elevated river discharge
and the associated relatively high suspended sediment loads is the main cause of the occurrence of turbidity
currents at the head of these fjords and are of key importance in shaping the fjord's subaquatic morphology. This
study shows that the heads of Martinez Channel and Steffen Fjord are dynamic sedimentary environments with
rapidly migrating channels. It highlights the importance of site selection and multi-coring in any future project

aimed at reconstructing environmental change using the sediments of either fjord.

1. Introduction

Fjords are sensitive environments at the interface between the ocean
and the adjacent mountainous land masses. They occur in mid to high
latitude regions and their sediment infill is, or was, closely related to
glacier activity (e.g., Syvitski et al., 1987). Consequently, fjords can
hold important sediment records of these changing glacial conditions
during the Holocene. Patagonian fjord sediments, in particular, are
increasingly recognized as high-resolution archives of climate and en-
vironmental changes. Previous studies have used these sediment ar-
chives to reconstruct past changes in glacier variability (Bertrand et al.,
2012, 2017), sea surface temperature (Septlveda et al., 2009; Caniupan
et al., 2014), precipitation (Lamy et al., 2010; Bertrand et al., 2014),
and seismic activity (Piret et al., 2017a; Wils et al., 2018).

A fjord area that is increasingly attracting the attention of scientists
working in Patagonia is the Baker-Martinez fjord system (48°S), parti-
cularly due to the increasing occurrence of Glacial Lake Outburst Floods
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(GLOFs) originating from the rapidly retreating outlet glaciers of the
Northern Patagonian Icefield (NPI; Harrison et al., 2007; Lopez et al.,
2010; Dussaillant et al., 2010; Davies and Glasser, 2012; Wilson et al.,
2018). Although the impact of modern GLOFs on the hydrography and
ecology of the Baker-Martinez fjord system has recently received a fair
amount of attention (e.g., Marin et al., 2013; Meerhoff et al., 2018), the
sedimentary processes taking place in the fjords during GLOFs remain
mostly unknown. This is largely due to the lack of a detailed bathy-
metric map, for which only few manual depth soundings have been
acquired by the Chilean Navy Hydrographic and Oceanographic Service
(Servicio Hidrogréfico y Oceanogréfico de la Armada, 2001). Accurate
bathymetric information is also an essential prerequisite to any detailed
study of the fjord's sediments to reconstruct the regional GLOF history,
which is of both scientific and societal interest. Finally, an improved
bathymetric map is increasingly important for the future development
of the region (e.g., subsea infrastructure, town expansion).

General fjord sedimentation models indicate that the sediment
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entering a fjord is separated into two components: (1) a coarser bed-
load, which gets deposited quickly onto the delta, and (2) a buoyant
hypopycnal plume, which flows on top of a salty, warmer, water mass,
creating a two-layer flow typical for fjord systems (Syvitski and Shaw,
1995). As rivers in Chilean Patagonia discharge large amounts of se-
diment-laden freshwater into the fjords, the two-layer circulation varies
seasonally according to river discharge, which increases in summer due
to glacier and snowmelt (Iriarte et al., 2014). As the buoyant plume
flows towards the ocean, suspended sediment settles in response to the
decreasing velocity, increasing salinity, and due to flocculation, ag-
glomeration, and pelletization of finer particles (Syvitski, 1991). Pre-
vious bathymetric surveys have shown the diverse morphologies ex-
isting in Patagonian fjords and how different glaciofluvial sedimentary
processes are important in shaping the fjord bottoms (e.g., DaSilva
et al., 1997; Boyd et al., 2008; Rodrigo, 2008; Araya Vergara, 2011;
Dowdeswell and Vasquez, 2013).

To better understand the sedimentary processes taking place at the
heads of Martinez Channel and Steffen Fjord (48°S), this paper presents
approximately 100 km? of new high-resolution multibeam bathymetry
acquired in 2016. The distinctive morphological features are then
thoroughly described and discussed. In addition, grab sediment samples
are examined for their physical properties and organic carbon content
to understand recent fjord sedimentary processes related to the dis-
charge of water and sediment by the main rivers entering the fjords.

2. Setting

Martinez Channel and Steffen Fjord are located in Chilean Patagonia
(47.8°S-73.6°W; Fig. 1a), between the Northern Patagonian Icefield
(NPI) and the Southern Patagonian Icefield (SPI). This mountainous
region is characterized by a complex island and channel landscape that
was formed by extensive glacial erosion. During the Quaternary, the
NPI and SPI have contracted and expanded several times (Kaplan et al.,
2004; Douglass et al., 2005; Harrison and Glasser, 2011), converging
during glacial periods into the larger Patagonian Ice Sheet (PIS:
38-56°S; Caldenius, 1932). After the Last Glacial Maximum (LGM), PIS
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glaciers started to shrink and new drainage routes opened (Harrison
and Glasser, 2011; Garcia et al., 2012; Glasser et al., 2012; Glasser
et al., 2016), eventually leading to the formation of many fjords and
lakes. Discharge of large quantities of ice and meltwater was re-
organized westwards towards the Pacific Ocean from 10 kyr onwards
(Glasser et al., 2016), or earlier (13.5 kyr ago; Hubbard et al., 2005).

The glacierized region of Chilean Patagonia is increasingly prone to
GLOFs due to the rapid retreat of most NPI outlet glaciers (Harrison
et al., 2007; Lopez et al., 2010; Davies and Glasser, 2012; Wilson et al.,
2018). Most recent GLOFs in the region originate from the Colonia river
valley (Dussaillant et al., 2010; Fig. 1a), where previous studies have
shown the presence of flood events in 1896-1897, 1914-1917, 1944,
and 1963 (Lliboutry, 1965; Tanaka, 1980; Winchester and Harrison,
2000). Since April 2008, the Colonia river valley experiences repeated
GLOFs related to the abrupt emptying of Cachet 2 Lake (Dussaillant
et al., 2010; Jacquet et al., 2017). During such GLOF events, Baker
River triples in discharge (Dussaillant et al., 2010) and river suspended
sediment concentrations increase 8-fold due to erosion of lake-bed and
valley-fill deposits in the watershed (Bastianon et al., 2012). Similar
flood events are also occurring in the Huemules river valley, where 10
GLOFs were documented between 1985 and 2013 (Aniya, 2014).

