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ARTICLE INFO ABSTRACT

Detailed information on shallow sediment distribution in basins is required to achieve solutions for problems in
Quaternary geology, geomorphology, neotectonics, (geo)archaeology, and climatology. Usually, detailed
information is obtained by studying outcrops and shallow drillings. Unfortunately, such data are often sparsely
distributed and thus cannot characterise entire basins in detail. Therefore, they are frequently combined with
remote sensing methods to overcome this limitation. Remote sensing can cover entire basins but provides
information of the land surface only. Geophysical methods can close the gap between detailed sequences of the
shallow sediment inventory from drillings at a few spots and continuous surface information from remote
sensing. However, their interpretation in terms of sediment types is often challenging, especially if permafrost
conditions complicate their interpretation. Here we present an approach for the joint interpretation of the
geophysical methods ground penetrating radar (GPR) and capacitive coupled resistivity (CCR), drill core, and
remote sensing data. The methods GPR and CCR were chosen because they allow relatively fast surveying and
provide complementary information. We apply the approach to the middle Orkhon Valley in central Mongolia
where fluvial, alluvial, and aeolian processes led to complex sediment architecture.

The GPR and CCR data, measured on profiles with a total length of about 60 km, indicate the presence of two
distinct layers over the complete surveying area: (i) a thawed layer at the surface, and (ii) a frozen layer below.
In a first interpretation step, we establish a geophysical classification by considering the geophysical signatures
of both layers. We use sedimentological information from core logs to relate the geophysical classes to sediment
types. This analysis reveals internal structures of Orkhon River sediments, such as channels and floodplain
sediments. We also distinguish alluvial fan deposits and aeolian sediments by their distinct geophysical
signature. With this procedure we map aeolian sediments, debris flow sediments, floodplains, and channel
sediments along the measured profiles in the entire basin.

We show that the joint interpretation of drillings and geophysical profile measurements matches the
information from remote sensing data, i.e., the sediment architecture of vast areas can be characterised by
combining these techniques. The method presented here proves powerful for characterising large areas with
minimal effort and can be applied to similar settings.
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1. Introduction

The shallow architecture of a sedimentary basin reflects the
depositional geomorphic processes that occurred recently. These pro-
cesses often interact or alternate with each other, and thus, the shallow
sediment architecture can be highly complex. Braided river systems, for
example, show a high spatial variability in sediment distribution caused
by frequently changing river courses and by seasonal flooding events.
Whereas braided river systems transport all grain sizes from clay to
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gravel, aeolian processes deliver fine-grained material such as loess,
and alluvial fans predominantly deposit gravel. The relative importance
of those processes may vary over time, e.g., owing to climate variations,
changes in base level, different sediment supply, vegetation, tectonic
uplift or subsidence, or anthropogenic influence. This often results in a
heterogeneous sediment distribution even in shallow depths.
Knowledge about the distribution of near-surface deposits in
sedimentary basins is a prerequisite for many fields of research. For
example, grain size distribution and layer thickness in the first couple of


http://www.sciencedirect.com/science/journal/0169555X
http://www.elsevier.com/locate/geomorph
http://dx.doi.org/10.1016/j.geomorph.2017.05.002
http://dx.doi.org/10.1016/j.geomorph.2017.05.002
mailto:chg39@cam.ac.uk
http://dx.doi.org/10.1016/j.geomorph.2017.05.002
http://crossmark.crossref.org/dialog/?doi=10.1016/j.geomorph.2017.05.002&domain=pdf

S. Mackens et al.

@

310000 32Q000

330000

34Q000

]

5290000
5290000

5280000
5280000

45°N

5270000

5260000

5260000
UTM Y-Coordinate [m]

5250000
1
5250000

5240000

310000 320000 330000 340000

UTM X-Coordinate [m]

Geomorphology 292 (2017) 72-84

90°E

[ 1500

Elevation

B 500

T

Russia

45°N

1000

Cross sections A - B: measured in 2009
Cross sections C - I: measured in 2010

o

331000 A 33q000 33?000 34q000 8 _

S0  1km| & E

3 Il S

3 i ©

H S S

; 8

G 4 o O

o S

‘ & &2

T —— T — T 85
334000 336000 338000 340000

UTM X-Coordinate [m]

Fig. 1. Study site: (A) elevation map of Mongolia based on SRTM1 data (Gauss Krueger Projection), (B) satellite image (UTM projection) of the middle Orkhon Valley with geophysical

cross sections A to E, and (C) detail of the study area with cross sections F to I.

metres are important parameters for groundwater studies, engineering,
and environmental geology, as well as for permafrost research. Active
tectonics can lead to a transient change in the location of deposition
centres (e.g., basin tilting), which can be reconstructed when the
shallow sediment distribution is known. The sedimentation history
derived from present-day sediment distribution is used to address
questions in geomorphology and geoarchaeology. Data on past river
courses and fine-grained fertile soils can help to locate ancient
settlements, and changes in the depositional environment often allow
conclusions on human impact on the landscape. The latter motivated
this study.

