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Abstract—Ground-penetrating radar (GPR) and mag-
netic resonance tomography (MRT) are used for aquifer
architecture mapping and characterisation. We combine
both techniques on a hydrogeophysical test site with
glacigenic and periglacial deposits that show distinct lat-
eral variability. A pseudo 3D GPR investigation provides
the architecture on a large area and, e.g., the topography
of a till layer, which acts as an aquitard. We use this
structural information as constraint for the 2D MRT data
inversion to overcome the limited spatial resolution of the
method. Inversion results show that the imaging of water
content and relaxation time, which is related to pore-size
distribution, is improved using a mesh including the GPR
reflections and by applying a sharp boundary constraint at
the GPR reflectors. Some anomalies remain in the inverted
relaxation times that are probably caused by 3D effects of
the till topography as mapped by GPR.

Index Terms—ground-penetrating radar (GPR), mag-
netic resonance tomography (MRT), hydrogeophysics, in-
version, structural constraints

I. INTRODUCTION

Ground-penetrating radar (GPR) is widely used
for hydrogeophysical investigation and provides high-
resolution insight into subsurface structures, especially
in low-loss media as, e.g., coarse grained (glacio-)fluvial
sediments [1]–[3]. It further provides information on
groundwater table and silt and clay layers that may
strongly effect groundwater flow [4]. Due to the rela-
tion of water content and EM wave velocity, GPR can
also be used to image the water content distribution in
the subsurface [5], [6]. However, its capability to get

information on bulk hydraulic conductivity is limited
as the relation between frequency-dependent attenuation
and pore-size distribution is complex and depends on a
variety of further properties as clay mineralogy, cation
exchange capacity and organic content etc. [7].

For this purpose, magnetic resonance tomography
(MRT) shows high potential. While the amplitude of the
magnetic resonance signal is linked to the mobile water
content, the relaxation time of the detected exponentially
decaying signal depends on the water environment, e.g.,
the size of the water filled pores. Several equations exist
to predict hydraulic conductivities from these properties,
e.g., [8] for sandstone and [9] for unconsolidated sedi-
ments. However, the spatial resolution of MRT is limited
[10], [11].

In this work, we combine both techniques and use the
structural information from GPR as constraints for the
MRT signal inversion.

II. STUDY AREA

The hydrogeophysical test site Schillerslage, located
northeast of Hannover (Germany), was selected because
of the well-known geological conditions and the low
electromagnetic noise level. The Quaternary geology
is characterised by a succession of till, coarse-grained
sandy to gravelly meltwater deposits, peat and well-
sorted medium to fine-grained aeolian sand. The area
had been subject to a wide range of geophysical surveys
including GPR, MRT, ERT, transient electromagnetics
and seismics. This work is focused on a W-E profile,



Fig. 1. Aerial view of the test site showing the grid of GPR
measurements (white), ERT and 2D MRT profile (blue), location of
drillings (yellow and orange dots) and GPR-CMP soundings (red
dots).

where GPR, ERT and MRT data were available as well
as a couple of drillings (Fig. 1).

The Quaternary succession is about 22 m thick and
unconformably overlies upper Cretaceous bedrock. The
lowermost succession consists of 6 m thick meltwater
sand and gravel, which is probably Middle Pleistocene
(Elsterian) in age and represents the lower aquifer in
the study area. These meltwater deposits are overlain
by a basal till, 5–7 m thick. The upper surface of the
till is characterised by an irregular topography (Fig. 2),
which is filled with normally graded and cross-stratified
meltwater sand and gravel. These meltwater deposits
form the lower part of the upper aquifer in the study
area. Upsection, a 6–10 cm thick sandy silt bed erosively
overlies the meltwater deposits. This thin, erosive-based
bed partly contains pebble to cobble gravel and can be
traced in the whole study area. This unit may represent
the remnant of a younger Middle Pleistocene (Saalian)
till. The uppermost deposits consists of cross-stratified,
well-sorted, medium-grained sand that is probably aeo-
lian in origin. These deposits frequently contain organic
material as e.g. peat layers and may be late Weichselian
to Holocene in age.