The Baker-Martinez fjord system connects the terrestrial environ-
ments of Patagonia with the Pacific Ocean (Fig. 1a). Its main tributary is
Baker River, which drains most of the eastern side of the NPI and
constitutes the largest river in Chile in terms of volume of water. The
river originates from Bertrand Lake, which is fed by General Carrera
Lake, and flows southwards. Baker River discharge ranges from 600
(winter) to 1200 (summer) m>/s, and it reaches up to 4200 m®/s during
GLOFs (Direccién General de Aguas, DGA, Chile; Jacquet et al., 2017).
According to Quiroga et al. (2012), some of the GLOFs carry an esti-
mated 1.0 to 1.5 X 10° tons of sediment to the fjord and may contribute
up to 5% of the annual fine sediment load. Baker River discharges at the
head of Martinez Channel near the town of Caleta Tortel, where it splits
into one main and two smaller outlet channels (Fig. 1b). On the fan-
shaped aerial delta, which covers approximately 14km? several
smaller abandoned channels are visible.
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Fig. 1. Location of Steffen Fjord and Martinez Channel in Chilean Patagonia. (a) Watersheds of Huemules and Baker rivers (in red), which are the main tributaries of
Steffen Fjord and Martinez Channel, respectively. The limits of the watersheds under the Northern Patagonian Icefield (NPI) are from Lopez et al. (2010). (b) Location
of Baker and Huemules rivers at the heads of Martinez Channel and Steffen Fjord, respectively (Global Mapper World Imagery). The white patches correspond to
snow and ice. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Bathymetry of Steffen Fjord and of the head of Martinez Channel.

Steffen Fjord is situated immediately to the south of the NPI and it is
mainly fed by meltwater from Steffen Glacier via Huemules River. It is
an elongated north-south orientated basin, with a total length of ap-
proximately 20 km and an average width of 2.5km (Fig. 1b). Steffen
Glacier is the third largest glacier of the NPI with a surface area of
428.3 km? (Lopez et al., 2010), which drains most of the southern part
of the icefield (Fig. 1a). Over the past decades, the frontal retreat of
Steffen Glacier has accelerated from 0.5 kmz/yr (1979-2001) to
1.2 kmz/yr (2001 —2011), resulting in an ice surface loss of 12 km?
between 2001 and 2011 (Lépez and Casassa, 2011). Similar to Baker
River, Huemules River has a glacial regime due to the large input of
meltwater from Steffen Glacier. At the mouth of Huemules River, water
flows into Steffen Fjord through one main channel, forming a ~3.6 km?
fan-shaped delta that encompasses the entire width of the fjord. To the
south, surface waters from Steffen Fjord join Martinez Channel and

continue flowing westwards towards the Pacific Ocean. Although
GLOFs have been documented along Huemules River (Aniya, 2014;
DGA, 2019), the river is not equipped with a permanent discharge
monitoring station. The exact hydrological conditions during GLOFs are
therefore not known.

3. Material and methods
3.1. Multibeam bathymetry

The bathymetry of the head of Martinez Channel and of Steffen
Fjord was mapped with an ELAC Seabeam 1050 system in austral
winter 2016 to avoid the influence of large sound velocity variations
due to variable freshwater input. A mounting frame holding the two
50 kHz transducers at a 120° angle, was installed at the bow of the R/V
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Sur-Austral (COPAS Sur-Austral, Chile). In order to correct for roll,
pitch, and heave movements, an Octans Motion Sensor (IXSEA) was
placed on the mounting pole above the transducers. CTD measurements
were continuously recorded at the water surface (approximately 1 m
depth) using a Valeport Modus CTD. To correct for sound velocity
changes with depth, a total of 24 vertical CTD profiles were taken with
an RBR Maestro, operating at a sampling rate of 6 Hz and vertical speed
of 1 m/s. These CTD profiles were collected on a daily basis and were
evenly distributed over the mapped area (Supplementary Fig. A). The
multibeam data were processed with Caris HIPS and SIPS v9.1, in-
cluding tide correction based on tide tables at Caleta Tortel (maximum
tidal range of 1.9 m). The final bathymetric maps have a grid resolution
of 5m and were created using Fledermaus v7.

3.2. Grab sediment samples

A total of 45 surface sediment samples were collected in February
2017 aboard the R/V Sur-Austral, using a Van Veen grab sampler
(0.008 m®) attached to a pneumatic winch. A small shovel was used to
collect subsamples. All samples were freeze dried. Grain-size measure-
ments of the lithogenic fraction were conducted with a Malvern
Mastersizer 3000 particle size analyzer (Ghent University, Belgium). In
order to remove organic matter, all samples were pre-treated with 2 ml
of a 30% hydrogen peroxide (H,0,) solution added to 10 ml of demi-
neralized water containing the suspended sample. Additionally, 1 ml of
10% hydrochloric acid (HCI) and 1 ml of 2 N sodium hydroxide (NaOH)
were added to remove carbonate and biogenic silica, respectively. After
rinsing the sample, flocculation was avoided by shortly boiling the
samples with sodium hexametaphosphate (calgon). Measuring times of
12s with 10% sonification were used. Total Organic Carbon (TOC)
content was determined by analyzing the samples with an elemental
analyzer at the Stable Isotope Facility (UC Davis, California, USA). To
remove possible inorganic carbon, all samples were treated with 1 N
sulfurous acid prior to analysis (Verardo et al., 1990).

