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(Geo)archaeological trenching techniques in floodplain and wetland environments are challenging due
to the impact of groundwater inflow and highly unstable trench edges. Alternatively, classical driving
core techniques often correspond with the contraction of organic layers and bias in height accuracies.
Here, we present the application of direct push sensing techniques for minimal-invasive (geo)archaeo-
logical surveys in zones affected by a high groundwater table, especially when high-resolution param-
eterization of buried (geo)archaeological structures is required.

Two of these direct push applications are electrical conductivity logging and the measurement of
colorimetric proxies in unconsolidated sediments. The tools provide multi-proxy information about layer
structure, texture, and organic parameters. The high sensing speed allows recording a large data set with
high vertical and lateral resolution. In this study we exemplary provide results of a buried canal structure
within a valley in SW Germany. We present a high-resolution cross-section from a zone of high
groundwater table. The canal is part of Charlemagne's summit canal (Fossa Carolina), an Early Medieval
hydro-engineering project bridging the Central European Watershed.

We compare the direct push sensing data with driving core samples and discuss prediction and
generation options of parameter transfer frommultiple one-dimensional logs to a two-dimensional canal
cross-section of high-resolution. In this context, we use in situ-obtained colorimetric data and electrical
conductivity as proxies for (geo)archaeological site characterization. We model organic fills of the canal
by direct push logs and robust sediment data. Given the cost and time effectiveness of such tools, (geo)
archaeological site information of high-depth accuracy was grown rapidly, compared to less densely
performed drillings that require an additional high effort in laboratory analyses.

The Carolingian excavation depth is 6 m below current surface. There is evidence for multiple organic
layers in the trench fills, which reveal aquatic to semi-terrestrial stillwater deposition and, therefore,
evidence of multiple Carolingian and post-Carolingian ponds. We have evidence for a conceptual width
of the deep-buried artificial water course of at least 3e4 m. This allows a passage of Carolingian cargo
scows with a payload of several tons in this central zone of the canal.
© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
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1. Introduction

Wetland margins are important zones in (geo)archaeological
research (Brown, 1997). Those locations are valuable (geo)archae-
ological archives, since high groundwater level in wetland and
floodplain environments ordinarily provides excellent preservation
conditions for palaeoecological and geomorphological proxy-
parameters, archaeological remnants, artefacts, and organic
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compounds (Plets et al., 2007; Menotti and O'Sullivan, 2013).
However, wetlands are characterized by difficult exploration con-
ditions that require complicate and costly excavation techniques
due to the impact of groundwater inflow (Doran, 2013) and highly
unstable trench edges (Werther and Feiner, 2014). Furthermore,
alternatively used classical driving core techniquesdcommon tools
in wetland (geo)archaeological surveysdoften suffer from high
compaction rates of organic layers and, thus, shows a bias in depth
accuracies (Leitholdt et al., 2012, 2014). Hence, there is a demand on
alternative tools for the conduction of (geo)archaeological surveys
in wetlands.

Direct push methods are getting increasingly accepted in the
water, contaminant, and geotechnical sectors (McCall et al., 2005;
Dietrich and Leven, 2006; Leven et al., 2010; Zschornack and
Leven-Pfister, 2012a). Direct push electrical conductivity logging
(Christy et al., 1994; Schulmeister et al., 2003; Zschornack and
Leven-Pfister, 2012b) and cone penetration testing (Lunne et al.,
1997; Brouwer, 2007) are probably the most common applica-
tions. The application of such techniques, however, for palae-
oenvironmental and (geo)archaeological investigations just
recently started to develop. Koster (2015), Missiaen et al. (2015),
and Vos et al. (2015) use cone penetration testing for mapping
buried surfaces and walking horizons at archaeological sites.
Fischer et al. (2016) coupled direct push electrical conductivity
logging to near surface electrical resistivity tomography improving
(geo)archaeological site interpretation. Dalan et al. (2011) and
Matney et al. (2014) provide examples using optical direct push
probes for archaeological prospection.

In soil science, color logging is used for recording soil parame-
terization and stratigraphic boundaries (Hartemink and Minasny,
2014). Here, soil color is a useful proxy for the content of organic
matter (Wills et al., 2007; Eckmeier et al., 2013). Recently,
Hausmann (2014) and Hausmann et al. (2016) recognized real-time
in situ-obtained colorimetric data as a promising direct push proxy
Fig. 1. Regional setting of the Fossa Carolina (Zielhofer et al., 2014): a) The Central European
Fossa Carolina links the Swabian Rezat and the Altmühl Rivers.

Please cite this article in press as: Hausmann, J., et al., Direct push sens
buried canal structures (Fossa Carolina, Germany), Quaternary Internatio
for site characterization and also demonstrated its site-specific
relation to cone penetration testing and direct push electrical
conductivity logging. Regarding color logging, (geo)archaeological
sites in wetlands are a challenging investigation object, while the
preservation conditions in this environment provide high colori-
metric contrasts (Gerlach et al., 2012) due to a high variability in
organic and clastic layering with changing redox conditions.

The main goal of this study is to access the potential of in situ
colorimetric proxy sensing for (geo)archaeological applications in
wetlands. We perform a combination of direct push methods for
sampling and sensing. Thus, we focus on the application of direct
push color sensing accompanied by direct push electrical conduc-
tivity sensing and sedimentological analyses of driving core sam-
ples. Additionally, we present and discuss options for parameter
transfer from multiple one-dimensional logs towards a two-
dimensional high-resolution cross-section.

We focus here on a prominent German study site in wetland
(geo)archaeology: Charlemagne's Fossa Carolina, an Early Medieval
summit canal project (Fig. 1) bridging the Central European
Watershed in 793 AD (Ettel et al., 2014; Zielhofer et al., 2014;
Werther et al., 2015). Here, we will expand the (geo)archaeolog-
ical data density along a canal cross-section in the central zone of
the building, where regular archaeological excavations are not
possible. We aim to reconstruct the canal structure e including the
refilling process e and to gain information about the Carolingian
construction stage and the potential use of the structure in Caro-
lingian and post-Carolingian times.
2. Regional setting and site description

The Central European Watershed divides the Rhine-Main and
Danube catchments (Fig. 1a). In the Early Medieval period, when
ships were important means of transportation, Charlemagne
decided to link both catchments by the construction of a canal
Watershed divides the Rhine-Main and the Danube catchments. b) The Early Medieval
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Fig. 2. The course of the Fossa Carolina and the subdivision in six sections (Zielhofer et al., 2014): I) Central Section, II) West-East Section, III) Northern Section, IV) North-Eastern
Section, V) Rezat Headwater, and VI) Altmühl Floodplain. Raw data source: LIDAR data are cordially provided by Bavarian Land Surveying Office for illustrative purposes.
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connecting the Swabian Rezat and Altmühl Rivers (Fig. 1b). This
artificial waterway would provide a continuous inland navigation
route from the North Sea to the Black Sea. The shortcut is known as
Fossa Carolina and represents one of the most important Early
Medieval engineering achievements in Europe. The potential
Carolingian use and functioning of the canal is currently under
debate (Zielhofer et al., 2014; Werther et al., 2015; Kirchner et al.,
this issue).