III. GPR INVESTIGATION

GPR constant offset (CO) measurement were carried
out using a GSSI SIR 4000 system with 80 MHz un-

shielded and 200 and 400 MHz shielded antennas along
a gravel road running from W to E, which was used as
reference profile (red line in Fig. 1). The investigation
was then extended into the forest on a regular grid with
10 m line distance covering an area of 250 m × 150 m.
Due to dense vegetation and obstacles on the surface,
a 100 MHz rough terrain antenna (Mala Geosciences)
was used for this pseudo 3D grid. Profile coordinates
were marked by ranging poles and the distance along the
profiles was recorded by a hip chain. Data processing
comprised time-zero correction, dewow and bandpass
filtering, migration and time-depth conversion. Wave
velocity used for processing was determined by common
mid point (CMP) soundings at three locations (see Fig.
1) and an averaged model was used with velocities
ranging from 0.125 m/ns at the surface to 0.065 m/ns
below groundwater table. These values are typical for
near-surface sandy sediments [4] and correspond to
porosity/water content of ≈35% for the saturated sand
and ≈8% in the vadose zone when using the CRIM
formula [12]. The groundwater table was at 2.8 m below
ground surface at the time the GPR data had been col-
lected. Finally, the data were topographically corrected
by use of a high-resolution elevation model from laser
interferometry, which has a vertical resolution of 20 cm
on a 1 m × 1 m grid.

Figure 2 shows a 80 MHz radar section on the refer-
ence profile along which several auger and core drillings
are located. This enabled assigning GPR reflections to
sedimentological bounding surfaces and to evaluate the
results of joint GPR and MRT investigation by lab
analyses of the cores. The basal Elsterian till causes
a distinct GPR reflection and its morphology can be
mapped along the profile showing depressions of up to
8 m. Due to the high loss caused by the clay minerals
in the till matrix, GPR cannot penetrate this layer and
provides no information below the till bed. Partly, the
depressions of the upper Elsterian till surface are filled
with meltwater sand and gravel. The bounding surface
between the gravel and the overlying sandy sediments
causes GPR reflections (e.g. from profile meter 105–
140 m at ≈10 m depth). The thin pebbly to cobbly
silt bed, which unconformably overlies the meltwater
deposits, can be traced as a continuous, sub-horizontal
reflector at ≈4 m depth, which slightly dips eastwards.
This bed probably represents the remnant of a younger
Saalian till. The aeolian sediments above show eastward-
dipping clinoforms. Subhorizontal reflectors within and
above the aeaolian deposits are probably caused by the
groundwater table and peat layers or paleosoils, which
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Fig. 2. 80 MHz GPR section and main lithological units defined in drillings (green: sand, blue: gravel/sand mixture, red: till and Cretaceous
bedrock).

Fig. 3. 3D Modell of basal till surface based on GPR data. Black
dots are reflector depths from GPR and the red line corresponds to
the 2D MRT profile.

cannot be resolved by the 80 MHz data, but are visible
in the high frequency data (not shown here).

Beginning with the interpreted 2D profile, GPR reflec-
tors were tracked and picked on the other profiles and a
3D subsurface model was build. Figure 3 shows a model
of the till surface demonstrating its complex 3D structure
with depressions of up to 8 m at the upper surface.

IV. MRT INVESTIGATION & JOINT INVERSION

To survey the 2D profile with MRT, we applied the
ETRA scheme [11] with one rectangular (60 m × 20 m)
transmitter loop and seven square (20 m × 20 m) receiver
loops arranged along the line with a center spacing of
10 m, therefore neighbouring loops are half overlapping.
Similar to an ERT roll along scheme, this setup was
then moved by 60 m resulting in an overlap of one
receiver loop between the measurements. In general, we
applied the mono-QT inversion approach [9] to estimate
the 2D distributions of subsurface water content and
relaxation time. We evaluate the effects of integrating
GPR-defined structures for the inversion on the MRT

image by comparing the results obtained from inverting
a subset of the complete dataset. (Fig. 4).

We start with a conventional mesh that does not
include any interfaces and apply an equally distributed
smoothness constraint. It shows that the upper sandy
aquifer can be distinguished from the till layer by their
contrast in water content, but it is difficult to identify a
clear boundary between the two layers or to interpret
sedimentary features within the aquifer. Note, the till
layer only apparently shows a low water content because
the MRT signal from the till cannot be detected due to
its fast decay. Next, we integrated the GPR-defined inter-
faces in the mesh and reduce the smoothness constraints
at the boundaries to allow for sharp parameter contrasts
[13]. Clearly, this allows to improve the resolution of
the obtained image. For instance, it shows that the upper
aquifer is divided into two zones of slightly different
water content and relaxation time indicating a zone
of coarser material infilling the depressions. We then
inverted the complete dataset and compare the results
with the main lithological units of the drillings (Fig. 5).
We observe a good correlation between the lithology
and the MRT results but also observe some features
that demand further explanation. At the depth interval
10–13 m at Eng35 drilling information indicated coarse-
grained meltwater gravel that generally should result in
longer MRT relaxation times and similar water content
compared to the overlying sand. However, the MRT
image indicate a decrease in water content and shorter
MRT relaxation times, i.e., smaller pore sizes. A closer
inspection of the drill cores show that these meltwater
deposits also contain a certain amount of medium and
fine sand. Such broad grain-size distributions result in a
denser packing and hence a lower porosity and smaller
pore sizes than the well sorted aeolian sand above.
At the drilling Eng45 mainly meltwater sand occurs