4. Results
4.1. Basin morphology

The swath bathymetry imagery indicates that the basin floor (where
Steffen Fjord and Martinez Channel merge) is relatively flat, varying on
average from 280 to 285m depth, with a maximum measured water
depth of 290 m (Fig. 2). Steep-walled fjord slopes (up to 75°) occur close
to the shorelines. Two seamounts are also visible on the flat basin floor.
Closer to the river mouths, the bathymetry shows well-developed deltas
with several subaquatic morphological features. These features are
presented separately for the head of Martinez Channel and Steffen Fjord
below.

4.1.1. Head of Martinez Channel

The morphology in front of Baker river mouth is characterized by a
large subaquatic delta, with depths that gradually increase from 0 to
266 m (Fig. 3). The proximity of islands in front of the delta obstructs
the development of a complete subaquatic delta. The delta slope has a
concave profile with a slightly higher slope gradient in the shallower
part of the delta (3.4° up to 2 km from the Baker river mouth) compared
to the mid-slope region (2°; Figs. 3 and 4). The maximum extent of the
submarine delta is located approximately 7.9 km west of the delta
margin where a distributary fan can be observed (Fig. 3b). The sub-
marine delta is incised by two prominent channels that are bounded by
elevated sediment ridges or levees in the upper slope as well as in the
mid-slope delta region (Fig. 3b). The meandering channel west of the
main river mouth cuts up to 26 m deep in the sediment and has a total
length of approximately 8 km. It has an average width of 140 m and
measures 400 m at its widest point (Fig. 4a—c). The channel deviates
counterclockwise along-slope Vigia Island and it terminates at a 266 m-
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deep flat fjord bottom where a lobe-shaped depositional fan is formed
(Fig. 3). The second channel is smaller and located in front of the
southern branch of Baker River, confined between Morgan and Barrios
Islands, where several smaller submarine chutes and channels converge
into one single channel. The latter has an average incision depth of 6 m
and an average width of 160 m. Bathymetric data for this channel is
incomplete so its southern limit is unknown.

Within the axial channels at the head of Martinez Channel, crescent-
shaped transverse bedforms are present (Fig. 3b—c). These bedforms
occur at regular intervals from a depth of 60 to 172 m. The wavelength
of the ridges increases with distance from the delta margin, from 22.5m
at a depth of 60 m to 115 m at a depth of 172 m. The slope of their lee
side is on average 13° but can go up to 21° (Fig. 4d). Similar bedforms,
although more irregularly shaped, appear in the unchannelized region
on the upper slope of the delta, parallel to the delta margin (Fig. 3b, d).
These creep-like features of scours and ridges continue downslope ap-
proximately 1.7 km from the Baker delta lip to a depth of 138m
(Figs. 3b and 4a). They cover an area of 3.6 km? and occur where the
slope gradient is between 5 and 15°. The ridges are 1.5 to 5.5 m high
and measure up to 700m in width. In addition, distinctive erosive
features, i.e., gullies and remnant channel walls, are visible on the
subaquatic part of the delta (Fig. 3b). At the margin of the San Martin
river inlet, situated west of Baker River, a smaller fluvial-fed depocenter
can be observed (Fig. 3b). It is incised by several gullies and terminates
at the western channel. Finally, a head scarp just north of Vigia Island,
with a slope angle of 80°, suggests the occurrence of a submarine slope
failure (Fig. 3).

4.1.2. Steffen Fjord

The shallow part of the Huemules subaquatic delta is characterized
by several gullies that converge into one well-developed channel
(Figs. 5 and 6). This channel extends up to 11.5km to the south in
Steffen Fjord and it opens into a flat basin at a depth of 265 m. It has an
average width of 185 m and measures 550 m at it widest point. The
maximum incision depth is 36 m and channel levees can be observed in
the mid-slope region (Fig. 6b). At approximately 3.6km from the
Huemules river mouth, the channel deviates slightly around a sub-
aquatic feature. As at the head of Martinez Channel, crescent-shaped
ridges or transverse bedforms are visible within the gullies and channel,
although to a lesser extent (Figs. 5 and 6c¢). These ridges are observed
up to 2 km from the Huemules delta lip down to a depth of 165 m. The
steep lee side of the ridges has an average slope gradient of 13° and a
maximum of 26°, which show no relation with depth. In terms of wa-
velengths, the distance between the ridges is slightly more irregular
than at the head of Martinez Channel and measures on average 105 m.
Several gullies and remnant channel walls are visible along the channel.
The unchannelized region on the upper delta slope also shows irregular
bedforms consisting of sinuous scours and ridges. They cover a surface
area of 1.7 km? and continue down to a depth of 115m (Figs. 5b and
6¢). Here, the ridges occur on a 5 to 10° slope.

Along the western shoreline of Steffen Fjord, a 7.5 km-long sinuous
channel, with slightly elevated levees towards the central axis of the
fjord, can be observed at the slope break (Figs. 5b and 6d). The max-
imum height difference between the bottom of the channel and the top
of its levee is 18 m. Finally, a smaller subaquatic delta with a lobe-
shaped fan is visible near a river inlet along the eastern shoreline of the
fjord (Fig. 5b).

