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The prospection of (geo-)archaeological sites yield important knowledge about the concept and the utilisation of
pre-historical and historical infrastructure. The satisfactory conduction of classical prospection methods like ar-
chaeological excavations or geoarchaeological vibra-coring might be challenging in the case of large sites or dif-
ficult underground conditions. This is particularly problematic in wetlands featuring a high groundwater table
and high compaction rates of organic layers.
In this study, we provide an alternative and non- to minimal-invasive exploration approach to discover hydro-
engineering structures for artificial water supply in the surrounding of a Carolingian summit canal in South
Germany. The EarlyMedieval Fossa Carolinawas intended 792/793 CE to bridge the Central Europeanwatershed
between Rhine-Main andDanube catchments. As the canal was constructed as a summit canal, an artificial water
supply at the highest levels seemed very likely or even obligatory. In order to explore these obligatory hydro-
engineering features, we use a wide range of on-site and off-site tools in a spatial hierarchical way. Our approach
includes the large-scale SQUID magnetic survey and the sighting of historical maps. Furthermore, we integrate
high-resolution direct push colour logs, and subsequent vibra-coring for small-scale stratigraphical verification
and sedimentological analyses.
The SQUIDmagnetic survey and related depthmodels discover two pronounced linear anomalies thatmight rep-
resent potential artificial water inlets in the North-Eastern and Northern Sections of the canal. I) In the North-
Eastern Section, direct push colour logs, vibra-coring and 14C dating provide no evidence for a Carolingian
hydro-engineering feature but reveal a natural lenticular structure of Early Holocene age. II) The linear magnetic
anomaly in the Northern Section can be excluded with high probability as a hydro-engineering structure as well.
Here, direct push colour logs, vibra-coring, 14C dating and the comparisonwith a historicmap reveal evidence for
a historic gravel road. Thus, we have nicely verified the magnetic information but have no prove for an artificial
Carolingian water inlet from the Swabian Rezat River that contradicts with assumptions of former studies.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

1.1. Challenging issues of archaeological excavations

Archaeological excavations of past hydro-engineering structures in
wetlands can provide detailed information about buried features like
construction materials, sediment type, depth and width due to an
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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exact record of the recovered stratigraphy (Schönfeld, 2009; Werther
et al., 2015). However, complications are caused by deep excavation
depths, high groundwater tables and unstable trench edges whereby
high expenses and expenditures of time occur (Bates and Bates, 2000;
Doran, 2013; Werther and Feiner, 2014). Additionally, the preservation
of excavated timbers and other wooden and organic remains is difficult
due to the threat of weathering under aerobe conditions (Caple, 1994).
Furthermore, the results have only a selective validity on large sites.

1.2. Alternative exploration techniques and strategies

Alternatively, geoarchaeological and geotechnical prospection
techniques provide a wide range of methods that are especially time-
and cost-saving, non- or minimal-invasive and allow the application
on different spatial scales (Boucher, 1996; Gaffney, 2008; Zielhofer
et al., 2018). Techniques like magnetic prospection (Bevan and
Smekalova, 2013; Schultze et al., 2008) for large-scale surveys and
new direct push sensing approaches (Fischer et al., 2016; Hausmann
et al., 2018; Koster, 2016; Völlmer et al., 2018) as well as vibra-coring
(Leitholdt et al., 2012; Wunderlich et al., 2018) for medium to small-
scale explorations become more important for geoarchaeological
surveys at sites with difficult underground conditions. Here, a possibil-
ity for on-site decisionmaking is available tomodify potential investiga-
tion strategies (Döberl et al., 2012).

The application of the SQUID (Superconducting Quantum Interfer-
ence Device) magnetic survey on large scales provides spatially
extensive data for the localisation of underground structures in a fast
way (Linzen et al., 2009; Schultze et al., 2008). For the subsurface, the
application of direct push colour logs delivers unique and detailed
Fig. 1. Regional setting of the Fossa Carolina. The Fossa Carolina bridges the Central EuropeanWa
(Danube catchment).
in-situ colour information for geoarchaeological cross sections. Here,
stratigraphical layers and archaeological boundaries can be identified
in detail by colour contrasts (Hausmann et al., 2018). However, an im-
portant role for the validation as well as calibration plays the ground
truth by vibra-coring or geoarchaeological profiling (Batayneh, 2011;
Hadler et al., 2018; Köhn et al., 2019).

1.3. Geoarchaeological focus on a Carolingian canal (Fossa Carolina)

We conduct our geoarchaeological survey at the Fossa Carolina. The
Early Medieval canal was intended to bridge the Central European wa-
tershed located at the foothills of the Southern Franconian Alb in South-
ern Germany (Fig. 1). The onset of the Early Medieval construction
(winter 792/793 CE) is documented in written sources (Hack, 2014;
Nelson, 2015) and has recently been proven by dendrochronological
analysis (Werther et al., 2015). The canal is located on a valley water-
shed between the SwabianRezat River in theNorth (Rhine-Main-Catch-
ment) and the Altmühl River in the South (Danube-Catchment) (Fig. 2)
to achieve a navigable way through Europe or rather between the North
Sea and the Black Sea. The distance between the two tributaries is only
approx. 2 kmwith a small elevation difference. Therefore, the location is
very favourable for a connection canal (Leitholdt et al., 2012; Zielhofer
and Kirchner, 2014).