The Fossa Carolina is located in the Southern Franconian Jura. It
is surrounded by Upper Jurassic (Malm) carbonate rocks and Mid-
dle Jurassic Aalenian (Dogger Beta) sandstones (Schmidt-Kaler,
1976, 1993; Zielhofer et al., 2014). The Swabian Rezat River is a
small tributary of the Rhine-Main river system whereas the Upper
Altmühl River is a tributary of the Danube River (Fig. 1b). Swabian
Rezat River and Upper Altmühl River flow through undulating
Middle Jurassic Aalenian (Dogger Alpha) and Lower Jurassic (Lias)
foothills. The canal is not directly situated on the Middle Jurassic
Aalenian clayey sediments, but rather on Quaternary fills consisting
of predominantly fluvial sands. The location of the Fossa Carolina is
closely associated with the position of the Altmühl and Swabian
Rezat Rivers (Figs. 1b and 2). The modern mean water level of the
Altmühl at its supposed confluence with the Fossa Carolina is
408.3 m a.s.l. (Zielhofer et al., 2014).
Please cite this article in press as: Hausmann, J., et al., Direct push sens
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The Fossa Carolina can be divided in six (geo)archaeological
sections. Within the Central Section and the West-East Section
impressive banks up to 6.5 m high are still visible (Fig. 2) (Schwarz,
1962). A synthesized longitudinal profile of the trench fills from
previous (geo)archaeological drillings reveal evidence for a summit
canal as the final hydro-engineering concept (Koch et al., 1993;
Koch and Leininger, 1993; Leitholdt et al., 2014; Zielhofer et al.,
2014).

The longitudinal canal profile gave proof that the artificial and
labor intensive dislocation of the natural watershed allows the
opportunity to supply the summit of the Carolingian canal with
Rezat spring water (Zielhofer et al., 2014) that corresponds hydro-
geologically with the shallow karst aquifers of the Southern Fran-
conian Jura (Zielhofer, 2004, 2009). Hence, Charlemagne's canal
features an extraordinarily advanced construction level for a navi-
gable waterway. This is confirmed by an archaeological excavation
within the Northern Section of the canal that resulted in the re-
covery of multiple Carolingian oak planks in summer 2013. The
timber was used for bank stabilization and dendrochronological
analyses (Werther and Feiner, 2014; Werther et al., 2015) confirm
the date of construction in autumn 793 AD (Hack, 2014).

Regarding the southern continuation of the canal, previous (geo)
archaeological and geophysical surveys within the zone of the
ing in wetland (geo)archaeology: High-resolution reconstruction of
nal (2017), http://dx.doi.org/10.1016/j.quaint.2017.02.008
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Altmühl floodplain (Fig. 2) does not provide any indication yet for
an existing connection of the canal with the Altmühl River
(Kirchner et al. this issue). This is in accordance with written
sources. Available historical data imply that the canal was never
completed (Hack, 2014).

Previous (geo)archaeological findings from a driving core cross-
section within the West-East-Section of the canal (Figs. 3b and 4)
provide evidence for a buried canal structure. The organic fills
indicate the onset of aquatic and semi-terrestrial conditions in the
Carolingian period and reveal multiple ponding phases until
modern times (Zielhofer et al., 2014). However, due to the high
groundwater level, an archaeological excavation is time-consuming
and expensive in this zone of the canal. Furthermore, it would ul-
timately destroy a significant part of the site. Therefore, the detailed
architecture of the Carolingian trench, a probable timber-use, the
high-resolution stratigraphy of the canal fills, and the intercalation
of the canal fills with the adjacent colluvial refills is not known yet.
Fig. 3. Fossa Carolina West-East Section local setting: a) Locality of the canal cross-section (
sensing (view to the West). d) Direct push sensing (view to the North). (For interpretation of
this article.)
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3. Material and methods

3.1. General characteristics of direct push methods

Direct push (DP) technologies are defined as part of a growing
family of tools used for performing subsurface investigations by
driving, pushing, and/or vibrating small-diameter, hollow steel rods
into the ground (EPA, 1997). They are most applicable in uncon-
solidated sediments that are typically less than 30 m below the
surface (EPA, 2005). Several attachable tools and probes are avail-
able for minimally invasive logging of geophysical, geotechnical,
hydrological and geochemical data (Dietrich and Leven, 2006;
Zschornack and Leven-Pfister, 2012a). Thus, considering small-
scale variability, continuous in situ measurements of subsurface
properties provide high-resolution vertical and reproducible data
logs up to a cm-scale (Leven et al., 2011; Zschornack and Leven-
Pfister, 2012a). These data provide many advantages in
red line, this study). b) Direct push sensing and driving coring positions. c) Direct push
the references to colour in this figure legend, the reader is referred to the web version of
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Fig. 4. Cross-section of the Fossa Carolina West-East Section (Zielhofer et al., 2014) with the indicated zone of direct push sensing (this study).
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comparison to common drilling methods, due to avoidance of
compaction or contamination effects during soil removal. In this
study, in autumn 2014 direct push sensing of depth-accurate in situ
parameter in a cm-resolution was performed by self-propelled
carrier vehicle (Geoprobe) with attached direct push electrical
conductivity and color probes. All starting points were levelled by a
depth-accurate Topcon DGPS system in cm-resolution.

3.2. Direct push electrical conductivity logging

Spatial variability of electrical conductivity s and its reciprocal,
electrical resistivity r, reveal numerous information of sediment
matrix properties like water content, grain size, or salinity
(Hoffmann and Dietrich, 2004). On this note, direct-push driven
electrical conductivity logging provides in situ high-resolution re-
cords of sub-surface electrical properties in multiple cm-scale
(Butler et al., 1999; Hausmann et al., 2013; Hausmann, 2014). This
method is a robust tool that can distinguish between different
unconsolidated sediment types especially in the saturated zone
(Chouker, 1971; Schulmeister et al., 2003). In this study, we use a
Geoprobe SC-500 probe for recording electrical conductivity
(Christy et al., 1994). We set the probe's four equally spaced elec-
trodes in a Wenner array. The data are constantly logged while
pushing the probe downwards (Zschornack and Leven-Pfister,
2012b).

