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Abstract

We investigate the relative fractions of remanent and induced magnetization of the

fillings of neolithic long pits in order to develop remanent magnetization as an addi-

tional parameter for the archaeological interpretation of magnetic maps. We deter-

mine the Koenigsberger ratio – the ratio between induced and remanent

magnetization intensities – for key targets by combining magnetic mapping with

downhole measurements of susceptibility, numerical modelling, and inversion compu-

tations. The susceptibility data were acquired in drill holes along profiles crossing the

targets identified by magnetic mapping. The targets of this exemplary study are

house-accompanying pits at the Linearbandkeramik site Vráble ‘Farské’. For this pur-

pose, we conducted auger drillings with a point distance of 25 cm and measured the

susceptibility with a downhole susceptometer. The resulting two-dimensional sus-

ceptibility distributions were used to calculate synthetic magnetic anomalies

corresponding to the case of solely induced magnetization. The comparison to the

observed magnetic data showed a considerable discrepancy that can only be

explained with remanent magnetization. To determine the Koenigsberger ratio we

developed a new interpretation approach, using parts of the measured susceptibility

distribution as a basis function. The free parameters of this numerical problem are

determined by non-linear inversion. We applied the novel approach to six exemplary

profiles and found Koenigsberger ratios between 1.6 and 10.5 with the majority of

the values being smaller than 4. These values apply to soil volumes with susceptibil-

ity values larger than 27–160 × 10-5 SI. Laboratory measurements on soil samples

were used to examine the possible causes of the observed magnetization. The ana-

lyses suggest that the increase in susceptibility and remanent magnetization in the

pits is caused by an increase of the population of magnetotactic bacteria and depo-

sition of magnetized material, followed by the alignment of the ferrimagnetic iron

compounds in the waterlogged environment of the pits and accumulation of viscous

remanent magnetization.
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1 | INTRODUCTION

The title of this article suggests two questions, which guide the pre-

sent study: Why should we want to determine the Koenigsberger

ratio in an archaeological context? And how can we determine it from

field measurements?

The Koenigsberger ratio Q is the ratio between remanent and

induced magnetization (Koenigsberger, 1930, 1934, 1936). It charac-

terizes the relative importance of the remanent magnetization to be

considered in a quantitative interpretation of magnetic anomalies and

can be regarded as a parameter of archaeological relevance

(Fassbinder, 2015). However, the contribution to the observed mag-

netic anomalies resulting from remanent magnetization is often

neglected infield studies if effects of remanence are not obvious in

the magnetic map. In this context, exceptionally strong amplitude

anomalies and significant azimuthal deviations of the magnetic field

vector from the ambient field may be regarded as obvious indications,

such as resulting from thermoremanent magnetization of kilns, ovens

and displaced bricks.

Case studies often approach a quantitative interpretation of mag-

netic anomalies using the assumptions of a simplified source geometry

and induced-only magnetization. To explain the observed data, the

susceptibility contrast between the source and the surrounding sub-

surface matrix is then determined for this geometry by linear inversion

(Miller et al., 2019; Schneider et al., 2014; Wilken, Wunderlich,

Majchczack, Andersen, & Rabbel, 2015).

In archaeomagnetic and archaeological case studies, the

Koenigsberger ratio is usually determined via measurements of the

magnetic susceptibility and the natural remanent magnetization

(NRM) of samples. These studies have been conducted in the

laboratory on samples from archaeological sites that had been

exposed to heating (Carrancho et al., 2009; Catanzariti et al., 2008;

Ertepinar et al., 2016; Gómez-Paccard et al., 2006; Herries,

Kovacheva, & Kostadinova, 2008; Hunt, Moskowitz, &

Banerjee, 2013; Jordanova, Kovacheva, & Kostadinova, 2004; Kapper

et al., 2014; Kapper, Donadini, Mauvilly, Panovska, & Hirt, 2014;

Linford & Canti, 2001; Schnepp et al., 2004; Schnepp &

Pucher, 1998). For example, Q varies between values of 0.1 for gran-

ite and 100 for mud-bricks (Ertepinar et al., 2016), between 0.1 and

100 for different kind of kilns, baths, hypocausts and furnaces

(Gómez-Paccard et al., 2006; Schnepp et al., 2004) or 0.7 and 10 with

values up to 250 in the context of combustion levels (Kapper, Anesin,

et al., 2014). (Kapper, Donadini, et al., 2014) found values between

0.1 and 10 for burned cave sediments.

Jrad et al. (2014) presented a comparison of measurements of the

magnetic properties of palaeohearths and an experimental hearth. For

the experimental hearth, they derived values of Q between 0.3 and

3.5 by susceptibility and NRM measurements, where the highest

values were reached in the first centimetres below the surface. They

could reproduce the observed magnetic anomaly of two paleaohearts

with a subsurface model consisting of four layers (ash, base, soil, lime-

stone pebbles). The derived values for Q turned out to be in the same

range as the measured ones.

Benech, Tabbagh, and Desvignes (2002) presented a filtering pro-

cess of magnetic and electromagnetic data to separate the induced

and remanent portions of magnetization, which is applicable if the

magnetic structure is fully located within the depth of investigation of

the electromagnetic probe. From the filter output a bulk

Koenigsberger ratio can be deduced.

Apart from thermoremanent magnetization, detrital or deposi-

tional remanent magnetization (DRM) can occur in the context of

archaeological pits and ditches or more general in ground depressions.

The anomalies are rather weak but detectable (Fassbinder, 2015).

DRM develops trough alignment of remanent magnetized particles in

the direction of the earth's magnetic field if they are mobile in the

pore water (Evans & Heller, 2003; Fassbinder, 2015). At intra-particle

scales viscous remanent magnetization (VRM) is acquired over long

periods under moderate ambient temperature conditions. VRM accu-

mulates through random thermal fluctuations of the magnetic

moments that subsequently align parallel to the present earth's mag-

netic field and stay in this orientation (Néel, 1955).

In this article, we show the importance of remanent magnetiza-

tion for the magnetization of soils. This is a case where magnetic maps

usually do not show obvious evidence of a contribution of remanent

magnetization because the anomalies of soil-filled pits are usually only

low or moderate in amplitude and only slightly, if at all, deviated from

the present declination. We present a novel approach to determine

the Koenigsberger ratio from magnetic prospection data and down-

hole susceptibility measurements. In this approach neither sampling

nor NRM measurements are necessary. Our study targets magnetic

anomalies arising from long-pits that accompany houses belonging to

the neolithic Linear Pottery culture at the site Vráble ‘Farské’

(Slovakia). We base our study on susceptibility-depth sections cross-

ing the magnetic anomalies that were gathered with dense downhole

measurements. These two-dimensional susceptibility distributions

clearly show the cross-section of the pits and are used as empirical

subsurface models to calculate related synthetic magnetic anomalies.

Hence, based on the in-phase susceptibility, measured at 1.3 kHz, the

induced magnetization is calculated. In turn, the induced magnetiza-

tion yields the base for the calculation of the synthetic magnetic data.

A comparison of the synthetic and observed magnetic data shows a

discrepancy that can be explained with an additional remanent mag-

netization. From the susceptibility distribution we derive spatial basis

functions for an inversion calculation, by which the Koenigsberger
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ratio is determined. Additional laboratory analyses are conducted to

determine low and high frequency magnetic susceptibility, iron con-

tent, loss-on-ignition (LOI), soil colour, X-ray fluorescence (XRF) and

X-ray diffraction (XRD). These enable an understanding of the mea-

sured susceptibility distributions as such and of environmental and

archaeological factors related to the site formation.

This article is structured as follows: First, general information on

the archaeological example site and the house-accompanying pits as

the actual investigation targets are given. Second, the physical back-

ground, the applied measurement methods and our approach for the

determination of the Koenigsberger ratio are explained. Then, we pre-

sent the inversion results for one drilling profile in detail and a com-

parative overview including five more profiles. In addition, the results

of the laboratory analyses of the samples are given. In the discussion

section, we first examine methodical aspects and then give an inter-

pretation regarding the magnetic history of the site.

2 | THE ARCHAEOLOGICAL SITE OF
VR �ABLE ‘FARSKÉ ’

2.1 | General information

The site of Vráble (Slovakia) is located in the valley of the upper Žitava

River, one of the many north–south running tributaries of the Danube.

At about 140 m above sea level (a.s.l.), the site is situated in a slightly hilly

environment on fertile soils developed on a loess plateau above the river.