1.4. Open questions of the canal's hydro-engineering concept

An open scientific question focuses on a probable artificial water
supply for the canal. As it has been constructed with a summit level,
water supply of the highest section was obligatory (Bockius, 2014;
tershed between the Swabian Rezat River (Rhine-Main catchment) and the Altmühl River



Fig. 2. Local geographical setting of the Fossa Carolina. The black dotted line indicates the Central Europeanwatershed. The orange dotted line indicates the course of the Carolingian canal.
Major study areas are indicated by the orange squares in the North-Eastern Section and in the Northern section (Hillshade: LiDAR data are provided by Bavarian Land Surveying Office,
LDBV).
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Werther et al., 2018). The Swabian Rezat River (Zielhofer et al., 2014)
and several smaller inlets further north are most likely to have been
used for this intention. Engineers of the 19th century have intensively
surveyed these possibilities (Beck, 1911; Notes du général D., 1801).
Concerning the potential hydro-engineering concept of the canal, we
want to prospect and clarify potential water inlet structures in the adja-
cent surrounding of the known canal course. To date, the potential in-
fluxes to the Carolingian summit canal are not confirmed by
geoarchaeological findings.

1.5. Aim of this study

The aim of our study is to apply a spatial-hierarchical and multi-
methodical approach for the prospection of archaeological features in
wetlands. Our approach links information from historical maps and
SQUID magnetic survey data for the prospection of hydro-engineering
structures for the canal's water supply. Subsequently, we conduct
high-resolution direct push colour logs on two-dimensional cross
sections. The multiple colour logs will provide a depth-accurate strati-
graphic information that will be the base for the selection of
vibra-coring positions and the final verification or falsification of buried
Carolingian water inlet structures.

2. Fossa Carolina - geographical and archaeological setting

2.1. Geographical setting

The landscape in the surrounding of the Fossa Carolina is
characterised by the Jurassic Franconian escarpment landscape built
from Middle Jurassic Aalenian mudstones (Dogger Alpha), Aalenian
sandstones (Dogger Beta), marl and limestones (Dogger Gamma to
Zeta) to Upper Jurassic limestone (Malm) (Berger and Schmidt-Kaler,
1982; Schmidt-Kaler, 1976). During the Last Glacial, the valley floors
were filled with sandy to gravely deposits by enhanced fluvial dynam-
ics. Loess was accumulated on the lower slope positions and subse-
quently redeposited with calcareous bedrock materials by periglacial
processes (Berger and Schmidt-Kaler, 1982).

The geology affects thehydrological system.Karstfissureswithin the
Malm carbonate rocks build hydraulic pathways. Layer boundaries
within the Dogger/Malm stratigraphy cause spring horizons (e.g. spring
of the Swabian Rezat River) trough clayey and marly layers of low per-
meability. Hydraulic effects of low permeability are visible through
large Holocene fen deposits (Zielhofer and Kirchner, 2014). Discharge
measurements provide additional information about the hydraulic re-
gime within the Swabian Rezat floodplain. The results show a continu-
ous increase of discharge by the infiltration of groundwater in the area
of the Rezat Fen (Fig. 2) and might point to naturally high water avail-
ability in the area of the Northern Section of the Fossa Carolina (Lietz,
2014). In the surrounding of the Swabian Rezat floodplain, long term
wet conditions during the Holocene are also visible by a half-bog soil,
which is buried by re-deposited excavation material of the canal con-
struction or medieval to modern flood loams (Werther et al., 2015;
Zielhofer and Kirchner, 2014).

2.2. Fossa Carolina - previous (geo)archaeological findings

The results of former studies show a stepped chain of ponds as the
general hydro-engineering concept for a summit canal with open
waterbodies. Although the construction of the Early Medieval canal
was not finished (Kirchner et al., 2018), the summit of the canal was ar-
tificially shifted approx. 1 km to the Northeast (Fig. 2) and is located
close to the present Swabian Rezat River inflow (Schmidt et al., 2019;
Schmidt et al., 2018; Zielhofer et al., 2014). A necessary artificial water
supply (Bockius, 2014) is suspected at the highest level but not clearly
proved (Werther et al., 2015). The course of the Swabian Rezat River
that run into the direction of the canal at least since the 19th century
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Fig. 3.Multi-methodical and hierarchical prospection approach. Concept of a spatial-hierarchical multi-methodical approach for the investigation of large (geo-)archaeological sites. The
methods are conducted from large- to small-scale with intermediate interpretation steps.
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leads to the hypothesis that the river was used as a Carolingian influx
(Beck, 1911). However, the former assumption of an Early Medieval
water storage dam (Koch, 1996) was disproved (Berg-Hobohm and
Kopecky-Hermanns, 2014).

3. Methods

For the prospection, sounding and interpretation of potential Caro-
lingian hydro-engineering structures, we conduct a hierarchical meth-
odological approach in a spatial order from large- to small-scale (Fig. 3).