Similar to the studies of Butler et al. (1999), Hausmann et al.
(2013), and Hausmann (2014), we conduct direct push electrical
conductivity logs in a multiple cm-scale. However, the obtained
depth-relevant value is the result of an integral that represents all
lithological information defined by the electrode spacing. Thus,
resolution is limited due to the technical setup of the probe, con-
taining four electrodes in 2.5-cm spacing, respectively 7.5 cm in
total (Christy et al., 1994). Consequently, direct push electrical
conductivity logs document clear lithological changes, whereas the
detection of very thin intercalated layers at mm-to cm-scale is
somewhat limited.

3.3. Direct push color logging

For in situ-sensing of visible colors, we applied the soil optical
color screening tool (SCOST™), Dakota technologies (Dalan et al.,
2011; Hausmann, 2014; Hausmann et al., 2016). The color logging
tool (CLT) is made of a tri-stimulus colorimeter system, which
consists of a light source, a photo-sensitive detector and a hollow
soil penetrometer. The source induces white light, which is con-
ducted via optical fibers to the probe into the sub-surface. The
Please cite this article in press as: Hausmann, J., et al., Direct push sens
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reflected light is recorded under standardized observation condi-
tions (10�-observer, reference to D65 white point). The depth res-
olution depends on the probing velocity and the pre-set
measurement interval (Hausmann et al., 2016). In this study, we
achieved an average probing velocity of approx. 1 cm/s resulting in
an average depth resolution of 5 mm. As a result, post-processing of
colorimetric data in combination with depth information provides
a high-resolution vertical color record in cm-scale.

For rapid visualization of the color logs, RGB raster images are
computed. Following Hausmann et al. (2016), the raw data were
processed for subsequent analyses to CIEL*a*b* color space
(Wyszecki and Stiles, 1982; Ohta and Robertson, 2005). Thus, we
achieve physically independent colorimetric proxy data expressed
as luminosity (L*), scaling from 0 (black) to 100 (white), and
chromatographic coordinates a* (red-green ratio) and b* (blue-
yellow ratio). For the reduction of high natural color variability, we
applied a wavelet filter (Hausmann et al., 2016).

3.4. Recovery of driving cores

Sediments were recovered by a hand-held Cobra Pro (Atlas
Copco) driving core drilling system and 60-mm diameter open
corer. During driving, no rotation of sediment is involved, since the
tool is only pushed into the ground. The achieved segments of each
1-m lengths were accessed on site towards sediment features ac-
cording to AG Boden (2005). The recovered segments were docu-
mented, photographed, and sampled in a 5e10 cm resolution for
subsequent laboratory analysis. Additionally, we took distinct
colorimetric measurements on the sediment samples with the
SCOST™ color probe right after sampling the core.

3.5. Sedimentological analyses

We determined grain size median (D50) and distributions of
each sediment layer to obtain information about the texture and
the corresponding deposition process. This method is applicable to
samples with a content of organic matter less than 5% (Zielhofer
et al., 2014). Bulk samples (10 g) were left in 50 ml 35-%
hydrogen peroxide (H2O2) overnight, and heated to remove organic
matter during the next day. Afterwards, the samples were
dispersed using 10 ml 0.4 N sodium pyrophosphate solution
(Na4P2O7) and ultrasonic treatment for 45 min. Grain size analysis
of the sand fraction was carried out by means of the dry-sieving
technique (2000‒630 mm: coarse sand, 630‒200 mm: medium
sand, 200‒125 mm: fine sand, 125‒63 mm: finest sand). Coarse silt
(63‒20 mm), medium silt (20e6.3 mm), fine silt (6.3e2.0 mm), coarse
ing in wetland (geo)archaeology: High-resolution reconstruction of
nal (2017), http://dx.doi.org/10.1016/j.quaint.2017.02.008
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clay (2.0e0.6 mm), medium clay (0.6e0.2 mm) and fine clay
(<0.2 mm) were measured by X-ray granulometry (XRG) using a
SediGraph III 5120 (Micromeritics).

For calculating the content of organic matter (OM), we
measured the content of total carbon (TC) by using a CNS analyser
vario EL cube (Elementar), and determined the content of inorganic
carbon (TIC) by calcimeter measurements (Scheibler method, Eij-
kelkamp). Resulting values of organic carbon (TOC) weremultiplied
by 1.72 in order to obtain contents of organic matter (OM). In
addition, total nitrogen (TN) and total sulfur (TS) were measured
and C/N ratio was computed.
4. Results and interpretation

4.1. Canal cross-section: sedimentological features

We recovered an additional driving core (KGCLT09, Figs. 3b and
5) from the previous canal cross-section (Fig. 4). We separate the
core in three major sub-sections (Fig. 6):

(1) The lower sub-section features a clastic stratigraphy from
410.63 to 412.23 m a.s.l. The lowermost part of the sub-
section reveals fluvial sands of gray-yellowish color with
D50 values spanning 205e594 mm (medium sand). Above
411.85 m a.s.l., we observe a change in redox state towards
dominant grayish colors representing reductive conditions.
Organic contents also rise from 0.1 to 3%. The grain size
shows a clear fining-up towards a grayish clay layer at
412.23 m a.s.l.

(2) The middle sub-section (412.23e415.97 m a.s.l) generally re-
veals organic layers with clastic intercalations. From 412.23
to 415.42 m a.s.l. the organic content clearly increases,
reaching a maximum (>40%) at 414.33 m a.s.l. The peat and
intercalated sapropel layers reveal dark gray to blackish
colors. We detect sapropel layers at 412.83 to 412.93, 413.83
to 413.93, 414.92 to 415.02, and 415.15e415.16 m a.s.l. Be-
tween 415.42 and 415.53 m a.s.l. a sandy to loamy clastic
layer separates the organic sediments. The middle sub-
section ends with organic-rich, grayish to black fen de-
posits from 415.53 to 415.97 m a.s.l. We found a larger piece
of wood at 412.62 m a.s.l.
Fig. 5. Photographs of driving core KGCLT09 from the Fossa Carolina West-East Section. M
disturbed strata.
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(3) The upper sub-section (415.97e417.63 m a.s.l.) reveals pre-
dominantly clastic layers with varying grain sizes. Layers
between 415.97 and 416.16 m a.s.l. reveal grayish medium
sands (D50 ¼ 300 mm). Layers from 416.13 to 417.01 m a.s.l.
feature a fining-up sequence towards silty and clayey de-
posits (D50 ¼ 2e10 mm) with high color diversity, spanning
brownish‒grayish‒ocher tones. Subsequent sandy layers
from 417.01 to 417.18 m a.s.l. show indications for oxidation.
Uppermost layers composes of loamy sediments with me-
dian grain sizes (D50) between 16 and 25 mm. The organic
content slightly increases again and the colors indicate hy-
dromorphic redox conditions.
4.2. Canal cross-section: electrical conductivity logging and texture

