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1 | INTRODUCTION

The proglacial environment refers to the areas located close to the ice front
of a glacier, in which frost-driven geomorphic processes, called periglacial

Proglacial lakes are distinctive features of deglaciated landscapes and often act as
sediment sinks, collecting solid material from subglacial erosion or washout of degla-
ciated areas. The solid transport flow, strongly linked to the glaciers and periglacial
landforms, may rise due to the rapid changes driven by climate warming, causing
deep transformations in the basin hydrology, and even the appearance or disappear-
ance of lakes at a decadal timescale.

The goal of this study was to present a geophysical-geotechnical approach that inte-
grates several techniques, to quantify the sediment distribution in a proglacial lake. A
geophysical survey is performed with ground-penetrating radar (GPR) installed on a
boat, whereas a time-domain reflectometer (TDR) measures the electrical conductiv-
ity and permittivity of the lakebed sediments. Unperturbed samples are collected and
analyzed to measure the main geotechnical properties of the sediment: grain-size dis-
tribution, plastic limit, and liquid limit. Such properties support the interpretation of
the GPR data and the detection of spatial variations of the sediment facies.

To validate the proposed methodology, field tests were carried out at Lake Seracchi,
the largest lake of the Rutor glacier, Italian Alps. It formed around 1880 because of
the recent glacier shrinkage, as chronicled by valuable historical documents. Its
greyish waters carry a significant amount of suspended sediment recognized as gla-
cial flour, which gradually accumulates on the bottom of the lake.

The obtained bathymetry and sediment thickness maps of Lake Seracchi show the
strength of the approach: from only a few manual samples, it is possible to extrapo-
late the geotechnical properties of interest, such as friction angle or hydraulic con-
ductivity, to wider areas, surveyed by the geophysical techniques. This is achieved by
investigating the spatial distribution of key geophysical properties linked to the geo-

technical properties of interest.

KEYWORDS
bathymetry, geotechnical-geophysical integrated methodology, glacio-lacustrine sediment
properties, GPR, Lake Seracchi, Rutor glacier, sediment thickness, sedimentation

processes, may take place (Heckmann et al., 2019). Examples of multifac-
eted and interconnected aspects of proglacial geomorphology are deglaci-
ated areas, permafrost, erosion, landslides, proglacial lakes, moraines, and
vegetation colonization (Colombo et al., 2016; French & Harbor, 2013).

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
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One of the most dynamic aspects of the proglacial environment is
the formation and evolution of proglacial lakes. In the last century, many
lakes gradually appeared in the deglaciated areas, barred by moraines,
often in place of the previous glacier overdeepenings. As reviewed by
Heckmann et al. (2016), proglacial lakes are an appealing scientific topic
because they modify hydrological flow regimes, trap sediments, preserve
a sedimentary archive of information about glacier behavior, sediment
flux, and climate, and may be the theatre of devastating outbursts.

This paper focuses on the sediment storage role of alpine
proglacial lakes—that is, the accumulation of a fraction of the
suspended solids flowing in from the basin drainage network. This
reduces and delays the sediment transfer from uplands to lowlands
(Otto, 2019), and the recent formation of new proglacial lakes has had
a great impact on downstream systems (Milner et al., 2017). More-
over, the proglacial lakes are subject to rapid modifications: if a large
amount of sediment enters the lake over time, the lake may become
filled with sediments (Bogen et al., 2015; Schiefer, 2006). A relevant
case of formation and disappearance is that of the “Effimero Lake”
(which means ephemeral, transient), which formed on the tongue of
the Belvedere glacier, Macugnaga valley (northern Piedmont, Italy),
after the fast changes in inflow rate due to the extraordinarily warm
summer of 2002 (Tamburini & Mortara, 2005).

Among the geophysical surveys to investigate the bathymetry
and sediment distribution of lakes, several techniques have been used,
such as magnetic surveys, continuous vertical electric sounding
(CVES), and ground-penetrating radar (GPR), other than conventional
sonic and ultrasonic surveys (Sambuelli et al., 2011). Geophysical sur-
veys are generally quicker to carry out compared to drilling and coring
and may easily cover large areas, but lack ground-proof evidence of
the investigated site. A combination of geophysical surveys and low-
cost sampling is often an efficient way to gather enough information
about the shallow subsurface.

GPR is particularly suitable for proglacial lakes, since it can pene-
trate several meters of depth if very low conductivity water derives
from ice melting (Sambuelli & Bava, 2012). The thickness and coarse-
ness of the sediments were detected by previous research on alpine
lakes with GPR acquisitions (Lachhab et al., 2015; Sambuelli & Bava,
2012). GPR sections have been able to distinguish between different
radar facies in similar contexts (Gomez & Miller, 2017; Pelpola &
Hickin, 2004; Sambuelli et al., 2015; Shukla et al., 2008). GPR versatil-
ity has also allowed the detection of other interesting features of a
lake—for example, vegetation, suspended solids (Qin et al., 2017) and
thermal stratigraphy (Bradford et al., 2007). However, to the best of
our knowledge, no study has ever combined geophysical and geotech-
nical measurements to test whether the different facies of lakebed
sediment distinguished by point geotechnical measurements can be
matched to some key geophysical properties of the sediment mapped
over the entire lake area by geophysical surveys.

Therefore, the goal of the study was to test an integrated methodol-
ogy, combining techniques from geophysics and geotechnics, to study the
distribution of sediments over the entire area of a proglacial lake and recog-
nize their different facies. It was intended as an expeditious (1-2 days), but
thorough, alternative to a traditional coring survey. In our proposed meth-
odology, the GPR travel times are constrained with time-domain reflectom-
eter (TDR) measurements, since the electromagnetic wave velocity in the
sediment is correlated to its average electrical permittivity, measured with a

TDR at several locations throughout the lake. Geotechnical characterization

of a few sediment samples is needed to constrain and confirm the geophys-
ical data. Grain-size distribution, hydraulic conductivity, plastic limit, and lig-
uid limit are obtained by following state-of-the-art methodologies as in the
geotechnical literature (Casagrande, 1932; Taylor, 1948; Terzaghi et al.,
1996). Such properties have been studied in previous literature to be
related to the genesis of the glacio-lacustrine sediments and the pro-
cesses they were subjected to (Boulton & Paul, 1976). The link between
geophysical and geotechnical measurements is strong in the proposed
methodology. The main hypothesis is that if a relation between geo-
technical properties (e.g., grain-size distribution) and geophysical prop-
erties (e.g., electrical conductivity) was found, it would be possible to
extend the information collected from the few sampling locations to a
wider area covered by the geophysical survey.

This hypothesis was tested on the Lake Seracchi site (Valle
d’Aosta region, ltalian Alps), formed at the end of the 19th century
due to the retreat of the Rutor glacier. Since that time, the subglacial
erosion has produced a very fine glacier flour which, flowing in sus-
pension, slowly sediments and accumulates at the bottom of the lake.

After sieving the sedimented glacier flour collected in a few loca-
tions, we found that its very fine grain-size distribution (silty clay) is
the cause of an electrical conductivity higher than that of water. The
high electrical conductivity, considered then as a proxy of the very
fine grain-size distribution, was measured with the TDR probe to be
high almost everywhere in the lake. Moreover, GPR reflections of the
lakebed interface show a response that confirms the presence of fine
sediment everywhere in the lake (more than 1.5 m thick, on average).
Some exceptions were found, however. For example, in some limited
areas near the inflows, the absence of fine sediment was observed in
both samples and electrical conductivity, and was interpreted as the
result of the higher water flow velocity, which does not allow the gla-
cier flour to sediment. The data collected were combined to produce
maps of the bathymetry and the sediment thickness of Lake Seracchi.

The combined geophysical-geotechnical methodology was tested
to be fairly successful for addressing the purpose of mapping the geo-
technical properties of proglacial lake sediments with a good balance
between reliability, effort, and time.

2 | STUDYSITE

21 | Testsite

The test site is the proglacial Lake Seracchi, situated in the Rutor gla-
cier basin, Aosta Valley, Italy (Viani et al., 2020). A large amount of
very fine suspended solids flows into it, coming from the subglacial
erosion of the bedrock of the Rutor glacier and determining the pecu-
liar greyish color of the lake. A percentage of the suspended solids has
been trapped on the lake bottom since its formation, around
140 years ago. The Rutor basin is of historical importance, because of
the past proglacial lake outbursts which greatly modified its hydrology
and geomorphology (Sacco, 1917).