Research at this site started in 2009 with large-scale magnetic pros-

pections and excavations as well as geoarchaeological research were

conducted in ensuing years (Dreibrodt, Furholt, Hofmann, Hinz, &

Cheben, 2017; Furholt et al., 2014; Müller-Scheeßel, Cheben, Filipovic,

Hukelová, & Furholt, in press). They have shown that the site actually

consisted of three co-existent settlements (see Figure 1) of the

Linearbandkeramik (LBK). Each settlement encompassed a size of 10 to

F IGURE 1 Magnetic map of the site

Vráble and its location in Slovakia (upper
right inlet). The detailed views show the
location of the drilling profiles with the
single drillings marked with a white dot.
From one drilling (marked with a cross),
samples were taken and analysed in the
laboratory
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15 ha and, at their peak, they probably incorporated up to 60 houses

with about 500 inhabitants (Müller-Scheeßel et al., 2020). The settle-

ments of Vráble as a whole date between ca 5250 and 4950 cal BCE

(Meadows, Müller-Scheeßel, Cheben, Rose, & Furholt, 2019) and belong

to the late local phase of the LBK (Želiezovce group) (Furholt

et al., 2014).

2.2 | Characteristic of house-accompanying pits

The house-accompanying pits usually run along the full length of both

sides of the respective houses (10–30 m). They measure about 2–3 m

in width and their bottom is 0.8–1.5 m below today's surface. The

varying depth of the bottom may point to the fact that they were dug

out in sections and not in one go. The microtopography was also

documented with electromagnetic induction (EMI) and ground-

penetrating radar (GPR) measurements on the stripped surface

(approximately 60 cm below the present surface) during the course of

an excavation (Pickartz et al., 2020). Measurements were conducted

with a GSSI 400 MHz antenna and GF Instruments CMD Mini

Explorer in vertical and horizontal coplanar orientation. The GPR

reflection of the bottom of the pit was correlated with a conductivity

in the inverted EMI conductivity distribution. The isosurface of this

conductivity value is interpreted as the three-dimensional image of

the pit bottom. In most instances, the fill of the pits is very homoge-

neous and consists of dark brown soil (Munsell colour 10YR3/3–3/4),

mixed with a few archaeological finds like ceramics, stone tools and

animal bones (Figure 2). In many cases towards the top, but some-

times also near the bottom, a thin layer consisting of a higher amount

of daub is found. However, as seen in Figure 1 these layers do not

always produce a distinctly strong signal to be characterized as

(thermo-)remanent feature. Divergent fillings, especially encountered

at the southern ends, like checkered or ashy soil might point to special

activities having taken place there.

It is usually taken for granted that the long pits flanking LBK

houses were used as clay extraction pits and subsequently filled with

waste, whereas their function and the filling processes are still

debated (Kvetina & Rídký, 2017; Wolfram, 2013). However, recent

research (Allard et al., 2013) as well as our own excavations (Müller-

Scheeßel et al., in press) have shown that the debris is patterned and

thus obviously reflects activities having taken place during the exis-

tence of the respective house. Therefore, we expect that material

coming from undisturbed layers of lateral pits belong to the accompa-

nying house.

3 | PHYSICAL BACKGROUND AND
METHODS

In this section, we present first the theoretical framework for this

study, followed by a description of the methods for data acquisition in

the field and laboratory. Finally, we present the inversion algorithm

that we used to estimate the Koenigsberger ratio.

3.1 | Physical background

Magnetic anomalies mapped in archaeological prospection arise from

spatial variations of the ‘total’ magnetization of the soil MT

!
. The total

magnetization is the sum of a remanent MR
!

and induced MI
!

component:

MT
!

=MR
!

+MI
! ð1Þ

=MR
!

+ κ �H!, ð2Þ

where κ denotes the isotropic volume susceptibility and H
!

the vector

of the ambient earth's magnetic field. The Koenigsberger ratio is the

ratio of remanent to induced magnetization

Q=
∣MR
!

∣

∣MI
!
∣

ð3Þ

and is independent of the magnetization directions.

The magnetic susceptibility can be measured at different frequen-

cies of an artificially generated exciting magnetic field to determine

the frequency dependence of the material (Kainz & Cotter, 2018).

F IGURE 2 Photogrammetry of a section of the eastern long pit of house 245 (trench 8, 2014). The pit is composed of several layers with
humous material and inclusions of daub and pottery [Colour figure can be viewed at wileyonlinelibrary.com]
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The device used in the present study, a MS3 with MS2B sensor

by Bartington Instruments Ltd (Witney, United Kingdom), is an

inductor coil instrument that is tuned to resonance. Hereby, the

relative permeability μr of the sample modulates the frequency of

oscillation (Evans & Heller, 2003). It is related to the magnetic

susceptibility by

κ = μr−1: ð4Þ

The magnetic grain size distribution can be investigated by mea-

suring the susceptibility at two (or more) different frequencies in the

laboratory. The used device performs low-frequency measurements

κlf at 0.465 kHz and high-frequency κhf measurements at 4.65 kHz.

From this data the frequency dependent susceptibility is computed in

percentage by

κfd = κlf−κhfð Þ=κlf ×100% ð5Þ

which is correlated with the grain size distribution.

3.2 | Data acquisition

3.2.1 | Magnetic field measurements

Between 2010 and 2012, the area of the site Vráble was exten-

sively surveyed (Furholt et al., 2014) by the Romano-Germanic

Commission of the German Archaeological Institute. The surveys

were conducted with the FGM650 gradiometers by Sensys GmbH

(Bad Saarow, Germany) in a 16-sensor array. The distance between

the lower and upper sensor is 65 cm. In the array, the sensors

have a distance of 25 cm cross-line and are mounted 35 cm above

the ground. The survey speed of 12 km/h to 16 km/h results in

in-line point distances of 30 cm with a sample rate of 20 readings

per second.

Each magnetic profile was filtered with a third-order Butterworth

low-pass filter (cut-off wavenumber at 0.5 m−1) to remove short-

wavelength random noise and apply a gentle smoothing. Also the lin-

ear trend was removed from each profile.

3.2.2 | Field susceptibility measurements

The drilling points were placed along linear profiles crossing the

house accompanying pits orthogonally with a spacing of 25 cm

(Figure 1). The boreholes were drilled with an auger corer of 22 mm

diameter to a maximum depth of 2 m (if feasible). For the suscepti-

bility measurements we used the MS3 device by Bartington Instru-

ments Ltd in combination with the MS2H sensor operating with a

frequency of 1.3 kHz. Starting at a depth of 10 cm, the probe was

lowered in 5 cm steps to the maximum depth of 2 m or until no

further lowering was possible. For each hole, the measurements

were preceded and followed by drift measurements in the air. Each

susceptibility depth curve was manually edited to remove a system-

atic increase of the susceptibility in the depth range from 1.00 m to

1.15 m because of soil compaction due to drilling. In addition, the

topsoil susceptibility was measured with the same device using the

MS2K sensor (operating frequency: 0.93 kHz) at the selected drilling

points. The susceptibility values of the topsoil were averaged along

the profile and the resulting mean value was attributed to the

uppermost 10 cm of the soil column.

3.2.3 | Sediment analyses

To characterize the sediments under investigation and elucidate the

possible sources of magnetization, samples from drill location

P16_175 (Figure 1) were taken for additional laboratory analysis. The

following paragraphs describe the methods that were used to charac-

terize the sediment with laboratory analysis.

3.2.3.1. Sample preparation

Samples were taken in the field from the auger corer (P16_175, see

Figures 1 and 7). Because of the small diameter of the corer (22 mm),

sample material had to be gathered over depth intervals of 20 to

30 cm in order to provide sufficiently large soil volumes for the labo-

ratory analysis. Some material was lost or displaced during the coring

process. All samples were dried at 35 �C for at least 3 weeks and

disintegrated with mortar and pestle. Following standard procedures

of pedology and geoarchaeology, the fraction > 2 mm was separated

via dry sieving.

3.2.3.2. Laboratory susceptibility measurements

The magnetic susceptibility was measured on 10 ml of the < 2 mm,

homogenized samples using a MS3 meter by Bartington Instru-

ments Ltd with the MS2B probe. Measurements were carried out

at both low (0.465 kHz) and high (4.65 kHz) frequency. A reference

sample consisting of 1% iron(II,III) oxide (Fe3O4, magnetite) was

measured repeatedly and the samples’ susceptibility values were

calibrated using this reference before converting them to

mass-specific susceptibility. Finally, low and high frequency mea-

surements were used to calculate the percentage of frequency

dependent susceptibility (see section 3.1). The measurements were

repeated with the whole sample – including particles > 2 mm – to

check their influence on the values and ensure comparability with

field measurements.

3.2.3.3. Iron content

The content of dithionite soluble iron (Fed) indicating the formation of

goethite and maghemite/magnetite during soil formation processes

was determined according to (Blakemore, Searle, & Daly, 1987). Via

this method a reducing reactant (Na2xtS2O4) at a stable pH-value dis-

solves non-crystalline to badly crystalline oxides of iron, and their con-

centration was measured using atomic absorption spectroscopy in the

supernatant. The dithionite soluble fraction of iron is typical for prod-

ucts of soil formation processes.