Imaging the distribution of near-surface deposits in sedimentary
basins comes along with a number of difficulties. Outcrops and drill
cores are often sparsely distributed and provide only one dimension or
very local information. Thus, they do not record the spatial variability
of the sediments in the entire basin. Moreover, the occurrence of
permafrost impedes shallow drillings. Although geophysical prospec-
tion has been proven useful to image the shallow subsurface, it is costly
in terms of time and money because long profiles and high resolution
are needed. Even worse, high-resolution seismic reflection and refrac-
tion data often lack the necessary resolution and long profiles are
difficult to measure (Cserkész-Nagy and Sztand, 2016). The latter also
applies to electrical resistivity tomography (ERT) where short electrode
distances are required for high resolution measurements. This makes
long profiles very time consuming and limits the actually measured
profile lengths (Hilbich et al., 2008; Pellicer and Gibson, 2011; Rey
et al., 2013; Grygar et al., 2016). Ground penetrating radar (GPR)
reaches a very high spatial resolution and can be applied for long
transects, but a shallow groundwater table and the presence of fine-
grained material limit penetration depth (Davis and Annan, 1976; Neal,
2004; Woodward and Burke, 2007; Pellicer and Gibson, 2011). Remote
sensing studies allow covering large areas (Klinger et al., 2011) but
provide information of the land surface only. Moreover, their inter-
pretation is often ambiguous without additional information. Hence, a
combination of different methods is much more promising than a single
method alone (cf. Schrott and Sass, 2008; Hausmann et al., 2013; Rey
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et al., 2013).

In this paper, we present a methodology for combining the
geophysical methods GPR and capacitive coupled resistivity (CCR)
with borehole information and remote sensing data. We exploit the
respective strengths of each method and develop a joint interpretation
procedure that allows characterising the shallow sediment inventory of
a sedimentary basin.

We apply the joint interpretation approach to the middle Orkhon
Valley in central Mongolia, which is in the focus of archaeological,
geoarchaeological, and environmental research mainly for two reasons:
(i) It has a unique settlement history. Archaeological studies prove that
various cultures preferred this region as a settlement location since
Palaeolithic times (Bemmann et al., 2011). Since then, the region has
experienced a turbulent history and seen a number of empires rise and
fall. (i) From the time of the first settlement up to the present,
environmental conditions in the Orkhon Valley have dramatically
changed, for example, as a result of deforestation. Special emphasis
of the research is placed on the anthropogenic and natural factors that
have caused the landscape changes (Rosch et al., 2005; Schwanghart
et al., 2008; Bemmann et al., 2014).

In the following, we briefly introduce the morphological and
sedimentological characteristics of our study area where fluvial,
alluvial, and aeolian processes interact and result in a very hetero-
geneous valley fill. Then we explain the climatic conditions, and we
discuss ground temperature distribution. Subsequently, we describe the
methodology in detail and explain how we determine geophysical units
in the subsurface, which are characteristic for certain sedimentary
facies. The results of the geophysical prospection are compared to
information from drill cores and remote sensing data.

2. Study area and climatic conditions

The middle Orkhon Valley, at around 1400 m asl (above sea level),
encompasses the region between 47°44’ N to 47°13’ N and 102°32" E to
102°53’ E; it stretches for > 30 km in the N-S direction and is up to
15 km wide. We conducted geophysical measurements in the northern
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Fig. 2. Landscape characteristics of the study area: (A) Orkhon Valley (braided river system), (B) channel system of the alluvial fan, (C) OhmMapper being towed by vehicle in the steppe
region, (D) hummocks, (E) river bank, and (F) exposure of sediments in the Orkhon Valley such as gravels, sand, and silt.

and southern parts of the middle Orkhon Valley (Fig. 1). The study area
is part of the grassy steppe region of Mongolia (Fig. 2) with the Orkhon
River (Fig. 2A) as the predominant feature. At the northern foot of the
Khangai Mountains, where the Orkhon originates, the river valley
widens to the middle Orkhon Valley. At the apex of a vast alluvial fan
close to the study area, the medieval former Mongolian capital
Karakorum (Kharkhorin) is located.

The present-day landscape is mainly influenced by the interaction of
fluvial, glacial, and periglacial processes that occurred during the
Quaternary and are still ongoing (Schwanghart and Schiitt, 2008;
Schwanghart et al., 2008; Bemmann et al., 2010; Lehmkuhl et al.,
2011, 2012). Vast steppe regions (Fig. 2B, C) alternate with hummocky
areas that testify to the permafrost conditions (Fig. 2D). Fluvial terraces
flank the sides of the middle Orkhon Valley and intense river bank
erosion is found (Fig. 2E). The Orkhon Valley is covered with thick
deposits of Quaternary unconsolidated sediments. Well-rounded basal-
tic fluvial deposits that include rocks from a phase of middle to early
Pleistocene volcanic activity and alluvial deposits alternate with loess
and glacial loams rich in calcium carbonate (Fig. 2F; Schwanghart
et al,, 2008). The groundwater water table is relatively shallow,
reaching a depth of < 2m on the floodplain of the alluvial basin
aquifer and increasing in the surrounding bedrock aquifer to a depth
of < 10 m (Jadambaa et al., 2003; Martin, 2007).

