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Abstract

This study explores the significance of spatial sampling resolution on portable X-ray fluorescence (pXRF) analysis of an
archaeological settlement site with favorable preservation conditions and clearly defined stratigraphic contexts as a benchmark
study to interpret geochemical mapping of anthropogenic elemental markers. We present geochemical elemental mapping of a
Viking-Age house floor in Denmark based on an unprecedented sampling density of a 0.25-m grid. In order to establish a fast,
cost-efficient, comparable approach of how different sizes of data resolution affect the spatial elemental patterns, the data is
analysed using three different grid sizes: 0.25 m x 0.25 m, 0.5 m x 0.5 m, and 1.0 m x 1.0 m. We analysed each grid size with
selected anthropogenic markers (CaO, Cu, P,0Os, and Sr) using ordinary kriging. The CaO, P,0Os, and Sr patterns display a strong
inter-correlation between data points up to a distance of 1-1.5 m from one another. At the highest resolution (0.25-m grid), all of
the elements display a high degree of detail in the variation of the elements across the indoor surface with low standard deviations.
Hence, the precise position of hot and coldspots, and spread of bounded concentration zones, is easily recognized in the maps.
With the low resolution (1.0-m grid), the borders between high and low concentrations become more blurred and the indications
of smaller hotspots (possible activity areas) are completely lost. Especially, Cu displays a high degree of clustering, which the
high-resolution sampling could best reveal. This benchmark study shows that it is realistic to perform large-scale geochemical
surveys of archaeological settlements using pXRF spectrometry in a standard archaeological excavation context, but also that
sampling distances of 0.5 m % 0.5 m or finer are best suited to in indoor contexts.
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Introduction

The organization and use of space in domestic contexts has
become a central topic in archaeological investigations as a
way of exploring activities and organization of families and
households in past societies (e.g. Cook et al. 2014; Crabtree
et al. 2017; Croix 2015; Macphail et al. 2016; Milek 2012,
Milek et al. 2014; Rondelli et al. 2014; Smith et al. 2001;
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Sulas et al. 2019). Recent studies have approached these is-
sues through the spatial distribution of artefacts or ecofacts,
and increasingly also geoarchaeological methods including
micromorphology (e.g. Barrett et al. 2007; Milek 2012;
Milek and Roberts 2013; Milek and French 2007; Save et al.
2020; Skre 2007). Activities can also be recognized by anthro-
pogenic elemental signatures in soil geochemical maps
(Woodruff et al. 2009). Case studies have shown conclusive
evidence of the correlation between elemental signatures and
the use of domestic space in ethnographic contexts (e.g. Dore
and Varela 2010; Rondelli et al. 2014). Much further work is
nevertheless needed to understand how geochemical signa-
tures are captured, combined, and preserved in archaeological
contexts.

On in situ surfaces, even ancient human activity will leave
chemical traces or disturbances as either an enrichment or
depletion of the geochemical signature in the substrate, as long
as the floor is not entirely impermeable (Mikotajczyk and
Milek 2016; Pirnau et al. 2020; Save et al. 2020; Sulas et al.
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2019). In this case, the geochemical signal will be recorded in
the occupation deposits formed, and can thus be detected
using different geochemical methods. Previous studies have
applied different geochemical methods to measure fluctua-
tions in element concentrations across a surface and presented
the results as isopleth maps (e.g. Milek and Roberts 2013;
Milek et al. 2014). However, as noted by Dore and Varela
(2010) this approach has limitations regarding the interpreta-
tion of use of space and visualization of the geochemical data
(Dore and Varela 2010). Thus, Dore and Varela (2010) sug-
gested a new approach for spatial analysis of multivariate
datasets using interpolation methods. This was applied with
some modifications, to an outdoor area on a farmstead in
Iceland by Mikotajczyk and Milek (2016), and revealed dif-
ferent activity areas providing information about the function-
al character and evolution of each area.