4.2. Sediment properties

4.2.1. Grain size

Mean sediment grain-size values at the head of Martinez Channel
vary from 11.46 to 87.39 um whereas samples from Steffen Fjord have
mean grain-size values ranging from 6.09 to 411.66 um. At the head of
Martinez Channel, the majority of the samples are composed of fine to
medium silt and most grain-size distributions are bimodal, whether the
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Fig. 3. Bathymetry of the Baker river delta and delta front at the head of Martinez Channel. (a) Bathymetric map and location of the grab sediment samples (white
circles). (b) Grey shaded-relief bathymetry with indication of the main morphological features identified from the bathymetric data. (c) Enlargement of the transverse
bedforms within the channel. (d) Enlargement of the non-channelized area with sinuous scours and ridges.

samples are from the channel or not (Fig. 7a and b). Samples located
close to the delta lip are coarser and consist of coarse silt to fine sand.
Likewise, samples situated near the delta margin of Steffen Fjord are
slightly coarser (medium silt to medium sand) compared to samples
further downslope (fine to medium silt) (Fig. 7c and d). In addition, the

latter are better sorted compared to samples at the delta lip.

A clear difference in grain-size appears when comparing samples
collected within the channels to samples from non-channelized regions,
especially close to the shallow part of the deltas. As displayed in Fig. 7b
(head of Martinez Channel) and 7d (Steffen Fjord), samples in the
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Fig. 4. (a) Slope map of the Baker river delta and prodelta at the head of Martinez Channel. (b—d) Cross-sections (see (a) for location) of the main channel in the
upper slope region (b) and in the mid-slope area (c), and of the crescent-shaped transverse bedforms observed in the channel (d).

channels are consistently coarser compared to locations out of the
channels at the same distance from the river mouth. To compare the
amount of coarse particles between samples from the channel and from
the non-channelized region, a boundary, i.e., the minimum between the
two grain-size modes, was selected for both the head of Martinez
Channel (14.5pm) and Steffen Fjord (24.1 um). This coarse particle
percentage was calculated for each sample and is represented in Fig. 8.
At both the head of Martinez Channel (Fig. 8a) and Steffen Fjord
(Fig. 8b), results show a decreasing trend in the amount of coarse
particles with increasing distance from the river mouths, and samples in
the channels have consistently more coarse particles than samples
outside of the channel, i.e., 44.3 versus 34.2% at the head of Martinez
Channel and 24.6 versus 7.2% in Steffen Fjord.

4.2.2. Organic carbon content

Overall, TOC contents are low in both fjords, with average values
higher at the head of Martinez Channel (0.56 + 0.14%; Fig. 8c) than in
Steffen Fjord (0.27 * 0.07%; Fig. 8d). In Steffen Fjord, TOC does not
vary with distance from the river mouth, depth, or location compared
to the channel. In contrast, TOC values from the head of Martinez

Channel display a general decreasing trend with depth, and they are
systematically higher in the channels (0.61%) than in the non-chan-
nelized part of the delta (0.51%) (Fig. 8c).

5. Interpretation and discussion
5.1. Submarine channel systems

5.1.1. Channel activity

Channels at both the head of Martinez Channel and Steffen Fjord are
deeply incised into their respective subaquatic deltas (Figs. 3 and 5).
The presence of well-developed levees adjacent to the channels
(Figs. 3b and 5b) implies recent channel activity, as the levees result
from overspill during turbidity current activity within the channels. If
the channels had not been active recently, these features would be
buried under sediment settled from the surface plume and their mor-
phology would become increasingly obscured. This is in agreement
with the location of the channels in front of the river mouths, where
large amounts of sediment is supplied to the fjords (Figs. 3 and 5).

Another clear indicator of recent channel activity is the presence of
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crescent-shaped ridges within the axial channels of both the head of
Martinez Channel and Steffen Fjord (Figs. 4d and 6c). These bedforms
occur at similar depths (60-85 to 170-180 m) in both fjords (Figs. 3b
and 5b), where the average slope is 2.9° for the head of Martinez
Channel and 1.6° for Steffen Fjord. Such ridges, which are often referred
to as sediment waves (e.g., Smith et al., 2005; Babonneau et al., 2013;
Maziéres et al., 2014; Dietrich et al., 2016; Normandeau et al., 2016b;
Normandeau et al., 2019), are generally interpreted as a series of slowly
migrating bedforms, where each lee side of the bedform is formed by a
steeply dropping flow passing through a hydraulic jump before re-ac-
celerating on the stoss side (Cartigny et al., 2011). They are regularly
found in the proximal part of submarine channel systems, such as the
Monterey Canyon in California (Paull et al., 2010), Canadian fjords
(Prior et al., 1987; Conway et al., 2012; Normandeau et al., 2016a;
Stacey and Hill, 2016), and the Fraser river delta (Hill, 2012). De-
pending on their geometry, internal structure, and grain-size distribu-
tion, channelized sediment waves can be classified into down-slope
migrating (dunes) or up-slope migrating (cyclic steps, antidunes, chutes
and pools) sediment waves (Cartigny et al., 2011). Channelized sedi-
ment waves with wavelengths and crest heights similar to those ob-
served at the head of Martinez Channel and in Steffen Fjord have been

interpreted as cyclic steps which migrate upslope and were hypothe-
sized to be formed by supercritical dense underflows in the upper slope
region (Hill, 2012; Babonneau et al., 2013; Hughes Clarke, 2016;
Normandeau et al., 2016a; Stacey and Hill, 2016). The upslope or-
ientation of the concave face of the sediment waves observed at the
head of Martinez Channel and in Steffen Fjord suggests that the sedi-
ment waves are up-slope migrating cyclic steps (Hughes Clarke et al.,
2012; Normandeau et al., 2016a; Stacey et al., 2018). In addition, the
wavelengths of the bedforms at the head of Martinez Channel increase
with distance from the delta margin. This indicates that due to de-
creasing slopes and increasing density flow specific discharge, the dis-
tance required for a turbidity current to return supercritical following a
hydraulic jump increases (Fricke et al., 2015; Normandeau et al.,
2016a). The latter might thus also explain why the distance between
ridges increases downslope and ridges disappear in the lower slope
region of the head of Martinez Channel and of Steffen Fjord. Compared
to the well-developed ridges at the head of Martinez Channel, the ridges
in Steffen Fjord are less pronounced and more irregular (Fig. 5). Given
the recent retreat of Steffen Glacier and subsequent expansion of pro-
glacial Steffen Lake (Lopez and Casassa, 2011), turbidity current ac-
tivity could have decreased in recent times due to the lake's filtering
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Fig. 6. (a) Slope map of Steffen Fjord. (b—d) Cross-sections (see (a) for location)
through the main channel in the upper slope region (b), the crescent-shaped
transverse bedforms observed within the channel (c), and the channel along the
western shoreline (d).