According to the classification system of the International
Permafrost Association (Brown et al., 1997) the Orkhon Valley is
situated in the sporadic permafrost region (Fig. 3A). Therefore, the
geophysical data are strongly influenced by the distribution of water
and ice in the subsurface (Kneisel et al., 2008). A characteristic feature
of permafrost soils is the active layer, which is the seasonally thawing
and freezing top layer.

We conducted our field campaigns in May 2009 and May 2010
before the rain season when most of the annual precipitation occurs. In
2009, the frost period had already ended in March, and as a
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consequence, the thawed layer reached greater depth than in 2010
when extraordinary cold prevailed up to late April. Actually, the winter
of 2009/2010 was the coldest ever recorded in Mongolia. Precipitation
in both years followed the mean annual pattern: 80 to 90% of the total
annual precipitation of 65 mm occurs in the rain season between May
and September when strong flood events frequently occur. Only up to
10% of the annual precipitation falls between November and May.

The temperatures in Tsetserleg (1693 m asl, 80 km west of study
area; Fig. 3B) before and during the geophysical surveys in May 2009
and May 2010 are supposed to be representative for the temperature
conditions in the study area. We used ground temperature profiles from
a 7-m-deep borehole at the Nalaikh weather station (47°45’ N, 107°20”
E, 1421 m asl, 350 km east of the study area) for 2005 and 2006 as
reference for ground temperatures (Fig. 3C). In 2009, the frost period
ended in mid-March, similar to 2006, and about 50 days before our
investigations. In 2010, the frost period lasted through the beginning of
April, similar to 2005. Thus, the ground temperature curve from May
2005 is assumed to be representative for 2009, although the tempera-
tures in 2009 were generally higher. According to these data, the thaw
line is likely to be at about 1.8 m depth in 2009 and at about 0.8 m
depth in 2010 (Fig. 3C). However, these depths are representative for
the temperature history and soil type at the Nalaikh depression and are
snapshots at a specific date. Therefore, they are only considered as
rough estimates of the thaw line in the Orkhon Valley. Actually, the
thaw line varies in space and time during the campaigns.

In the next section, we introduce the methods that we applied in this
study, the obtained results, and our geophysical classification approach,
i.e., the assignment of ‘geophysical units’. Subsequently, the interpreta-
tion chapter shows how the ice and water content influence the
geophysical data and how the geophysical units actually characterise
the different sedimentological environments. Finally, we discuss our
results and summarise the main findings of our study.
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Fig. 3. (A) Map of permafrost distribution in Mongolia (after Sodnom and Yanshin, 1990) with indicated study site (white rectangle) in the area of sporadic permafrost. Note that this
classification does not comply with the zonation by IPA (2017) which also reports sporadic permafrost in our study area; (B) monthly (top) and daily (bottom) average air temperatures in
Tsetserleg (47°45’ N, 101°47’ E; 1693 m asl) from October to June and from February to May, respectively. The air temperatures are shown for the years 2005 and 2006 as well as for 2009
and 2010. (C) Ground temperatures measured in a 7-m-deep borehole at the Nalaikh Depression (47°45’ N, 107°20” E, 1421 m asl; after Ishikawa et al., 2005).

3. Methods

We used ground penetrating radar (GPR) and capacitive coupled
resistivity (CCR) to image the shallow subsurface sediment structure of
the study area. Additionally, we took sediment cores at representative
locations. Sediment analysis and electrical resistivity tomography have
already been applied in the Ugii Nuur basin, central Mongolia, to
investigate the sedimentary architecture of valley fillings (Schwanghart
and Schiitt, 2008), and elsewhere in Mongolia (Etzelmiiller et al.,
2006). The underlying physical principles and the data processing that
was undertaken are explained below. Penetration depths of the
geophysical measurements and the drillings did not exceed five metres.

The surveys were conducted along nine cross sections spanning the
entire valley and with a total length of about 60 km (data see Mackens
et al., 2011). Profiles A and B crossing the Orkhon River were measured
in the first survey in May 2009. In a second survey in May 2010,
measurements along profiles C to I were carried out (Fig. 1). The
obtained resistivity distributions and GPR sections are interpreted up to
a depth of about 3.5 m.