Traditionally, laboratory methods such as inductively
coupled plasma atomic emission spectroscopy (ICP-AES) or
mass spectroscopy (ICP-MS), loss on ignition (LOI), magnet-
ic susceptibility, and X-ray fluorescence (XRF) have been
used to study changes in elemental concentrations at archae-
ological sites (e.g. Cook et al. 2014; Linderholm 2007
Macphail et al. 2004; Milek and Roberts 2013; Milek et al.
2014; Sulas et al. 2019; Wilson et al. 2005, 2008). More
recently, quicker and more cost-efficient methods that replace
wet chemistry for the analysis of soil elements and permit
large-scale routine soil mapping, such as portable X-ray fluo-
rescence (pXRF), have been included in pedogenesis and
geoarchacological studies (e.g. Abrahams et al. 2010; Horak
et al. 2018; Lubos et al. 2016; Mikotajczyk and Milek 2016;
O’Rourke et al. 2016; Pirnau et al. 2020; Save et al. 2020;
Smejda et al. 2018; Stockmann et al. 2016). As a result, this
method has been recognized as an effective tool for soil anal-
ysis in studies of pedogenesis (Stockmann et al. 2016) and
mapping of the use of space in archaeological contexts
(Fleisher and Sulas 2015). Other handheld instruments, such
as laser-induced breakdown spectroscopy (LIBS), magnetic
susceptibility, and visible near- and mid-infrared spectroscopy
(vis-NIRS and MIRS), are also developing fast in adjacent
sciences (Nicolodelli et al. 2019; Zhao et al. 2019), and are
promising tools for supporting on-site archacological interpre-
tation, either as stand-alone methods, in combination with
pXRF, or together with geophysics (Cannell et al. 2018;
Fleisher and Sulas 2015).

The application of fast methods such as pXRF also offers
the opportunity to apply thorough spatial geostatistical analy-
ses (e.g. Fleisher and Sulas 2015; Lubos et al. 2016; Pirnau
et al. 2020; Rondelli et al. 2014; Thompson et al. 2018).
Geostatistical estimation and interpolation such as kriging,
which includes spatial data variation, allows for detailed stud-
ies of correlation between parameters as well as the uncer-
tainties introduced by interpolation to provide unbiased esti-
mates with minimum variance (Oliver and Webster 2014). A
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key part of kriging is modelling of the semivariogram, which
is a measure for the spatial dependencies and structures arising
from the underlying spatial variation held in the data. Kriging
is then applied to predict values of a given soil parameter in
unsampled locations using the semivariogram model
(Entwistle et al. 2007; Webster and Oliver 1990). Kriging is
the most widely applied technique for geostatistical modelling
of spatial contexts, and different kriging methods have differ-
ent potential in predicting the spatial variability (Rondelli et al.
2014). The method is not yet widely applied to archaeological
sites, but several studies have already demonstrated its poten-
tial (e.g. Cook et al. 2005; Entwistle et al. 2007; Haslam and
Tibbett 2004; Wells et al. 2007; Wells 2010).

It is well known that the archaeological record includes
traces of human activities in the sediments’ elemental compo-
sition. However, there is a general lack of studies regarding
the spatial resolution to which we can study small-scale vari-
ations in elemental concentrations across indoor areas. The
methodology for investigating activity areas based on geo-
chemistry has recently further been developed and
established in work conducted by Dore and Varela (2010)
and Mikotajczyk and Milek (2016). Some anthropogenic ele-
ments might only be correlated to one or two activities (e.g.
Sulas et al. 2019), and as a result the corresponding elemental
pattern can be limited in extent and, thus, might display a
hotspot tendency. Here, a hotspot is considered to be a small
collection of samples with concentrations much higher than
the mean, i.e. Cu at > 50% mean in this study. Detection of
such indoor hotpots needs to be evaluated in terms of its
recognisability as a result of the sampling density, as human
indoor activities leave behind different soil patterns compared
to e.g. stabled animal husbandry (Macphail et al. 2004).

Our aim is to study the optimal sampling resolution based
on pXRF elemental measurements on a site with relatively
favorable indoor preservation conditions and clearly defined
stratigraphic contexts as a benchmark study to understand
geochemical investigations in less well-preserved settings. In
doing so, this methodological study thus evaluates how dif-
ferent sampling densities (meaning different resolutions of
sampling grids) affect the visualization of the spatial distribu-
tion of elements across an indoor surface, and how dense the
sampling should be for the samples to be statistically correlat-
ed. An additional rationale is a cost-efficient application with
an increased potential use in daily routine fieldwork in a con-
text of developer-funded archaeology.

