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Abstract

To investigate the subsurface characteristics and processes of glacial moraine dams, electrical
resistivity tomography (ERT) was integrated with electrical self-potential (SP) to investigate
the structure of, and hydrological processes within, a moraine-dam complex at the Miage
glacier, Italy. Differential GPS (dGPS) was used to provide a 3-D location for each of the
survey points and to create a digital elevation model (DEM) to aid the interpretation of the SP
signal measured at the ground surface. ERT data revealed a continuous free surface within
the complex; the morphology reflects the topography of the moraine complex akin to
unconfined groundwater aquifers. SP data were corrected for spatial changes in the thickness
of the upper unsaturated layer using principles of electrography. The residual streaming-
potential map is consistent with Darcian flow of lake waters through the moraine complex.
These electrical signatures are consistent with those generated by water seepage through earth
dams in various non-glacial settings.

Background

The work reported here formed part of a NERC-funded PhD project, focusing on the
formation and evolution of potentially hazardous moraine dammed lakes. During periods of
climatic warming, downwasting debris-covered glaciers experience a series of dynamical
changes which all encourage retention of glacial meltwater, and the formation moraine-
dammed lakes. Such lakes can drain catastrophically if the moraine dam is breached, but
current understanding of the longer term stability of moraine dams is limited. To better
understand the subsurface characteristic and processes of a moraine dam a combination of
ERT and SP surveys were carried out over the central moraine complex of the Miage glacial
lake, Italy (Fig. 1). The Miage glacial lake has been characterised by a series of drainage and
re-filling episodes since the mid-18" century (Diolaiuti et al., 2005), at least 15 events were
identified between 1930 and 1990 (Deline et al., 2004). The most recent of the drainage
events occurred in September 2004 when 80% of the lake volume was lost in less than 72
hours. Prior to the drainage in 2004 all four lake basins were connected, forming a single
lake, since 2005 lake levels have re-stabilised at a lower level. A central moraine complex
now separates the ice contact basin 1 from basins 2 and 3 (Fig. 2). At the time of
investigation, basins 1, 2 and 3 were all predominantly glacier-fed, via glacial meltwater and
ice calving input into basin 1. Initial visual inspection of the lakes revealed the visible
suspended-sediment concentration of lake-basin 1 to be markedly higher than that in basins
2-3 (Fig. 2). The lack of aerial inflow into basins 2-3, implied that inflow occurred via
seepage through the central moraine. Basin 4 appeared to be hydraulically isolated from the
glacial system and supplied solely by precipitation (Massetti et al., 2009).
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The fieldwork involving the DGPS equipment had two main objectives:

1. To provide point elevations to be used in the construction of a digital elevation model
(DEM) of the Miage lake central moraine complex.
2. To record the 3-D position of all ERT and SP survey point locations.
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Fig. 1: (a) The location of the Miage Glacier and glacial lake, Italy. (b) The Miage glacial lake and
surrounding topography. Covers the area enclosed within the rectangle of (a). Coordinates: WGS84 UTM
Zone 32N.

Survey Procedure

All DGPS data was collected using the NERC GEF Leica GX1230 dGPS system with a fixed
base station and rover. All ERT and SP survey point locations collected in static mode and
the point elevations for DEM construction collected in kinematic mode, with points taken at 2
m intervals (Fig. 3). Post processing employed the Leica Geo Office software, and was
relative to a base station located in a fixed position (45.778N 6.87E) on the central moraine
complex (location Fig. 3). For every point a standard deviation was recorded for each of the
location parameters (x, y, z). The standard deviation of each point in the static surveys was
observed in real-time and the point re-measured if any of the three values were above the
prescribed 5% threshold of error. The same procedure was applied to the kinematic surveys
after data collection, with points above the error threshold removed.
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Fig. 2:Bas1ns , 2, and 3 of the Miag glacialhlake, August 2010. The image shows the visual difference in
water colour between basins 1 and 2-3. The difference was interpreted as a difference in suspended sediment
content. Dashed black arrows depict the suggested inferred flow direction from basin 1 to basins 2-3.
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Fig. 3: The Miage central moraine complex, separating basin 1 from basins
2-3. Profiles 1-8 were the location of both ERT and SP surveys and SP grids
1 and 2 solely SP surveys. The location of the dGPS base station is
illustrated. Coordinates: WGS84 UTM Zone 32N.