effect (e.g., Normandeau et al., 2019). Finally, the steep slope angle of
the Baker and Huemules river deltas promotes supercritical density
flows, which is an additional argument for the up-slope migration of the
ridges (Cartigny et al., 2011). Although the origin of channelized se-
diment waves is still debated, it is generally accepted that their for-
mation involves flows at or close to the basin floor and can be
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associated with recent sediment transport (Wynn and Stow, 2002;
Cartigny et al., 2011).

At the head of Martinez Channel, the presence of a head scarp north
of Vigia Island (Fig. 3b) also implies recent channel activity. This scar
feature represents a submarine slope failure which most likely occurred
due to active scouring of the island's northern subaquatic slope by the
channel. The absence of morphological evidence for landslide deposits
within the channel and the observation that the channel is not yet
buried implies the presence of eroding currents.

Recent channel activity at the head of Martinez Channel and in
Steffen Fjord is additionally supported by data obtained on the grab
sediment samples. Indeed, sediment within the channels is consistently
coarser than in the non-channelized parts of the fjords and can thus be
linked to a higher energetic environment (Figs. 7, 8a and b). It should
however be noted that local variations in sediment grain size within the
channels could also reflect the exact sampling location as sediments are
generally coarser in the troughs than on the stoss of transverse bed-
forms (Postma and Cartigny, 2014). Although TOC values in Steffen
Fjord are overall low due to the glacial nature of the sediment entering
the fjord and do not show any significant difference between channels
and the non-channelized region, samples from the head of Martinez
Channel contain more organic matter, reflecting higher vegetation
density in the watershed of Baker River. At the head of Martinez
Channel, samples from the channels display higher TOC values com-
pared to its non-channelized region due to the increased supply of
terrestrial organic matter during periods of channel activity (Fig. 8c).
The channels at the head of Martinez Channel and in Steffen Fjord can
thus be interpreted as currently-active conduits for river sediment
transport towards the deeper parts of the basinsFigs. 3 and 4.

The non-channelized region of the subaquatic deltas also displays
sinuous-shaped scar features, but unlike the active channels, they do
not cut deep into the subaquatic delta (Figs. 3b and 5b). These scars are
most likely remnants of paleo-channels, which is supported by the re-
latively fine grain-size of the corresponding sediment samples in both
fjords (Fig. 8a and b). These channels were probably abandoned during
an intense turbidity event and subsequently buried by fine-grained se-
diment settling from the buoyant surface layer.

5.1.2. Possible triggering mechanisms

Subaquatic channel systems similar to those observed at the head of
Martinez Channel and in Steffen Fjord have been described in many
other regions such as the Chilean fjords adjacent to the SPI (Dowdeswell
and Vasquez, 2013) and glaciofluvial fjords in the Northern Hemi-
sphere (Prior et al., 1986; Syvitski et al., 1987; Conway et al., 2012;
Hill, 2012; Stacey and Hill, 2016; Gales et al., 2019). They have also
been identified in lake basins (Corella et al., 2016; Normandeau et al.,
2016a) and on island slopes and continental margins (Wynn et al.,
2002; Smith et al., 2005; Migeon et al., 2012; Babonneau et al., 2013).

In lake basins, most channel systems are related to turbidity currents
forming at river mouths. In those systems, the density contrast between
the inflowing sediment-laden water and the receiving freshwater basin
favors sediment transport by turbidity currents (Mulder and Syvitski,
1995). These turbidity currents are a key factor in controlling the
morphology of active channels (e.g., Corella et al., 2016) but they can
also manifest as non-channelized undulating bedforms on the delta
slope in the case of dilute and low density flows (e.g., Normandeau
et al., 2016b). When rivers discharge into a fjord or marine system, on
the other hand, coarse sediment is deposited on the delta slope and
most fine particles propagate as a buoyant plume due to the strong
salinity, temperature, and therefore density, stratification of the water
column (Syvitski and Shaw, 1995). Still, turbidity currents can form in
fjords due to either (a) repeated slope failures near the river inflow, or
(b) discharge of relatively high suspended loads by rivers (Syvitski,
1989).

During slope failures at the delta front, sediment bodies can disin-
tegrate and continue downslope as turbidity currents (Felix and Peakall,
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Fig. 7. Grain-size distribution of the grab sediment samples from the (a) non-channelized region and (b) channels at the head of Martinez Channel. (c-d) Same but for
Steffen Fjord. Colors vary according to the distance from the river mouth. For Martinez Channel and Steffen Fjord, a grain-size boundary (inter-modal minimum) was
set at 14.5 and 24.1 um, respectively, to distinguish between the fine and coarse fractions (see also Fig. 8).