PICKARTZ ET AL. 5



3.2.3.4. Soil colour

The colour of the samples was measured using a Voltcraft Plus RGB-

2000 Colour Analyser (Wollerau, Switzerland) set to display in a ten-

bit red, green, and blue (RGB) colour space (Rabenhorst et al., 2014;

Sanmartín, Chorro, Vázquez-Nion, Martínez-Verdú, & Prieto, 2014).

This digital device has integrated light-emitting diode (LED) lighting

and an external sensor with a 45/0 measuring geometry to ensure the

minimization of specular reflection. It has a spectral range of 400 to

700 nm and measures with a precision of < 3 for the RGB colour

model. In this system red, green, and blue vary from 0 to 1023 with

0, 0, 0 representing black and 1023, 1023, 1023 representing white.

3.2.3.5. X-ray fluorescence (XRF)

The total elemental content of the samples was measured with a por-

table electron dispersive (PED)-XRF device (Niton XL3t900-ed-XRF

by Thermo Fisher Scientific, Waltham, Massachusetts, USA). For this

purpose the < 2 mm fraction was first homogenized in an Agate mill

and then placed in a plastic tube covered by a 4 μm film. These were

then measured in a lead-mantled measurement chamber with He-

flotation using the “mining, Cu/Zn” settings for 300 s. The instrumen-

tally determined values for iron (Fe), manganese (Mn), titanium (Ti),

calcium (Ca), potassium (K), silicon (Si), aluminium (Al), phosphorus (P),

zirconium (Zr), strontium (Sr), and rubidium (Rb) were finally corrected

using the equations published byDreibrodt et al., 2017.

3.2.3.6. X-ray diffraction (XRD)

The mineral assemblage of the samples of core P16_175 was studied

by XRD measurements using a Philips (Amsterdam, Netherlands) dif-

fractometer PW1710 (Cu radiation, 40 kV, 25 mA). Conventional

powder samples were measured on ground samples of the fine earth

fraction < 2 mm (2 � ϑ: 2 to 80, step size: 0.02, time: 2 s).

3.2.3.7. Loss-on-ignition (LOI)

LOI values were measured to estimate the organic matter and carbon-

ate contents of the sediments (Dean, 1974). First the samples were

dried at 105 �C overnight. The contents of organic matter and carbon-

ates were then determined from the weight losses caused by heating

the samples for each 2 h at 550 �C and 940 �C, respectively. Finally,

the LOI values were converted into contents of soil organic matter

and carbonates based on empirically determined site specific factors

by linear regression.

3.3 | Magnetic data interpretation

The next sections describe the components of the magnetic data

interpretation. The interpretation starts with model calculations

assuming solely induced magnetization and the susceptibility distribu-

tions determined in situ. The resulting synthetic data deviate strongly

from the measured magnetic field data, which motivated the introduc-

tion of a model for remanent magnetization. Based on this model a

representative Koenigsberger ratio is finally determined with an inver-

sion calculation for each profile.

3.3.1 | Magnetic forward calculation

To determine the portion of the magnetic anomalies that is caused by

induced magnetization we performed magnetic model computations

based on two-dimensional subsurface susceptibility models such as

sketched in Figure 3. The subsurface below the drilling profile is

divided in a regular grid with 0.125 m horizontal and 0.05 m vertical

cell size. Between two drilling locations the susceptibility data are

interpolated and smoothed. To avoid a boundary effect from the bot-

tom model boundary, the susceptibility values were tapered with a

cosine to zero. This extends the model to 3.0 m depth. To avoid

boundary effects from the sides of the drilled section we extrapolated

the susceptibility depth curves of the two outermost drilling locations

to the sides and tapered them to an average susceptibility depth

curve. This background curve represents the arithmetic mean of

F IGURE 3 Sketch of a
susceptibility model with the
three inversion parameters Q
(Koenigsberger ratio), t (threshold)
and l (taper length) [Colour figure
can be viewed at
wileyonlinelibrary.com]
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curves measured outside the pits in surrounding undisturbed soils

(Figure 4(b)). The length of the horizontal tapering interval l was held

variable and tuned later by the inversion computation. Finally, to

avoid boundary effects from the sides of the model, the susceptibility

depth curve of the background was tapered to zero over a length of

10.0 m.

The forward calculations were carried out in Python using the

library ‘Fatiando a Terra’ (Uieda, Oliveira, & Barbosa, 2013). From this

package we used the implementation of the formula by Plouff (1976)

for each model cell to calculate the difference in the vertical compo-

nent of the resulting magnetic field ΔBsyn,i
z as measured by the differ-

ential fluxgate sensors at each observation point i = 1,…,N. For the

modelling we applied the orientation and field strength of the present

ambient earth magnetic field according to the ‘International Geomag-

netic Reference Field’ (IGRF) as described by Thébault et al. (2015),

i.e. the following values: declination D = 3.87∘, inclination I = 64.63∘

and magnetic field strength B = 48626.3 nT.

3.3.2 | Remanent magnetization model

To determine the remanent soil magnetization in a representative

way, we assumed that the Koenigsberger ratio is an unknown con-

stant along each profile, the value of which is to be determined by

the inversion calculation (see section 3.3.3). The remanent magneti-

zation is thought to occur only above an unknown threshold t in

F IGURE 4 (a) Close-up of profile P04
with the location of the drilling points and

the magnetic sensor traces that were
chosen for the inversion. (b) The left
column (BG) shows the average
‘background’ susceptibility depth curve.
The remaining columns show the
measured susceptibility depth curves of
profile P04
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the measured susceptibility (see Figure 3), where the numerical

value of the threshold would again be determined by inversion

computation. This concept was implemented by defining trial values

for the threshold and by attributing remanent magnetization only

to grid cells with a measured susceptibility above these thresholds.

By applying this threshold we imply that the surrounding loess

matrix has a negligible remanent magnetization compared to the

filling of the pits.

As to the orientation of the remanent magnetization vector, we

assume that the change in the orientation of the ambient magnetic

field since the filling of the pits is neglectable with respect to the res-

olution of the inversion computation. Indeed, palaeomagnetic studies

have shown that the deviation between the declination during the

settlement time at the end of the sixth millennium BCE and the recent

declination is of the order of five only (see Figure 8 based on Pavón-

Carrasco, Osete, and Torta (2010)). Therefore, we applied the orien-

tation of the recent earth's magnetic field according to the IGRF. This

simplification is justified by a synthetic model study that is presented

in Appendix B.

3.3.3 | Inversion of magnetic field data

We invert the magnetic data of each profile with respect to three vari-

ables: a representative constant Koenigsberger ratio Q, a susceptibility

threshold t identifying the remanently magnetized cells and the length

of the horizontal tapering interval l limiting the extrapolation of the

drilled section to the sides. The inversion is performed by least-

squares fitting of synthetic to field data.

To describe the horizontal tapering outside the drilled profile, let

x1 and x2 be the location of the outermost left and right downhole

measurement. Moreover, let x0 and x3 describe the locations of the

background susceptibility depth curve κBG(z), so that x1 − x0 = x3 − x2 = l

(see Figure 3). Then, the taper f(x) along the profile x is

f xð Þ=
cos

l− x−x0ð Þ
l

π

2

� �
, for x0 ≤ x≤ x1

cos
x−x2ð Þ

l
π

2

� �
, for x2 ≤ x≤ x3:

0
BBB@

1
CCCA ð6Þ

The susceptibility distribution for x0 ≤ x ≤ x1 and x2 ≤ x ≤ x3 is then

κ x,zð Þ= κ x1,zð Þ+ κ x1,zð Þ−κBG zð Þð Þ � f xð Þ, for x0 ≤ x≤ x1
κ x2,zð Þ+ κ x2,zð Þ−κBG zð Þð Þ � f xð Þ, for x2 ≤ x≤ x3:

� �
ð7Þ

As described in section 3.3.1, the subsurface is divided into a regular

grid where κj = κ(xj, zj) denotes the susceptibility in cell j = 1,…,M at

location (xj, zj). The calculated magnetic gradiometer data at observa-

tion point i resulting from solely induced magnetization is

ΔBind,i
z =

XM
j=1

aijκ j, ð8Þ

where aij is a factor that comprises the information about the relative

location of sensors and cells, the earth magnetic field as exciting field

and the cell size (Plouff, 1976). Introducing remanent magnetization

described by the Koenigsberger ratio Q and occurring only in cells

with a susceptibility larger than the threshold t (κj > t), extends Equa-

tion 8 to

ΔBsyn,i
z =

XM
j=1

aijκ j +Q �
XM

j=Mt +1

aijκ j: ð9Þ

We here assume that the cells are in the order from smallest κj = 1

to highest susceptibility κj = M and that κMt is the largest susceptibility

value smaller than t.