Materials and methods
Study area

The trading town or emporium Ribe (Fig. 1) emerged in the
early 8th century as a part of the maritime trading network in
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Fig. 1 Left: Reconstruction of the townscape of Ribe’s emporium in the
Viking Age. The red circle marks the approximate location of the
Northern Emporium Excavation. The market site (from ca. 700 AD
onwards) is represented by two rows of parallel plots on either side of a
median street. The earthworks only appear after the middle of the ninth

the northern Wadden Sea (Croix 2015). By the end of the 8th
century, it had grown into a dense, permanent settlement with
two parallel rows of plots with wattle houses, divided by a
narrow street and ditches in-between. Together with trading
activities, the site housed a range of specialist crafts including
copper-alloy metalworking (Croix 2015; Feveile 2006, 2012;
Feveile and Jensen 2000; Jensen 1991).

Ribe is located approximately 5.5 km inland at a point
where a dry, sandy Ice Age hill island meets the marshland
of the Wadden Sea coast (Fig. 1). During the Viking Age,
Ribe was accessible by ship from the Wadden Sea on the
stream Ribe A (Feveile 2010). The Viking-Age part of Ribe
south of the stream is placed on a small outwash bank of
glacial age (Mertz 1977) covered by aeolian sand deposited
around 2000 BP (Dalsgaard 2005). The marshland west of the
town provides grazing areas for livestock (Mertz 1977) and
potentially clay as building materials.

During 2017 and 2018, the Northern Emporium
Excavation Project conducted a full stratigraphic excavation
of a central part of Viking-Age Ribe (Sindbzk 2018). The
excavation was located at what is today known as
“Posthustorvet” (the area between the Art Museum, Sct.
Nikolaj Gade 10, and the former Post Office) in the centre
of modern-day Ribe and close to earlier excavations (see
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century. The grave field to the east was mostly in use in the eighth and
early ninth centuries. Graphics: Morten Sevse and Louise Hilmar. Right:
The geology of the southwestern part of Denmark with the location of
Ribe and important findings from the Viking Age in the area. Modified
after Feveile (2010)

Feveile 2006; Sindback 2018). The excavation covered almost
the full extent of one building plot (Plot 1), including ditches
on both sides, the front part of the opposite plot (Plot 2), and
the street separating both plots. On Plot 1, the excavation
uncovered several clay layers belonging to different succes-
sive buildings and activity phases from the earliest stages of
the settlement. The clay layers seem to reflect “passive’ floor
layers (sensu Gé et al. 1993), constructed for the purpose of
levelling and stability or the complete rebuilding of the houses
on top of older structures. These clay floors, and the associated
occupation deposits formed on top of them, can provide valu-
able information about the activities that took place inside
houses at this early stage of urbanisation in Viking-Age
Denmark.

The Northern Emporium excavation of Ribe applied an
excavation strategy encompassing systematic 3D laser scan-
ning, and intensive and large-scale micromorphological sam-
pling as an integrated part of the excavation record (Croix
et al. 2019). Similar high-definition excavation strategies are
anticipated to be more widespread and an understanding of
cost-efficiency in the targeted sampling of excavation units is
increasingly important for archaeological field practices.

To test the application of high-resolution multi-proxy anal-
yses for the use of urban spaces, we chose to target an
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archaeologically interpreted indoor occupation deposit with
thorough sampling for geochemistry along a dense grid. The
subsequent excavation showed that most of the sampled layers
belonged to the upper phase of the house designated as “K22”,
but due to indistinctness in the stratigraphy, some limited
areas contain remains from the lower phase of a younger
house “K23” comprising a workshop for non-ferrous metal-
working recognized during excavation (Fig. 2). Difficulties in
separating different layers of clay arose from the sinking and
deformation of the stratigraphy due to underlying features rich
in organic matter. The sampled floor layers measure approx-
imately 7 X 10 m, and are radiocarbon dated to the period c.
780-820 CE (Philippsen et al., in prep.).