3.1. Ground penetrating radar (GPR)

Ground penetrating radar is widely used for sedimentological,
glaciological, and ground ice investigations (Davis and Annan, 1976;
Woodward and Burke, 2007). As a noninvasive geophysical technique,
it images the shallow subsurface through the generation and detection
of electromagnetic waves (e.g., Davis and Annan, 1989; Reynolds,
1997) exploiting their sensitivity to electric permittivity contrasts
(Neal, 2004). Hence, GPR data can be utilised to infer sedimentological
structures as long as they differ in permittivity. The soil permittivity is
mainly influenced by water content (e.g., Topp et al., 1980) but also by
the aggregate state of water (e.g., Daniels et al., 1995; Kneisel, 2006).
This method is well suited to map vertical and horizontal profiles of
frozen soil because of the high permittivity contrasts between ice and
water (cf. Hinkel et al., 2001; Wu et al., 2009; Chen et al., 2016;
Schennen et al., 2016; Table 1). Whereas the permittivity contrast
controls the reflection of electromagnetic waves at interfaces, their
attenuation depends on the electrical resistivity of the medium. The
attenuation is high in thawed, water-rich soils and low in frozen
ground. Thus, the penetration depth is closely related to thickness

75

Table 1

Resistivity, dielectric permittivity, thermal conductivity, and water retention (capillary
rise) of materials relevant for this study (from Davis and Annan, 1989; Van Wijk and De
Vries, 1963; Telford, 1990; Reynolds, 1997; Schick, 2002; Eppelbaum et al., 2014).

Material Resistivity Dielectric Thermal Water
[Qm] permittivity e,  conductivity retention

[W/mK] [em]

Air [0 °C] Insulating 1 0.024 -

Groundwater 10-300 88 0.6 -

[0°C]

Ice 10°-10° 3-4 2.38 -

Clay 1-100 5-40 0.25-1.58 > 400

Silt 1-1000 3-30 1.3-2.4 < 350

Sand 100-5000 4-30 0.3-2.2 20-100

Gravel 100-400 3-18 2.5-3.5 5-10

and water content of the thawed layer (Fig. 4).

We used a GPR system by GSSI (Geophysical Survey Systems Inc.)
with a monostatic 270 MHz antenna. As there is a trade-off between
penetration depth and resolution, we decided to use an intermediate-
frequency antenna that, under favourable conditions, can penetrate
down to 5m and achieve a resolution in the order of 0.1 m. This
resolution is needed to image fluvial sediment architecture.

The GPR data were processed with ReflexW (Sandmeier Scientific
Software). Processing included (i) static correction, (ii) background
removal, (iii) gain adjusting, (iv) average filtering, and (v) time-depth
conversion. For the depth conversion of the GPR sections, velocities of
0.14 to 0.16 m/ns, deduced from a diffraction hyperbola analysis, were
used.

3.2. Capacitive coupled resistivity (CCR)

Capacitive coupled resistivity is a geoelectrical method that pro-
vides a faster electrical resistivity survey than traditional direct current
resistivity measurements (Timofeev, 1974; Kuras, 2002). Unlike con-
ventional electrodes planted into the ground, CCR systems consist of a
transmitter and a set of receiver antennas that are capacitively coupled
to the ground. In our case, we used the OhmMapper (Geometrics Inc.)
with five receiver dipoles. The antenna array is arranged in a single line
and pulled along the ground either by a person or a vehicle (Fig. 2C).
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Fig. 4. The representative resistivity and GPR sections of the study area show the active layer (low resistivities, strong attenuation of GPR waves) above frozen soil (high resistivities, no
reflections). The solid and the dashed lines mark the lower boundary of the active and the thin permafrost layer respectively. The sections show the same profile; they have different X-
values (positions) because we recorded long CCR profiles and many short GPR profiles for technical reasons. See Fig. 6 for the location of the profile.

The main processing step for CCR data was the removal of
measurement errors that occur as peaks within a smooth value
distribution (despiking). Unfortunately, even after despiking our CCR
data have a relatively high noise level. Therefore we chose to minimise
the absolute changes in resistivity instead of the conventionally used
square of difference between measured and calculated apparent
resistivities in the inversion process. As no software is available for
the inversion of line electrode data (to our knowledge), we used a DC
resistivity inversion program (RES2DINV) for inverting the CCR data.
We approximated the line electrode array by a four-point dipole-dipole
geometry with a dipole length of 80% of the line electrodes according to
Neukirch and Klitzsch (2010). A sensitivity analysis showed that using
80% of the CCR line electrode length as the virtual dipole length value
minimises error in the inversion process. Although this method does not
take into account the special line array geometry of the CCR system,
Neukirch and Klitzsch (2010) found that a quantitative analysis of CCR
data with this technique is possible and comparable to approaches that
utilise more than one point substitute for each line electrode. Unless
specialised software becomes available, this approach is the best
practise to minimise inversion errors.

3.3. Shallow drillings

We used a percussion driller to obtain cores from up to 5 m depth at
locations indicated by dots in Fig. 6. Core logs allow for determining
soil type, grain size, sediment composition, and layer thicknesses
(including frozen sediments). Since coarse-grained sediments cannot
be penetrated by percussion drilling, investigation depths and the
choice of drilling places are limited.