2006; Hughes Clarke et al., 2012). Several mechanisms can trigger
submarine slope collapses, including sediment remobilization by
seismic shaking, internal waves and/or tidal changes, and in case of
organic-rich sediments, slides can also be triggered by the combination
of tidal drawdown and gas compressibility effects (e.g., Smith et al.,
1990). At the head of Martinez Channel and in Steffen Fjord, earth-
quake-triggered slope failure is considered unlikely since the study re-
gion is located just south of the Chile Triple Junction, in the so-called
Patagonian Volcanic Gap, where seismic hazard is low compared to
other regions along the Chilean coastline (Hayes et al., 2015). This is
supported by the lack of registered earthquakes of magnitude M > 3
within 250 km of Tortel during the last 100 years (USGS earthquake
catalog). Tidal drawdown processes are also considered unlikely due to
the low tidal range (<2m) at the head of Martinez Channel and in
Steffen Fjord compared to the Squamish Delta (British Columbia) and
Sept-iles (St-Lawrence Gulf), where tidal ranges of 3-5m have been
shown to result in sediment unloading (e.g., Clare et al., 2016; Dietrich
et al., 2016). Tidal drawdown processes at the head of Martinez
Channel and in Steffen Fjord might however be able to enhance slope
failures during periods of peak discharge. Likewise, internal tides at the
head of Martinez Channel appear to be correlated to high discharge
pulses of Baker River (Ross et al., 2014), particularly in summer when
river discharge exceeds 1200 m3/s. Similar to tidal drawdown pro-
cesses, internal tides occurring during periods of elevated river dis-
charge might enhance slope failures but internal tides alone are likely
not able to generate slope failures. Given the overall low TOC values in
both fjords compared to other fjords where turbidity currents triggered

by gas compression have been observed (Fraser Delta, Christian et al.,
1997), gas compressibility is not considered a possible mechanism.

A far more likely mechanism for triggering turbidity currents at the
heads of Martinez Channel and Steffen Fjord is the discharge of high
suspended loads by Baker and Huemules rivers, respectively. Such a
mechanism has been observed in the channel system of Bute Inlet
(Canada), for example, where a large-scale turbidity event was asso-
ciated with a major river flood due to heavy snowmelt (Prior et al.,
1987). In other glaciofluvial dominated fjords in Canada, large-scale
turbidity events responsible for the formation of submarine channels
have also been related to river discharge peaks due to the rapid inflow
of meltwater in summer (Conway et al., 2012; Hughes Clarke et al.,
2012).

High discharge of sediment-laden river waters can create turbidity
currents in fjords either directly (plunging of river waters, sediment
settling from the river plume; Hizzett et al., 2018) or indirectly (rapid
sediment accumulation at the delta-lip resulting in slope instability and
eventually submarine slides). At the Squamish delta (British Columbia),
for example, detailed monitoring revealed that delta-lip failures oc-
curred with a delay of several hours after peak discharge due to cu-
mulative sedimentation at the delta top and tidally-induced pore
pressure changes (Clare et al., 2016). Delta slope failures seem to
happen rather frequently to maintain maximum slope stability (Syvitski
and Shaw, 1995). The plunging of river waters during floods represents
a more direct hyperpycnal flow triggering mechanism (Mulder and
Syvitski, 1995; Mulder et al., 2003). When sediment-laden river mate-
rial entering the fjord is dense enough, it plunges and evolves into a
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hyperpycnal flow (e.g., Dietrich et al., 2016). Finally, turbidity currents
resulting from high suspended sediment loads, can also be triggered
locally by sediment settling from the river plume (Parsons et al., 2001).
These so-called “plume-triggered events” or “settling plume events”
(Hizzett et al., 2018) are still poorly examined phenomena and only a
few studies have described this process (e.g., Kineke et al., 2000;
Hughes Clarke et al., 2014; Hizzett et al., 2018). Turbidity currents
formed by plume-triggered events are more dilute compared to slope
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failures, and are able to maintain turbulence for longer periods of time,
eventually leading to long runouts (Hizzett et al., 2018). At the
Squamish delta (British Columbia), plume-triggered events dominate
the triggering of underflows and contribute the majority of sediment to
the depositional lobe, causing most of the seafloor changes on sub-an-
nual timescales (Hizzett et al., 2018).

Theoretically, forming underflows in fjords requires suspended se-
diment concentrations of 30-40 g/1 at the active river plume (Syvitski,
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1989; Syvitski and Shaw, 1995) to overcome density contrasts between
river water and sea water. Such high sediment concentrations have
rarely been measured but flocculation within brackish waters has been
suggested to enhance particle settling (Syvitski and Shaw, 1995), and
experiments revealed that plume-triggered events can occur at sedi-
ment concentrations as low as 0.5g/l (Parsons et al., 2001). At the
Squamish delta (British Columbia) the recent results of Hage et al.
(2019) even suggest that these plume-triggered events can be produced
at sediment concentrations as low as 0.07 g/1, especially if they coincide
with low tides.

Like other glaciofluvial fjord systems, the hydrography of Martinez
Channel and Steffen Fjord is highly influenced by the hydrological cycle
of inflowing rivers. During the melt season in summer, the discharge of
Baker River doubles (DGA, Chile), and total suspended sediment con-
centrations reach on average 0.08 g/1 (Supplementary Table A). Aside
from seasonal increases, discharge and related suspended sediment
concentrations can also peak during short-lived floods associated with
either extreme precipitation (e.g., rain-on-snow events) or GLOFs.
During GLOFs, suspended sediment concentrations in Baker River in-
crease up to at least 0.78 g/l (Supplementary Table A), and water
temperature drops by ~3 °C, causing a densification of the fjord surface
waters near the river mouth.

The morphology of the subaquatic deltas described at the heads of
Martinez Channel and Steffen Fjord resemble that of well-studied fjord
systems in British Columbia (Gales et al., 2019), for which suspended
sediment concentrations at the river outflow during the meltwater
season ranges between 0.04 and 0.7 g/1. Monitoring studies show that
the subaquatic channel systems of these deltas are highly active,
especially during elevated river discharge in summer (Hage et al.,
2018). In addition, the recent results of Hage et al. (2019) indicate that
there may be no need for the suspended sediment to exceed a con-
centration threshold, which implies the possible generation of turbidity
currents at a higher frequency than previously thought. By comparison
with these well-studied systems, we posit that the channel systems
identified at the head of Martinez Channel and in Steffen Fjord are also
predominantly shaped by turbidity currents induced by elevated river
discharge and the associated high amounts of suspended sediment.
Such floods could include sporadic events during the meltwater season,
rain-on-snow events, or GLOFs, and they may be able to trigger tur-
bidity currents through direct plunging of the river plume or by the
occurrence of plume-triggered events.