2.2 | Extended study site review

The Rutor massif is situated in the southwest of the Aosta Valley

region, Italy (Figures 1 and B1). Its highest peak is called Testa del
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FIGURE 1 Map of the proglacial zone of the Rutor glacier.
Colored lines indicate the glacier retreat after the Little Ice Age (LIA)
according to the reconstruction by Villa et al, 2007). Orthophoto base
map by Valle d’Aosta region, geoCartoSCT service (2018) (Regione
Autonoma Valle d’Aosta, n.d.). Rendering by QGIS software

Rutor (Téte du Rutor in French); it is 3486 m a.s.l. and stands out over
the homonymous glacier.

The most characteristic feature of the massif is the connection
between the glacier and its several proglacial lakes (Monti, 1906). The
Italian (northern) flank exhibits a series of five rock and moraine ter-
races, situated between 2000 and 2900 m a.s.l., in which lakes have
successively formed and, in the upper part, are still forming due to the
current glacier retreat (Preller, 1918). The progressive melting of the
Rutor glacier since the Little Ice Age (LIA) maximum, reached around
1820 (Orombelli, 2005), deeply modified the basin landscape, leading
to the creation or modification of existing proglacial lakes. This phe-
nomenon has been recognized in several historical documents and sci-
entific literature of different disciplines (Badino et al., 2018; Baretti,
1880; Carrel, 1867; Favre, 1867; Monti, 1906; Orombelli, 2005;
Preller, 1918; Sacco, 1917; Viani et al., 2020). Most notably, the once
biggest lake of the basin, Lake Santa Margherita, famous for sudden
breakages of the ice dam that barred it, which have caused disastrous
floods (glacial lake outburst floods, GLOFs) since 1500, starting from
1864 emptied itself (gradually, fortunately), from a 40 m deep lake to
a 3m deep lake (Preller, 1918). The changes in the glacier-covered
area after the LIA were reconstructed from historical cartography by
Sacco (1917), and more recently, by adding photogrammetry and GPR
data, by Villa et al. (2007, 2008).

The formation of the proglacial Lake Seracchi dates to the period
1880-1920, as shown in cartographic maps and historical photos
(Figures A1-A8; see Appendix A). Complete reviews of the Rutor
basin with different scientific focuses, from geology to biology, were
performed at the turn of the 19th and 20th centuries, and are an
accurate and reliable reading to deepen knowledge about the area
(Baretti, 1880; Carrel, 1867; Favre, 1867; Monti, 1906, 1929; Preller,
1918; Sacco, 1917). Notice that, in the literature, “Lago Rutor” or
“Lac Ruitor” or similar names are used to refer both to Lake Seracchi
and, perhaps more frequently, to Lake Santa Margherita.

Lake Seracchi has a rounded shape with a 300 m diameter, on
average (area = 95,000 m?), and it is situated at about 2385 m a.s.l.

Unlike nearby lakes, like Lake Santa Margherita, which has clear water

WILEYL—

FIGURE 2 (a) Lake Seracchi (June 27, 2021). At the top left, a
small portion of the Rutor glacier. At the bottom, the channel from
Lake Santa Margherita to Lake Seracchi. Photo taken towards
southwest at coordinates WGS 84 UTM 32 N 342953 5059737.

(b) Lake Seracchi (top left) and Lake Santa Margherita (right). Note the
color difference of the waters under the same sky. Photo taken
towards northwest on June 26, 2021, at coordinates WGS84 UTM
32 N 343477 5059647. Photos courtesy of Elisabetta Corte

FIGURE 3 Map of the GPR, TDR and sampling survey. In yellow,
the route of the boat carrying the GPR antenna. In red, the GPR

line (#29) shown in Figure 6b (path direction from south to north).
Some traces were removed due to GPS inaccuracies (black dashed
lines). In orange, the locations of TDR probe point measurements. Red
circles indicate the three manual sediment samplings, carried out in
October 2021. GPS accuracy: £3 m. Orthophoto by drone
photogrammetric survey (resolution 6 cm), taken in July 2021. The
years and lines refer to the glacier shrinkage that caused the
formation of the lake. Rendering by QGIS software. CRS: WGS84
UTM 32 N
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and a green color, Lake Seracchi has always (Monti, 1906) had a pecu-
liar tint (see Figures 1, 2a, 2b, and 3) due to its turbidity. A large
amount of very fine suspended solids comes from subglacial erosion
from the Rutor glacier, which provides for the lake waters. Part of it
remains suspended in the lake waters until the outflow, reducing the
water transparency. A part settles on the bottom of the lake, gradually
filling it. This peculiar greyish color, due to the suspended solids of
glacier provenance, is also reviewed by Karlén in Lapland and this
material can be called “glacial flour”, “glacier flour” or “rock flour”
(rock flour|National Snow and Ice Data Center, n.d.; Karlén, 1981).
The sedimentation process of Lake Seracchi is of particular interest,
because it may change its morphology and hydrodynamics, eventually
causing the complete disappearance of the lake. Since it is currently
the major water reserve in the basin, eventual changes will affect the
hydrological cycle of the whole valley.

The study site is rich in geomorphological features and has
sparked the interest of researchers since the second half of the 19th
century. Interesting studies also exist in the recent literature. The
geometry changes of the retreating Rutor glacier were used to cali-
brate a plugin for QGIS software to model glacier behavior under cli-
mate change (Strigaro et al., 2016). Viani et al. (2020) studied this
area to calibrate a procedure, based on the GlabTop2 model
(Linsbauer et al., 2012), to forecast the formation of future lakes in
the place of current glacier overdeepenings. The shrinking of the
Rutor glacier locally revealed peat outcrops (Armando & Charrier,
1985), helpful for depicting the evolution of climate and vegetation
of the Rutor basin in the past 8800 years (Badino et al., 2018). Local
springs are reporting an increase in water discharge in the last years
(Gizzi et al., 2022).

3 | METHODS

3.1 | Ground-penetrating radar
GPR technology is based on emitting electromagnetic waves towards
the ground subsurface or other materials, and measuring the travel
time needed for the signal to be reflected back to the instrument.
These reflections occur when the signal traveling in a material
encounters the interface of another material with different electrical
permittivity. By moving the instrument on the ground and plotting
multiple signals next to each other, one can display subsurface x-
depth sections, where interfaces such as the water table or the bed-
rock are plotted as continuous lines. The GPR is able to survey the
lake bathymetry and investigate the thickness of the deeper sediment
layer, as reported in previous studies (Lachhab et al., 2015; Mihu-
Pintilie et al., 2016; Sambuelli et al., 2011, 2015; Sambuelli & Bava,
2012; Sambuelli et al., 2009). However, one must pay attention to
many factors such as the high density of underwater macrophytes or
the high concentration of suspended sediments, which can introduce
noise challenging the quality of the radargrams (Tretjakova et al.,
2019). Besides, visual observation of reflection patterns, or even
advanced geostatistical techniques, may detect the correlation struc-
ture of the subsurface, in order to distinguish different facies and ori-
entations of the layers (Rea, 1996).

A GPR antenna was mounted on an inflatable rowing boat. The
GPR antenna model was a TR 200 KR, manufactured by IDS, having a

shielded dipole with a central frequency of 200 MHz; it was 42 cm
long and 37 cm wide. It was connected to a control unit to record and
digitalize the acquired data; the raw radargrams were saved on a PC
unit, as shown in Figure B2 in Appendix B.

The time window for each trace was initially set to 600 ns (a two-
way travel time corresponding to about 10 m in water) but was raised
to 1200 ns from GPR line #5 onwards, since the lake was found to be
deeper than the maximum depth reached with 600 ns.

The profiles covered the whole lake area, as shown in Figure 3,
and the survey required 2 days to complete. A pair of GPR lines (42nd
and 43rd) were not considered in this phase due to inaccuracies in the
GPS positioning.

Basic postprocessing was required to optimally visualize the GPR
sections; it was carried out with ReflexW commercial software
(Sandmeier, 2012). The main steps of the data processing are summa-

rized as follows:

e The start time of each trace was moved, deleting the signals before
the main bang, to obtain an accurate zero time.

e The subtract-mean filter, also called the dewow filter, which sets
the average amplitude value of each trace equal to O, was applied
to remove the low-frequency part of the signal.

e The background removal filter, which subtracts the average trace
from each trace, was applied to remove some coherent instrumen-
tal noise.

e The gain was increased as a function of depth, to soften the effects
of the signal geometrical spreading (divergence compensation).

e The electromagnetic wave velocity in water was considered
equal to 0.03287 m/ns, for a time-to-depth conversion. This
value was calculated from the measured average value of the
electrical permittivity (83.3) using Equation (1). The value seems
reasonable according to the temperature dependence of the
electric permittivity of water and the observed temperature of
6°C (Hill, 1970).

e The reflective interfaces visible in the GPR sections were manually
picked. Two interfaces were visible, the first representing the lake
bottom and the second interpreted as the bottom of the sediment
layer.

e The radar reflection relative to the water-sediment interface was
difficult to detect where the water depth was highest. Other
processing techniques were useful to display the interface clearly,
such as lowpass filter (cutting frequencies higher than 200 MHz,
more subject to dispersion in water; Bradford et al., 2007), stac-
king of adjacent traces, background removal filter over small

sections.