The targeted occupation deposits (Figs. 2 and 3) oc-
curred in the excavation as thin, dark-brown layers with
a thickness varying from a few millimeters to a couple of
cm directly overlying the clay floors. Table 1 includes the
full description of recognized excavation units. On-site,
two side aisles, a middle aisle, and two front rooms were
distinguished according to differences in sediment colour
and texture.

The main part of the targeted occupation deposits belong
to house K22 phase c. K22c¢ includes the following strati-
graphic units: lowermost are the clay floors defining the
outline of the house (excavation units A280-A283 and
A285, see Fig. 2), a collapsed baking oven (i.a. A276) and
activity, sand and ash layers (among others A262 and
A263). Of these excavation units, only the occupation de-
posits A262 and A263, the hearth A273, and the baking
oven A276 were sampled for geochemistry (Fig. 3).

House K22c with disturbance from house K23

[ Excavation area

-2 Perimeter wall of house K22c

Disturbance house K23, activity layer A264<,
Activity layer A262 X
Activity layer A263

I Hearth (A273)

[T Baking oven (A276)

[ Road (A243)

i._2 Ditch (A266)

Clay floors:

71 A280

71 A281

71 A282

[ A283

71 A285

Fig. 2 House phase K22c¢ with disturbance from house K23 (occupation
deposit A264 and the sunken feature hearth A273). House phase K22c is
defined by the clay floors A280—A283 and A285. The sampled
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At the time of sampling, K22¢ was disturbed by younger
features from the lowermost phase of house K23 (excavation
units A264 and A273). House K23 consists of a sequence of
layers including among others its lowermost clay floors, a
hearth, and two occupation deposits. From K23, only one of
the occupation deposits (A264) and the hearth (A273) were
included in the sampling.

In addition to the layers from within house K22¢ and K23,
the sampling also covered an outdoor area (A266) south of the
house interpreted as a shallow ditch or pathway, which
contained large amounts of animal bones in a dark homoge-
neous matrix, as well as part of the road northeast of the house
(A243) which was observed as dark sediment with a patch of
light sand (A265, see Fig. 3).

Sampling and sample preparation

Undisturbed sediments from the two houses, K22¢ and K23
and adjacent shallow ditch, road, and back area, were bulk
sampled across the entire surface along a 0.25-m X 0.25-m
grid (Fig. 3a). Due to post-depositional processes, the site
was significantly sloping towards the side aisles and ditches.
As aresult, an artificial horizontal grid was projected onto the
sloping surface using coordinates and a Trimble SX10
(DGPS) high-density 3D laser scanning total station. On every
grid point, a skewer was placed to mark the intersections, and
sub-cm precise, real-time coordinates of each sample in the
grid were recorded. All sediment samples were taken up to a
10-cm radius around each grid point and care was taken not to
include any underlying layers. Sampling bias was minimized

bz

occupation deposits A262 and A263 that overlie the clay floors and the
baking oven A276 are also shown. The shown house phase was radio-
carbon dated to the period c. 780-820 CE
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Interpretation

Table 1 Description of excavation units recognized on-site from house K22¢ and K23

Unit  Thickness Description

no.

A262 5-7cm  Heterogeneous mixture of greyish brown sand rich in organic matter; and greenish clayey silt.
Boundaries range from sharp to diffuse. Moderate to strong bioturbation. Inclusions of
smaller flint gravel within the sand.

A263 3-5cm  As A262

A264 Lamination of predominantly orange-coloured sand; grey silty clay with temper of horizontally
bedded organic matter and traces of organic bedding (woven grass or hay/straw); and
charcoal-rich sand. Inclusions of large burnt clay and/or daub aggregates, glass slag, cal-
cined bone (up to 5 cm), metal finds, and a metal-filled crucible. Wavy to somewhat diffuse
boundaries.

A273 5-10cm  Homogeneous, orange-red, compacted clay with traces of burning and hardening at the very
top.

A276 10-12 cm The bottom level consisted of greenish-yellow unburnt clay. In the middle was a distinct
surface of yellow to orange clay with traces of burning. The top was represented by a
5-cm-thick layer yellow to orange clay with traces of burning and a lumpy, but still compact
structure.