4. Geophysical results and their classification

In the following section, we explain our geophysical classification
approach, which considers the geophysical signatures of both layers.
The classification is based on (i) the electrical resistivity distributions,
(ii) the structural patterns from GPR analysis, and (iii) the integration of
lithological information derived from core log data. Finally, a sedi-
mentological interpretation of the measured sections is given based on
the geophysical classification and the lithological information obtained
from drill cores.

Here, we show representative partitions of the geophysical sections
(e.g., Figs. 4, 5,7, 8, and 10). In general, our data indicate the presence
of two distinct layers: a layer with lower resistivities above a surface-
parallel layer with higher resistivities. The lower layer with resistivities
between 150 and about 5000 Qm and a thickness of about 1.5m is
observed in each resistivity profile. The upper boundary of this layer is
frequently visible in GPR data in depths between 0.8 and 2 m. Some
sections also show the lower boundary of the layer (Figs. 5 and 10).
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These layers are interpreted as a thawed layer overlying a frozen layer.
Because our measurements are snapshots in time only, we do not know
whether or not parts of the soil are frozen throughout the entire year.
We cannot differentiate between permafrost and seasonally frozen
ground from our data. For this reason we use the terms ‘frozen layer’
and ‘thawed layer’ in the following.

4.1. Resistivity units

In a first step, we classify resistivity distributions derived from CCR
measurements. For each campaign we assign five resistivity units RU I
to RU V based on the resistivity values of these two distinct layers. In
Fig. 5, resistivity units labelled RU I-1 to RU V-1 were assigned to
resistivity sections measured in May 2009 in the northern part of the
middle Orkhon Valley. Units labelled RU I-2 to RU V-2 refer to the
investigation in May 2010, mostly in the southern part of the study
area. The latter have higher resistivities than the 2009 units, especially
in the frozen layer. This effect is a result of the different climatic
conditions before and during the two campaigns (see also Section 2).
The lower soil temperature, i.e., the higher amount of ice in the shallow
subsurface in 2010, is responsible for the resistivity increase.

Fig. 6 illustrates the spatial distribution of resistivity units RU I to
RU V. Resistivity units I, II, and IV dominate in the Orkhon Valley. Unit
RU I occurs mainly on the east side of the Orkhon River in the
floodplains (Fig. 6D) and near the northern Orkhon's tributaries
(Fig. 6B). This unit is characterised by low resistivities in the thawed
and frozen layers (Fig. 5). Unit RU II can be found predominantly west
of the Orkhon River and in the southern part of the valley on the
alluvial fan (Fig. 6D, E). Unit RU III occurs mainly in the central valley
area west of the Orkhon River (Fig. 6D). Unit RU IV with high
resistivities (Fig. 5) is found east of the Orkhon River (Fig. 6D and in
the southern part of the valley (Fig. 6E). Unit RU V is characterised by
the highest resistivities and occurs only in the west of the Orkhon River
and in parts of the alluvial fan in the south (Fig. 6C, E).

4.2. Combining ground penetrating radar and resistivity data

In a second step, we use the additional information from GPR to
refine the postulated RUs resulting into 18 geophysical units (GU),
which are summarised in Fig. 10. Each RU is subdivided into several
GUs (marked with lower case letters ‘a—c’) based on different GPR
patterns and sedimentological data from drill cores.

Unit RU II-2 (measured in 2010) is taken as an example to illustrate
the subdivision into GUs. Fig. 7 shows CCR sections of RU II-2 from two
sites as well as the corresponding GPR sections. While the geoelectrical
sections are similar, the GPR sections differ from each other. The GPR
section of GU Ila-2 (Fig. 7A) is characterised by a more or less
reflection-free pattern. Not only the thaw line at 1.5 m depth, inter-
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Fig. 5. Resistivity units (RU) based on the resistivity distribution in the active and permafrost layers.

preted from the resistivity increase in the CCR section, is hardly visible
in the GPR section, but also sedimentary structures are missing. In
contrast to GU Ila-2 (Fig. 7A) the GPR section of GU Ilc-2 (Fig. 7B)
shows subparallel low-amplitude reflections in the thawed layer and
strong but discontinuous reflections below the thaw line. They are
interpreted as caused by frozen gravel, which is confirmed by the drill
core: below a top layer, consisting of silt and fine sand with isolated
gravels, middle and coarse gravel are found at 0.7 m depth. Unlike the
core of GU IIc-2 the core of the reflection-free GU Ila-2 indicates very
fine-grained material such as clay and silt up to about 1 m depth. We
assume that this relatively homogenous layer extends to a depth of at
least 3.5 m, leading to a high attenuation of the GPR signal and to an
almost reflection-free section.
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5. Discussion and sedimentological interpretation

The CCR data, respectively RUs (Fig. 5), together with GPR pattern
as well as grain size analysis from the core logs provided the basis for
the geophysical classification resulting in 18 GUs (Fig. 10).