The correlation between texture and direct push electric con-
ductivity data is also visible in the direct comparison of EC03 log
(Figs. 6f and 7) with KGCLT09 core stratigraphy (Fig. 6a and b). The
relative low electric conductivities s of approx. 20 mS/m in the
lower sub-section correspond with medium sands. Since the fluvial
sands do not shift significantly in grain size, electrical conductiv-
ities also do not show obvious oscillations.

No grain size data are available for the organic rich-layers of the
middle sub-section of the core (Fig. 6b). However, the organic-rich
layers reveal relatively constant electrical conductivities approx.
40 mS/m that might indicate a homogeneous texture of the
organic-rich sub-section.

The upper sub-section features electrical conductivities from 20
to 68 mS/mwith lower values at the bottom and at the top (Fig. 6f).
The low values correspond with low clay contents (Fig. 6b).

Observed core losses in the driving core record (notated ‘n/a’)
most likely refer to compaction effects during coring. Especially, we
observe high compaction rates within the organic fills of themiddle
sub-section. As we have to consider a bias in height accuracy within
the driving core record (Fig. 6a) we conduct a height correction.
Direct push electrical conductivity logs and color logs represent a
record with high depth-accuracy (Fig. 6f). Hence, we use these re-
cords as a standard for depth levels. Additionally, we used the levels
of the penetrated drilling heads of the individual 1-m long driving
cores as fixed marks with exact depth accuracy. Subsequently,
eters represent depth from surface. White dotted lines indicate zones of missing or
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Fig. 6. a) KGCLT09 driving core stratigraphy with organic matter (OM). b) Cumulative grain size and median diameter D50. c) Total sulfur (TS), total nitrogen (TN), total carbon (TC),
total inorganic carbon (TIC). d) total organic carbon (TOC), TOC/TN ratio. e) Distinct and three-times repeated RGB color records of individual sediment samples. f) Direct push
electrical conductivity s (EC03). g) Direct push color logging (CLT09)RGB. h) Luminosity L�. i) Chromatographic coordinates red‒green ratio a� and j) Blue‒yellow ratio b� from
CIEL�a�b� color space. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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stretching of the core stratigraphy was applied only within the
range of the 1-m long driving cores. This leads to a virtual extension
of the recovered sediment layers in the vertical domain. As a result,
Fig. 7 depicts correlations of the sand (2000‒63 mm) and clay
fractions (2.0e0.2 mm) from core KGCLT09 after height correction
with measured electrical conductivities.
Please cite this article in press as: Hausmann, J., et al., Direct push sens
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Fig. 8b shows a compilation of all direct push electrical con-
ductivity logs for the entire canal cross-section. The electrical
conductivity data reveal a total range from 2 to 68 mS/m. Between
409.90 and 411.70 m a.s.l, in the lower northern part of the cross-
section we detect a noticeable zone with electric conductivities
above 30 mS/m (EC06, EC05, EC04, EC02) that are not ubiquitous at
ing in wetland (geo)archaeology: High-resolution reconstruction of
nal (2017), http://dx.doi.org/10.1016/j.quaint.2017.02.008



Fig. 7. Linear correlation between direct push electrical conductivity (DPEC) s of log EC03 and texture from KGCLT09 core: a) Sand fraction (2000‒63 mm) versus s (mS/m). b) Clay
fraction (2.0e0.2 mm) versus s (mS/cm). Due to the higher resolution of the EC logs, multiple EC logs correspond with single grain size value.
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this level: EC03 log does not feature electric conductivities of more
than 30 mS/m, indicating a change in sediment facies within this
level. Fig. 9a depicts a 2D visualization for the conducted electrical
conductivity logs. We applied block kriging algorithm (size
0.5 � 0.5 m) constraint by geospatial correlation (variogram). The
2D visualization also shows the high electrical conductivity values
in the lower northern zone of the cross-section.

4.3. Canal cross-section: colorimetric proxies and stratigraphical
features

For a better validation of the direct push-derived colorimetric
logs, we added on site colorimetric measurements of recovered
sediment samples from driving cores as an intermediate step.
Fig. 6e shows the colorimetric data from KGCLT09 core, taken
directly after the sampling procedure in the field. We conducted
repeated measurements, resulting in three measurements per soil
sample. The computed RGB values can be directly coupled with
documented sediment features.

The correlation between stratigraphical features and direct push
colorimetric proxies is visible in the direct comparison of color logs
(Fig. 6g to j) with the KGCLT09 core stratigraphy (Fig. 6a) and
texture (Fig. 6b). The lower sub-section features high luminosity
(L� >40), positive red values (a� >0) and enhanced yellow values
(b� >20), which corresponds with oxidized fluvial sands. From
411.82 to 412.60 m a.s.l, the clastic layers feature reductive condi-
tions. Here, the colorimetric composition turns to green (a� <0)
with less intense yellow (b� <20).

The middle sub-section is characterized by the dominance of
organic layers. The colorimetric proxies feature noticeable changes.
Luminosity L* is very low (5�20) reaching almost black. Red (a*)
and yellow (b*) values are positive. We deduce a pale-colored layer
within the middle sub-section (approx. 412.85e413.11 m a.s.l.),
which corresponds with a large wood remnant. High-frequency
variability of the colorimetric data in the middle sub-section fea-
tures a fine horizontal bedding of the alternating peat and sapropel
layers.

The upper sub-section features predominantly reduced clastic
layers. The gray coloring is indicated by a medium luminosity (L*

approx. 40). The uppermost part of the section shows a shift to-
wards a lower luminosity and enhanced red values (a* >0), indi-
cating a semi-terrestrial horizon.