For t,l = 0, Equation 9 describes an over-determined system of

linear equations for Q. However, for t,l 6¼ 0 Equation 10 describes a

non-linear system with inversion parameters in the summation index

(Mt) and the underlying subsurface model (l).

In least squares sense, the cost function is

L Q,t, lð Þ=
XN
i =1

ΔBobs,i
z −ΔBsyn,i

z Q,t, lð Þ
� �2

0≤Q 0≤ t 0≤ l ≤ lmax: ð10Þ

Hereby, all three parameters are constraint to be positive. More-

over, l is bound to be smaller than the distance to the next obvi-

ous magnetic anomaly on the profile lmax. This is always in a few

metre distance.

To solve this non-linear optimization problem, we applied a sub-

space trust region interior reflective (STIR) algorithm (Branch, Col-

eman, & Li, 1999). The idea of a trust region algorithm is to

approximate the cost function in a region around the start parameters

resp. the current solution of the iterative process. The approximation

is then minimized in this trusted region, which is the so called sub-

problem. The used algorithm restricts the subproblem to two dimen-

sions, in which s1 and s2 span the subspace. The first direction s1 is

determined by the conjugate gradient, the second s2 either by the

direction of a Newton step or a negative curvature vector. If the solu-

tion of the subproblem leads to a smaller value of the cost function,

this step is accepted and a new current solution is found. Otherwise

the trust region is shrunk and all steps are repeated. The complete

procedure is iteratively repeated until convergence. The evaluation of

the inversion results by means of two different approaches is dis-

cussed in Appendix A.

4 | RESULTS

In the first subsection we present the results of the inversion of mag-

netic field data in two steps: first for one exemplary profile in detail

and, next, for the remaining five profiles in form of an overview and

table. In the second subsection, we include the results of the labora-

tory analyses of the samples.
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4.1 | Results of the inversion of magnetic field data

4.1.1 | Example profile 4

Figure 4(b) shows the susceptibility depth curves that were measured

along profile P04 and are the base for the interpolation and extrapola-

tion of the two-dimensional susceptibility distribution. The suscepti-

bility distribution is shown in Figure 5(b) with the observed and

calculated magnetic data at the top (Figure 5(a)). The left column of

Figure 4(b) shows the mean curve for the subsurface outside of

archaeological features (‘background’, ‘BG’). The different magnetic

profiles that were used for the inversion of the drilling profile P04 are

shown in Figure 4(a). These are the measurements of single sensors in

the gradiometer array

For the uppermost layer of the topsoil (0.0–0.1 m depth) no data

from borehole measurements are available. Therefore, we assumed a

mean susceptibility of 74.5 × 10−5 SI for this uppermost part of the

surface layer, which is the average of the surface measurements. Sus-

ceptibility values deeper than 10 cm were determined in situ

(cf. Figure 4). Between 10 cm and 30 cm depth we found compara-

tively small susceptibility values between 60 and 70 × 10-5 SI, which

show only little lateral variation and represent the values of the top-

soil mixed by plowing. The susceptibility distribution of the subsoil

shows increased values up to 192 × 10−5 SI found in the central part

in 60 cm depth. Below this maximum the susceptibility values

decrease to around 25 × 10−5 SI. Measurements outside the pits sug-

gest that the susceptibility values around 150 × 10−5 SI can be used

as an approximate indicator for the boundary between pit and

surrounding soil matrix (see also Figure 4). Using this criterion the pit

cross-section turns out to be a wide-angled V-shape. The top of the

pit is found in about 50 cm depth where it is approximately 150 cm

wide. The bottom of the pit reaches down to about 75 cm depth. The

centre of the pit shows the highest susceptibility values.

The measured magnetic anomaly has a maximum of 7.2 nT and a

half-width of approximately 1.8 m. Assuming solely induced magneti-

zation, the calculated magnetic data reach a maximum of 1.6 nT (dot-

ted line, Figure 5). This corresponds to only 22% of the observed

value or a maximal difference of 5.6 nT at the peak.

The difference along the profile between the measured and calcu-

lated magnetic anomaly can only be explained with a significant rema-

nent magnetization. However, test computations have shown that an

optimum fit cannot be reached by simply enhancing the susceptibility

values of the model by a factor of Q. As shown in Figure 6 the fit

improves if a lateral taper with adjustable width l is applied, which

serves to grade susceptibility distribution from the pit to the

undisturbed surrounding sediment. Obviously, also this additional

condition is not sufficient for obtaining a satisfactory fit because the

shape of the anomaly function is still not well reproduced in the

boundary areas. This can be improved by introducing a threshold that

restricts the application of a Q > 1 only to soil volumes exceeding a

certain minimum susceptibility t. Figure 6 shows that the combination

of Q and t is not sufficient as t is basically set to 0 SI by the inversion.

The introduction of the variable horizontal taper l is primarily a numer-

ical trick. However, it can be justified by the interpretation that the

upper portions of the pit fill may have been smeared to a certain

extent to outside the pit by agricultural activity in the past millennia.

F IGURE 5 Profile P04. (a) Measured
magnetic profile (vertical component
gradiometer data, A802b_03, seeTable 2
and Figure 4) and calculated magnetic
anomaly assuming induced (dotted line)
and induced plus remanent (dashed line)
soil magnetization. The dashed line shows
the optimum fit obtained for a
Koenigsberger ratio Q of 2.4 for
subsurface points with a susceptibility κ ≥

90 × 10-5 SI, and Q = 0 elsewhere. The
underlying two-dimensional susceptibility
distribution is shown in (b). Downhole
measurements of magnetic susceptibility

were performed at the drilling locations
indicated by black triangles (cf. Figure 4).
Outside this area the values were
extrapolated and tapered to the average
κ-depth function of the surrounding soil
[Colour figure can be viewed at
wileyonlinelibrary.com]
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This soil movement assumingly has removed VRM since it disturbed

the orientation of the magnetic particles.

4.1.2 | Comparison of different magnetic profiles

The results of all drilling profiles are shown in Figure 7. They differ in

both, the appearances of the cross-sections of the pits and the related

magnetic anomalies. Yet, the underlying susceptibility-depth functions

are very similar in their general form: the susceptibility increases until

a maximum is reached and then decreases down to around 25 × 10−5

SI. The location and amplitude of the maximum as well as the slope

determine the cross-section of the pits.

Table 1 shows the statistical evaluation (A) of all drilling and mag-

netic profile combinations. These cases do not depend on the drilling

profile but rather on the magnetic profile. For the majority of profile

combinations the cost functions have a well-defined minimum for Q.

Exceptions of this are profiles 16 and 21, which show considerable

trade-offs between the inversion variables.

The best fitting model parameters in terms of root mean square

(RMS) errors are shown in Table 2. The arithmetic mean for each dril-

ling profile according to the statistical evaluation (B) is also given in

Table 2. A comparison of Tables 1 and 2 shows that the expected

values and the best fitting values are very similar to each other.

The mean Koenigsberger ratio varies between 1.8 ± 0.2 and 7.0 ±

3.3, in which the mean of all best fitting values is 3.3 ± 2.2. The mean

threshold in the susceptibility values, over which remanent magnetiza-

tion is considered, varies between 27 ± 3 × 10−5 SI and

160 ± 31 × 10−5 SI with an overall mean of 78 ± 54 × 10−5

SI. Considering all best fitting values for the threshold, clusters at

approximately 20–30 ×10−5 SI and 90–110 ×10−5 SI are found.

4.2 | Sediment analyses

In this section, we present the laboratory analyses of the samples

from core P16_175. This core is part of profile P16 (cross in Figure 1)

and was sampled to analyse the sediment layer below the loess. The

laboratory analyses enable to investigate the causes of susceptibility

and remanent magnetization. The samples are mixed samples, which

were taken from the Auger corer from 20 to 35 cm long depth

intervals.

According to field grain size estimations (Eckelmann et al., 2006),

the sediment of the upper 164 cm (surface soil, pit fill, loess) could be

classified as loamy silt (Ut2). The sediment in a depth of 164 to

200 cm is a silty sand (Su2), probably exhibiting a periglacial slope

debris layer. The two upper samples were taken from 0.20 to 0.40 m

and 0.53 to 0.85 m depth. They are representative for the top soil and

the uppermost pit-fill, which consist only of grains < 2 mm. The two

deeper samples are from 1.13 to 1.44 m and 1.64 to 2.00 m depth. In

addition to the small-grained fraction they also contain a fraction >

2 mm. The fraction > 2 mm of the sample from 1.13 m to 1.4 m depth

contains daub and gravel. The sample from 1.64 m to 2.0 m has a

small gravel content. The susceptibility was measured on the fraction

< 2 mm to be comparable to standard pedological samples as well as

on the complete samples to be comparable to the in situ measure-

ments. All other laboratory analyses were solely conducted on the

fraction < 2 mm.