Bathymetric and sediment-thickness maps were obtained by interpo-
lating the GPR pickings of the reflection events. The interpolation pro-
cedure was based on a triangulation-based linear interpolation
method, considering the lake boundary as values equal to zero water
thickness. The lake borders (perimeter) were drawn in a QGIS environ-
ment, from a 6 cm resolution orthophoto by drone photogrammetric
survey taken in July 2021 (see Figure 3).

A brief survey (two GPR lines) of the near Lake Santa Margherita,
a tributary of Lake Seracchi, was performed to estimate the average
depth of this shallower lake and to compare its radar facies with those

observed in Lake Seracchi.
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3.2 | Time-domain reflectometer

A TDR probe is a two-rod, 15cm long probe capable of
measuring both the electrical conductivity and the dielectric
permittivity of liquids and porous materials (Vergnano et al., 2019).
The average dielectric permittivity of the fine sediments was
measured via Equation (1) to estimate the propagation velocity
v of GPR signals:

(1)

where c is the electromagnetic wave velocity in a vacuum and ¢, is the
relative dielectric permittivity of the sediments (Psarras, 2018).

The measurements were performed all around the lake, where
the water depth was shallow enough to firmly insert the probe in the
sediment, with the help of a 2-m rod. A few measurements near the
inflows (from Lake Santa Margherita on the north side, and from
Rutor glacier on the south side) were performed to investigate even-
tual differences in the quality of the sediments compared to the sedi-

ment deposited throughout the lake.

3.3 | Geotechnical characterization
The geotechnical characterization of the glacier flour of Lake Seracchi
confirms the indirect geophysical measurements, especially regarding
the grain-size distribution and the presence of clay-sized particles, the
latter being responsible for high electrical conductivity, which in this
methodology is measured with the TDR. Moreover, the geotechnical
properties are relevant in discussing the sedimentation and
rearrangement processes that occurred in the past and the expected
behavior in terms of stiffness and hydraulic conductivity. Suggestions
from soil mechanics indicate that at least grain-size distribution and
plasticity features should be investigated for samples collected in dif-
ferent representative zones of the area and, possibly, at different
depths (Ameratunga et al., 2016). These experiences are auxiliary also
for the determination of strength properties with regard to any fur-
ther process involving water streams, loading, unloading, etc. Another
main purpose of integrating the geotechnical characterization in our
methodology is the possibility to extrapolate the geotechnical proper-
ties, measured in a few locations, to the larger areas surveyed by the
geophysical instruments.

The sampling of lakebed sediments was performed in October
2021 in three locations highlighted in the map in Figure 3, which are,
from west to east:

e near the emissary, where the outflow water velocity was maximal
(sample 2 in Figure 3);

e 40 m away from the emissary, in an area of calm water (sample
1 in Figure 3);

e at the inflow from the tributary channel coming from Lake Santa

Margherita (sample 3 in Figure 3).

For the first two, a manual core drill was used to collect undisturbed
samples of the fine sediments. The latter, much coarser, was simply

collected without maintaining its volume.

WILEYL—®

The following main features can be summarized.

The porosity (n) of the collected samples was calculated in a labo-
ratory, considering them as 100% saturated by water, by weighing
them in wet conditions and after oven drying for 24 h.

Particle size distribution was carried out by sieving. Sieve dimen-
sions for the fine sediments (mm) were 0.04, 0.025, 0.01, and 0.002.

The geotechnical properties analyzed in the following—the
Atterberg’s limits (liquid and plastic limit, LL and PL)—deal with the
mechanical behavior of the material and its consolidation state. The
liquid limit and plastic limit represent the water content associated
with the macroscopic change of behavior as the “physical state” of
granular material, respectively from plastic to liquid and from semi-
solid to plastic. The Atterberg’s limits are parameters very helpful in
case the methodology is applied to sites at risk of a GLOF or other
failures, where sediments can mobilize into sediment floods. The lig-
uid limit of the material—that is, the water content at which the mate-
rial passes from the plastic state to the liquid state—was determined
by adopting Casagrande’s method, according to the procedure of
ASTM standard test method D 4318 (D18 Committee, 2018). To cal-
culate the plastic limit of the material—that is, the water content at
which the material passes from the semisolid state to the plastic state,
the moisture content at which a 3.2 mm diameter thread of sediment
sample broke apart was measured, according to the procedure of
ASTM standard test method D 4318 (D18 Committee, 2018).
The plasticity index (Pl) is the difference between LL and PL.
The greater the PI, the greater the apparent stability of the granular
material during water content changes (desiccation, saturation,
flooding, drainage, etc.).

The hydraulic conductivity under saturated condition (k) can be
related to the porosity, according to the studies by Clarke (2018) and
Al-Moadhen et al. (2020), which refer to an equation form proposed
by Chapuis and Aubertin (2003), for very fine glacio-lacustrine

deposits:

1.58
ke1x100[ L. € 2)
L2 1+e|

where LL is the liquid limit, and e is the void ratio = n/(1 — n).
The eventual presence of carbonates was tested by acid attack: a
small quantity of hydrochloric acid (0.1 N) was dropped onto a small

portion of the fine sediment to see if it fizzed.

4 | RESULTS

41 | Ground penetrating radar and time-domain
reflectometer

In Figure 4, the main results are presented. The GPR-TDR combined
survey allowed us to draw a bathymetry map (Figure 4a) and a sedi-
ment thickness map (Figure 4b). The supporting TDR measurements
of electrical permittivity and conductivity are shown in Figures 4c and
4d, respectively.

The bathymetry map in Figure 4a shows that, all over the eastern
part, the lake is 1-3 m deep. In the western part two large over-
deepenings are found of about 80-120 m, with a maximum depth of

almost 11 m. The result is representative of the July 2021 situation.
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FIGURE 5 Photography of the border of the lake in October
2021, showing its seasonal changes. The water surface is covered by
a thin frozen layer that will grow thicker in the winter (photo taken
from coordinates WGS84 UTM 32 N 342392 5059300)

The total volume of water in the lake was about 370,000 m? in July
2021, with an average depth of 3.9 m and a maximum depth of almost
11 m, consistent with previous literature (Monti, 1906). During the
second survey in October 2021, for example, the water level was
about 20 cm below that of July 2021, and the lake perimeter shrunk
by several meters, uncovering part of the lakebed. See Figure 5, taken
in October; in July the water bordered the grass.

The fine sediment was found almost everywhere in the lake, mostly
with a thickness of at least 1 m, as shown in Figure 4b. Notable is the
major accumulation of fine sediments in the southeastern part of the
lake, where the main inflows from the Rutor glacier are located. To cal-
culate the thickness of the sediment layer from the two-way travel time
of the GPR signal, an estimation of the electromagnetic wave velocity
was needed. The average value of the electrical permittivity representa-

tive of the fine sediment was measured with the TDR probe to be

FIGURE 4 (a) Interpolated contour
map of the lake bathymetry by GPR
survey. (b) Interpolated thickness
distribution of fine sediments at the
bottom of Lake Seracchi. White circles
indicate the coarse debris surfacing
indicated in Figures 6b and 7. In two large
areas of the lake (approx. depth > 7 m)
the signal was highly attenuated by the
thick water layer: No reliable data were
recorded there. The arrows indicate the
main inflows (south: from the glacier;
north: from lake Santa Margherita) and
the outflow of the lake. (c) Relative
dielectric permittivity of sediments from
TDR measurements. (d) Electrical
conductivity (S/m) of sediments from
TDR measurements. The georeferenced
maps and data in this figure are available
in the Supporting Information

about 36 + 3 (Figure 4c), which brings, according to Equation (1), a
velocity of the electromagnetic waves in the sediment of about
0.05 m/ns