Fig. 4. Models inverted from the MRT data, water content (top) and
relaxation time (bottom). Left: Conventional unstructured triangular
mesh. Right: mesh including GPR reflectors as interfaces, which are
used as structural constraints during the inversion. The solid lines are
GPR reflectors (till and gravel deposits) and the groundwater table,
the dashed lines indicate a second aquifer below the till, which is
based on drilling information.

that contains minor gravel intercalations while MRT
relaxation time indicate larger pore spaces between 6 and
8 m depth. We argue that for this area the simplification
to 2D conditions for the MRT inversion is not valid and
therefore the MRT result is impacted by 3D effects due
to the till morphology (see Fig. 3). This argument is
also supported by atypical long relaxation times in the
till at this position. Finally, a second lower aquifer at
a depth of around 20 m is indicated but suffers from
lower sensitivity at larger depth. More information from
ERT data or borehole logging is needed for further
confirmation and interpretation.

V. CONCLUSION & DISCUSSION

The subsurface architecture of a Quaternary sedimen-
tary succession was mapped by means of GPR up to
a depth of ≈15 m. Distinct reflections were caused by
the basal till surface, subhorizontal bounding surfaces
between major lithological units (meltwater deposits,
peat layers and paleosoils) and internal clinoforms in the
aeolian deposits. Some of these reflectors were used as
structural information for the inversion of a 2D MRT
profile to define the geometry of the mesh and as
structural constraints. This results in an increased geo-
metric resolution of the subsurface image and increased
contrasts in MRT water content and relaxation times at
sharp bounding surfaces as, e.g., shown for the boundary

between the highly permeable meltwater deposits and the
impermeable basal till.

Hence, a combination of GPR structural informa-
tion and MRT overcomes the limited spatial resolution
of MRT and can provide high-resolution images of
subsurface hydraulic properties in complex geological
environments. However, there remain some anomalies
with atypical long relaxation times for the till in the
inverted MRT image at x ≤ -20 m where the 3D till
morphology obtained from GPR show strong variability
in N-S direction (perpendicular to the MRT profile). This
indicates artefacts originating from 3D structures, which
are located within the footprint of the MRT survey but
cannot be resolved by the 2D inversion. These artefacts
could be overcome by 3D MRT layouts, which would
require huge measuring expenditure. Another approach
could be to implement the 3D structural information ob-
tained from GPR into a 3D MRT forward calculation but
limit the MRT inversion on estimating one characteristic
set of hydrologic parameters (water content, hydraulic
conductivity) per lithological unit.

ACKNOWLEDGEMENTS

We would like to thank Dieter Epping, Vitali Kipke
and Robert Meyer for supporting the measurements
and the State Agency for Mining, Energy and Geology
of Lower Saxony, Germany, for carrying out the core
drillings.

REFERENCES

[1] J. Lang, J. Sievers, M. Loewer, J. Igel, and J. Winsemann,
“3D architecture of cyclic-step and antidune deposits in
glacigenic subaqueous fan and delta settings: Integrating
outcrop and ground-penetrating radar data,” Sedimentary
Geology, vol. 362, pp. 83–100, dec 2017. [Online]. Available:
https://doi.org/10.1016/j.sedgeo.2017.10.011

[2] R. Van Dam, “Landform characterization using geophysics—
recent advantages, applications, and emerging tools,” Geomor-
phology, vol. 137, pp. 57–73, 2012.

[3] C. Bristow, H. Jol, and Jol, Ground penetrating
radar in sediments, ser. Special Publication. Geological
Society of London, 2003, vol. 211. [Online]. Available:
https://doi.org/10.1144/GSL.SP.2003.211

[4] Igel, J. and Günther, T. and Kuntzer, M., “Ground-penetrating
radar insight into a coastal aquifer: the freshwater lens
of borkum island,” Hydrology and Earth System Sciences,
vol. 17, no. 2, pp. 519–531, 2013. [Online]. Available:
http://www.hydrol-earth-syst-sci.net/17/519/2013/

[5] R. J. Greaves, D. P. Lesmes, J. M. Lee, and M. N. Toksötz,
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