3.1. SQUID magnetic exploration

For the large-scale non-invasive prospection of linear subsurface
structures, we performed magnetic surveys by means of high sensitive
Fig. 4. Application of direct push sensing at the Fossa Carolina. a) Direct push sensing tech
c) equipment for on-site decision and abrupt adaption of the investigation strategy.
motorised SQUID (SuperconductingQuantum Interference Device) sen-
sors (Linzen et al., 2009). The SQUID system allows the synchronous re-
cording of up to 12 gradiometer and 9 magnetometer signals. Thus,
several components of the gradient of the Earth's magnetic field up to
the full tensor can be detected. A Matlab script was used for post-
processing and merging of all data files measured on the dozens of sep-
arated fields. Details of the general SQUID data processing can be found
in Linzen et al., 2007. Themagnetogramswith a pixel size of 0.2 × 0.2m2

were gridded with Surfer (Golden Software) by use of the Kriging
method. The maxima of magnetic information provide the possibility
for the calculation of subsurface distributions of magnetic sources
(Schneider et al., 2014; Schneider et al., 2013). In this way and by anal-
ogy with the magnetic anomaly of the canal itself (Linzen et al., 2017;
Linzen and Schneider, 2014), several further linear and point anomalies
within the prospected area are modelled. We present results of source
nique (Photo: S. Dietel 2017) equipped with b) Soil Colour Optical Screening Tool and



Fig. 5. SQUID-magnetic survey in the Northern-Eastern Section (a) und Northern Section (b). The red arrowsmark linear structures that might correspondwith a potential water inlet in
the Fossa Carolina (green arrows). Detailed maps (yellow bordered) show vibra-coring positions (green dots), direct push colour logs (yellow dots) and positions of SQUID depth
calculations (brown dots) (LiDAR data for the hillshade are provided by Bavarian Land Surveying Office, LDBV).
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Fig. 6. Depth calculation (blue crosses) from the linear SQUID magnetic anomaly in the North-Eastern Section. The black triangle indicates the RK11 and RK24 vibra-coring positions and
the direct push cross section.
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depth calculations along two anomaly regions with a total length of
about 240 m. The depth calculations base on fitting procedures of the
original, i.e. un-gridded, measurement line data of all sensors and the
assumption of dipole-like magnetic sources. The obtained depth infor-
mation was combined with core and direct push analysis data.

3.2. Historical cadastral maps

The historical cadastral map (1:5000) from 1820 to 1822 (Bavarian
Regional Library Online, BLO) includes older property boundaries before
land consolidation was conducted in the 20th century. Thus, it reveals
indices for older, pre-modern linear landscape elements like trenches
that might constitute historical hydro-engineering structures (Fazioli,
2014; Kirchner et al., 2018; Smekalova et al., 2016).We used digital ver-
sions of historical cadastral maps that have been officially geo-
referenced by land survey authorities (Bavarian Land Surveying Office
(LDBV), Version: 2012–11-206, Bayern Original maps 1820–1822).

3.3. Direct push sensing with the colour logging tool (CLT)

For the two-dimensional in-situ characterisation of underground
structures and stratigraphy, we used high-resolution direct push sens-
ing techniques. In general, steel rods with a small diameter (range
36–100 mm) and different probes are pushed or hammered in the un-
consolidated underground driven by a vehicle (Bumberger et al.,
2015; Dietrich and Leven, 2009; Hausmann et al., 2018; Leven et al.,
Fig. 7. Depth calculation (blue crosses) from the linear SQUID magnetic anomaly in
2011). For our minimal-invasive investigation, we used a caterpillar
(Geoprobe 6610DT) (Fig. 4) and applied the colour logging tool (CLT)
(Soil Colour Optical Screening Tool, SCOST™, Dakota Technologies,
Fargo, USA) with rods of 38 mm diameter. We localise each direct
push position with a Topcon HiPer II DGPS. The CLT system transmits
white light and logs the reflection from the sediment on a photosensi-
tive chip in the wavelength range of 350–1000 nm. The measurements
are integrated over an adjusted time interval around 300ms for each re-
cord. The results are numerical recorded by the OST-Software (Dakota
Technologies, Fargo, USA) that provides RGB data as jpg-raster images.
In conjunction with the propulsion of approx. 2 cm/s, the depth resolu-
tion is in cm-scale (Dalan et al., 2011; Hausmann et al., 2016; Hausmann
et al., 2013; Völlmer et al., 2018). To guarantee a consistent quality, we
tested the white balance of the control unit before every probing. High
friction and pressure prevent the adhesion of sediments at the probe.
The field preview of the RGB colours allows on-site decision-making.
3.4. Vibra-coring

We used an Atlas Copco Cobra drilling device with open cores (di-
ameter: 60 mm) and localised each position with a Topcon HiPer II
DGPS. We describe soil horizons, MUNSELL colour (Munsell, 1994),
grain sizes, calcareous content, hydromorphic properties and organic
content (after Ad-Hoc-AG Boden, 2006) in the field. In the North-
Eastern Section, we used vibra-coring within (RK11, RK24) and beside
(RK10, RK25) the SQUID magnetic anomaly for stratigraphical
the Northern Section. The black triangle indicates the direct push cross section.
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validations and sediment sampling. The core stratigraphies of RK10 and
RK11 were documented on site (after Ad-Hoc-AG Boden, 2006). For an
additional magnetic susceptibility record (equidistantly 5 cm), we used
the cores RK24 and RK25 from same positions as RK 11 and RK10. In the
Northern section, core stratigraphies of BK1 and BK8 were documented
on site (after Ad-Hoc-AG Boden, 2006). The stratigraphical data
Fig. 8. Historical field boundaries might indicate historical land use, stream courses, roads or p
b) Historical cadastral map of the North-Eastern Section, c) Magnetic anomaly of the Northe
Surveying Office (LDBV), Cadastral map 41–20, 1820–1822; Hillshade: LiDAR data are provide
represent ground truth data for the linkage with data sets from direct
push cross sections. We corrected the inaccurate depths and gaps of
the core profiles with the exact depths from the direct push colour
logs. Here, we convertedMUNSELL colours fromvibra-coring descriptions
in RGB colours (Figs. 10 and 12) to allow a direct comparison of sedi-
ment core colours and direct push colour logs.
otential hydro-engineering structures. a) Magnetic anomaly in the North-Eastern Section,
rn Section and d) Historical cadastral map of the Northern Section (Map: Bavarian Land
d by Bavarian Land Surveying Office, LDBV).
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3.5. Magnetic susceptibility measurements