Data Quality

The Leica system has an accuracy of +1 cm in the horizontal (x, y) and £2 c¢cm in the vertical
(z) (Leica Geosystems). The site has significant topography on all side which does reduce the
GPS field of view, but care was taken to ensure good satellite connection, with a minimum of
8 satellites. The base station was located at a high point towards the centre of the site, but all
data were post processed to avoid any problems relating to loss of base station-rover
connection in real time mode. Adverse weather conditions can also impact upon satellite
connection, and data collection was avoided during poor weather conditions. A sample of
points collected is shown in Table 1. The site has significant topography on all side which
does reduce the GPS field of view, but care was taken to ensure good satellite connection.
Accuracy of the survey location points and the data collected for DEM construction is good,
similar to the accuracy of the system. Greater uncertainty exists in the accuracy of the lake
area mapping. Steep, unstable ground in the vicinity of the lake shores of basins 1 and 2-3
prevented consistent measurement at the perimeter, reducing data accuracy to approximately
+0.5 m. All the data points were collected in latitude and longitude but were converted to
WGS84 UTM Zone 32N in ARCGIS 9.10.
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Point Id Latitude (N) Longitude (E) Elevation STD Lat STD Long STDEI
RES001 4546 42.909323 6 52 13.846897 2064.6478 2.334 2.0602 3.4445
RES002 4546 42.970956 652 14.063653 2065.5404  2.2189 1.826 3.0853
RES003 4546 43.020686 652 14.285937 2065.957 1.6382 1.7251 3.0847
RES004 4546 43.089001 6 52 14.504997 2065.784 1.6374 1.722 3.0847
RES005 4546 43.155493 652 14.710805 2064.7957 1.6277 1.7098 3.0674
RES006 4546 43.232800 652 14.918067 2064.1133 1.6243 1.704 3.0619
RES007 4546 43.330372 652 15.098018 2063.4379  2.2639 1.8472 3.1157
RES008 4546 43.396958 652 15.314258 2062.6205  2.1877 1.7864 3.0106
RES009 4546 43.450783 652 15.518506 2063.4918 2.169 1.7723 2.9847
RESO010 4546 43.514765 652 15.708001 2064.2073 1.6076 1.6342 2.934

Table 1: Example data points, taken from ERT profile 1.

Processing and modeling

The dGPS data collected in kinematic mode over the central moraine complex (Fig. 4) was
interpolated using the topo to raster technique (ARCGIS 10), to a DEM of 2 m resolution. A
subset of the dGPS points was held back from the interpolation to allow assessment of the
accuracy of the final DEM (Fig. 4). A number of different interpolation techniques were
tested but the topo to raster approach was found to perform best. When compared with the
subset of points (mean error = 0.49 m with a standard deviation of 0.19), the interpolated
DEM has an overall data uncertainty of approximately +0.5 m.
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Fig. 4: Post processed dGPS points (after the removal of error) used to interpolate a DEM of the
central moraine complex. The red points were retained from the inversion to allow the assessment
of the interpolation technique and reliability of the final DEM. The black outline was used as a
boundary for the DEM.