Deciphering between these three types of floods without detailed
monitoring of river discharge and channel activity is almost impossible.
The ability of GLOFs to trigger turbidity currents is particularly unclear
at this stage due to the competing effects of high suspended sediment
concentrations and low water temperature and salinity. On the one
hand, suspended sediment concentrations measured during the GLOFs
that occurred within the last 10 years are one order of magnitude higher
than during the meltwater season (Supplementary Table A), which
significantly increases water density. The increased meltwater input
during GLOFs, on the other hand, increases fjord stratification, which
may prevent the formation of hyperpycnal flows. GLOFs of the mag-
nitude of those observed within the last decade may therefore not be
able to trigger turbidity currents in the fjord. It is possible that only the
extreme GLOFs, i.e., those with exceptional suspended sediment con-
centrations, are able to create turbidity currents, possibly resulting in
channel migration.

One observation that seems to favor the occurrence of plume-trig-
gered turbidity currents rather than direct plunging is the apparent lack
of connection between the location of the head of the main (western)
submarine channel at the head of Martinez Channel and that of the
main Baker river channel (Fig. 3). Instead of being located immediately
in front of the main present-day river branch, the submarine channel
starts about 1.5 km to the north, suggesting that direct river plunging
does not occur or is not able to carve deep subaquatic channels on the
Baker river delta. This observation could however also reflect recent
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avulsion at the river mouth, which is supported by historical maps from
the 1900s that show a better developed river channel on the northern
side of the river delta (Nef, 1907; Supplementary Information Fig. B)
immediately in front of the head of the subaquatic channel. The pre-
sence of abandoned channels on the subaquatic delta of Baker River
may also reflect past avulsion (Fig. 3). The southern submarine channel
being located immediately in front of the southern branch of Baker
River (Fig. 3) supports this recent avulsion hypothesis. Such channel
avulsions most likely occur during extreme discharge events, which
have the potential to induce vigorous turbidity events, resulting in a
complete re-organization of the subaquatic bedforms and channels
(e.g., Kremer et al., 2015). Since very dilute river plumes are known to
be able to trigger turbidity currents (Hage et al., 2019), this mechanism
could explain our observations.

Taken together, the presence of turbidity currents carving channels
through the deltas at the head of Martinez Channel and Steffen Fjord is
most likely associated with elevated river discharge and with the as-
sociated input of high amounts of suspended sediments that occur
during floods. Although detailed monitoring of the subaquatic deltas is
required to investigate the exact triggering process(es), we expect
plume-triggered events, and — to a lesser extent — direct plunging of the
river plume, and/or slope failures at the delta lip enhanced by tidal
drawdown processes and/or internal waves, to be the main geomorphic
agents of the submarine delta at the head of Martinez Channel and
Steffen Fjord.

5.2. Other morphological features

5.2.1. Along-slope channel in Steffen Fjord

The N-S oriented channel along the western shore of Steffen Fjord
does not seem to be directly connected to the delta (Fig. 5b). Although
it is interrupted at certain locations, this channel cuts deeply (up to
10 m) into the sediments at the bottom of the slope and recent activity
is very likely given its clear morphology. The channel morphology also
seems to be more pronounced at sharp turns along the shoreline,
probably due to increasing flow velocity (Fig. 6d). There are two pos-
sible explanations for this channel feature. A first hypothesis is that it
represents an abandoned turbidity channel and the associated levees. It
could have been disconnected from the delta during a relatively recent
major turbidity event. On the other hand, the along-slope channel
geometry and the presence of 10-m high mounds along the eastern side
of the channel tend to suggest its formation by bottom currents de-
flected by the western margin of the fjord, i.e., a sediment drift
(Rebesco et al., 2014). Since the two-layer flow circulation of Steffen
Fjord is composed of a hypopycnal cold brackish water surface layer
flowing southwards underlain by a salty warmer layer of deeper Pacific
Ocean water (Sievers and Silva, 2008; Moffat, 2014; Silva and Vargas,
2014), the bottom currents forming the sediment drift would most
likely be directed northwards. Because this north-flowing bottom cur-
rent originates at the outer fjord, it re-distributes fine-grained sediment,
which explains why samples collected within this channel display
grain-size values that are similar to the non-channelized areas (see the
NW-SE grain-size transect in Fig. 8b). Due to the Coriolis effect, bottom
currents flow parallel to the western steep fjord slope and the mounds
are formed towards the central axis of the fjord, as currents are de-
flected counterclockwise. This effect might also be re-enforced by the
prevailing westerly winds, which push surface waters towards the
eastern side of the fjord, and therefore bottom waters towards the west.

Similar sediment drifts were described in lakes influenced by the
southern westerlies, where they were interpreted as the result of wind-
driven bottom currents (Gilli et al., 2005; Anselmetti et al., 2009;
Heirman et al., 2012; Van Daele et al., 2016). However, both turbidity
channels and sediment drifts result in very similar morphological fea-
tures (e.g., mounded geometry) and it is not possible to identify the
exact origin of this channel solely based on multibeam bathymetry.
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5.2.2. Unchannelized sediment waves

Aside from the sediment waves within the axial channels, sinuous
ridge and scour bedforms were also observed on the non-channelized
deltas of both the head of Martinez Channel and Steffen Fjord. These
features only occur on the upper slope, where gradients range from 5 to
15° (Figs. 3b and 5b). Similar bedforms have previously been observed
at the Fraser delta (British Columbia), where they were interpreted as
migrating sediment waves formed by unconfined turbidity currents on
the delta slope (Hill, 2012). Other studies in lake basins have also
linked the occurrence of non-channelized sediment waves on delta
slopes, similar to those within the channels at the head of Martinez
Channel and Steffen Fjord, to turbidity current activity (Normandeau
et al., 2016a; Normandeau et al., 2016b). The sediment waves observed
in the non-channelized upper flow regime of both the head of Martinez
Channel and Steffen Fjord (Figs. 3-6), could therefore imply similar
unconfined turbidity currents occurring on the delta slope. According to
Howe et al. (2010), such sediment waves are an indicator of current
reworking and bedload transport resulting from high sediment supply
at river inflows in fjords.