The mass specific magnetic susceptibility was measured at low fre-
quency (χLF, 0.465 kHz, 10−6 m3/kg). Recovered sediment samples
from vibra-coring were filled in plastic boxes and measured with a
Bartington MS3 based on a MS2B dual frequency sensor (Bartington
Instruments, 2000) at Leipzig physical geography laboratory.
3.6. Radiocarbon dating

Wood, plant fragments and seeds were analysed with accelerator
mass spectrometry (AMS) type MICADAS (Synal et al., 2007) at Klaus-
Tschira-Archäometrie-Zentrum (Mannheim). The 14C age calibration
was conducted with the dataset INTCAL 13 (Reimer et al., 2013) and
the Software SwissCal 1.0 (L. Wacker, ETH Zürich).
Fig. 9.Direct push cross sections and vibra-coring positions. a) North-Eastern Sectionwith linea
Section (zoomed) with direct push colour logs (yellow dots, 0.5 m spacing) and vibra-coring
background (marked with red arrows) and d) Northern Section (zoomed) with direct push co
4. Results and Interpretation

4.1. SQUID magnetics

On the large scale, we analyse the greater geographical zone of the
Carolingian canal. A first promising linear magnetic anomaly was de-
tected in the North-Eastern Section (red arrows in Fig. 5a) that displays
in detail a linear structure with a modelled depth of approx. 3 m below
surface (Fig. 6). The anomaly follows a smooth depression from north-
west to southeast and reaches in the lengthening the remnants of the
buried Carolingian canal. The straight course of the linear anomaly
and the position close to the Fossa Carolina lead to the assumption
that it may have an anthropogenic origin that corresponds probably
with a water supplying hydro-engineering structure of the Carolingian
canal. Furthermore, a linear anomaly is visible in the Northern
Section (red arrows in Fig. 5b) close to the course of the Swabian
r SQUIDmagnetic anomaly in the background (markedwith red arrows), b) North-Eastern
positions (green dots), c) Northern Section with linear SQUID magnetic anomaly in the
lour logs (yellow dots, 0.5 to 1 m spacing) and vibra-coring positions (green dots).
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Rezat River. The modelling of the linear magnetic anomaly clearly re-
veals a depth of 0.5–1 m for an entire length of about 50 m (Fig. 7:
blue crosses and light-blue highlighted zone). Thus, the median anom-
aly depth is significantly lower than for the linear anomaly of the
North-Eastern Section. However, a little number of calculations show
depths of magnetic sources deeper than 2 m for the northern anomaly,
too. Thus, the latter can meanly but not completely explained by near-
surface objects.

4.2. Comparison with historical cadastral maps

The comparison of the two linear magnetic anomalies in North-
Eastern (Fig. 8a) and Northern Sections (Fig. 8c) with historical field
boundaries from around 1820 (Figs. 8b and d) shows no evidence for
an overlapping in the North-Eastern Section but a clear overlapping in
the Northern Section. Therefore, the magnetic anomaly in the Northern
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Fig. 11. RK10 (edge of anomaly) and RK11 (centre of anomaly) cores from the SQIUD magnetic anomaly in the Northern-Eastern Section. The stratigraphy shows sandy parent material
(Units I and II), Early Holocene alluvial deposits from the lenticular structure (Unit III), Early Holocene alluvial sediments (Unit IV) a thin layer with a half-bog top-soil (Unit V) (Photos: J.
Schmidt, 2017).
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Two cores (RK 10 and 11, Figs. 10 and 11, Table 1) provide sedimen-
tological information about the recovered stratigraphical units of the 2D
direct push cross section in theNorth-Eastern Section. Unit II represents
a clayey to sandy loam with a detectable but very low carbonate con-
tent. The following heterogeneous lenticular layer (Unit III) reveals
silty clay to loamy sand with rounded gravels and few macro-plant
remains. In the central part of Unit III iron and manganese oxides ap-
pear. Additionally, this layer shows significantly increased values in
Table 1
North-Eastern Section - Field description of recovered cores (after Ad-Hoc-AG Boden, 2006).