Fig. 8c shows a compilation of all direct push RGB logs for the
entire canal cross-section. We achieved an extremely high lateral
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resolution (low spacing) of the starting points for direct push
colorimetric logs up to approx. 0.25 m distance, which was close to
exceed technical realization. Totally, we conducted 23 vertical
colorimetric logs. Generally, the colors show high contrasts.
Grayish-brown colors represent organic canal fills, yellowishered
colors indicate oxidized clastic sediments and pale gray colors
feature oxygen-reduced layers. Due to the high lateral resolution of
the color logs and the high depth-accuracy, a stratigraphical
coupling of the single RGB logs is possible. As a result, we receive a
high-resolution RGB composite image of the buried canal structure.

Considering the sedimentological features from KGCLT09 core,
the RGB logs (Fig. 8c) indicate changes in redox conditions, texture
and organic contents (Fig. 8a) that corresponds with varying phases
of geomorphological activity and stagnancy. Active phases of canal
aggradation represent colluvial deposition at the canal edges and
clastic alluvial fills in the central zone. Stagnation phases represent
geomorphological stability with ponding and the development of
semi-terrestrial organic layers. Between 412.5 and 416.5m a.s.l., the
RGB logs reveal alternating grayish-brown and almost black colors,
which correspond to peat and sapropel layers. This zone indicates
the aquatic to semi-terrestrial zone of the canal with potential
former ponds. The organic fills show a lateral extension of approx. 5
m. The direct push RGB logs do not cover the whole extent of the
organic fills. However, the RGB logs point to a diminishment of the
organic fills towards the southern edge of the canal.

Red arrows (Fig. 8c) mark the transition from yellow-reddish to
grayish sediments, indicating the assumed excavation level of the
Carolingian canal. The total excavation zone is by far larger as the
subsequent zone of organic fills with potential ponds. However,
analogous to the direct push electrical conductivity logs the RGB
logs also deliver indications for a lateral change in sediment facies
in the lower sub-section of the cross-section (Fig. 8c: gray arrows).
The gray arrows show yellowish to reddish sands at the southern
edge of the cross-section that are absent within the same level at
the northern edge. The lateral transition of both facies is located
between 08 and 21 RGB logs at 410.0e411.2 m a.s.l. At this stage of
investigation, we are not able to distinguish whether this change in
sediment facies is naturally or probably the impact of an even
deeper Carolingian excavation depth in the central part of the
trench, which has been refilled by sandy colluvial material, which is
very similar to the unaffected fluvial sands, but slightly colored.

Furthermore, there is also an indication for a very abrupt shift in
sediment facies between 08 and 21 RGB log at 412.2e413.4 m a.s.l.
(Fig. 8c: yellow arrow). Organic fills in 21 RGB log change within a
ing in wetland (geo)archaeology: High-resolution reconstruction of
nal (2017), http://dx.doi.org/10.1016/j.quaint.2017.02.008
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distance of only 25 cm towards grayish clastic layers in 08 RGB log.
Pale coloring in 21 RGB log features evidence for wood. The abrupt
shift in sediment facies might be an indication for a wooden bank
stabilization within this lower zone of the organic fills.

The central zone of organic fills and the grayish colluvial de-
posits at the northern edge of the canal structure reveal a zone of
intercalation (Fig. 8c: orange arrows between 414 and 415.5 m
a.s.l.). This indicates a missing bank stabilization at that strati-
graphic level.

The organic fills end with a well-preserved fen horizon (Fig. 8c:
black arrow at 416.20 m a.s.l.) indicating a phase of reduced
aggradation under semi-terrestrial conditions and a subsequent
abrupt onset of clastic deposition. The fen horizon is ubiquitous in
the central zone of the canal and the subsequent onset of clastic
deposition features a distinct change in local environmental
conditions.

Figs. 9b to d depict 2D visualizations for the single colorimetric
proxies. We applied block kriging algorithm (size 0.5 � 0.5 m)
constraint by geospatial correlation (variogram). The 2D visualiza-
tions show a set of homogeneous sections: I) in the lower part of
the cross-section is evidence for an inclination of boundary pattern
from North to South and from 415.0 to approx. 411.7 m a.s.l. The
sediments below this boundary correspond with oxidized fluvial
sands. These strata reveal a significant transition in green (Fig. 9c)
and yellow (Fig. 9d) coloring (red arrows). II) The middle part of the
cross-section reveals medium luminosity (Fig. 9b) and green
(Fig. 9c, a� <0) and yellow colors (Fig. 9d, b>0). This zone corre-
sponds with reduced colluvial fills. III) In the southern part of the
cross-section the colorimetric proxies indicate a homogeneous
zone forming a bull-eye structure (Fig. 9b to d). This zone corre-
sponds with the organic fills of the central zone of the canal. IV) The
uppermost part of the cross-section shows medium luminosity
(Fig. 9b) and red (Fig. 9c, a� >0) and yellow colors (Fig. 9d, b� >0).
This zone corresponds with the upper sub-section of the driving
core and electrical conductivity logs (Fig. 6a, b and f) featuring
clastic sediments with varying redox conditions.

4.4. Canal cross-section: transferring sediment proxies on
colorimetric data

We conduct a parameter transfer from robust KGCLT09 driving
core chemical data (Fig. 6c and d) to colorimetric proxy parameters
(Fig. 6hej) and model quantitative CNS values for the entire 2D
canal cross-section (Fig. 12a to d).

After depth-correction, we couple the laboratory-derived sedi-
ment data with the in situ direct push colorimetric logs (Fig. 9).
Consequently, we are able to correlate depth-accurate colorimetric
data and robust KGCLT09 sedimentological data.

To check coherence, we test linear regressions between colori-
metric proxies and robust sedimentological data (Table 1, Fig. 10a to
c). Additionally, we conducte a similar procedure, after running a
wavelet filter algorithm (Hausmann, 2014; Hausmann et al., 2016)
on CLT09 colorimetric proxies (Table 1, Fig. 10d to f). The algorithm
reduces high-resolution outliers within the vertical logs.

Luminosity L* indicates significant correlations with CNS data
(Table 1, Fig. 10). In contrast, chromatographic red-green ratio a*

and blueeyellow ratio b* reveal low coherences with CNS data.
Adapting wavelet filter algorithm, we achieve higher R2. Exem-
plarily, R2 for luminosity L* increase for TC from 0.66 to 0.74, TN
from 0.68 to 0.77, TS from 0.48 to 0.53, TOC from 0.65 to 0.73, and
TOC/TN from 0.59 to 0.67 (Table 1, Fig. 10a and d).