A280 0-5cm  Two thin, homogeneous, greenish-yellowish silty clay layers separated by a thin, dark-brown
sand layer containing ash.

A281 0-5cm  Porous, homogeneous red to orange silty clay of varying thickness, thinnest in the middle
where the layer was almost worn away in some places.

A282 0-5cm A homogenous, only sporadically preserved, yellowish grey, thin, silty clay.

A283 0-5cm A lamination of several thin, homogeneous yellowish grey silty clay layers separated by thin

dark-brown sand layers containing organic matter and ash.

Activity deposit in K22 phase ¢

Activity deposit in house K22
phase ¢

Activity deposit in house K23

Hearth in house K23

Remains of collapsed baking oven
in house K22 phase ¢

Part of clay floor in house K22
phase ¢

Part of clay floor in house K22
phase ¢

Part of clay floor in house K22
phase ¢

Part of clay floor in house K22
phase ¢

by securing that all samples were collected by the same indi-
viduals during three days only. Each bulk soil sample weighed
approximately 150 g and was numbered according to the grid.
In total, 1059 bulk samples were collected.

All 1059 samples were air dried at low temperature (ap-
proximately 27 °C), gently powdered with a ceramic mortar
and pestle and 2-mm dry sieved to remove any components
> 2 mm. Finally, approximately 30 ml of each sample was
representatively subsampled making sure all size fractions
were included, ground using a Retsch RS200 to ensure homo-
geneity, and stored in medicine glasses.

Laboratory analyses

All 1059 soil samples were analysed in the laboratory using a
standardized set-up and a Bruker S1 Titan 800 portable XRF
scanner with an Rh anode tube and a maximum voltage of 50
kV/39 pA. The instrument works with a collimation standard of
5 mm and a five position motorized filter changer. For the anal-
yses, the chosen application was the mining mode “GeoChem”
with method “GeoChem General”, which includes full support
for light elements through dual phase measurements. Preceding
the main analysis, a reference sample with known elemental
values was measured several times in order to choose the phase
settings that gave the best replication with shortest exposure
times. Based on this, the phase settings were selected to 30 s
for both the first and second phase. The reference sample was

measured in between samples to account for possible drifting in
the instrument. Each sample was analysed three times and the
resulting mean of each element was used.

Samples were analysed for 38 different elements as standard.
From these, four elements (calcium, copper, phosphorus, and
strontium) were selected for further study. These elements were
selected since they are already known as indicators of different
indoor activities (Milek and Roberts 2013; Sulas et al. 2019). The
rationale for selecting four elements only in this methodological
study is that they cover the overall variations expected from both
natural and anthropogenic sources (e.g. Sulas et al. 2019). First,
phosphorus is found to be the best ethnographic and archaeolog-
ical indicator in most geochemical studies and is associated with
a variety of sources, such as foodstuffs in general, dung, marine
foodstuffs, household waste, middens, and hearths (Mikotajczyk
and Milek 2016; Milek and Roberts 2013; Sulas et al. 2017;
Sulas et al. 2019). Next, copper is a tracer of metalworking but
also household waste, middens, and hearths (Fleisher and Sulas
2015; Sulas et al. 2017, 2019). Calcium and strontium are poten-
tial indicators of the texture and the mineralogical assemblage
associated with the variations in the parent soil materials in the
local, naturally acidic soils, but in these purely anthropogenic
deposits they should be regarded as anthropogenic markers for
e.g. plant nutrients and bone (foodstuffs in general), wood ash,
general household waste, middens, and hearth deposits (Cook
et al. 2014; Fleisher and Sulas 2015; Mikotajczyk and Milek
2016; Milek and Roberts 2013; Sulas et al. 2017, 2019). The

@ Springer



21  Page 6of 17

Archaeol Anthropol Sci (2021) 13:21

a) 0.25 m x 0.25 m grid resolution and sampled contexts

e Samples
A243
1 A262
1A263
= A264
=1 A265
A266
= A273
= A276
O3 Excavation area

N

Fig. 3 Location of the three grids applied, a 0.25 m x 0.25m, b 0.5 m x
0.5m, and ¢ 1.0 m x 1.0 m and all sampled excavation units. The sampled
excavation units cover the occupation deposits (A262 and A263) and the
baking oven (A276) from house phase K22¢ with disturbance from an
occupation deposit (A264) and the sunken feature hearth (A273) from
house K23. Part of the road (A243 and A265) and the southern ditch
(A266) were also covered by the geochemistry sampling

archaeological interpretation of the full set of elements in our grid
has to be based on a multi-scalar, multi-method approach and is
thus not discussed here.