Core Unit Layer m a.s.l. Depth
[cm]

Colour (Munsell)

RK10 VI Ap 414.87–414.57 0–30 10YR 3/2 Very dark
RK10 VI rAp,

M
414.57–414.36 30–51 10YR 3/2 Very dark

RK10 V fAa 414.36–414.15 51–72 10YR 2/1, 10YR 3/3, 10YR
4/4

Black, dar
yellowish

RK10 V 414.15–414.08 72–79 10YR 3/1 Very dark
RK10 IV 414.08–413.96 79–91 10YR 5/3 Brown
RK10 IV 413.96–413.73 91–114 10YR 3/1, 10YR 5/1, 10YR

6/6
Very dark
yellow

RK10 IV 413.73–413.57 114–130 10YR 5/1 Grey
RK10 III 413.57–413.39 130–148 10YR 5/3 Brown

RK10 II 413.39–412.81 148–206 10YR 6/1, 10YR 5/1 Grey, grey
RK10 II 412.81–412.63 206–224 10YR 5/1 Grey
RK10 II 412.63–412.49 224–238 10YR 5/2 Greyish b
RK10 II 412.49–411.87 238–300 10YR 5/1, 10YR 5/2 Grey, grey
RK11 VI Ap 414.86–414.54 0–32 10YR 3/2 Very dark
RK11 VI M 414.54–414.31 32–55 10YR 3/2 Very dark

RK11 V fAa 414.31–414.12 55–74.5 10YR 2/1, 10YR 3/3, 10YR
4/4

Black, dar
yellowish

RK11 IV 414.12–413.56 74.5–130 10YR 3/1, 10YR 5/1, 10YR
5/3, 10YR 6/6

Very dark
brownish

RK11 III 413.56–412.75 130–211 10YR 5/4 Yellowish

RK11 III 412.75–412.55 211–231 10YR 6/2 Light brow

RK11 III 412.55–412.47 231–239 10YR 5/4 Yellowish

RK11 II 412.47–411.86 239–300 10YR 5/1, 10YR 5/2 Grey, grey
the mass-specific low frequency susceptibility χLF. A plant fragment at
413.56–413.38 m a.s.l. reveals an age between 8170 and 7743 cal BC
(2σ) (Table 3). In the following Unit IV, the sand content decreases
and the texture reveals a silty clay to sandy loam. A plant fragment at
414.17–414.14 m a.s.l. indicates an age between 6686 and 6536 cal BC
(2σ) (Table 3). Subsequent Unit V consists of an organic silty clay to
clayey loam. A plant fragment at 414.14–414.12 m a.s.l. indicates a
calibrated age of Unit V between 6220 and 6077 cal BCE (2σ)
Carbonate
content

Grain size

greyish brown c0 Us2-Uls sandy silt to loamy sandy silt
greyish brown c0 Uls-Ut2-Lu4 sandy loamy silt to silty loam

k brown, dark
brown

c0 Lt3 clayey loam

grey c0 Lt4-Tu3 clayey loam to silty clay
c0 Lt4-Tu2 clayey loam to silty clay

grey, grey, brownish c0 Lt4-Tu2 clayey loam to silty clay

c0 Ls2-Ls3 loamy sand
c0 Ls4-Sl3 with

gravels
sandy loam to loamy sand
with gravels

c0–1 Lu3-Ls2 silty loam to sandy loam
c0–1 Lu3-Ls2 silty loam to sandy loam

rown c0 Lu3-Ls2 silty loam to sandy loam
ish brown c1 Lts-Lt2 clayey loam to clayey loam
greyish brown c0 Us2-Uls sandy silt to loamy sandy silt
greyish brown c0 Uls-Ut2-Lu4 loamy sandy silt to clayey silt

to silty loam
k brown, dark
brown

c0 Lt4-Tu2 clayey loam to silty clay

grey, grey, brown,
yellow

c0 Lt4-Tu3 clayey loam to silty clay

brown c0 Lt4-Tu3 with
gravels

clayey loam to silty clay with
gravels

nish grey n.a Lt4-Tu3 with
gravels

clayey loam to silty clay with
gravels

brown c0 Lt4-Tu3 with
gravels

clayey loam to silty clay with
gravels

ish brown c1 Lts-Lt2 clayey loam
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Fig. 12. Direct push cross section through the SQUID magnetic anomaly in the Northern Section with direct push colour logs (ZU_CLT, 0.5–1 m spacing) and BK vibra-coring positions.
Direct push sensing colour logs show a half-bog topsoil with intercalated limestone gravels and blocks (above 417.2 m a.s.l.).
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(Table 3). Clayey silts to silty loams represent the uppermost Unit VI.
Further detailed sediment descriptions incl. MUNSELL colours can be
found in Table 1.

We develop the following stratigraphy for the North-Eastern Sec-
tion. Units I and II consist of the Pleistocene sandy-loamy parent mate-
rial with changing redox properties and low calcareous contents. A
special feature provides the lenticular unit (III) that represents an
Early Holocene alluvial deposit. The sediment composition consists of
reworked middle Jurassic (Aalenian, Dogger α) and loess deposits. The
high magnetic susceptibility values indicate that Unit III caused the
SQUIDmagnetic anomaly. An alluvial layer (Unit IV) covered the lentic-
ular structure during the Early Holocene followed by a thin layer (Unit
V) with initial half-bog soil formation (fAa). The organic-rich upper
soil indicates a high groundwater table. The final Unit VI represents a
flood loam from the nearby Swabian Rezat River. In general, the direct
Fig. 13. BK1 and BK 8 cores from the SQUIDmagnetic anomaly in theNorthern Section. An orga
during vibra-coring (Photos: S. Dietel, 2017).
push cross section and the sedimentological data do not show a Carolin-
gian hydro-engineering structure for artificial water supply in the
North-Eastern Section.

