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Guide lines for monitoring

GPR
Ground Penetrating Radar

Definition

GPR (Ground penetrating radar) has been a standard procedure for investigating thicknesses and
internal structures of glaciers since the 1970s (e.g. Arcone et al., 1995), despite the principles of the
method already being put to use long before by Stern (1930). The exploration of permafrost also sees
the application of GPR (e.g. Arcone et al., 1998; Berthling et al., 2003, Maurer & Hauck 2007,
Mooreman et al. 2007).

The internal structure of rock glaciers has been studied by GPR since 1982 using centre frequencies
between 50 and 300 MHz (Haeberli et al., 1982; Haeberli, 1985; King et al., 1987; Vonder Miuhll,
1993). Penetration depths up to 40 m were obtained recently at rock glaciers using centre
frequencies of 35 - 50 MHz (e.g. Berthling et al., 2000, 2003; Isaksen et al., 2000; Degenhardt, 2002;
Degenhardt et al., 2003; Maurer and Hauck, 2007; Hausmann et al. 2007).

At Olgruben rock glacier (Otztal Alps) higher penetration depths (up to 70 m) were achieved with a
centre frequency of 15 MHz (Krainer, unpublished data).

Method

The basic principle of GPR is the transmission of a short electromagnetic pulse, with a specified
frequency, down into the ground and the recording of reflected energy as a function of time,
amplitude and phase. The specified central frequency is controlled by the transmitter and receiver
antennae length.

The propagation of the electromagnetic waves is determined by material properties such as the
electric permittivity, the electric conductivity and the magnetic permeability. If the electromagnetic
wave velocity of the subsurface material is known the observed travel times to a reflector can be
converted to depth.

The dielectric constant of earth materials usually varies from 1 (air) to 80 (water) representing wave
velocities of 0.3m/ns (air) and 0.03m/ns (water). For subsurface materials in glacial and periglacial
environment values of 0.09-0.11 (moraine), 0.10-0.14 (loose debris), 0.11-0.13 (granite) and 0.16 —
0.17 (glacier ice) are found (Davies and Annan 1989, Span et al. 2005, Hauck and Kneisel 2008).
Typical values for the mean wave velocity of the ice-rich permafrost of rock glaciers range between
0.14 and 0.15 m/ns (Schméller and Fruhwirth, 1996; Wale, 1999; Isaksen et al., 2000; Lehmann and
Green, 2000; Berthling et al., 2003; Hausmann et al. 2007). Degenhardt and Giardino (2003)
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produced a different value (0.12 m/ns). Best results are achieved when GPR measurements are
combined with other geophysical methods such as seismics or gravimetry (e.g. Hausmann et al.
2007).

Survey Design

The design of GPR measurements should include the following information:
- Antenna type and centre frequency
- Antenna spacing (distance between transmitter and receiver)
- Orientation of antennas with respect to the profile
- Measuring mode (point, continuous)
- Recording parameters (range, filter, etc.)
- Measuring conditions (on snow pack in winter or during summer)
- Determination of electromagnetic wave velocity (CMP, diffraction hyperbolae)

Since rock glaciers are usually located close to steep rock walls shielded antennae would be preferred
to suppress wave events. For active layer studies on rock glaciers shielded 200 MHz antenna are
suggested whereas for studies focusing on the (internal) structure of rock glacier multiple low
frequency antennae with 35 MHz (depth <= 30 m) or 15 MHz (depth > 30 m) are recommended
(Hausmann, pers. comm.). For the latter one air wave events might be recorded which are
characterized by velocities of 0.3 m/ns (point source) or 0.15 m/ns (linear event). To maximize target
coupling antennas should be separated by a distance of 20% of the target depth (Annan, 2001).

Due to operational logistics an antenna spacing of 4 m was found to be optimum for a 40 MHz
antenna. For application on rock glaciers antennas oriented perpendicular to the profile direction are
favored. Measurements with orthogonal antenna configuration could provide additional information
on the internal structures (e.g. direction of crevasses). In general only the point modus (vertical
stacking >= 64) can be applied due to the steep and rough terrain of the rock glaciers.

The spatial sample interval is closely linked to the central operating frequency and the dielectric
properties of the subsurface (Annan, 2001). In order to assure the ground response is not aliased the
Nyquist frequency should not be exceeded. Thus for ice-rich permafrost (dielectric constant ~4) the
spatial sample interval has to be at least 1.1 m for a 35 MHz and 2.5 m for a 15 MHz antenna. The
temporal sample interval is also controlled by the Nyquist sampling concept and should be at most
half the period of the highest frequency signal in the record. Thus the maximum sample interval is
4.76 ns for a 35 MHz antenna.

The range defines the time window in nanoseconds (ns) that will record reflections from a single
pulse and should be specified according to the exploration depth and the wave velocity of the
subsurface material. For example the specified ranges for two subsurfaces (30 m thick) have to be at
least 780 ns for a moraine (v=0.1 m/ns) and 465 ns for a glacier (v=0.168 m/ns). If the record is
filtered during the survey the operator has to ensure that the received frequency from the
subsurface is not affected by the filter setting. As an example: If we expect a frequency response
between 20 and 50 MHz the filter has to be defined by 5 MHz (high pass) and 150 MHz (low pass).

GPR surveys on rock glaciers are best conducted during winter or in early spring when a thick snow
cover has build up. This cold weather conditions reduce signal attenuations from the active layer. The
field design commonly includes longitudinal profiles measured along the axis of a rock glacier and
transverse profiles measured perpendicular to the flow direction of the rock glacier. For the time to
depth conversion as well as to interpret the subsurface by its physical properties information on the
(mean) subsurface wave velocity is required. This data is either provided by the observation of
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diffraction hyperbolas or by Common Midpoint Measurements (CMP). The CMP method is used to
obtain an estimate of the signal velocity versus depth by varying the antenna spacing at a fixed
location.
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Fig. 1 and 2: GPR measurements on rock glaciers.
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