In addition, the gullies observed in the non-channelized upper slope
region at the head of Martinez Channel (Fig. 3b) also suggest the oc-
currence of high concentration turbidity currents (Syvitski et al., 1987).
For example, the emplacement of cyclic steps on the upper foresets of a
proglacial sandur delta were hypothesized to originate from river-de-
rived hyperpycnal flows in a delta-front setting (Dietrich et al., 2016).
The occurrence of unchannelized sediment waves at the head of Mar-
tinez Channel and Steffen Fjord is therefore an extra argument for non-
channelized sediment migration or channel shifting due to the occur-
rence of large-scale turbidity events rather than slope failures.

5.2.3. Delta plain morphology: absence of moraines

Fjords are the product of glacial erosion. Therefore, fjord sediments
generally preserve glaciomarine fans, and terminal and/or recessional
moraines corresponding to glacier variations during the Quaternary
(Howe et al., 2010). In Chilean fjords, Holocene moraines are generally
well preserved (e.g., Rodrigo, 2008; Dowdeswell and Vésquez, 2013;
Lastras and Dowdeswell, 2016). It is not surprising that no moraine
features were observed at the head of Martinez Channel, since the fjord
deglaciated over 8 kyr ago (Glasser et al., 2016). The lack of evidence of
ice retreat in Steffen Fjord, however, is more surprising since the ter-
minus of Steffen Glacier is located only 12 km landwards. The absence
of a subaquatic moraine in Steffen Fjord supports the interpretation of
Glasser et al. (2011) and Mardones et al. (2018) that Steffen Glacier
remained land-based during the Little Ice Age advance. Neoglacial
moraines could exist at the bottom of the fjord but would have been
buried and are therefore no longer visible in the subaquatic mor-
phology, as in other fjords of Chilean Patagonia (DaSilva et al., 1997;
Moffat, 2014; Piret et al., 2017b). Given the depth of the fjord, it is also
possible that Steffen Glacier was calving, instead of grounded, which
could also explain the absence of subaquatic moraines in Steffen Fjord.

5.3. Implications for paleoclimate and paleoenvironmental research: site
selection

The presence of channels actively carving through the deltas at the
head of Martinez Channel and Steffen Fjord has important implications
for the selection of coring sites for future paleoclimate and pa-
leoenvironmental research. Our results show that the processes of se-
diment transport and deposition at the head of these fjords can vary
within a few hundreds of meters, which makes proper site selection
crucial. In both fjords, the channels act as conduits for the transport of
relatively coarse river sediments to the prodelta areas. At these loca-
tions, sediment preservation is expected to be very low due to strong
erosional processes (e.g., Vendettuoli et al., 2019). This implies that
ideal coring sites for paleohydrological reconstructions (extreme
events) should be located on the distal fan lobe, out of the channel axis.
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It should however be noted that sedimentation in the distal region of
river/delta systems dominated by subaquatic channels is directly linked
to the activity of the channels, i.e. the location of the river mouth and
the delta slope morphology (Kremer et al., 2015). Channel shifts at the
head of Martinez Channel and in Steffen Fjord, which are very likely to
have occurred in the past, can thus result in significant lithological
variations and caution should be exercised when interpreting long se-
diment records in terms of past flood occurrence. To account for
channel migration, a multi-core approach, and possibly the acquisition
of seismic data, are recommended. At distal locations, large floods are
expected to be recorded as turbidites intercalated within finer sediment
settling from the surficial plume. Sites located closer to the delta will
likely register more floods compared to sampling sites further away,
which will only contain evidence of the largest or most extreme events.

6. Conclusions

High-resolution bathymetric imagery of the heads of Martinez
Channel and Steffen Fjord reveal that the fjords' morphology is char-
acterized by large subaquatic deltas incised by up-to-36 m deep sub-
marine channels. The presence of these channels, together with the
occurrence of channelized sediment waves and coarser sediments
within the channels, reflect recent sediment transport by turbidity
currents. Although detailed monitoring is required to pinpoint the exact
triggering mechanism(s) of the turbidity currents in these two fjords,
we argue that these currents are related to periods of elevated discharge
of Baker and Huemules rivers and to the associated high suspended
sediment loads, irrespective of the flood's origin (seasonal increase,
high precipitation event, or GLOFs). These turbidity currents are most
likely formed by plume-triggered events and to a lesser extent by direct
plunging of the river plume, and/or slope failures at the delta lip, po-
tentially enhanced by tidal drawdown processes and/or internal waves.
Increased river discharge during meltwater events, GLOFs, and intense
precipitation are hypothesized to be of key importance in shaping the
submarine channels and thus the geomorphology of the heads of
Martinez Channel and Steffen Fjord. Our results also highlight the im-
portance of high-resolution bathymetric mapping before any sediment
coring activities. Avoiding blind coring is especially important at fjord
heads, where delta morphology is highly influenced by active channel
processes. Future sediment-based paleoclimate and paleoenvironmental
reconstructions at the head of Martinez Channel and in Steffen Fjord
should therefore highly benefit from the bathymetric map presented in
this paper.
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