4.3.2. Northern section
The cross section in the Northern Section (Fig. 9c+d) shows three

units. The lower layers below 417.2 m a.s.l. reveal grey (Unit I) and
dark yellowish brown to brown (Unit II) colours. The uppermost Unit
III consists of dark olive brown to dark brown layer that is interrupted
by narrow white strata (orange arrows in Fig. 12). Unit III contains
gravels and fragments of limestone blocks (Fig. 13) within an organic-
richmatrix. Awood remain in Unit III (417.29m a.s.l.) reveals an age be-
tween 1667 and 1950 cal CE (2σ) (Table 3). The loamy to sandy, par-
tially clayey texture of all units is rich in carbonates (Table 2).
Following our interpretation, the profile shows a gley soil. Above
nic-rich top soilmatrix embeds limestone gravels and blocks. The limestoneswere crushed



Table 2
Northern Section - Field description of recovered cores (after Ad-Hoc-AG Boden, 2006).

Core Unit Layer m a.s.l. Depth [cm] Colour (Munsell) Carbonate content Grain size

BK1 III 417.95–417.55 0–40 10YR 3/3 Dark brown c3.4 n. a. n. a.
BK1 III 417.55–417.42 40–53 10YR 3/3 Dark brown c3.4 St3 with gravels clayey sand with gravels
BK1 III 417.42–417.22 53–73 10YR 3/2 Very dark greyish brown c3.4 St3 with gravels loamy sand with gravels
BK1 II Gor 417.22–416.95 73–100 10YR 5/6 Yellowish brown c0 Sl3 loamy sand
BK1 II Gor 416.95–416.81 100–114 10YR 5/3 Brown c3.2 Sl3 loamy sand
BK1 II Go 416.81–416.62 114–133 10Y2 5/6 Yellowish brown c3.2 Sl3 loamy sand
BK1 I Gr 416.62–416.42 133–153 10YR 6/1 Grey c3.3 Tl loamy clay
BK1 I Gr 416.42–415.95 153–200 10YR 5/1 Grey c3.2 Ss sandy sand
BK8 III rAp, rAh 417.98–417.58 0–40 2,5Y 3/3 Dark olive brown c3–4 Ls3 sandy loam
BK8 III Y?-M? 417.58–417.23 40–75 2,5Y 3/3 Dark olive brown c3–4 Ls3 with gravels sandy loam with gravels
BK8 II 417.23–416.98 75–100 10YR 4/6 Dark yellowish brown c2–3 Sl2 loamy sand
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417.2m a.s.l., the dark brown colour correspondswith an increase in or-
ganicmatter. The limestone blocks in the uppermost Unit III provide ev-
idence for buried remnants of a former gravel road.

5. Discussion

5.1. Potential water-supplying hydro-engineering structures at the Fossa
Carolina

Natural origin of the SQUID magnetic anomaly in the North-Eastern
Section.

In theNorth-Eastern Section, the straight course and the depth of the
SQUID magnetic anomaly is quite similar with the magnetic anomaly
from the buried canal itself (Linzen et al., 2017). This might indicate a
former unknown hydro-engineering structure that corresponds with
the Carolingian canal construction. However, another perspective to
the structure offers the detailed investigation with direct push colour
logs, subsequent core analyses and 14C dating. Contrary to the expected
dark organic fills, which are typical for buried canal fills (Hausmann
et al., 2018), the direct push colour logs of the magnetic anomaly indi-
cate a lenticular layer (Unit III) below a half-bog topsoil (Unit V). The
subsequent sediment analyses show for Unit III reworked parent rock
material from the hillslope with enhanced susceptibility values that
constitutes the SQUID magnetic anomaly. Radiocarbon dating provides
an Early Holocene age (8170–7743 cal BCE) for the lenticular structure
(Unit III), thus a geomorphological activity phase must be considered
at that time. The younger 14C ages (6686–6536 cal BC, 6220–-
6077 cal BCE) for the buried half-bog A horizon indicate stable geomor-
phological conditions with a phase of semi-terrestrial soil formation.
Hence, the lenticular sedimentological anomaly below the buried half-
bog top soil is clearly identifiable as a pre-Carolingian structure (Fig. 10).

5.2. Hydro-engineering concept in the Northern Section

The linear SQUID magnetic anomaly in the Northern Section points
to a Carolingianwater inlet to the Fossa Carolina. Considering the nearby
Swabian Rezat River, an interpretation as an artificial subsurface remain
of a water inlet to the canal seems very likely. The results of the
vibra-coring and from direct push sensing provide a natural layered
subsurface, without organic fillings that proves the absence of a Carolin-
gian water supplying structure. The limestone blocks indicate a
pavement or a pre-modern pathway or road. The 14C-dating proves
Table 3
Radiocarbon dating. The 14C age calibration was conducted with the Software SwissCal 1.0 (L.

Site Coring Lab. No. MAMS Depth [cm] m a.s.l. Locat

North-Eastern-Section RK10 37,058 69.5–72 414.17–414.15 below
North-Eastern-Section RK10 37,059 130–148 413.57–413.39 alluvi
North-Eastern-Section RK11 37,060 72–74.5 414.14–414.12 fossil
Northern Section BK1 32,396 65 417.30 colluv
the post-Carolingian age (Table 3). Hence, we find an anthropogenic
structure but there is currently no evidence for a Carolingian influence.