The 10 different RUs (Table 2) show a high variety of resistivities in
the thawed and frozen layers because of the large differences of the
resistivities of water and ice, respectively (Table 1). The resistivity of
frozen soils ranges between 1000 and several 100,000 Qm dependent
on ice content, temperatures, and soil type; whereas unfrozen soils
mainly have resistivities well below 1000 Qm (Table 1). Consequently,
we observe a pronounced resistivity increase in the frozen layer
compared to the thawed top layer (Fig. 5). Only for high resistivities
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in the thawed layer, i.e., low water saturations, the resistivity of the
frozen layer increases only moderately (cp. RUs IV and V in Fig. 5).
However, also the resistivities of the frozen layer vary over a wide
range. They depend on water content, temperature, and soil type. The
soil type matters because water in soil can remain liquid at tempera-
tures below the bulk water freezing point. The pore water freezing point
decreases due to the Gibbs-Thomson effect with decreasing pore size or
grain size, respectively. Therefore, frozen clay, silt, sand and gravel
show a wide range of resistivities. The resistivity of unfrozen soils
mainly depends on water content but also on porosity, water salinity,
and cation exchange capacity (CEC). We assume that the water content
of the thawed layer mainly depends on the water retention of the
sediment (Table 1). We justify this (i) by assuming that the geophysical
methods mainly image the vadose zone of the Orkhon Valley and (ii) by
the low precipitation in the six months before our measurements (only
10% of the annual precipitation falls between November and May).
Hence, we expect a decreasing resistivity with decreasing grain size
related to the increasing water retention (Table 1) and CEC with
decreasing grain size.

Based on our results, we found that one RU can have various GPR
patterns depending on the distribution of liquid water and ice and on
the type of sediment (Fig. 10). The latter is evident from core logs. The
GPR data allow for identifying channel architectures (cp. Figs. 8 and 9);
but elsewhere they are often characterised by low penetration depths
because of the high content of fine-grained material and the associated
low resistivity, confirmed by the CCR data (cp. Figs. 7 and 9).

The 18 GUs are now used for a sedimentological interpretation. The
GUs from Fig. 10 can be differentiated into four different sedimentol-
ogies according to the grain size information derived from the related
core logs: (i) predominant silt and fine sand, (ii) clay dominated
sediments, (iii) coarse sand and gravel, and (iv) predominantly sand
with isolated gravel (Table 2).
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By comparing the resistivity sections with the drilling results we
recognise that the frozen, high-resistivity layer often coincides with
coarse-grained sediments such as coarse sand or gravel, i.e., often the
resistivity boundary also represents a material boundary (cp. Figs. 7
and 10). The coincidence is caused by the reduced freezing point of the
fine-grained sediments covering the coarse sediments—a fining-upward
trend is observed in general in the Orkhon Valley. Moreover, the fine-
grained deposits (clay, silt, fine sand) entail low resistivities in the
upper horizon (cp. Fig. 7).

Sediments with different grain sizes are deposited by distinct
transport mechanisms (e.g., Reading, 1996). Three different sedimen-
tological processes are currently active in the Orkhon Valley, as
described by various authors (Grunert et al., 2000; Lehmkuhl and
Lang, 2001; Grunert and Lehmkuhl, 2004; Hiille et al., 2008): (i) fluvial
sediment transport by the Orkhon River system, (ii) aeolian transport
by wind with velocities of up to 22 m/s, and (iii) alluvial transport of
unconsolidated sediments from the Khangai Mountains or from the
river into the Orkhon Valley triggered by seasonal events.

In the following, the predominant sedimentary depositional envir-
onments will be discussed. We deduced them by carefully examining
grain size distribution of the sediments and sediment texture visible in
the cores. This classification combined with information from satellite
images and field observations allows interpreting the different sedi-
ments as particular facies associations (Table 2).

5.1. Fluvial deposits

We distinguish fluvial sediments deposited by high- and low-energy
flow which are characterised (i) by coarse sand and gravel with finer
material like silt at the top, and (ii) fine sediments, such as clay and silt,
respectively. Units GUs IVb-1, Ilc-2, III-2, and IV-2 (Fig. 10) are
interpreted as a coarse fraction deposited by high-energy flow. Typical
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Table 2
Assignment of geophysical units (GUs) to sedimentary classes and to sediment facies (for
detailed information about geophysical units see Fig. 10).

Geophysical unit ~ Sedimentary classes Interpretation Sediment
(facies) deposits
I-1 Predominantly silt and ~ Aeolian Aeolian
1Ib-1 fine sand sediments
Illa-1
1-2 Clay dominated Fluvial Floodplain
Ilc-1 sediments sediments
IIa-2
Illc-1
IVb-1 Coarse sand and gravel Channel
Ilc-2 sediments type
1I1-2 1
v-2
Vb-2 Alluvial Channel
sediments type
2
1Ib-2 Predominantly sand Channel
Va-2 with isolated gravel sediments type
3
Ila-1 Debris flow
1IIb-1 sediments
Iva-1
V-1

fluvial depositional GPR patterns such as steeply inclined reflections
from gravel dunes (Fig. 8D) and well-defined channels with layers of
finer material (silt to fine sand) mostly represent abandoned channels
(Fig. 8A, B). The recognition of individual palaeochannels and the