Figure 8 shows the results of the different laboratory analyses

and, for comparison, the downhole measurements of the susceptibil-

ity. Qualitatively the downhole (Figure 8(a)) and laboratory

(Figure 8(b)) measurements show the same trends of susceptibility

with depth. This trend shows the highest susceptibility values around

60 cm depth and a decrease below as described already in sec-

tion 4.1.1. For comparison the downhole measurements are also

shown in Figure 8(b). Some material has been lost during coring and

therefore, the sediments might have shifted in the corer. In general,

the volume susceptibility measurements in the laboratory show

F IGURE 6 (a) Comparison between observed magnetic anomaly
and calculated anomalies with different sets of parameters for profile
P04 (cf. Figure 5). All model parameters (Koenigsberger ratio Q,
threshold t and taper length l) are tuned by the inversion to optimum
fit. (b) Difference between the observed magnetic anomaly and the
different model responses [Colour figure can be viewed at
wileyonlinelibrary.com]
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F IGURE 7 Data of all drilling profiles with the
magnetic profiles (observed, induced and induced
plus remanent) as line plots (uneven rows).
Beneath the magnetic data, the measured
susceptibility distributions (even rows) are shown
with the drilling locations marked as triangles
[Colour figure can be viewed at
wileyonlinelibrary.com]
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somewhat lower values than the field measurements. This can be

explained with the preparation process, in which the samples are

decompacted on the way from the drilling to the laboratory measure-

ments. Therefore, laboratory and in situ densities and related volume

susceptibility values of the soil may be somewhat different. The labo-

ratory measurements include also a sample from below 1.5 m depth,

which shows again increased susceptibility values.

Figure 8(b) shows the high and low frequency measurements of

the complete samples versus the ones of the fraction < 2 mm. For the

sample in 1.13–1.44 m depth, the complete sample shows higher sus-

ceptibility measurements whereas for the sample in 1.64 m to 2.0 m

depth it is vice versa. This is explainable by the detected daub inclu-

sions in sample 1.13–1.44 m

The frequency dependent portion of susceptibility (Figure 8(c)) is

approximately 9% for the two uppermost samples and decreases over

6% down to 0.1% for the deepest. Even though the high and low fre-

quency measurements of the fraction < 2 mm and the complete sam-

ple for the two deepest samples differ in their absolute values, the

resulting frequency dependent susceptibility values are similar.

The trend of the total iron content by weight (Figure 8(d)) is similar to

the trend of the susceptibility except for the deepest sample. The suscep-

tibility value of the deepest sample is the highest measured one, however

the iron content in this sample is the lowest measured one. This ratio

points to the presence of iron compounds in the deepest sample with a

higher susceptibility than the iron compounds in the other samples.

The XRD mineral assemblage shows small differences between

the samples. They consist of quartz, feldspars, mica, with higher

amounts of expandable clay minerals in the upper two samples. Spurs

of maghemite/magnetite, gypsum and calcite (lower two samples) are

present as well. The Fed/Fet ratios are the highest in the upper two

TABLE 1 Expected model parameters with standard deviation for every drilling and magnetic profile combination.

Profile Magnetics <Q> σQ σQ (%) <t> (10−5 SI) σt (10
−5 SI) σt (%) <le (m) σ l (m) σl (%)

P04 802b_01 1.9 0.1 5.4 107 7 6.4 2.5 0.8 31.1

P04 802b_02 2.7 0.1 5.0 100 4 3.7 4.5 0.6 14.2

P04 802b_03 2.4 0.1 2.8 90 3 3.8 3.6 0.1 2.8

P04 804b_13 2.5 0.1 5.5 97 10 10.7 3.8 0.7 17.6

P04 804b_14 3.3 0.4 12.3 53 25 47.0 4.5 0.2 3.8

P04 804b_15 2.7 0.1 2.8 95 12 13.1 4.4 0.5 11.4

P16 657b_07 1.9 > 0.1 0.9 90 1 1.1 1.9 > 0.1 2.3

P16 657b_08 2.0 > 0.1 2.4 23 4 15.6 0.7 0.4 54.3

P16 657b_09 2.7 > 0.1 0.9 22 > 1 2.3 1.5 > 0.1 3.2

P16 657b_10 2.7 > 0.1 0.9 22 > 1 2.3 1.5 > 0.1 2.8

P16 657b_11 3.0 > 0.1 0.2 28 > 1 0.1 2.0 > 0.1 0.4

P18 657b_07 1.5 0.1 5.7 60 2 3.1 1.7 > 0.1 1.0

P18 657b_08 1.7 > 0.1 2.8 113 3 2.4 1.8 0.1 4.2

P18 657b_09 1.8 > 0.1 2.5 113 2 1.7 1.9 0.2 10.2

P18 657b_10 1.9 > 0.1 0.5 114 > 1 0.4 2.3 > 0.1 > 0.1

P18 657b_11 1.9 > 0.1 2.1 115 4 3.8 2.0 0.2 7.9

P20 658b_01 3.5 > 0.1 > 0.1 107 > 1 > 0.1 7.6 0.1 1.4

P20 658b_02 2.7 > 0.1 1.2 74 1 1.0 1.3 0.1 5.9

P20 658b_03 3.6 > 0.1 0.5 2 1 53.0 0.0 > 0.1 117.8

P20 658b_04 2.5 0.1 5.7 4 13 348.7 0.2 0.7 470.5

P20 658b_05 2.5 0.1 2.2 2 2 149.1 0.0 > 0.1 75.8

P21 661b_06 4.2 3.3 78.2 149 32 21.2 3.9 0.3 8.1

P21 661b_07 6.8 3.7 54.3 157 32 20.2 0.7 0.6 83.6

P21 661b_08 10.2 0.9 9.0 181 21 11.5 0.2 0.3 168.0

P21 661b_09 10.9 1.6 14.6 186 21 11.4 0.2 0.3 226.7

P21 661b_10 11.2 1.8 16.3 181 20 11.1 0.3 0.4 117.4

P22 662b_07 2.7 > 0.1 1.4 30 1 2.2 1.1 0.1 7.2

P22 662b_08 3.7 0.1 2.2 25 1 3.2 1.1 0.1 8.8

P22 662b_09 3.7 > 0.1 0.3 23 > 1 1.8 1.1 > 0.1 > 0.1

P22 662b_10 3.9 > 0.1 0.2 27 > 1 0.3 1.4 > 0.1 0.1

P22 662b_11 3.6 > 0.1 0.2 28 > 1 1.3 1.4 > 0.1 > 0.1
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samples (pit fill) (0.0029 resp. 0.0022), the lowest in the loess sample

(0.0018) and increase again in the periglacial debris sample (0.0022).

Thus, a clear pedogenic enrichment of iron is present in the topsoil

and pit-fill and a dithionite soluble primary iron mineral in the lowest

sample is probable to explain the increase of susceptibility within the

deepest layer. The content of organic matter is the highest in the top-

soil and in the pit fill (Figure 8(e)). Some carbonates are present in the

loess, whereas the deepest sample contains very few organic matter

and carbonates. The RGB colour values (Figure 8(f)) clearly reflect the

darker colours of the pit fill and the organic surface horizon, whereas

the lower two layers are more reddish brown. The sample from the pit

fill (0.53–0.85 m) is the darkest layer.

The results of the laboratory analyses can be summarized as

follows: The deepest sample (periglacial debris) has the highest sus-

ceptibility, however the frequency dependent susceptibility and the

iron content by weight are the lowest. Moreover the contents of

organic matter and carbonates are very low. The topsoil and pit fill-

ing have intermediate susceptibility values with a high frequency

dependent susceptibility and a high content of organic matter and

iron, whereas the content of carbonates is low. The loess has the

lowest susceptibility value with an intermediate frequency depen-

dent portion and an intermediate content of iron. As expected the

content of organic matter is very low and the content of carbonates

is the highest of all samples.