Although earlier studies postulate for the Northern Section a reser-
voir for the water supply (Koch, 1996), this hypothesis has not been
supported by a subsequent geoarchaeological investigation of the po-
tential dams (Berg-Hobohm and Kopecky-Hermanns, 2014). Further,
our data show that there is no detectable Carolingian drain for the
water inlet of the Swabian Rezat River at the summit section of the
canal. Therefore, for the hydro-engineering concept of the Northern
Section might be two options possible:

I) It may be possible that water inlets have been planned but never
realised because the construction site was abandoned before –
such as it is very likely for the Southern connection of the canal to
theAltmühl River (Kirchner et al., 2018). Furthermore, our extended
survey covers a large part of the surrounding area of the canal and
contains no furthermagnetic evidence for possiblewater supply fea-
tures. As long as the excavation of the Carolingian canal was not fin-
ished, it would have been counterproductive to let water flow into
the construction pit. As we have strong (geo-)archaeological argu-
ments (Kirchner et al., 2018), that several sections of the canal
have never been finished – as the written sources do also describe
(Hack, 2014; Nelson, 2015) – it is very likely, that the intended con-
nection to supply the summit level was not yet realised. Until the
fairwaywas finished on thewhole length, it must have been top pri-
ority to drain the groundwater from the construction pit, and not to
fill it with additional water. However, there remains the possibility
that we have not found the real water inlets for the canal despite
the extensive survey yet. A possible reason could be low magnetic
contrasts induced by different and hardly detectable trench fillings.
Nevertheless, also other means of prospection such as DTM analysis
(Schmidt et al., 2018), aerial archaeology (Globig, 2014) and
linear archaeological excavations (Berg-Hobohm and Kopecky-
Hermanns, 2014) do not offer any hints for other artificial water
inlets.

II) The Rezat Fen is characterised by a high groundwater table and is al-
most connectedwith the Fossa Carolina in the northern summit zone
as well as in the North-Eastern Section (Fig. 2). The fairway of the
Fossa Carolina is located in depths below the groundwater table
(Werther et al., 2015). Thus, thewater or rather groundwater supply
(Lietz, 2014; Zielhofer and Kirchner, 2014) may be sufficient for the
watering of the canal and especially the summit level. Particularly,
Wacker, ETH Zürich) and the INTCAL 13 (Reimer et al., 2013) dataset.

ion Material 14C [yr BP] δ13C AMS [‰] cal 2σ

fossil topsoil peat 7798 ± 28 −17.5 6686–6536 BCE
al material/filling plant fragment 8809 ± 31 −19.1 8170–7743 BCE
top soil peat 7288 ± 27 −28.3 6220–6077 BCE
ial material/filling wood 158 ± 22 −24.5 1667–1950 CE



Table 4
Comparison of selected exploration methods for archaeological investigations in wetlands.

a) Method b) Scale c) Result
configuration/
dimension

c) Depth-accuracy d) Time
expenses

e) Logistics/
fix costs

f) Method references

1) Non-invasive
prospection

Magnetometry
(SQUID), vehicle
driven

Medium to
large scale

3D mapping
(SQUID)

Multi-dm-scale
(SQUID)

Low (SQUID)
to medium

High (SQUID) This study (SQUID), Grützner
et al., 2012

Magnetometry,
hand-held

Low to
medium scale

2D mapping – Medium Low to medium Armstrong et al., 2019; Koivisto
et al., 2018; Weston, 2001

Electromagnetic
induction survey
(EMI)

Small to large
scale

Cross-sections, 3D
mapping

Multi-dm-scale Low Low to medium Delefortrie et al., 2014; Koivisto
et al., 2018; Saey et al., 2012; de
Smedt et al., 2013

Ground-penetrating
radar (GPR)

Small to
medium scale

Cross-sections dm-scale Low Medium Armstrong et al., 2019; Grützner
et al., 2012; Howard et al., 2008;
Koivisto et al., 2018

2D Electrical
resistivity
tomography (ERT)

Small to
medium scale

Cross-sections dm-scale Medium Medium Carey et al., 2017; Grützner
et al., 2012; Howard et al., 2008

Seismic Small to
medium scale

Cross-sections dm-scale Medium Medium Köhn et al., 2019; Verhegge
et al., 2016

2) Ground truth DP (minimal
invasive)

Small to
medium
scale

Cross-section,
Point by point

cm- to dm -scale Low to
medium

High This study, Dalan et al., 2011;
Hausmann et al., 2018; Missiaen
et al., 2015; Völlmer et al., 2018

Vibra Coring
(minimal invasive)

Small to
medium
scale

Cross-section,
Point by point

dm-scale Medium Medium This study, Armstrong et al.,
2019; Carey et al., 2017;
Grützner et al., 2012; Verhegge
et al., 2016

Excavation
(invasive)

Small Cross-section, Point
by point, 3D
mapping

Sub-cm-scale Very high Medium to high Carey et al., 2017; Grützner
et al., 2012
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the continuouslywet conditions in theNorthern Section indicate the
water availability in morphological depressions also during Carolin-
gian times. The written sources – in this particular case the revised
version of the Royal Frankish Annals – do also mention that the
ground was wet “by nature” (Hack, 2014; Nelson, 2015).