79

determination of their dimensions allow for a reconstruction of the
characteristics of the former river systems. The channel width/depth
ratio is related to flow energy conditions and thus provides information
on sediment transport processes. Here the width/depth ratio is rela-
tively low so that the river mainly transports suspended load (Leeder,
1999), such as particles of fine sand, silt, and clay. If the river
preferentially transports bedload sediments, the decreased bank stabi-
lity results in a lower ratio (Figs. 8, 9). Coarse pebbles accumulate at the
banks of high-energy channels. They originate from damaged levees or
were deposited as bars. They occur close to the Orkhon and its former
meanders. This kind of channel sediment is characterised by gravel beds
with a thickness of at least 0.4 m, overlain by a 0.5 to 2.1 m thick layer
of silt and fine sand and described as ‘type 1’ in Table 2.

The finer fluvial fraction consists of clay-dominated series as seen in
GUs I-2, Ilc-1, Ila-2, and Illc-1 (Fig. 10), which are interpreted as
floodplain sediments (Fig. 8C) deposited in a low-velocity environment
on both sides of the river.

5.2. Alluvial deposits

Alluvial deposits mostly show a heterogeneous composition con-
trolled by the source region. Typical signatures are wide grain size
spectra dominated by detritus in clayey-silty to coarse grain fractions
(pebbles, boulders) within a finer matrix. This kind of deposition is
visible in remnants of debris flows (Table 2). Such flows are triggered
by intense rainfall, glacial melt, or a combination of both. They
originate at the hillslopes of the Khangai Mountains. The flows are
dominated by a coarse grain fraction but occasionally show fine to
middle sands as observed in GUs Ila-1, IIIb-1, IVa-1, and V-1 (Fig. 10).
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We found them west of the Orkhon River close to the hillslopes (see
cross sections A and B in Fig. 11A and B respectively).

Another form of alluvial deposits is related to the Orkhon River
stream channel that widens in the alluvial fan at the northern foot of the
Khangai Mountains. Sands with interbedded gravels, coarse sands or
gravels compose the channel stream system of the alluvial fan. They
constitute abandoned channels, main streams, former and younger
channels, and remnants of the older fan surface. Based on grain size
distributions, GPR patterns, and resistivity distributions we differenti-
ate three channel types. Type 1, characterised as fluvial deposit, has
been described above (cp. Section 5.1). Channel type 2 mainly consists
of gravels as seen in GU Vb-2 (Fig. 10) and is found in the alluvial fan.
These channel deposits only have a thin cover of fine sediments
evidenced by high-amplitude GPR reflections without strong attenua-
tion at the surface and the impossibility to penetrate them by percus-
sion drilling. Channel type 2 also differs from type 1 regarding the

content of fine material, which is hardly found in channel type 2. Units
GUs IIb-2 and Va-2 (Fig. 10) are interpreted as channel type 3
dominated by sands with isolated gravels, which were deposited by
low-energy streams.

5.3. Aeolian deposits

Aeolian deposits are typically well-sorted, fine-grained sediments
with a maximal grain size of medium sands (up to 0.63 mm). We
interpret GUs I-1, IIb-1, and Illa-1 (Fig. 10), which exhibit a high
content of fine material and are dominated by loess, as aeolian deposits.
The loess is probably of Pleistocene age (Schwanghart and Schiitt,
2008) and originates from the central Asia desert and steppe regions.
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Fig. 9. Former river course as seen in Kompsat imagery (left) and geophysical data along the profile between A and B (right).
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Fig. 10. Assignment of geophysical units (GU) based on the resistivity units (RU), the GPR reflection pattern, and core log information. The shown GPR sections are 70 m wide and 5 m

deep. Their locations are indicated in Fig. 6.
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5.4. Comparison to a landscape classification of the middle Orkhon Valley

Here, we compare our sedimentological interpretation of the
geophysical surveys with a remote sensing based landscape classifica-
tion that considers vegetation, elevation, albedo, and slope gradients.
Klinger et al. (2011) used principal component analysis and fuzzy
classification algorithms based on orthorectified ETM + satellite ima-
gery and SRTM3 elevation data to obtain the landscape classification of
the middle Orkhon Valley. For the comparison of our sediment deposits
with their landscape classes, we overlay our results onto their maps
(Figs. 12, 13). We notice that (i) fluvial units correspond to landscape
classes that represent incised thalwegs and upper slopes; (ii) our fine-
grained floodplain units are present in regions classified as grass-
covered floodplains; (iii) alluvial units mainly occur where Klinger et al.
(2011) mapped sparsely vegetated, flat steppe areas; and (iv) aeolian
sediments are found in elevated steppe regions and in sparsely
vegetated, flat steppe areas. In general, the predominant features of
the middle Orkhon Valley are flat steppe areas in the west and a
palaeochannel system in the east. Whereas our sedimentological
interpretation mostly matches the landscape classes, we also observe
inconsistencies. For example, the western side of profile A (Fig. 1 for
location) was mainly classified as grass-covered floodplain, while our
interpretation shows not only floodplain but also aeolian sediments
(Fig. 12). For profile B (Fig. 1 for location), the landscape classification
shows less vegetated plain steppe in the west and grass-covered
floodplain in the east (Fig. 13). Our interpretation reveals that the
plain steppe in the west consists of debris flow sediments. In the east,
geophysical data confirm the floodplain sediments but additionally
detect incised channels. The existence of one these channels, i.e., a
palaeoriver, is supported by a nearby archaeological site whose
inhabitants apparently made use of the proximity to the fresh water
source (Fig. 13; Griitzner et al., 2012).