No natural reference material analyses are included in this
paper. Since (a) the main aim is to discuss relative enrichment
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patterns vs. sampling grid size, and (b) as the European
GEMAS project data (Reimann et al. 2018) are derived from
agricultural and from grassland soils, which in Denmark share
the same intensive land use history for > 200 years with addi-
tion of lime, marl, inorganic fertilizers, and slurry (Pedersen
1995; Schjonning et al. 1994; Westh 1909), the expectation
that grassland represents natural soil properties is highly un-
certain. Archaeologically, relevant natural, undisturbed soils
appear to be extremely rare in Denmark outside protected
heathlands and ancient woodlands (Kristiansen and
Dalsgaard 2000; Nielsen et al. 2019; Thomsen and
Andreasen 2019), and no heathlands nor ancient woodlands
are found on comparable parent materials surrounding Ribe.

Geostatistical analyses

In order to compare how different data sampling densities affect
the spatial elemental patterns, two new grids were created based
on the original 0.25-m x 0.25-m sample grid, creating in total
three grids: 0.25m x 0.25m,0.5m x 0.5m,and 1.0m x 1.0 m
(hereafter denoted 0.25-m, 0.5-m, and 1.0-m grid, respectively).
For each grid size, each element (CaO, Cu, P,Os, and Sr) was
analysed on its own. Descriptive statistics of elemental data
constituting the three different grid resolutions are shown in
Table 2. No transformation was applied to the data prior to
kriging, and the individual data points were computed as the
arithmetic mean of the three measurements per sample.

The spatial analyses were conducted using ordinary kriging in
the software program “R” version 3.4.3 with the following add-
on packages: sp, gstat, and raster; see Pebesma (2004, 2014) for
details on kriging using the gstat package in R. A key part of the
kriging procedure is the estimation of the so-called
semivariogram. In the R-package, modelling of the different pa-
rameters (model, sill, range, and nugget) is allowed when fitting
the semivariogram model. In turn, the semivariogram model is
used for calculating the predicted (kriged) elemental concentra-
tions, which are then shown as surface covering maps of the
different elements as the output. Each map of predicted elemental
concentrations is accompanied by a map of the standard devia-
tion (% points) of the predicted values (weight %).

The semivariogram describes half of the mean variance
between all possible point-pairs in the dataset as a function
of distance or lag. The semivariogram values, +, for the sam-
pled parameter z are calculated at regular lags, 4, as described
below (Pebesma 2014):

SO P (1)

2N

where N is the number of pairs within the given lag inter-
val, 4; z; is the measurement of the regionalized variable taken
at location 7; and z;,, is another measurement taken / lag
intervals away.
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Table 2  Descriptive statistics of elemental data (%) for all three grid resolutions

Element No. of samples Min Max Mean Standard deviation
CaO0 (0.25 m) 1059 0.742 12.984 3.593 1.270
Cu (0.25 m) 1059 0.002 1.116 0.042 0.068
P,05 (0.25 m) 1059 0.840 9.821 3.693 1.164
Sr (0.25 m) 1059 0.007 0.059 0.026 0.006
CaO (0.5 m) 277 0.835 10.711 3.549 1.308
Cu (0.5 m) 277 0.004 0.432 0.040 0.058
P,05 (0.5 m) 277 0916 9.020 3.590 1.160
Sr (0.5 m) 277 0.011 0.059 0.025 0.006
CaO (1.0 m) 74 1.213 10.711 3.603 1.624
Cu (1.0 m) 74 0.005 0.325 0.035 0.054
P,Os5 (1.0 m) 74 1.081 9.018 3.618 1.365
Sr (1.0 m) 74 0.011 0.059 0.026 0.008