thickness = 4 m). Lower values of 25-30, not included in this average,

(maximum  estimated error=15cm where the
were detected in a radius of a few meters near the inflows, where the
sediment was coarser. One measurement, over 50, is probably affected
by the only partial driving of the probe in the sediments: the observed
value is also dependent on the higher (over 83) dielectric permittivity of
water, and it was considered an outlier. Not all GPR sections reliably
showed the second interface, especially for water depth greater than
6-7 m, where the water column provided intense signal attenuation.
Therefore, in Figure 4b, the two large areas of uncertain sediment thick-
ness are not depicted in any color. The total volume of sediments is
about 150,000 m°, obtained by multiplying the average thickness of
about 1.6 m (average made excluding the uncertain areas) by the area
of the lake. The electrical conductivity measurements reproduced a sim-
ilar trend for permittivity (Figure 4d). However, the difference between
the fine sediment (higher conductivity) and the coarser sediments
(lower conductivity) near the inflows was more pronounced compared
to that of the electrical permittivity. The high value of conductivity is
supposed to be due to the presence of a high percentage of clay-sized
particles in the fine sediment, as proven by the grain-size distribution
analysis discussed in the following paragraphs. Electrical conductivity is
therefore found to be a more suitable parameter to distinguish the
kinds of sediment in this test site compared to the permittivity. Near
the inflow from Lake Santa Margherita, the electrical conductivity was
measured at two points: where the coarse sediment was taken, and a
few meters away into the lake. The latter measurement reported an
electrical conductivity intermediate between the coarse sediment and
the fine ones, and some mixing of the different kinds of sediments was
visually observed. At those two points, the dielectric permittivity
showed similar behavior to that of conductivity: from TDR measure-
ments, and backed by theory (Milton, 2018), also the dielectric permit-
tivity is higher in clayey sediments than in coarse ones, although with a

smaller difference compared to the electrical conductivity.
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The electrical permittivity of the water was measured as 83.8, the
electrical conductivity was 0.0016 S/m, and the water temperature at
the surface was 6°C (July 10, 2021, at around 3 p.m., on a sunny day).

The TDR measurements and their locations are also available in
Table B1 in Appendix B.

4.2 | GPR detection of different sediment facies

To produce the maps in Figures 4a and 4b, the GPR sections were
analyzed to detect the water-sediment interface and a second inter-
face below the first. An example is shown in Figure 6a, where the two
different reflections are clearly visible. A pronounced thinning of the
fine sediment layer can be observed in a few GPR sections, showing a
surfacing of probable coarser sediments. An example is given in Figure
6b. A photography survey (Figure 7) confirmed the presence of gravel
and stones 10-100 cm thick in those locations, highlighted with cir-
cles in Figure 4b, confirming the capability of the 200 MHz GPR to

distinguish (very) different kinds of material in this environment.

4.3 | Comparison of GPR sections with Lake Santa
Margherita

To test the applicability of the GPR system used in Lake Seracchi to
other lakes, a brief comparison is here introduced with the nearby
Lake Santa Margherita (Figure 8).

Lake Santa Margherita, identifiable in Figures 1 and 2b, is a tributary
of Lake Seracchi, and it has characteristics and history very different from
Lake Seracchi, even if they are only 500 m away. Lake Santa Margherita
has more transparent and greenish waters, indicating vegetation activity,
which contributes to the accumulation of organic sediments on the
lakebed. This lake is indeed not the source of the fine sediments of Lake
Seracchi, which come instead from the southern inflows—that is, from
the Rutor glacier. Detailed information on this lake is found in historical
literature (Monti, 1906; Preller, 1918; Sacco, 1917).

In GPR sections of Lake Santa Margherita, the fine sediment/

coarse sediment interface is not pictured, even if the very shallow

FIGURE 6 (a) Example of a GPR
section in which the different reflections
are particularly clear. A: Noise due to
paddling and boat movement. B: Lake
bottom-fine sediment interface. C: Fine
sediments-coarse debris interface.

(b) Zoom of GPR section #29. Note the
thinning of the fine sediment layer

(in yellow) at distance = 260-280 m. As
the boat approached the lake outflow,
subsidized coarse debris (in brown) began
to appear (see also the photo in Figure 7,
the GPS route #29 in Figure 3 and the
location of the coarse sediment surfacing
in Figure 4b)

WILEY—

water (average: about 1 m deep) should not greatly attenuate the
radar signal. Therefore, while the lake bottom is clearly displayed, no
reliable information can be extracted about the sediment layer, show-
ing only some sparse reflections. The observed response to the radar
signal is quite different from the GPR sections of Lake Seracchi
(Figures 6a and 6b), where the sediment layer is clearly detected. This
is supposed to be due to the different nature or structure of the sedi-
ment layers. One hypothesis is that, whereas now Lake Santa Mar-
gherita does not collect any glacial flour or turbid waters, it did
probably in the colder past, when it was the only lake in that terrace
of the basin and it collected water coming directly from the Rutor gla-
cier. This lake, thus being much older than Lake Seracchi, could have

accumulated a thicker layer of sediments—too thick to be investigated

FIGURE 7 Lakebed near the lake emissary on October 25, 2021
(coordinates: WGS84 UTM 32 N 342353 5059292). Since the water
level of the lake was about 20 cm lower than in July 2021, the coarse
debris appeared clearly below the shallow turbid water. The diameter
of this coarse debris is 10-100 cm, and was detected by the GPR
survey in Figure 6b—see the dashed line A-A’" and also the GPR
section #29 in Figure 3. In most other parts of the lake side, only fine
sediments are visible, except from the inflows where gravel and
pebbles are present and another large debris area indicated by a white
circle in Figure 4b
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FIGURE 8 Example GPR
section from the center of Lake Santa
Margherita, surveyed in July 2021

TABLE 1 General information about the fine sediment sampling carried out in October 2021

UTM E UTM N Core barrel
Sample (WGS84 (WGS84 length/
location UTM 32 N) UTM 32 N) diameter (cm)
Calm water 342385 5059293 13/5
Emissary 342352 5059284 7/5

with the relatively high-frequency antenna employed in this study.
Another hypothesis is that the fine sediments were mobilized during
the past outbursts and the GPR, today, observes a layer of different
nature. This could be confirmed by sampling the Lake Santa

Margherita sediments.

44 |
analyses

Sampling of fine sediment and geotechnical

The sediment samples manually collected are representative of the
finer part of the glacier-eroded sediment. It is free to move in suspen-
sion according to the water flow and has accumulated all over the
lake, except for the small areas near the inflows where the velocity is
too high to let it deposit. These fine sediment samples have been ana-
lyzed to obtain the grain-size distribution and the main geotechnical
properties, in order to support the interpretation of the GPR and TDR
surveys. A summary of the general information on the fine sediments
is presented in Table 1.

The differences in the comparable parameters, such as dry
weight/saturated weight or porosity, are estimated to be inside the
range of measurement error: the two samples are quite similar. The
same consideration can be made for the grain-size distribution, shown
in Figure 9.

The prevalence of fine classes in the grain-size distribution of the
collected sediments allows us to classify them as silty clays. The scat-
tering of values between the two samples is quite low, even if one
sample was collected where the water was calm and the other at the
emissary, where the water flow was fairly fast. For this reason, and for
the uniformity of TDR measurements, this local sampling can be con-
sidered representative of the fine sediment accumulated all over the
lake bottom. According to the classification of glacial comminution
processes proposed by previous literature, the glacial flour of Lake
Seracchi comes from abrasion processes of the glacier bedrock
(Dreimanis & Schliichter, 1985; Haldorsen, 2008), consisting of meta-
morphic rocks such as arenaceous and conglomeratic schists, or mica
and garnet schists (Badino, 2016). According to Haldorsen (1978), the

Dry Saturated Total

weight weight (SW) DW/  volume Porosity
(DW) (g) () SW  (cm?) n (%)
350 476 0.73 255.3 49

165 236 0.7 137.4 52

FIGURE 9 Grain-size distribution of the samples collected at the
beginning of the emissary and in a calm water area. In the graph, it
was hypothesized no grain was greater than 0.1 mm. Sieve
dimensions (mm): 0.04; 0.025; 0.01; 0.002

glacial comminution processes may produce very fine particles if the
bedrock contains crystalline minerals, whereas sedimentary bedrock is
more resistant to fine comminution and, in general, it is simply
reduced to the grain-size composition of the parent rock. The former
seems to be the case for the glacial flour observed in Lake Seracchi,
which is mainly composed of mica and quartz according to a prelimi-
nary optical microscope screening.

The calm-water sample was measured to have the plastic limit at
water content W =23.2+28%, and the emissary sample at
W = 22.0 + 1.9%. The average was done on four samples. The results
of the liquid limit analysis are reported in Figures 10a and 10b.