TABLE 2 Inversion results of the drilling profiles with mean Koenigsberger ratio �Q, mean threshold �t and mean taper length�l based on the
best fitting inversion results per magnetic profile, that are given in the second half of the table with the respective root mean square (RMS) error

Drilling profile �Q �t (10−5 SI) �l (m) Magnetic profile Q t (10−5 SI) l (m) RMS (10−1 nT)

P04 2.3 ± 0.3 (14.8%) 101 ± 6 (6.3%) 3.9 ± 0.9 (22.8%) A802b_01 1.9 105 2.9 5.4

A802b_02 2.7 102 4.9 5.0

A802b_031 2.4 89 3.7 3.8

A804b_13 2.6 105 4.6 5.0

A804b_14 2.5 98 4.4 6.5

A804b_15 1.9 105 2.9 5.4

P16 2.0 ± 0.1 (4.7%) 49 ± 37 (75.3%) 1.1 ± 0.7 (64.5%) A657b_07 1.9 90 1.9 8.6

A657b_081 1.9 90 1.9 8.6

A657b_09 2.1 23 0.6 8.8

A657b_10 2.0 22 0.5 8.8

A657b_11 2.1 23 0.6 8.8

P18 1.8 ± 0.2 (8.7%) 92 ± 28 (30.0%) 2.1 ± 0.5 (24.6%) A657b_07 1.6 60 1.7 6.7

A657b_081 1.7 112 1.8 6.6

A657b_09 2.0 64 2.9 7.5

A657b_10 1.8 111 2.1 8.0

A657b_11 1.8 114 1.7 8.0

P20 3.2 ± 0.5 (16.2%) 37 ± 50 (136.6%) 1.0 ± 1.7 (162.7%) A658b_01 3.5 107 3.8 9.9

A658b_02 2.7 74 1.3 9.8

A658b_03 3.6 3 0.0 8.6

A658b_041 2.5 0 0.0 6.4

A658b_05 3.6 0 0.0 8.6

P21 7.0 ± 3.3 (47.6%) 160 ± 31 (19.4%) 1.3 ± 1.6 (121.1%) A661b_06 3.3 138 4.0 10.5

A661b_071 5.3 138 1.0 7.3

A661b_08 5.3 138 1.0 7.3

A661b_09 10.5 206 0.0 9.8

A661b_10 10.5 176 0.5 9.9

P22 3.5 ± 0.5 (14.2%) 27 ± 3 (9.6%) 1.2 ± 0.2 (14.2%) A662b_071 2.7 30 1.1 11.0

A662b_08 3.6 25 1.1 15.3

A662b_09 3.7 24 1.1 16.1

A662b_10 3.9 27 1.4 18.7

A662b_11 3.6 28 1.4 16.1

Shown in Figure 7 resp. 5.
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5 | DISCUSSION

In the discussion, we first address the methodical aspects of the inver-

sion approach. Then we turn to the interpretation of the susceptibility

distribution in combination with the derived Koenigsberger ratio to

analyse the origin of remanence.

5.1 | Evaluation of the inversion approach and the
results

We presented a novel inversion approach to determine the

Koenigsberger ratio from magnetic field measurements (gradiometer

data) and downhole measurements of the magnetic susceptibility, in

which the susceptibility measurements constitute a variable basis

function of the inversion. We have not found other studies, in which

this sort of partial parameter coupling has been applied. Generally

field studies of the Koenigsberger ratio are rare an exception being

Benech et al. (2002).

For Q the cost function has a single, well-defined minimum

and small trade-offs between different model parameters are

observed. This shows that our approach yields reasonable values

for the Koenigsberger ratio. The trade-off identified between t and

l indicates that one of these model parameters should be deter-

mined by measurement. For example, the taper length l could be

determined implicitly by extending the drilling profile far enough

beyond the magnetic anomaly. In this case the complete subsurface

section that contributes to the magnetic anomaly would be covered

with downhole measurements and taper length l could even be

omitted in the equations.

The percentage standard deviation per drilling profile (statistical

evaluation B) is larger than the error of the single inversions (statistical

F IGURE 8 Data of coring P16_175 (location marked with a star in Figures 1 and 7). (a) Susceptibility downhole measurements. Laboratory
measurements of (b) low frequency susceptibility and high frequency susceptibility for the fraction < 2 mm and the complete sample (with field
measurements for comparison), (c) frequency dependent susceptibility, (d) iron content by weight resulting from XRF, (e) content of organic
matter and carbonates, and (f) sample colour in red-green-blue (RGB) [scale 0–1023]. For the laboratory measurements the vertical line
represents the mean value and the faded box the standard deviation for each mixed sample of the respective depth interval [Colour figure can be
viewed at wileyonlinelibrary.com]
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evaluation A). Therefore, the influence of different magnetic data sets

yields a measure for the overall error.

For profile 16 higher trade-off values and generally higher RMS

errors were observed. This probably indicates that the model was not

complex enough to explain the observed magnetic anomalies. One

possible reason is the approximation of actually three-dimensional

susceptibility and remanence distributions with a two-dimensional

susceptibility distribution and a parametrization of the remanence

with three parameters. Another reason might be a significant contri-

bution of the periglacial debris layer beneath the loess. The laboratory

analyses showed that this layer has a high susceptibility. Moreover,

the heterogeneity of a debris layer is likely reflected in a heteroge-

neous susceptibility distribution and possibly also a remanent magne-

tization. However, we were not able to measure the susceptibility

distribution in this layer because it was not feasible to lower the

probe. To investigate the magnetic properties of this layer, further

studies can comprise test trenches or lined cores to gather

undisturbed high-resolution samples for laboratory analyses.

For profile 21, especially high values for Q (4.2–11.2) were deter-

mined in combination with high values for t (149–186×10−5 SI). These

locally very restricted areas of high susceptibility values might be

related to burned material, i.e. daub or pottery. Both have been docu-

mented in the fillings of the pits. Our approach can be extended by an

additional parameter for Q, that is only valid for remanent magnetiza-

tion of heated materials.

5.2 | Remanent magnetization in archaeological
prospecting

The starting point of our study was a simple check whether or not

measured magnetic anomalies fit to calculated anomalies given the

downhole-measured susceptibility distributions. This comparison is

straightforward, yet not common in archaeological case studies. A

similar approach was used by Bruce Bevan to quantify the magnetic

anomaly of a potential structure (Dalan, 2008). The geometry of the

feature approximated by a wedge and the initial susceptibility contrast

for the inversion was derived from downhole susceptibility measure-

ments, too. As in our case, the comparison of the measured and calcu-

lated magnetic anomaly showed that the susceptibility contrast was

not sufficient to explain the observed anomaly. Instead, it needed to

be increased from 45 × 10−5 SI to 140 × 10−5 SI. This also indicates a

contribution from remanent magnetization (Dalan, 2008). Also Simon,

Koziol, and Thiesson (2012) concluded that the measured susceptibil-

ity contrast for the modelled simplified source geometry is not high

enough to explain the measured magnetic anomaly. With our

approach, we offer a solution or an improvement to this mismatch

problem in two regards: (1) a direct quantification of the

Koenigsberger ratio and (2) the simplified source geometry with sus-

ceptibility contrasts is replaced by measured susceptibility distribu-

tions so that complex subsurface structures can be accessed.

As suggested by the equivalence principles of potential field the-

ory, simplified magnetic source distributions (Miller et al., 2019;

Wilken et al., 2015) are capable to explain observed anomalies in a

satisfying way in many cases. However, our downhole measurements

have shown that the assumption of a polygonal zone of constant sus-

ceptibility contrast would be an oversimplification of the filling of the

neolithic pits. The measured susceptibility distributions are diverse

and heterogeneous, hence too complex to be consistently approxi-

mated by a simple source geometry.

Generally, the Koenigsberger ratio and the remanent magnetiza-

tion are not negligible (cf. Dalan, 2008; Simon et al., 2012). Still most

modelling studies assume only induced magnetization. This is physi-

cally justified if the remanent magnetization is a pure VRM, which

shows the same vector orientation as the induced magnetization. In

this case neglecting remanent magnetization in inversion computa-

tions just leads to too high apparent or effective susceptibility values.

Macnae (1994) discusses this issue from a mineral prospection per-

spective and proposes the use of an alternative ratio to Q. Anyway,

for archaeological prospection purposes distinguishing between

induced and remanent magnetization in field studies requires mea-

surements of susceptibility preferably in situ. This can be accom-

plished by drilling or by additional EMI measurements if the EMI

sounding depth is sufficiently large.

The drilling approach applied here can be optimized by investigat-

ing how dense the drilling locations need to be placed within the area

of the considered anomaly. Also, a variable drilling spacing increasing

from the edges to its surrounding can improve our approach. This can

reduce the number of drillings needed to determine the susceptibility

distribution. Placing an increased number of drillings outside the pits

would also make the tapering parameter l obsolete as this part of the

profile would get covered with downhole measurements.

5.3 | How do the derived Koenigsberger ratios
compare to published values?

The Koenigsberger ratios of the best fitting models (Table 2) range

from 1.6 to 10.5 with the majority of the values being smaller than

4. In archaeological studies the Koenigsberger ratio is usually deter-

mined for sites with burned contexts, such as kiln, ovens, fire places.