5.3. Combining non-invasive geophysical surveys with ground-truth data
for archaeological explorations in wetlands

Non-invasive geophysical prospection techniques in wetland
geoarchaeology

Non-invasive geophysical prospection techniques are suitable for
local to large-scale explorations in geoarchaeology (Table 4). Some
studies show a combination of different geophysical prospection tech-
niques for comprehensive investigations (Armstrong et al., 2019;
Grützner et al., 2012). In general, challenges might occur in the case of
low contrasts between artefacts and surrounding sediments (Boucher,
1996; Dalan and Banerjee, 1998; Viberg et al., 2011).

At the Fossa Carolina, different geophysical prospection techniques
were applied to detect buried canal structures in wetlands. Here, ERT
cross sections indicate stratified canal fillings (Zielhofer et al., 2014)
and in areas of high groundwater tables, refraction seismic and GPR
cross sections show stratigraphical changes as well (Kirchner et al.,
2018). However, the applied configurations of ERT, GPR and refraction
seismic offer insights only on selected 2D cross sections. Thus, they are
less suitable for large-scale mapping of buried geoarchaeological anom-
alies in the surrounding of the Fossa Carolina due to high time expenses.
Consequently, we used the SQUID magnetic prospection technique
(Table 4) that was conducted with a motorised SQUID system. This
allowed prospecting an area of N120 ha in high spatial and vertical res-
olution within only a couple of prospection days. The recorded
georeferenced magnetic maps of the Fossa Carolina area have a spatial
resolution at cm-scale thanks to the SQUID sampling rates of 1000mea-
surement points per second as well as the used differential global posi-
tioning system (DGPS) and data acquisition technique. Here we can
show that the data provide expressive indications with high contrasts
for potential Carolingian hydro-engineering features. In wetlands,
these might be caused by Greigite magnetic minerals that are formed
under the impact of groundwater (Moskowitz, 1995; Roberts et al.,
2011; Stele, 2017). However, not passable terrain and missing permis-
sions to drive on the agricultural areas can handicap SQUID measure-
ments. Alternatively, a fluxgate magnetic survey is more suitable here
(Zielhofer et al., 2014).

Combined approach: Geophysical survey with required ground-truth
validation techniques

In general, ground-truth techniques are required validation tools of
geophysical prospection data. These in situ techniques include
minimal-invasive vibra-coring, direct push sensing or invasive archaeo-
logical excavations (Table 4). The techniques provide access to sediment
property information, sampling procedures and stratigraphical infor-
mation about buried (geo)archaelogical structures (Carey et al., 2017;
Grützner et al., 2012). A common spatial hierarchical approach is the
combination of large-scale geophysical surveys with point by point
vibra-coring or local excavation data (e.g. Grützner et al., 2012; Keay
et al., 2009). Additionally, direct push sensing in wetland archaeology
provides high depth-accuracy at sites with no possibility for precise
excavations and compressible sediments (Völlmer et al., 2018).

In our study, we applied a direct push colour logging tool and sub-
sequently used vibra-coring, 14C dating and magnetic susceptibility
measurements to investigate two suspicious anomalies at small
scale. We show that this approach (Figs. 10 and 12) allows a clear
on-site falsification of potential Carolingian water inlet structures.
Conducting direct push sensing and the subsequent compilation of
cross sections allow the reconstruction of lithostratigraphies in
high depth-accuracy that fills a gap between non-invasive geophys-
ical exploration and selective sampling methods like vibra-coring.
Furthermore, as colour-dependent features are not necessary identi-
fiable with other geophysical methods, the sediment colour can be an
excellent proxy for reconstructing buried archaeological structures
in wetlands (Hausmann et al., 2018). However, a sufficient contrast
of the parameter colour is necessary, similar to other geophysical
parameters. Further challenges of direct push sensing can occur in
case of impassable field sections as well as in the case of a highly
consolidated underground.
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6. Conclusions

The SQUID magnetic survey data provide two suspicious linear
anomalies in the North-Eastern and Northern Sections of the Fossa Car-
olina in regard to the not finally clarified hydro-engineering concept.
Additional information offer historical maps in regards to pre-modern
land use. A local application of direct push sensing colour logs and
vibra-coring provide high-resolution cross sections. The presented
non- to minimal-invasive spatial-hierarchical multi-methodical ap-
proach shows the stepwise application of exploration techniques from
large to small-scale. Our data show I) in the North-Eastern Section a
buriedhalf-bog soil horizon that represent a stable stratigraphicmarker.
Hence, there are no indications for a Carolingianwater inlet structure. A
lenticular structure below the half-bog soil horizon is part of a signifi-
cant linear magnetic anomaly. However, the lenticular structure is of
natural origin and of Early Holocene age. II) In the Northern Section a
second linearmagnetic anomaly results from limestone gravels of a bur-
ied historic road. Thus, we found no evidence for Carolingianwater sup-
plying structures. However, the subsurface aquifer from the adjacent
Rezat Fen might provide enough capacity for supplying the summit of
the Carolingian canal with water. Finally, the combination of large-
scale SQUID magnetic survey data with small-scale direct push sending
and vibra-coring offers a promising approach for a hierarchical investi-
gation of large archaeological sites in wetlands.
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