In Figure 11a the classification of the two samples is shown in
Casagrande’s chart, based on their plasticity index and liquid limit. Avail-
able literature correlations show that clay tills and glacial deposits fall
within this range, as shown in Figure 11b (Sorensen & Okkels, 2013).

According to the Unified Soil Classification System, the sediment
types of Lake Seracchi are ML-CL (Standard Practice for Classification
of Soils for Engineering Purposes (Unified Soil Classification System), n.d.)
(M stands for silt, C for clay, and L for low liquid limit).

Neither fine-sediment sample, when attacked by hydrochloric

acid, reacted visibly, showing low content of carbonates.
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FIGURE 10 (a) Results of Casagrande’s method for calculating
the liquid limit of the calm water sample. The liquid limit water
content corresponds to that at 25 blows (blue vertical line) = 32.2.
(b) Results of Casagrande’s method for calculating the liquid limit of
the emissary sample. The liquid limit water content corresponds to
that at 25 blows (blue vertical line) = 30.5.

4.5 | Coarser sediment sampling
The sediments near the inflows can be different compared to those pre-
sent all over the lake, and Lake Seracchi is no exception, as detected
with the TDR measurements. To confirm and characterize this kind of
coarser sediment, another sample was collected at the tributary inflow
from Lake Santa Margherita (WGS 84 UTM 32N 342546 E,
5059280 N) with total weight = 1779.4 g. Sieving analysis was per-
formed to obtain the grain-size distribution curve shown in Figure 12.
The grain-size distribution curve in Figure 12 is found to be well
graded, without any step; the uniformity coefficient Dgo/D1o is very
high: about 16. According to the Unified Soil Classification System, it is
of class GW, which is well-graded gravel, a poorly sorted sediment. This
evidences a geologically short (150 years) timescale transport, in which
the little fluvial reworking has not strongly classified the material.
Owing to the large diameter of grains, this sediment cannot move for
more than a few meters into the lake, and remains confined in the areas
of the inflows. This is coherent with the TDR measurements at the
inflow from Lake Santa Margherita, which evidenced a lower electrical

conductivity only in the radius of a few meters around the inflow.

4.6 | Open access and reproducibility statement

All the results have been made available as an open dataset on the

Zenodo repository for future reuse (Vergnano, Godio, & Oggeri, 2022b).

WILEYL—"

FIGURE 11 (a) Casagrande’s chart (Casagrande, 1932; Terzaghi
et al., 1996). The two samples are in the area of inorganic clays of
medium plasticity, very near to the area of inorganic silts. Indeed,
from the grain-size distribution analysis, the samples are about 50%
silty and 50% clayey. (b) Casagrande’s classification chart IP versus
W, (modified after Sorensen & Okkels, 2013). Red asterisk represents
the Lake Seracchi sediment, which falls in the range of previous
literature, confirming proper classification and lab procedure.

FIGURE 12 Grain-size distribution of the sample collected at the
tributary from Lake Santa Margherita. In the graph, it was
hypothesized that no grain was greater than 100 mm. Total weight of
the sample was 1779.4 g.

5 | DISCUSSION

5.1 | Bathymetry

The GPR survey on Lake Seracchi easily pictured the water-sediment
interface after post-processing of the radar data. In the GPR sections,
reflections coming from the possible thermocline, as observed in pre-

vious research (Bradford et al., 2007), were not displayed. This is
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confirmed by the measurement of lake temperature, which is already
low at the surface (about 6°C on July 10, 2021, at around 3 p.m., with
direct sunlight). This observation is in agreement with a previous
study, which evidenced that turbid lakes have lower temperatures, on
average (Koenings & Edmundson, 1991). Other radar reflections due
to vegetation, such as those described by Mihu-Pintilie et al. (2016),
were also not displayed. This is consistent with the nature of the lake:
its suspended solids concentration does not allow vegetation to
thrive, as the absence of organic matter in the manually collected sam-
ples confirms. The presence of suspended sediments itself had chal-
lenged in past surveys the resolution of the GPR sections (Tretjakova
et al, 2019); however, in this study, this problem has not been
encountered.

This method, with a 200 MHz antenna, on low-conductivity
water, is expected to reach a maximum investigation depth of 15 m.
Note that accuracy limitations may come not only from too deep
water but also from too shallow water. In fact, the marginal areas,
where the water was up to 20-30 cm deep, were arduous to investi-
gate with our boat setup. In these areas, the reported bathymetry
comes from interpolation more than from data, but this error does not
significantly affect the total volume estimation. If more accuracy is
needed for shallow-water areas, other survey procedures must be
employed. The survey could be carried out by walking with
fisherman’s boots, but in our case, the sticky nature of the sediment
made walking impossible and dangerous. A small unmanned boat can
be employed in those cases, or an airborne survey could be tested,
carrying the GPR antenna on a drone at 1-2 m above the water, as

performed for other applications (Vergnano, Franco, & Godio, 2022a).

5.2 | Sediment thickness and spatial distribution of
sediment facies

The thickness of the sediments was, as expected, more difficult to
retrieve from the GPR sections compared to bathymetry, especially
where the water was deeper than 6-7 m, due to signal attenuation.
The full applicability of the methodology proposed, therefore, is
expected to be possible only for proglacial lakes less deep than 5 m.
However, the GPR is not only able to retrieve the sediment thickness
but also the sediment radar facies, namely the qualitative shape and
distribution of the radar reflections, which allowed us to distinguish
fine from coarse lakebed in Figure éb. Overall, in our test site, fine
sediment facies were distinguished almost everywhere in the lake.
The sediment radar facies distribution could be retrieved for depths
up to 10 m with the employed setup, by analyzing only the first meter
of the sediment layer and not its full thickness, enhancing the applica-
bility of the methodology (although with limited results).

The TDR measurements of electrical permittivity supporting the
GPR survey proved successful in estimating the electromagnetic wave
velocity in the sediments and therefore their thickness. Some authors
have adopted the diffraction hyperbolae technique to retrieve the
sediment velocity in lacustrine environments (Sambuelli & Bava,
2012), but in the GPR sections of Lake Seracchi they were hardly visi-
ble. Probably, the fine sediment layer is quite homogeneous, and large
objects such as rocks are absent in most parts of the lake. In this and

similar cases, combining the GPR survey with some TDR point

measurements is a more reliable and consistent way to estimate the
electromagnetic wave velocity.

The TDR measurements of electrical conductivity, jointly with the
grain-size distribution of the samples, were useful to understand the
nature of the fine sediments and confirm their facies distribution from
the GPR survey. In Lake Seracchi, the sediments are very fine, being
composed mainly of silt and clay-size particles (Figure 9). According to
the TDR measurements, in most parts of the lake the sediment electri-
cal conductivity is about 0.003-0.004 S/m—higher than that of water
(0.0016 S/m). This higher conductivity is probably due to the presence
of ions on the surface of clay-size grains (Qi & Wu, 2022; Ward,
1990). In two small areas (a few square meters) in the very proximity
of the inflows, the electrical conductivity of the sediment is lower
than the average 0.003-0.004 S/m (Figure 4d). There, the electrical
conductivity is comparable to that of water (0.0016 S/m). This is due
to the different nature of the sediments: in these zones, the sediment
is coarser (sand-gravel), because the water velocity is sufficient to
transport heavier grains and it does not allow the fine part to
sediment.

The electrical conductivity measurements of the TDR and the
thickness distribution obtained with the GPR may be interpreted
together to bring interesting results. The map in Figure 4b shows that
in the southeast part of the lake; that is, at the inflows from the glacier
the accumulated sediments form a thicker layer. In the same area,
spots of lower electrical conductivity detect the presence of coarser
sediments near the inflows. Therefore, it is expected that the whole
southeast area has been subjected to the accumulation of both fine
and coarser sediments, distributed according to the distance from the
inflow. This behavior is commonly observed in lakes: only near the
inflows, where typically the kinetic energy is higher, can the coarser
particles be transported, creating a spatial differentiation of the grain-
size distribution (Inman, 1949). Moreover, in different periods of the
lake history, there have probably been changes in the inflow positions
due to the sedimentation process itself and due to modification in the
Rutor glacier extension. From the GPR sections, this difference in the
facies of sediments in the southeast zone is not visible, probably due
to the low resolution of the antenna (which, in water, has a wave-
length of about 165 mm—much greater than the expected size of the
coarser sediments). However, the coarser gravel sediments are
expected to be present only in the proximity of inflows, thanks to the
TDR measurements. Instead, GPR managed to distinguish where the
debris has a much greater diameter, from 10 to 100 c¢m, in the two
zones evidenced in Figures 4b, 6b, and 7.