Primary findings

The 3-D position of each ERT survey point location was used to provide topography
information for the resistivity inversions. This significantly improved the accuracy and
interpretation of the final resistivity profiles (Fig. 5). The inverted ERT data are spatially
consistent throughout the study area and are characterised by a higher-resistivity layer (>> 4
k Q m) overlying a layer of markedly lower resistivity (< 1 k QQ m) (Fig. 5). These values are
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entirely consistent with those expected for unsaturated and saturated morainic material
(Reynolds, 2011, p291). The undulating interface between the unsaturated and saturated
layers is spatially continuous across the entire moraine complex. The undulations of this
interface mimic the ground-surface relief, but are generally smoother and less pronounced
(Fig. 5). As such they are consistent with the free surface of an unconfined groundwater
aquifer that tracks the surface topography as a result of capillary forces (Fitts, 2002). Work
by Massetti et al. (2009) and the difference in sediment concentrations shown in Fig. 2, infer
the presence of an efficient hydraulic link through the moraine complex. This allows the
downstream basins 2-3 to respond rapidly to any glacier-melt and ice calving derived
recharge of the upstream basin 1 (Figs. 2; 3). The saturated layer within the moraine complex
connecting these basins is likely subject to discharge akin to a groundwater aquifer. Areas of
buried ice were not detected in the central moraine complex, suggesting that the presence of
any glacial ice in the past (Deline, et al., 2004; Masetti et al., 2009) has now melted beyond
the maximum depth of the ERT profiles (~ 40 m).
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Fig. 5: Inverted ERT profiles for all eight 2-D survey lines plotted in a 3-D grid, each profile is
labelled. The distinctive two layer resistivity pattern is visible across all profiles. Coordinates:
WGS84 UTM Zone 32N.

The DEM of the central moraine complex (Fig. 6b) was used to calculate the SP signal due to
topography (Fig. 6¢) and remove it from the drift correct SP data measured at the surface
(Fig. 6a). The topographic effect was introduced by the variable thicknesses of the
unsaturated layer across the survey area, and calculated using the theory of electrography
(Revil et al., 2003). The residual streaming-potential map (Fig. 6d) reflects bulk subsurface
water seepage from the ice-proximal basin 1 to the ice-distal basins 2-3 (Fig. 2). In terms of
streaming potential magnitude and upstream-downstream polarity change (from < - 30 mV to
>>+ 70 mV) this is consistent with water seepage through earth dams in various non-glacial
settings (Boleve et al., 2009)). The inferred pattern of residual streaming potential change is
spatially non-uniform, with an absence of a graduated pattern of high positive to high
negative values (in the direction of basins 2-3) along the length of the moraine. Some regions
of negative polarity appear closer to basin 2, relative to the surrounding areas of positive
polarity (Fig. 6d). This non-uniformity may indicate spatial variability in subsurface water-
flow patterns, which could intuitively be expected given the complex geometrical
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arrangement of the central moraine complex (Figs. 3; 6b). Unfortunately areal coverage of
the data is too sparse to allow reliable conclusions to be drawn without over-interpretation of
the map.
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Fig. 6: (a) The drift corrected SP signal, interpolated over the central moraine complex. Overall the
higher positive signal anomalies are found in higher elevation areas and the low signal anomalies in the
low elevation areas around the lake perimeters (see b). (b) Elevation of the central moraine complex.
Created from over 7000 GPS points taken during the field season (points with an elevation standard
deviation of > 5% were removed) and interpolated. (c) The topography related bias for the study area,
calculated using the theory of electrography (Revil et al., 2003). (d) The topography-corrected map of
electrical streaming potentials across the study area. Lower negative SP signals are found towards the
basin 1 side of the moraine complex, close to the perimeter, with higher positive SP values located in the
half towards basins 2-3, implying flow from basin 1 to basins 2-3. The two circled regions highlight
spatial non-uniformity, areas of negative polarity closer to basins 2-3.

Conclusions and recommendations

The ERT and SP surveys carried out at the Miage glacial lake successfully imaged the
subsurface of the central moraine complex which currently separates basin 1 from basins 2-3.
ERT results illustrate a two layer structure of unsaturated moraine overlaying saturated
moraine, with the interface identified as the water table (Fig. 5). The water table reflects the
surface topography and resembles the free surface of an unconfined groundwater aquifer. The
topographically corrected SP data illustrate a significant hydraulic potential across the
moraine, with bulk subsurface water seepage from basin 1 to basins 2-3. Monitoring of the
different lake levels in each basin over the period of study also illustrates flow from basin 1
to basins 2-3. The efficient seepage detected through the moraine, can provide valuable
insight into processes occurring at fully formed moraine-dammed glacial lakes. In locations
where the moraine dam is narrow and ice degradation occurs, efficient seepage, similar to
that detected here, is likely to develop.
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