Sometimes the studies include demagnetization in the measurement

procedure to remove VRM. Schnepp et al. (2004) give an overview for

archaeological sites in Germany. They divided the samples into three

categories of structures heated to different temperatures (low, moder-

ate and high). For all three categories the Koenigsberger ratio ranges

from values of approximately 0.1 to values larger than 100. There

seems to be a tentative tendency that for higher temperatures the

majority of Q values shift to slightly higher values. The variability

within the different categories, might indicate how well a specimen

was heated. This means that high Koenigsberger ratios are measured

for specimens carrying complete thermoremanent magnetization

(Schnepp et al., 2004). However, also the parent material with its

capability to carry remanent magnetization needs to be considered.

The Koenigsberger ratios determined in the present study can be

understood as average values applying to larger volumes of
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susceptible soil. The actual size and shape of each volume are deter-

mined by the threshold variable determined in the inversion. There-

fore, this Koenigsberger ratio must be interpreted as value for a

sample ‘mixed’ from larger soil volumes to be comparable with publi-

shed measurements. In the present case, the subsurface does not

show any traces of burning apart from sporadic daub pieces or pottery

fragments. Therefore, the corresponding Koenigsberger ratios repre-

sent values of only partly or not heated soils and sediments with loess

as parent material. We derived values that are within the range pres-

ented by Schnepp et al. (2004) with an approximate range of 0.1 to

10. Kapper, Donadini, et al. (2014) presented values closer to the here

observed one from an archaeological context of burned cave sedi-

ments. However, in their study the majority of the values fall into the

range of 0.1 to 1, which is considerably lower than the values found

for the long pits of the Vráble site.

Without determining the Koenigsberger ratio, Batt (1999)

measured the NRM of water-lain archaeological sediments of

30 depositional environments within Britain. For the NRM they

obtained intensities in the range of burned materials. These results

support the plausibility of the relatively high Q-values we obtained

because the pit fills of our study can be considered as a similar

depositional milieu.

5.4 | What is the origin of the remanence?

Several sources of remanent magnetization need to be considered,

which may be distinguished into two groups according to the time

frames of the generating processes. The first group consists of pro-

cesses where the magnetized object and the bulk remanence form

almost synchronously; these are here

• depositional remanence (e.g. Batt, 1999; Evans & Heller, 2003;

Fassbinder, 2015),

• thermoremanent magnetization of daub pieces

(e.g. Fassbinder, 2015), and

• organic matter decomposition processes in presence of

magnetotactic bacteria (e.g. Blakemore, 1975; Fassbinder, Stanjekt,

& Vali, 1990; Bazylinski, Lefèvre, & Schüler, 2013)

The second group consists of processes where the formation of

bulk remanence extends over a much longer time span than the for-

mation of the object as such, meaning by the on-going alignment of

already existing magnetic moments, such as

• post-depostional remanence (e.g. Evans & Heller, 2003;

Fassbinder, 2015; Batt, 1999) and

• viscous remanent magnetization (e.g. Dabas, Jolivet, &

Tabbagh, 1992; Dunlop, 1973; Mullins & Tite, 1973; Néel, 1949;

Néel, 1955)

Both, the observed depth functions of susceptibility and the

deduced remanent magnetization within the organic infills of house-

accompanying pits of the LBK houses at Vráble can be explained as a

combination of these processes.

Depositional remanence results from the infilling of magnetized

particles into the pit, which align in direction of the ambient magnetic

field during the sedimentation process. Magnetized particles are pro-

duced in settlements, for example, in the form of ceramics and in the

soil of fire places. The particles can get into the pit filling intentionally

or unintentionally by waste disposal or aeolian transportation. If the

particles are mobile within the pit filling, they can align in the

direction of the earth's magnetic field and create a bulk remanent

magnetization.

During the excavations, thin layers with a higher amount of daub

were documented in the pits (cf. section 2.2). As they were not bur-

ned in place, the orientation of their initial remanent magnetization is

unknown. However, the orientation might have turned partly parallel

to the ambient field since the time of deposition due to viscous reor-

ientation of the magnetic moments.

Magnetotactic bacteria were traditionally studied in freshwater

(Blakemore, Maratea, & Wolfe, 1979; Spring et al., 1993) or marine

environments (Petermann & Bleil, 1993; Stolz, Chang, &

Kirschvink, 1986), but they have been detected in waterlogged soils

as well (Fassbinder et al., 1990). There, magnetotactic bacteria were

found to thrive close to or below the oxic–anoxic interface (Bazylinski

et al., 2013). However, considering the habitat conditions of microor-

ganisms in soils, a remarkable microscale variability of water and oxy-

gen access has been documented (Hartmann & Simmeth, 1990;

Hattori, 1973; Sexstone, Revsbech, Parkin, & Tiedje, 1985).

The infill of everyday waste, containing large amounts of organic

matter, into the house-accompanying pits would have resulted in par-

tial decomposition of the organic detritus under partly anoxic condi-

tions. This is plausible considering the regional climate in eastern

Slovakia, the form of the house-accompanying pits and the properties

of their infill. The climate at Vráble is classified as cold-temperate

(Köppen-Geiger Cfb) (Schönwiese, 1994) with an annual mean tem-

perature of 9.9 �C and an annual sum of precipitation of 593 mm

for the period 1982 to 2012 (http://www.climate%2010data.org,

accessed 7 November 2019). Assuming similar conditions throughout

the last 7000 years, results in an average excess of precipitation

above evapotranspiration at the site. House-accompanying pits do

not have an outlet nor are they sheltered from addition of water by

precipitation (Dreibrodt et al., 2017), required for aerobic decomposi-

tion of organic matter according to technical instructions of pit com-

posting (Misra, Roy, & Hiraoka, 2003). In fact, the orientation of the

pits along the eaves of the LBK houses is even probable to increase

the number and duration of waterlogging phases during the lifetime

of the prehistoric house. In addition, after the abandonment of the

houses, remainders of the pits completely filled or not, were enduring

depressions of higher water content compared to the surrounding

unbuilt areas. The infill of the pits, studied in numerous excavations, is

mainly composed of a dark organic-mineral mixture, often resembling

the local topsoil macroscopically (see Figure 2).

Thus, an organic rich infill as a growing medium for soil bacteria

was provided by the prehistoric inhabitants and according to the

16 PICKARTZ ET AL.

http://www.climate%2010data.org


regional climatic conditions and configuration of the pits probably

exposed to phases of anoxic decomposition. Additionally, anaerobic

conditions could have been induced by high growing rates of aero-

bic soil bacteria populations on the organic rich infills consuming

large amounts of oxygen. Micro-scale phenomena in infilled soil

aggregates provide a third mechanism that could produce locally

anaerobic conditions.

We argue that these phases of anaerobic decomposition of the

organic trench-infills provided suitable living conditions for

magnetotactic bacteria, which in turn resulted in the formation of

ferrimagnetic iron compounds. Likewise to magnetic particles from

settlement activities and thermoremanent compounds in daub, the

remanent magnetization can orient parallel to the ambient field by

rotation of mobile particles or the acquisition of a viscous remanent

magnetization over time. The outlined scenario is able to explain

our record. The typical site-specific downhole trend of susceptibility

shows a minimum below the pit fills, increased values within the

pit fill and a decrease towards the topsoil. This indicates that the

process that resulted in the formation of the magnetic anomaly

within the pit fill was not in action in the well-aerated topsoil,

plowed additionally probably during approximately 2000 years since

site formation (Dreibrodt et al., 2017). On the one hand,

magnetotactic bacteria are known to be restricted to or close to

anoxic environments (Bazylinski et al., 2013), on the other hand,

the orientation of remanent magnetization is removed by the

plowing or any bioturbation.

In summary, the remanent magnetization found by comparing

observed magnetic anomalies and anomalies resulting from induced

magnetization in this study is explainable by the outlined scenarios.

Although we do not have direct proof, the contribution of

magnetotactic bacteria in the decomposition process of the organic

rich infill of the prehistoric pits provides a plausible explanation of the

found remanent magnetization. The macroscopic reorientation of par-

ticles parallel to the earth's magnetic field and viscous remanent mag-

netization over time may provide further contributions, the relative

portions of which still have to be investigated.

6 | CONCLUSIONS

Based on our study of the the Linearbandkeramik site Vráble ‘Farské’

the following conclusions can be derived:

1. Vertical sections of magnetic susceptibility determined from dense

drillings and downhole measurements can be used to reliably

image cross-sections of house-accompanying pits.

2. The remanent magnetizations of the pit fill and the surrounding

loess are not negligible in the quantitative interpretation of mag-

netic surveys. The determined Koenigsberger ratios of the pit fills

vary between 1.8 and 7.

3. Representative values of bulk remanent magnetization can be

determined through a new inversion approach based on observed

magnetic anomalies and in situ measurements of the susceptibility.

4. The origin of the remanent magnetization can be explained by

magnetotactic bacteria and deposition of magnetized material.

These particles increase the ferrimagnetic iron content of the pit

fill compared to the surrounding, may align in the waterlogged

environment and accumulate a viscous remanent magnetization.