Similar considerations can be made about the dielectric permittiv-
ity distribution in the lake, even if, in this test site, the electrical con-
ductivity was more suitable to distinguish the clayey sediments, due

to its higher sensitivity to clay presence compared to the permittivity.

5.3 | Therole of geotechnical properties in
integrated methodology

In the proposed methodology, the interpretation of the GPR-TDR sur-
vey is supported by ground-proof data. For example, TDR measure-
ments showed that the sediment has an electrical conductivity higher

than that of water—a behavior often found in the presence of clay.
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The grain-size distribution analysis performed is able to confirm this
hypothesis.

At the same time, the GPR and TDR combination was successful
in distinguishing the diverse sediment facies and their distribution
throughout the lake. In the case of Lake Seracchi, we can state that
the silty-clay sediment is spread in most of the lake, with the few
exceptions of small areas near the inflow and some large rocks in two
locations (Figures 4b, 6b, and 7). This means that the geotechnical
properties of the fine sediment, investigated by laboratory analyses
on manually collected samples, can be extrapolated, with caution, as
representative of the whole area of the lake.

The interesting cases of two geotechnical properties, inferred in
such a way—infiltration rate and friction angle—are detailed in the fol-

lowing two subsections.

5.4 | Infiltration rate

The grain-size distribution analysis allows estimating the hydraulic
conductivity (k, measured in m/s) of the sediment layer, under the
assumption, described in the above paragraph, that geotechnical
parameters can be taken from a few sampling points and considered
representative of areas covered by indirect geophysical surveys. Since
the methodology also measures the hydraulic gradient (~ average
water depth) and the average sediment layer thickness, a rough esti-
mation of the infiltration rate can be performed using Darcy’s law
(Darcy, 1856).

According to Equation (2), the sediments of Lake Seracchi have
k of the order of 1072 m/s. This result has to be taken qualitatively,
because of the limited number of samples herein considered, and
k depends on several variables of the texture structure, which can be
described by a shape factor (Taylor, 1948). Nevertheless, Clarke
pointed out that similar glacial flour, with fine particles > 35%, has
hydraulic conductivity k < 10~% m/s (Clarke, 2018).

Considering a hydraulic gradient equal to 4 m, sediment layer
thickness = 1.5 m, total area = 10° m?, and k = 1012 m/s, the infil-
tration rate is practically inexistent. Even if, more conservatively, k is
taken equal to 107, the infiltration rate is about 2.7 x 10~% m3/s—
three orders of magnitude lower than the water flow in the lake, esti-
mated to be about 0.6 m®/s in the summer months (Dr Elisabetta
Corte, personal communication). Even if the order of magnitude of
this result is mostly dependent on the rough estimation of k, it is rea-
sonably certain that there is a negligible infiltration rate in Lake
Seracchi.

We stress that the importance of integrating geophysical and
geotechnical techniques relies on the fact that the estimation of the
infiltration rate of the lake is possible only because the GPR and TDR
measurements were able to survey almost all the lake area and detect
spatial differences in the sediment properties. Since the silty-clay layer
is observed to be present all over the lake, and with a consistent thick-
ness, the hydraulic conductivity property—and therefore the infiltra-
tion rate—can be extrapolated with confidence to almost all the lake
area, starting from just a few manually collected samples.

These considerations, applied to the specific case of Lake
Seracchi, depict a situation different from that observed a century ago
by Preller, as mentioned at the second point of his conclusions

(Preller, 1918). He speculated that a great loss of water was ongoing

WILEYL—2

through the very permeable moraines or glacial sediments of the
Rutor basin terraces, while today, at least for the Lake Seracchi area,

the thick sediment layer is almost impermeable.

5.5 | Friction angle

The liquid and plastic limits are properties that deal with the mechani-
cal behavior of the material; thus they are pivotal in modeling failures,
landslides, debris flows, or other risks typical of deglaciated areas or
associated with GLOFs. As for the sediment layer hydraulic conductiv-
ity, also Atterberg’s limits and the derived mechanical properties may
be representative of the wider areas covered by the geophysical
survey.

A valuable contribution by Wu and Kenney extensively discussed
how to estimate the mechanical properties of clays from deposits
found in areas formerly occupied by glacial lakes, focusing on both
petrographic aspects and geotechnical indices (Kenney, 1959; Wu,
1958, 1960). The reported analyses deal with samples from multiple
sites, mostly thick layers of silty-clays similar, for petrographic aspects
and deposition processes, to those of Lake Seracchi. Particularly, they
discussed empirical relationships to link different properties of glacial
lake clays, such as the plasticity index, to very valuable strength prop-
erties, like friction angle. Their study focused on the fact that the fea-
tures of sampled clays and tills depend on the lithology of the rock
formation from which they come, the location in which they are trans-
ported along the glacier, and the mode of deposition. Lithology influ-
ences both grain-size distribution and density of glacial lake clays;
whereas deposition processes in lakes and basins, such as the case of
Lake Seracchi, generally produce over-consolidated sediment. In
Figure 13 an empirical correlation between the plasticity index and
the effective stress friction angle is presented. The two square sym-
bols near Pl = 10, collected by Kenney, show the friction angle of a
glacial till sediment very similar to that of Lake Seracchi. Therefore, it
is expected that the friction angle of Lake Seracchi sediment is about
¢’ = 35°, intended as the effective shear strength angle; this value is
quite high and, as Wu and Kenney suggest, arises from deposition
modes, loading and unloading during freeze periods and mineralogic

types present in the site.

FIGURE 13 Empirical correlation between effective stress
friction angle ¢’ (from triaxial compression tests on normally
consolidated undisturbed clays) and plasticity index (after Holtz
et al., 1981)
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5.6 | Sedimentation in Lake Seracchi

Several techniques were merged into one integrated methodology to
assess the spatial distribution of numerous properties and characteris-
tics of the test site. In the following we discuss the implications and
contributions to the knowledge of Lake Seracchi, to give insights
about the area useful for further local studies, and evaluate the quan-
tity and quality of information that this methodology can provide
when applied to other proglacial lakes.

Glacier flour is produced by the subglacial erosion of the Rutor gla-
cier and sediments on the bottom of the lake, forming a thick imperme-
able layer (>1 m). This silty-clayish layer has geophysical and especially
geoelectrical properties different from coarser sediments. Surveying
those properties all over the lake allows us to deduce that this layer is
distributed all over the lake, even if some exceptions are detected near
the inflows and in the presence of larger rocks. The material has a high
content in fines and, notwithstanding the apparent adhesion when
pulling out the manual sampler, the measured plasticity is low, and also
the liquid limit is low. Probably, the long time of compaction, and the
load-unload cycles due to seasonal variations in water depth, positively
favored a cohesive behavior rather than a plastic behavior.

The sediment distribution and the sediment volume (around
150.000 m®) can bring interesting considerations, looking from a his-
torical point of view: since its formation around 1880, Lake Seracchi
accumulated more than 1000 m? of sediments per year on average,
which corresponds to about 1 cm of added thickness every year. Note
that this refers only to the very fine sediment—silty-clayish, the glacier
flour—because also the deposition of coarser sediments was detected,
near the inflows. A very rough prediction would indicate that in
100 years the areas of the lake shallower than 1 m will be filled by
sediments, reshaping the lake (see Figure 4a) for the 1 m contour
lines). However, the complex process of sedimentation could change
rapidly in response to glacier shrinking and climate variations, and
needs more data and research to be understood. For example, future
research could involve: direct measurements of suspended solids con-
tent in various areas of the lake with a turbidimeter; finite-element
modeling of water flow and sedimentation rate; studies on the quan-
tity of suspended solids that will come from the subglacial erosion,
considering the effects of shrinkage of the glacier, the opening of new
deglaciated zones and the formation of new lakes (which are sediment
sinks) in the upper proglacial areas of the Rutor basin.

In the last summer months, about 0.6 m®/s of water flow in the
lake was measured (Elisabetta Corte, personal communication), which
corresponds to about 0.5 mm/s of average flow velocity in the lake.
This is a very rough estimation based on a simplified geometry, not on
a more developed finite element flow model, so there will be a differ-
ence based on the different zones of the lake. However, it can be
used for a first perspective of the sedimentation rate using the Stokes

equation:

2
—6
20, —p)rg 2% (25-D)x (2x107) x 9.8
9 9x1.5x107°

~9x 10"
S

©)

where the density of the particle is about 2.5 kg/m?, its radius is taken

as 2 x 107®m, as an average of the samples grain-size distribution,

and u is the viscosity of water at 6°C. This result means that, in about
300 m of horizontal water flow at 0.5 mm/s, there is an average sub-
merging of a clay particle of about 5 mm, which is clearly not enough
to reach the bottom of the lake (average = 3.9 m depth). According to
this calculation, it can be supposed that only a small fraction of the
suspended solids remains trapped in the lake, and the greater part
continues its path downstream. This rough estimate, however, does
not consider the possible aggregation of particles, which could
increase their effective diameter and provide faster sedimentation;
therefore, this topic should be further deepened for studies on solid
transport flow. Certainly, sedimentation can occur in summer in zones
of stagnation, and everywhere in winter, when the surface is frozen
and the water flow stops. Future monitoring of turbidity in different
areas of the lake could shed light on the question.