We follow the hypothesis that multivariate regressions reveal to
higher correlation. For making predictive models, we consequently
apply principal component analysis on the data. Thus we achieve
the colorimetric proxy luminosity L* as component one, red-green
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ratio a* as component two, and blue-yellow ratio b* as component
three for depicting CNS data. Fig. 11 provides an example for
applying of a principal component analysis on colorimetric data
and on total organic carbon (TOC) from sedimentological samples
(Fig. 6). As a result, TOC data are explained by luminosity L* and
redegreen ratio a*. The blueeyellow ratio slightly b* improves the
relation.

For the construction of a predictive formula, wemerge the linear
regression functions of the single proxies. Generally, a linear
function is described by the slope equation (Eq. (1)) with y and x as
the coordinates,m as the slope, and n as the y-intercept of the line.
Equation (2) is the resulting predictive formula including indexed
parameters from single regression. The target value y is one of the
CNS data TOC, TN, TS, TC and TOC/TN. Subsequently, we fitted the
single slope equation parameter mL* , ma* , mb, and nL* from the
initial stage. Stopping criteria is an achieved minimum standard
deviation s of the target value ymod compared to the real measured
y (Eq. (3)).

y ¼ mxþ n (1)

ymod ¼ �mL*$L
* þma* 0a* þmb* 0b* þ nL* (2)

s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX

ðy� ymodÞ2
q

; s/min (3)

Hence, we attain a multivariate regression model predicting TC,
TN, TS, TOC, and TOC/TN on the independent colorimetric proxies
luminosity L�, redegreen ratio a�, and blueeyellow ratio b�. How-
ever, the blueeyellow ratio b� does not improve the regression
model. Thus, b� was rejected from the original formula (Eq. (2)). As
a result, we compute multivariate regression only on the base of
luminosity L* and redegreen ratio a�. Table 2 lists parameters m
and n. We achieve R2 approx. 0.70 for TCmod, TNmod, TOCmod, and
TOC/TNmod. versus TC, TN, TOC, and TOC/TN, respectively. TSmod
versus TS shows a lower R2 of 0.50. Adapting the similar approach
on previously wavelet-filtered data, besides TSmod, we generally
achieve higher regression factors R2 (Table 2).

Fig. 12a to d depict a 2D visualization for predictions of TCmod,
TNmod, TOCmod, and TOC/TNmod. We apply block kriging algorithm
(size 0.5 � 0.5 m) constrained by geospatial correlation (vario-
gram). High values of TCmod, TNmod, TOCmod, and TOC/TNmod model
organic fills.

The organic-rich central zone of the canal with peat and sap-
ropel layers is clearly visible. Furthermore, in the lowermost part
the model shows higher values of TNmod and TOCmod at the
southern edge of the cross-section between 409 and 411 m a.s.l.
(Fig. 12b and c, yellow arrows), which may point to an enrichment
of organic matter in the sandy material. At this stage of investiga-
tion, we are not able to distinguish whether this enrichment of
organic matter is naturally or probably the impact of an even
deeper Carolingian excavation depth in the central part of the
trench.
5. Discussion

5.1. Direct push-derived proxy interpretation

Complementary non-invasive geophysical prospection has
become an important tool in wetland geoarchaeology. Magnetic
surveys (Bartington and Chapman, 2004; Linzen et al., 2009),
electrical resistivity tomography (Hecht, 2009) and seismic surveys
(Rabbel et al., 2004) point to varying sediment properties and
layering but also archaeological anomalies. However, significant
results depend on the variety of sedimentological and/or (geo)
ing in wetland (geo)archaeology: High-resolution reconstruction of
nal (2017), http://dx.doi.org/10.1016/j.quaint.2017.02.008
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Fig. 9. 2D composite images from applied block kriging on direct push data: a) Direct push electrical conductivity (DPEC) s (mS/m). b to d) Direct push color logging (CLT),
CIEL�a�b� color space, luminosity L�, red‒green ratio a� , and blue‒yellow ratio b� . (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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archaeological layers but primary on their detectable geophysical
differences (Lück et al., 1997; Weston, 2001; Weller and
Bauerochse, 2013). Additionally, depth-accuracies of many non-
invasive geophysical prospection methods are limited and do not
allow high-resolution recoding at cm-scale. In this context, direct
push sensing might provide an alternative tool.

Our direct push electric conductivity logs reveal a high corre-
lation with robust grain size data from sedimentological analyses
(Fig. 7 and Table 1). This is in accordance with Chouker (1971) and
Schulmeister et al. (2003) who deduce high correlations between
electric conductivity logs and different unconsolidated sediment
textures in the saturated zone. Generally, the availability of robust
sedimentological data from driving core sampling strongly im-
proves quantitative interpretation of direct push sensing data
(Dalan et al., 2011; Matney et al., 2014; Hausmann et al., 2016).

According to our results, color records might provide significant
data for sediment parameterization and the detection of strati-
graphic boundaries. We deduce that direct push colorimetric
proxies reveal significant correlation with the total organic carbon
(TOC). Eckmeier et al. (2013) have already shown that sediment
darkening and increasing TOC are significantly coupled. However,
these analyses bases on colorimetric measurements on dried soil
samples. Regarding in situ color logs, it is well-known that moisture
Fig. 8. Multi-proxy compilation of the Fossa Carolina cross-section: a) Driving core stratigrap
shaded curves show direct push electrical conductivity (DPEC) s (mS/m), logs EC01 to EC06
CLT01 to CLT23 as RGB.
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changes influence the visible spectrum (Blavet et al., 2000; Persson,
2005; Sperling and Lazarovitch, 2010). Moisture changes, however,
only influence the luminosity L* and not the physically indepen-
dent chromatographic ratios a* (red‒green) and b* (yellow‒blue)
(Hausmann et al., 2016). The vertical resolution of color logs de-
pends on the speed of sounding: the slower the pushing rate, the
higher the vertical resolution of the log. The application of
wavelet algorithm as a filter on the colorimetric raw data
(Hausmann et al., 2016) decreases naturally color heterogeneity
and lead to a higher correlation between color logs and TOC values.
5.2. Fossa Carolina: early to high medieval ponding

Within the central zone of the cross-section (Fig. 8c), between
412.5 and 416.5 m a.s.l., the RGB logs and the robust sedimento-
logical data (middle sub-section) reveal alternating peat and sap-
ropel layers. They represent the aquatic to semi-terrestrial zone of
the canal with former ponds. According to 14C dating of the organic
canal fills (Zielhofer et al., 2014), major phases of sapropel accu-
mulation and peat growing took place from the 9th to the 13th
centuries. Here, ponding phaseswere significant during the 9th and
between the 11th and 13th centuries. Hence, there is evidence that
isolated zones of the West-East Section reveal open water bodies
hy with cores O to O5 (Zielhofer et al., 2014) and core KGCLT09 (this study). b) The grey
, black triangles indicate the groundwater table. c) Direct push color logging (CLT) logs
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Table 1
Correlation factors R

2
of linear regression between colorimetric data from CIEL�a�b�

color space (luminosity L*, red‒green ratio a* , and blue‒yellow ratio b*) from direct
push color logging CLT09, and CNS data for case (I) original resolution, case (II) with
wavelets applied on colorimetric data, standard deviation (SD), and variance (VAR)
with a total number of comparable cases N ¼ 1177.