The comparison of our interpretation with the results of the land-
scape classification showed that a direct transfer between the two is
hardly possible. First, Klinger et al. (2011) introduced more classes.
Hence, our three main sedimentary deposits overlap with different
landscape classes. Second, as the landscape classification approach is
based on remote sensing data only, areas with similar morphology and
the same surface cover will belong to the same landscape class even
though different sediment facies are present beneath the surface. Thus,
a loess-covered alluvial fan surface will hardly be distinguished from a
loess-covered floodplain. Consequently, aeolian and alluvial deposits
would belong to the same class. However, by comparing the results for
the entire middle Orkhon Valley we find a quite good agreement
between the landscape classification and the geophysical classification.
Nevertheless, one should keep the ambiguities of remote sensing based
classifications in mind when interpreting them (cf. Heiner et al., 2015).

6. Conclusions

We applied a methodology to study the shallow sediment architec-
ture of a large basin, the middle Orkhon Valley, Mongolia, where
fluvial, alluvial, and aeolian processes interact and result in a highly
heterogeneous valley fill. The GPR and CCR were measured along
selected cross sections to subsample representative areas. They span,
with a total length of about 60 km, the entire valley. The geophysical
data are calibrated with shallow drillings and outcrops. We classify the
geophysical results into geophysical units, which we subsequently
assign to four sedimentary classes. They are used for a process-
orientated interpretation in terms of fluvial, alluvial, and aeolian
deposits. By applying this interpretation, we image the former river
course with its associated sediments and the floodplain and steppe
areas. Aeolian silts and fine sands compose the steppe regions. Debris
flow sediments originating from the surrounding slopes are deposited in
the flat of the Orkhon Valley or found in incised depressions. Floodplain
sediments accumulate in the wetlands of the river and channel
sediments are found close to the Orkhon River (at former river courses)
and on the alluvial fan. A comparison of our sedimentological inter-
pretation with a remote sensing based landscape classification (by
Klinger et al., 2011) showed, in general, a good match between both
methods. Hence, our results can be extrapolated to the entire valley
using remote sensing data. However, the comparison also revealed
inconsistencies in terms of the sediment architecture. For example,
areas entirely characterised as floodplains by the landscape classifica-
tion are interrupted by several channels in the geophysically based
interpretation. As these channels are often overlain by fine-grained
sediments, the landscape classification only records the surface infor-
mation and misses the channel sediments in the subsurface. As the
landscape classification relies on surface parameters only, it is a mere
snapshot of present surface characteristics. Thus, its validity in terms of
sediment architecture is limited. In contrast to the landscape classifica-
tion, the combination of geophysical methods and core logs takes
subsurface information into account and allows a detailed differentia-
tion of depositional environments and sedimentological processes.
Thus, the sedimentological development within a particular geological
time period can be recorded by the developed methodology.

This methodology can be applied to similar settings, not only in
Mongolia, and allows determining the sediment distribution of vast
areas with reduced effort. It closes the gap between one-dimensional
drilling data and maps of surface properties obtained by remote sensing
or satellite images by geophysical measurements. However, the meth-
odology also has some implications when applied for sedimentological
research especially in permafrost regions:

® CCR has proven to be valuable for large surveys as it has the
advantage of covering long profiles in a relatively short time.
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However, this advantage is gained at the expense of limited applicability of our method, but it can be overcome by utilising
penetration depth and a relatively high noise level. outcrop data.

® GPR can reveal sedimentological architecture in great detail but is ® We characterised various channels and identified their spatial
limited to shallow penetration depth especially for a high-conduc- relocation in the Orkhon Valley, but for the purpose of this study
tive uppermost layer, which the thawed layer often is. We achieved we did not undertake any dating. However, for the chronological
much better results when the thaw line was close to the surface. reconstruction of palaeoriver courses, age dating of the drilled
Thus, we consider it beneficial for sedimentological research to channel sediments is required.
carry the burden of working in cold conditions for the sake of higher
GPR penetration depths. Data availability

® Drill cores, although naturally limited to very few locations, proved
invaluable in establishing the geophysical classification and even The geophysical data sets that our analysis is based on are published
more the sedimentological interpretation. This certainly limits the open access under: doi.pangaea.de/http://dx.doi.org/10.1594/
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