The sedimentation process near the inflow from the glacier repre-
sents another interesting chapter not investigated in this study, which
would require sampling the southeast area of the lake. This area could
be adequate for studying the seasonality of the sedimentation pro-
cess, searching for varve stratification in the sediments, as performed
in several studies (Karlén, 1981; Mihu-Pintilie et al., 2016; Németh
et al., 2014; Zolitschka et al., 2015). In this sense, the test site is excel-
lent because knowledge about its hydrogeological history is relatively
extensive (and, being recent, it is possible to model the seasonal varia-
tions, and their causes, since its birth; Maussion et al., 2021).

Regarding, in particular, the inflow from Lake Santa Margherita,
some insights can be obtained by comparing Figures A4 and A6 in
Appendix A. The first was drawn in 1860 and the second in 1979,
whereas the event that emptied Lake Santa Margherita occurred in
1864. During the flood, almost surely the Lake Seracchi area was still
covered by ice and so no deposition could occur at that time. How-
ever, the progressive retreat of the glacier in those and following
years exposed a deglaciated area in which material of different grain
sizes could be abundant. We speculate that the newly formed channel
connecting Lake Santa Margherita and the new Lake Seracchi (visible
as a small pond in Figure A6) flowed through this deglaciated zone
carrying material of various grain sizes (probably containing the gravel
shown in Figure 12, plus some larger boulders and also finer sedi-

ments). In Figure A6 the deglaciated zone is referred to as “moraine.”

5.7 | Pastand future perspectives

Reading and analyzing the past history of a site is part of a correct
approach or methodology, and some considerations are discussed in
this subsection. Combining past information with the results of the
measurements, some future perspectives on the application of the
methodology, at Lake Seracchi or elsewhere, are suggested.

The history of the lake begins in about 1880, after the retreat of
the Rutor glacier and the great shrinking of Lake Santa Margherita
from the event of 1864. Lake Seracchi has been changing since its
birth, as reported in Figures A1-A8, mostly due to the retreat of the
Rutor glacier and to the solid transport from glacier runoff. Looking at
the history of the Rutor basin, lakes have formed in the terraced mor-
phology of the Rutor basin, due to the glacier retreat, in the positions
of the previous glacier overdeepenings. The formation of new lakes
will be due to the further shrinking of the glacier, predicted by all
glacier-climate models (Carturan et al., 2020; Haeberli et al., 2019;
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Maussion et al., 2019; Oerlemans, 2005), and past research revealed
where new lakes should be situated (Viani et al., 2020). Because of
future changes, solid transport towards Lake Seracchi may also
change, mainly for two reasons (Comiti et al., 2019; Lane et al., 2017).
First, the glacier retreat can expose zones with soft subglacial sedi-
ments, which will be rapidly eroded by the water drainage system and
carried into Lake Seracchi, increasing the solid transport towards
it. Instead, a second ongoing phenomenon—the formation of new
lakes in the upper basin that discharge water into Lake Seracchi (Viani
et al., 2020)—will represent potential sediment sinks (Karlén, 1981).
They will store the fine glacial flour coming from the glacier, releasing
more transparent water into Lake Seracchi. The sedimentation pro-
cess, which, in 140 years, accumulated about 150,000 m® of sedi-
ments, could be decreased or stopped. Also, the clearer waters will
allow vegetation to develop, and the sediment layer should store this
information because it would accumulate organic matter.

Future field measurements can contribute to a more comprehen-
sive view of sediment distribution, its characteristics, and its temporal
evolution. The water turbidity could be measured directly on site, in
different zones of the lake, to better understand the solid transport
and the sedimentation process. Temperature and turbidity of glacier
meltwaters can be measured together, since they may vary consider-
ably on seasonal and diurnal timescales, resulting in complex patterns
of underflow, interflow, and overflow in glacier-fed lakes (Filella et al.,
2009; Irwin & Pickrill, 1982). Joint measurements of flow rate and tur-
bidity will make it possible to evaluate the sedimentation history of
the lake, thanks to the map of the current sediment thickness pro-
duced in this paper. Measurements of the glacier activity, such as the
mass balance and snow water equivalent (Godio & Rege, 2016), or
glacier retreat modeling (Viani et al., 2020), can enhance the compre-
hension of the dependence of Lake Seracchi on the Rutor glacier.
Repeating the GPR survey after some years can prove the increase in
sediment thickness, as performed in a previous study (Mihu-Pintilie
et al., 2016). In future research, it would be interesting also to study
the seasonality of the sedimentation process in Lake Seracchi, due to
variations of water depth during the year (see Figure 5) and winter
freezing. Unfortunately, the main evidence to show seasonality in a
lake sedimentation process—that is, the observation of varves, a term
used to describe the stratification of a coarser and a finer sediment
layer—was not observed in our samples. Probably, this is because both
were collected very far from the main inflow from the glacier, so the
coarser sediments could not reach those locations, even with the
greater kinetic energy due to higher water flow during the summer. A
sediment-sampling campaign near the inflow from the glacier would
be welcomed to answer this research question. Other geotechnical
properties interesting to investigate would be the undrained cohesion
by vane test, the compaction by penetrometer tests, and the correla-
tion between in situ and laboratory parameters. Also, evaluating the
angle of contact will help in understanding the great cohesion of the
sampled sediments—a property independent from the other mechani-
cal parameters. The use of drones for investigating inaccessible
proglacial lakes would also be an interesting research follow-up and
the Rutor basin could be an adequate test site, due to the formation
of new lakes in the upper part of the proglacial zone, with high and
dangerous water flow, which discourages boat-based surveys.

A notable field of study for proglacial lakes is also regional-scale

modeling, for which this methodology could be applied. Regional-scale
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studies about proglacial lakes do exist, such as Lehmann et al. (2018),
which investigated the different colors of more than 1000 proglacial
lakes in New Zealand from satellite imagery, to understand the time
variations in glacier flour inflow. This and other models could be con-
firmed or enhanced by ground-based surveys such as the one pres-
ented in this paper. Those regional-scale studies (Rose et al., 2014), or
comparative studies (Bogen et al., 2015), on sedimentation in
proglacial lakes are important and valuable, but complex, and intro-
duce several simplifications. This methodology has to be adapted to
every specific site; for example, for the nearby Lake Santa Margherita
the GPR results were not able to penetrate the whole layer of sedi-
ments. The main reason is that the factors influencing the sedimenta-
tion process are many: they span from the hydraulic characteristics of
the lake to the petrography of the suspended solids; other factors are
seasonality, sudden events, and anthropogenic impacts. All of these
factors are strictly linked to the shrinkage of glaciers and the widening
of the proglacial zone—strongly site-specific phenomena which
depend on predictions based on an uncertain climate future.

6 | CONCLUSIONS

Lake Seracchi is a proglacial lake formed 140 years ago in an over-
deepening of the retreating Rutor glacier. In July 2021, it had a depth of
almost 11 m and an average depth of 3.9 m, covering an area of about
95,000 m2. The subglacial erosion of the Rutor glacier was observed to
produce silty-clayish glacier flour, which accumulated on the bottom of
the lake, year after year, reaching an average thickness of 1.6 m, which
was higher near the glacier inflows. We speculate that the future sedi-
ment transport in Lake Seracchi could change in the future mainly
because of two interesting processes. On one hand, glacier retreat will
expose soft sediments which will rapidly flow downstream, possibly
increasing the sediment transport in the basin. On the other hand, the
formation of new lakes in place of overdeepenings of the glacier
upstream, compared to Lake Seracchi, could decrease the sediment car-
ried to Lake Seracchi, because the new lakes will act as sediment sinks.
The methodology proposed was effective in identifying the fine
sediment accumulated on the bottom of the test site—the proglacial
Lake Seracchi—and evaluating its thickness and spatial distribution.
Different kinds of sediment, with different granulometry, were identi-
fied by direct sampling and indirect geophysical surveys, using GPR
and TDR. GPR managed to map the bathymetry of Lake Seracchi, pro-
viding a clear view of the water-bottom interface. Its main advantage,
compared to other techniques, was the ability to detect also a second
interface, useful to estimate the sediment layer thickness. TDR point
measurements on the lake bottom estimated its electrical conductivity
and dielectric permittivity, the latter being correlated with the electro-
magnetic wave velocity in the sediment. This was a necessary step to
convert the GPR travel times to the actual sediment layer thickness.
Jointly with the geophysical surveys, manual sampling was carried out
and the main geotechnical properties were analyzed in the lab to
determine grain-size distribution and Atterberg’s limits. These are
properties necessary to confirm the geophysical survey and to assess
the sedimentation state of the lake and its past and future processes.
The strength of the joint geotechnical-geophysical methodology is
the capability to extend the geotechnical information, collected in a

few points, to all those areas that share with the sampling points some
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key geophysical properties, such as electrical conductivity. This allows
for faster and wider surveys, and also extends the applicability of
proglacial lake sedimentation studies to remote areas difficult or oner-
ous to sample. The Lake Seracchi study site was used to validate the
proposed methodology and represented also a very interesting test
site deserving of further study.