TC TN TS TOC TOC/TN

R2 from Original resolution (I)
L* 0.66 0.68 0.48 0.65 0.59

a* 0.12 0.11 0.06 0.13 0.06

b* <0.00 <0.00 <0.00 <0.00 0.02
R2 from Original resolution þ Wavelets (II)
L* 0.74 0.77 0.53 0.73 0.67

a* 0.14 0.13 0.09 0.15 0.07

b* <0.00 <0.00 <0.00 <0.00 0.03

L* a* b* TC TN TS TOC TOC/TN

(I)
SD 12.77 3.30 7.78 10.64 0.51 0.32 10.63 0.11
VAR 162.95 10.90 60.60 113.30 0.26 6.37 112.97 40.57
(II)
SD 12.00 2.93 6.87 10.64 0.51 0.32 10.63 0.11
VAR 144.02 8.57 47.26 113.30 0.26 6.37 112.97 40.57
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for hundreds of years. Within the Northern Section our archaeo-
logical excavation strongly supports this finding. Sapropel layers at
the bottom of the canal fills indicate enduring ponding phases,
which start immediately after 793 AD according to dendrochro-
nological dating (Werther et al., 2015).

Due to the high lateral resolution of the color logs and the high
depth-accuracy, a stratigraphical coupling of the single RGB logs is
possible. As a result, we receive for the first time a clear strati-
graphical evidence for an abrupt end of the aquatic to semi-
terrestrial aggradation process within the central zone of the ca-
nal. The organic fills ends with a well-preserved fen horizon
(Fig. 8c: black arrow at 416.20 m a.s.l.). Subsequently, an abrupt
Fig. 10. Linear correlation models of total organic carbon (TOC) from CNS analysis of KG
CIEL�a�b� color space: a) and d) Luminosity L�. b) and e) Red‒green ratio a� . c) and f) Blu
outliers.
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onset of clastic deposition occurs. The high clay contents of the
clastic layer (Fig. 6b) might indicate a fast accumulation of sus-
pension load in a stillwater environment and therefore ponding as
well. We assume that the clayey clastic layer represents an increase
in alluvial sediment supply. This might be the result of increased
water influx from the Rezat River or increased soil erosion within
the Rezat headwater. According to a14C dating (1523e1619 cal AD,
Zielhofer et al., 2014) the uppermost clastic layer reveals a post-
Medieval age.
5.3. Fossa Carolina: abrupt Early Medieval refill of the excavated
canal

At the lower part of the canal fills sandy layers with a clear
fining-up (Fig. 6b) and relatively low organic contents point to an
abrupt refill process. According to Zielhofer et al. (2014) there is
evidence for at least 1 m of abrupt Carolingian re-deposition of
sandy digging material in the West-East Section. The excavation in
the Northern Section showed initial colluvial backfill processes at
the edges of the canal fairway as well (Werther et al., 2015). These
findings support historical sources that describe the massive refill
of the canal bottomwith unconsolidated bankmaterials after heavy
rainfalls in autumn 793 AD leading to the abandonment of the
Carolingian canal project (Hack, 2014). However, sapropel layers in
the middle sub-section of our canal cross-section (Fig. 6a) and in
the excavation further north do not confirm a definite collapse
theory yet. Our findings generally indicate that the Early Medieval
zone of potential ponds reveals a clearly higher position than the
minimum excavation level of the Carolingian canal (Fig. 8c: red
arrows). The total excavation zone is by far larger as the subsequent
zone of organic fills with potential ponds.

Within the lower sub-section of the canal cross-section
enhanced electrical conductivity data indicate a clayey to silty
layer from approx. 409.90 to 411.70m a.s.l. (Fig. 8b). However, these
CLT09 driving core stratigraphy versus direct push color logging (CLT), log CLT09 in
e‒yellow ratio b� . aec) Original data. def) Applied wavelet filter for the reduction of
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Fig. 12. 2D composite images from applied block kriging on predicted sediment parameters. a) Total carbon TCmod. b) Total nitrogen TNmod. c) Total organic carbon TOCmod. d) TOC/
TNmod humidification proxy.

Fig. 11. Principal component analyses of colorimetric data from CIEL�a�b� color space (luminosity L*, red‒green ratio a* , and blue‒yellow ratio b*) from direct push color logging
(CLT), log CLT09 versus and total organic carbon (TOC) from CNS analysis of KGCLT09 driving core stratigraphy: a) and d) Eigenvalues. b) and e) Vectorplot. c) and f) Linear cor-
relation between measured TOC and predicted TOCmod. aec) Original data. def) Applied wavelet filter for reduction of outliers.
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Table 2
Fitted parameters from stepwise regression of colorimetric data from CIEL�a�b�

color space (luminosity L*, red‒green ratio a* , and blue‒yellow ratio b*) from direct
push color logging (CLT), log CLT09 and CNS data for case (I) original resolution, case
(II) with wavelets applied on color data, and correlation factors of modelled to real
data (linear regression) with a total number of comparable cases N ¼ 1177.