Incorporating downhole susceptibility measurements in archaeo-

logical field campaigns enables an efficient ground truthing of magnetic

mapping and determination of cross-sections of key targets. The same

approach to determine bulk remanentmagnetization can also be applied

to archaeological plans as a tool of supporting excavation diagnostics.
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APPENDIX A: EVALUATION OF INVERSION RESULTS

To quantify the reliability of the models, we use two statistical

approaches. With the first one (A), we test if the single inversion

problem (one magnetic profile) is multimodal and if trade-offs

between different model parameters exist. For this we use the

Gibbs' distribution to calculate so-called expected model parame-

ters, standard deviations and co-variances. With the second one

(B), we test the influence of different magnetic profiles that are

close to the drilling profile. The arithmetic mean and the standard

deviation of the inversion parameters for each drilling profile are

the final results.
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A.1 | Methods

A.1.1 | Statistical evaluation (A) – Gibbs' distribution

Following the descriptions by for example Marti�nez, Lana, Olarte,

Badal, and Canas, (2000) and Wilken and Rabbel (2012), a set of

expected model parameters can be calculated considering the Gibbs'

distribution as probability density function. To test whether the inver-

sion result is influenced by the starting parameters, we defined a

bounded model parameter space and passed through this space sys-

tematically with the sets of starting parameters. Hereby, each of the

three model parameters had five equidistantly spaced starting values.

This results in 125 combinations and inversion runs for each magnetic

profile. For the statistical evaluation of the inversion problem, we con-

sidered not only the final inversion results but also every set of

parameters being an intermediate step of the inversion process. This

results in a total number of R models for each inversion. Let mk be a

set of model parameters (Qk, tk, lk) with k = 1,…,R with the respective

cost Lk = L(mk). Then,

ξ mkð Þ= exp −Lk½ � ðA1Þ

is the probability of mk. The expected model is then

<m> =
1
P

XR
k =1

mk ξ mkð Þ ðA2Þ

with the normalization factor

P=
XR
k =1

exp −Lk½ �: ðA3Þ

The covariance matrix is

Cm =
1
P

XR
k =1

mk− <m>ð Þ mk− <m>ð ÞT ξ mkð Þ ðA4Þ

where the entries on the diagonal are the variances of each

parameter. Hence, the standard deviation of the expected model

parameters <m>i is σi =
ffiffiffiffiffiffi
Ci,i

p
. To evaluate the correlation or possible

trade-off between two parameters, the normalized covariance matrix

Ci,j =
Ci,jffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Ci,i �C j,j

p ðA5Þ

is considered.

A.1.2 | Statistical evaluation (B) – arithmetic mean

The drilled profiles are approximately parallel to the magnetic profiles

of the single sensors of the magnetic sensor array and orthogonal to

F IGURE 9 Model parameters (a) Koenigsberger ratio Q,
(b) threshold t and (c) taper length l versus cost L for drilling profile
P04 and magnetic profile A802b_03. (d) Correlation matrix for this
profile [Colour figure can be viewed at wileyonlinelibrary.com]
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the house-accompanying pits, which can be regarded as quasi two-

dimensional structure. Therefore, we repeated the inversion computa-

tion for the five single sensor profile lines closest to the drilling profile

(Figure 4A). The RMS error

δBRMS =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
i=1 ΔBobs,i

z −ΔBsyn,i
z

� �2

N

vuut
, ðA6Þ

is used to identify the best fitting model for each of the five mag-

netic profiles. This results in five best fitting models for each drilling

profile and enables an estimation of an arithmetic mean with stan-

dard deviation for each inversion parameter and drilling profile.

A.2 | Results – profile P04

The statistical evaluation (A) for drilling profile P04 and the magnetic

profile A802b_03 yields the expected model parameters

Q = 2.4 ± 0.1 (2.8%), t = 90 ± 3 × 10−5SI (3.8%) and l = 3.6 ± 0.1m

(2.8%). Figure 9(a–c) shows the intermediate steps and converged

models with the respective cost for all model parameters. The cost

function is unimodal for all model parameters, which means it shows

one well-defined minimum in the model parameter space (cf. circles in

Figure 9). Also there is no significant trade-off between the model

parameters with trade-off values < 0.4 as visible in the covariance

matrix in Figure 9(d).

To evaluate how well the model parameters are resolved, we con-

sider a fit within twice the sensor resolution (±2 × 0.2 nT) as equally

well fitted. Then the synthetic data is ΔBsyn,i
z =ΔBobs,i

z + 2cdot0:2nT and

for the cost follows Lres = N(2 × 0.2nT)2 where N is the number of

observation points. Figure 10 shows the model parameters versus

each other and the respective cost values. All models shown in green

are equally well fit to the observed data. For Q the variability is small

and therefore Q is well resolved. Contrasting to this, l and t show a

higher variability. This is also reflected by the higher trade-off

between t and l (cf. Figure 9(d)).

The optimum fitting parameters by RMS (statistical evaluation

B) of drilling profile P04 with magnetic profile A802b_03 (Figure 5)

is a Koenigsberger ratio of Q = 2.4, applied to soil volumes with a

susceptibility of κ ≥ 90 × 10−5 SI and a lateral taper with length

l = 3.7 m. These are identical to the expected model parameters

within their standard deviation. The resulting magnetic anomaly of

induced and remanent magnetization has a maximum of approxi-

mately 7.0 nT (observed 7.2 nT) and the RMS error is reduced to

0.4 nT. The arithmetic means of the model parameters over the best

fitting models for the different magnetic profiles for the drilling pro-

file P04 are Q = 2.3 ± 0.3 (14.8%), t = 100 ± 6 × 10−5SI (6.3%) and

l = 3.9 ± 0.9m (22.8%). These errors are larger than those of the

expected values for the inversions of a single magnetic profile.

Therefore, the overall error is determined by the deviation resulting

from different magnetic datasets.

APPENDIX B: SYNTHETIC CASE STUDY

With this synthetic case study, we aim to evaluate the importance of

the direction of the remanent magnetization. For this we define a

schematic house-accompanying pit as a cuboid with a width of 3.0 m

and a length of 18.0 m. It is buried 0.6 m under the surface and 0.6 m

F IGURE 10 Comparison of model parameters versus each other
for drilling profile P04 and magnetic profile A802b_03. The cost
indicates the fit of the respective model response to the observed
data with values in green in the interval between the lowest cost and
the lowest cost plus Lres. (a) Koenigsberger ratio Q versus threshold t,
(b) Q versus taper length l, (c) l versus t [Colour figure can be viewed at
wileyonlinelibrary.com]
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thick. It is rotated 18� clockwise, which is approximately the rotation

of the real features. For the pit, we assume a susceptibility that is

200 ×10−5 SI higher than the background. In addition, the pit has a

remanent magnetization with a Koenigsberger ratio Q = 3.

We compare the synthetic anomalies for two cases: (1) the rema-

nence is oriented in the same direction as the recent earth's magnetic

field and (2) the remanence is oriented so that the largest possible dif-

ference to the recent orientation results. The variation of the D, I and

B with an error band at 95% of the confidence level during the settle-

ment period of the site is shown in Figure 11 derived from the SCHA.

DIF.8 K model (Pavón-Carrasco et al., 2010). For the largest difference

between recent and ancient magnetic field parameters, we used

D = 55.56∘ and I = 4.21∘ dating to 5120 BCE. For the synthetic study

the variation of the magnetic field strength is neglected since this can

equally be represented by a variation of Q. Therefore, a change in B is

not distinguishable from a change in Q. The forward calculations are

conducted with the formula by Plouff (1976) as implemented in the

Python-library ‘Fatiando aTerra’ (Uieda et al., 2013).

Figure 12 shows the synthetic anomaly of the model with the

remanence oriented in recent (Figure 12(a)) and past (Figure 12(b))

orientation of the earth's magnetic field. The difference is depicted

in Figure 12(c) and has a maximum of 1.6 nT. According to the

manufacturer, the magnetic sensors have a resolution of 0.2

nT. However, taking field conditions with a motorized system into

account, it is doubtful that the difference arising from a different

orientation of the remanent compared to the induced magnetiza-

tion is detectable

In conclusion this modelling study shows, that the approximation

of the orientation of the remanence in direction of the recent earth's

magnetic field is permissible.

F IGURE 11 Declination (a), inclination (b) and intensity (c) of the
earth's magnetic field during the inhabited time of the settlement
(Pavón-Carrasco et al., 2010) in comparison to the recent parameters
(Thébault et al., 2015)

F IGURE 12 Synthetic anomaly of a schematic pit model for
(a) recent orientation and (b) past orientation of the remanent
magnetization. (c) Difference between these two cases [Colour figure
can be viewed at wileyonlinelibrary.com]
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