A limitation of the methodology, observed at the test site, is that
GPR signal dispersion and attenuation at water depths greater than 6-
7 m prevented detection of the sediment layer and, in those areas, the
second interface was lost. To increase the investigation depth slightly, a
lower-frequency antenna could be used—for example, 70 MHz—at the
expense of resolution. Also, other geophysical techniques could be
employed, such as electrical resistivity tomography or soundings that
make use of mechanical and not electromagnetic waves, which could
reach greater depths. Another limitation of the methodology may be
the choice of sampling locations; for example, in the test survey, no
samples were taken near the inflows from the glacier, and this limits the
interpretation of the results. This kind of choice is strongly dependent
on site and research objective. Possible extensions of the methodology
mainly deal with the addition of direct measurements of solid transport
flow or logistics-related innovations such as the use of drones.

This methodology is ready to be tested at other sites, but will
require proper tuning in terms of geophysical instruments and choice
of sampling locations, according to the specific conditions of the site
and the goal of the research. Additionally, the dataset collected during
the field test will enable future research to model the solid transport
flow and predict the forthcoming changes in the interconnected land-
forms of the Rutor basin, as well as comparative studies with other
proglacial lakes. The methodology could also help build regional-scale
models, which need wide areas of ground-proof data.
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APPENDIX A

HISTORICAL CARTOGRAPHY AND PHOTOGRAPHY OF LAKE
SERACCHI AND A PERSPECTIVE OF THE AUTHORS ABOUT ITS
SEDIMENTATION HISTORY
In this appendix, we collected interesting (especially historical) mate-
rial regarding the study site, with the hope of being useful for the
interested reader.

Since the 1910s, the proglacial environment has attracted interna-
tional interest from geoscientists after the definition of “periglacial zone”
by tozinzki (French & Harbor, 2013). However, scientific literature about

proglacial areas dates back to an earlier time: since 1860, after the glacier
retreat from the maximum extension of the LIA, such interest has grown,
focusing especially on geology and biology, and sometimes the interest
was driven by glaciological associations or local administrations (Baretti,
1880; Carrel, 1867; Monti, 1906). This is the case for the Rutor glacier
basin and its proglacial lakes, which are very rich in historical documenta-
tion and cartography, reported in Figures A1-A8.

APPENDIX B.

OTHER SUPPORTING FIGURES AND TABLES

FIGURE A1 Chartography of Rutor basin in 1860 (Baretti, 1880). Lago del Rutor (= Lake Santa Margherita) fills the valley, blocked by the
Rutor glacier, and discharges its water directly into Lac du Glacier, 250 m below. Lake Seracchi does not exist yet

FIGURE A2 Painting of Lake
Santa Margherita in summer
1862 by Favre (1867). The
current Lake Seracchi is
completely covered by the thick
ice of the Rutor glacier
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FIGURE A3 Chartography of Rutor basin in 1879 (Baretti, 1880). After the emptying of Lake Santa Margherita in 1864, the emissary flow
completely changed its path, no longer going towards Lac du Glacier. A small pond, the future Lake Seracchi, begins to form at the glacier tongue

FIGURE A4 Photograph of
Lake Seracchi (on the right side)
in 1886 by Casanova

(Sacco, 1917). Lake Seracchi
occupies an area that nowadays is
emerged (Sacco, 1917), and it is
still mostly covered by ice. The
marginal lake on the left is a small
remaining of the old Lake Santa
Margherita, still blocked by
moraine and the glacier. The main
part of Lake Santa Margherita is
further upstream (not visible in
the photo)
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FIGURE A5 Chartography of Rutor basin in 1906 (Monti, 1906). Lake Seracchi (= L. des Séracs) is still directly connected to the lowest part
of the Rutor glacier. Its ecosystem is not yet developed, except for simple bacteria, diatoms, and snow algae (Monti, 1929). (L. du Ruitor = Lake
Santa Margherita)
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FIGURE A6 Photograph of
Lake Seracchi (on the right side)
in 1909 by Brocherel; it has a
shape quite similar to the current
one, but the Rutor glacier is still
projecting into the lake

(Sacco, 1917)

FIGURE A7 Chartography of Rutor basin in 1916 (Sacco, 1917). Lake Seracchi has a more familiar shape also in this map, but part of it is still
covered by the glacier. By zooming in on the image, it is possible to explore Sacco’s reconstruction of the area variations of Rutor glacier from
1820 to 1916
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FIGURE A8 A recent reconstruction of the deglaciation process of Rutor glacier reveals the complete formation timeline of Lake Seracchi. In
the center of the picture, “Lac Des Seracs” is the French name of Lake Seracchi. Adapted from Villa et al. (2007) with permission
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FIGURE B1 Aerial view of
the glacier and proglacial zone.
Photo by nimbus.it (September
15, 2012) (Nimbus, Societa
Metereologica Italiana, 2012)

FIGURE B2 Theinflatable boat carrying the
GPR system. All components are ruggedized and
protected from water splashes
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TABLE B1 Results from TDR measurements. In red, the measurements on coarse sediment. In bold, a probable outlier due to measurement

inaccuracies

Name
21
22
23
24
25
26
27
28
29
30
31
33
34
37
38
40
41
42
43
44
46
47
48
49
50
51
52
53

CMT
10-JUL-21 11:14:04
10-JUL-21 11:15:25
10-JUL-21 11:17:18
10-JUL-21 11:18:48
10-JUL-21 11:20:44
10-JUL-21 11:22:23
10-JUL-21 11:23:35
10-JUL-21 11:24:32
10-JUL-21 11:25:33
10-JUL-21 11:27:41
10-JUL-21 11:28:51
10-JUL-21 11:33:46
10-JUL-21 11:35:21
10-JUL-21 11:40:07
10-JUL-21 11:41:07
10-JUL-21 11:44:56
10-JUL-21 11:46:39
10-JUL-21 11:47:49
10-JUL-21 11:49:22
10-JUL-21 11:49:59
10-JUL-21 11:55:17
10-JUL-21 11:56:40
10-JUL-21 11:57:43
10-JUL-21 11:59:52
29-0CT-21
29-0CT-21
29-0CT-21
29-0CT-21

UTM_zone
32
32
32
32
32
32
32
32
32
32
32
32
32
32
32
32
32
32
32
32
32
32
32
32
32
32
32
32

UTM_east
342591.8
342620
342657.9
342684.6
342704.8
342733.2
342735.9
342756.2
342742.7
342714.2
342694.2
342653
342625.2
342631.7
342,644
342730.7
342723.1
342706.6
342693.3
342689
342635.8
342607.4
342597.5
342587.3
342385.6
342351.9
342543
342537.8

UTM_north
5059269
5059255
5059261
5059258
5059250
5059249
5059218
5059207
5059239
5059198
5059206
5059195
5059210
5059159
5059137
5059153
5059114
5059116
5059112
5059112
5059102
5059085
5059098
5059073
5059292
5059285
5059281
5059267

Permittivity
37
51
41
39
39
41
38
38
38
37
37
36
36
88
33
34
35
33
30
33
29
29
32
31
34
34
25
28

Conductivity (S/m)
0.0034
0.0034
0.0047
0.0047
0.0051
0.0038
0.0049
0.0053
0.005
0.0047
0.0051
0.0042
0.0047
0.0035
0.0037
0.0042
0.005
0.0025
0.0019
0.0051
0.0033
0.002
0.0015
0.0045
0.0045
0.0041
0.001
0.0035
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