Fitted parameter from stepwise
regression

Modelled to
real values

mL* ma* nL* r R2

Original resolution (I)
TCmod �0.64 0.63 27.53 0.83 0.70
TNmod �0.03 0.0275 1.40 0.84 0.71
TSmod �0.02 0.01 0.76 0.70 0.50
TOCmod �0.64 0.67 26.92 0.83 0.69
TOC/TNmod �0.37 0.18 23.82 0.78 0.60
Original resolution þ Wavelets (II)
TCmod �0.80 0.00 35.00 0.86 0.74
TNmod �0.04 0.03 1.51 0.89 0.80
TSmod �0.05 0.75 0.00 0.44 0.20
TOCmod �0.72 0.79 29.08 0.88 0.78
TOC/TNmod �0.42 0.20 25.25 0.82 0.67
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enhanced electrical conductivity data are not detectable in EC03 log
(Figs. 6f and 8b). The 2D visualization of interpolated electrical
conductivity data similarly shows this anomaly (Fig. 9a). Analogous
to the electrical conductivity logs the RGB logs also indicate a
change in sediment facies at this position (Fig. 8c: gray arrows). The
gray arrows show yellowish to reddish sands that are absent within
the same level at the northern edge of the cross-section. The
composite images of TNmod and TOCmod point to higher values of
organic matter in this zone, too (Fig. 12a and c). At this stage of
investigation, we are not able to distinguish whether this change in
sediment facies is naturally or probably the impact of an even
deeper Carolingian excavation level of the canal fairway, for which
we had no evidence until this study. A Carolingian excavation level
up to 409.5 m a.s.l. could be an interesting finding concerning the
idea that the Carolingian canal was primary planned as a contin-
uous canal and not as a summit canal. Further (geo)archaeological
research is required to confirm or discard this assumption.

5.4. Fossa Carolina: indications for timber-use

Within the canal cross-section we have evidence for buried
woods. This is indicated by direct push color sensing (Fig. 8c: red
circle). Here, pale coloring corresponds with a recovered Salixwood
remnant from the driving core. However, direct push color logs
might indirectly reveal a probable timber-use in the West-East
Section. There is evidence for a very abrupt shift in sediment
facies between 21 and 08 RGB logs (Fig. 8c: yellow arrow). Organic
fills in 21 RGB log change within a distance of only 25 cm towards
grayish clastic layers in 08 RGB log. Such an abrupt and lateral
change in sediment facies might be the result of an artificial sta-
bilization of the Carolingian canal edge with timber. The probable
use of timber is supported by recovered Quercus fragments within
driving cores from the Central and the West East Section (Zielhofer
et al., 2014). Oak remnants are not typical for a swamp forest and
might indicate remnants of timber. For the Northern Section of the
canal the extensive use of timber for bank stabilization is already
known: an archaeological excavation recovers multiple Carolingian
timber planks (Werther and Feiner, 2014; Werther et al., 2015).

The RGB logs reveal evidence for alternating phases of
geomorphological activity and stagnancy that correspond with
changes in organic parameters (Fig. 12a and c). The organic canal
fills and the grayish colluvial deposits reveal a zone of intercalation
(Fig. 8c: orange arrows between 414,0 and 415.5 m a.s.l.) indicating
a missing bank stabilization at this stratigraphic level. In this zone
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timber-use seems to be not in evidence.

5.5. Fossa Carolina: Early Medieval inland navigation requirements

The northern bank of the canal fairway could be located thanks
to the direct push color logging between RGB log 08 and 21 (Fig. 8c:
yellow arrow). For the southern bank we have no data due to a
drainage ditch, which made drillings impossible. Starting from the
northern bank with the assumed timber construction, the lower-
most organic fill up to 412.5 m a.s.l. shows a lateral extension of at
least 3.5 m, but the southern end has not been documented.

The thickness of the organic fill reaches its maximum at the
deepest point of the fairway and decreases southwards and also
northwards along the cross-section. This finding is supported by
data from the archaeological trench in the Northern Section of the
Fossa Carolina (Werther and Feiner, 2014; Werther et al., 2015) and
from a driving-core derived cross-section in the North-Eastern
Section (Zielhofer et al., 2014) (Fig. 2). A canal width of 3.5e5 m
allows a passage of big inland vessels with a maximum width of
about 3 m that corresponds with recovered Carolingian cargo
scows with a payload of several tons (Ellmers and Hoffmann, 1990;
Obladen-Kauder, 1994; Kr€oger, 2014; Zielhofer et al., 2014; Werther
et al., 2015).

6. Conclusions

Robust sedimentological data from driving cores as well as
colorimetric and electrical conductivity data from direct push
sensing provide a 2D canal cross-section of the Fossa Carolina in
high vertical and horizontal resolution. The data divide the cross-
section in three major sub-sections: a) clastic colluvial deposits at
the bottom of the Carolingian trench indicating an abrupt refill of
the excavated canal during the Early Middle Ages, b) alternating
sapropel and peat layers with multiple evidence for ponds during
the Early Middle Ages and High Middle Ages, and finally c) clastic
clay layers in the upper sub-sequence indicating a high supply of
suspension load during modern times.

Direct push electric conductivity data reveal a significant cor-
relation with grain size data. Direct push colorimetric logs provide
significant correlations with total organic carbon (TOC), total ni-
trogen (TN), total sulphur (TS) and TOC/TN ratio. We conduct a
parameter transfer from driving core-derived geochemical data to
colorimetric proxy parameters and model quantitative CNS values
for the entire 2D canal cross-section.

Direct push colorimetric logs reveal an abrupt shift in sediment
facies within the canal cross-section that might indicate wooden
bank stabilization within the Early Medieval zone of the organic
canal fills. In contrast, the later intercalation of colluvial layers and
organic fills in the intermediate zone of canal refills discard a po-
tential timber-use during subsequent ponding phases.

In this study, in situ-obtained electrical conductivity and color
logs reveal a valuable potential for distinguishing stratigraphic
structures and lithological contrasts in wetland (geo)archaeology.
The vertical resolution attains cm-scale. The lateral resolution is
limited by the distance between the single probing positions at the
surface. Here, we conduct a lateral resolution up to 25 cm. The
model-based parameter transfer from robust sedimentological data
and multiple one-dimensional logs toward a two-dimensional
cross-section enhanced multi-proxy site information in vertical
and lateral resolution.

Robust sediment data, however, are required for referencing in
situ direct push sensing. We emphasize that a ground truth of direct
push sensing data is generally necessary. The linkage between
direct push sensing and commonly used sedimentological data
from driving cores allows a significant reduction of
ing in wetland (geo)archaeology: High-resolution reconstruction of
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sedimentological sample quantities. Furthermore, continuous
direct push logs strictly reduce height-inaccuracies that are
commonly observed in standard driving core applications.

The cost and time effectiveness of direct push sensing, the
availability of multiple geophysical probes, onsite decision-making
due to direct access to the data, the high-resolution of data logs up
to cm-scale, and the application range from multiple meter to
multiple decameter depth provide a high potential for (geo)
archaeological prospection in zones of high groundwater tables.
Probable difficulties in site assessment might arise, since the
application of direct push sensing in wetlands requires a sufficient
ground stability that can be enhanced by using plastic boards or
sand ladders.
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