In order to obtain comparable results, modelling of the
semivariogram parameters was based only on the 0.25-m grid
dataset, since this sampling density contains spatial informa-
tion starting from 0.25 m, but includes all the information on
the 0.5 and the 1.0 sampling scale. Hence, for sampling dis-
tances over 1.0 m, the semivariograms should theoretically be
the same and the observed differences arise because we have
fewer data for the coarser grids and hence a more uncertain
representation of the underlying true spatial statistics. The
0.25 fitted variogram model was therefore applied for the
prediction maps of the 0.5-m and 1.0-m grids as well. The
prediction grids for all cases are set at a 2-cm resolution to
ensure that all relevant spatial details are captured.

We decided to fit the semivariogram model manually as
opposed to automatic fitting with, for instance, a non-linear
inversion. The rationale behind this is that it was prioritized to
fit the first 2-3 data points (meaning up to a distance of 0.75 m)
as well as possible, even though this might compromise the
fitting for the data points on a larger distance. This approach
was chosen because the semivariograms (Fig. 4) mainly display
correlation up to around 1 m, while no or very little correlation
exists between data points of a greater distance. Correlation
between samples is a necessity for meaningful predictions of
elemental concentrations in-between samples. The fitted
semivariogram model parameters can be found in Table 3.

Results
Semivariograms

The semivariograms (Fig. 4) inform us about the spatial cor-
relation of the measured data values in the grid points. The
points are the experimental semivariance values and the solid
line displays the fitted semivariogram model based on the
0.25-m grid points. When the experimental semivariances

are small, the data are strongly correlated at that distance and
vice-versa for large semivariances. When the semivariogram
flattens out, the correlation becomes smaller and approaches a
value linked to the variance of the mean of all samples.

For three of the elements (CaO, P,0s, and Sr) and two of
the grid resolutions (0.25 m and 0.5 m) (Fig. 4), the
semivariograms show a steep slope up to a distance of 1-1.5
m. Hence, the CaO, P,0s, and Sr sample values are correlated
within a 1-1.5-m distance from one another. Beyond 1.5 m,
the elements loose their correlation. Thus, at a distance greater
than 1-1.5 m, the sample points no longer provide useful
information for the prediction of the elemental concentration.

The semivariograms (CaO, P,Os, and Sr) for the lowest res-
olution grid (1.0 m) do not display the same degree of correlation
between sample points as the two higher resolution grids (0.25 m
and 0.5 m). This tendency is due to the resolution of the
dataset—all correlated information lies within a distance of 1 m.

Prediction of elemental concentrations and their
uncertainties

Figures 5, 6, and 7 show both the predicted elemental concen-
trations and the standard deviation on the predicted values for
CaO, P,0s, and Sr respectively. In the following, we will
evaluate and compare the results visually. In the highest reso-
lution (0.25-m grid), all of the elements display a large degree

Table 3 Model parameters of the best semivariogram-fit for each ele-
ment based on the 0.25-m x 0.25-m grid

Element  Sill Model Range  Nugget

CaO 1.56801 Spherical 1.25 0.5704163
Cu 0.006732696 Exponential 2 0.0007280126
P,0s 1.419789 Exponential 0.7 0.3056974

Sr 4.133472e-05  Exponential 0.7 1.207976e—05
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Fig.4 Semivariograms showing the spatial correlation for CaO, Cu, P,Os, and Sr in the three grid resolutions (respectively 0.25 m x 0.25m, 0.5 m x 0.5

m, and 1.0 m x 1.0 m) and the fitted models

of detail in the behaviour of the elements across the surface.
The borders between high and low concentrations are also
very clear; hence, the precise position and spreading of bound-
ed concentration zones are easily recognized in the graphics.
The 0.25-m grid resolution also displays low standard devia-
tions between data points across the entire surface for CaO,
P,0s, and Sr. The low standard deviation of the predicted
concentrations indicates that this resolution is very well suited
for prediction of precise elemental concentrations and, thus, a
precise indication of the location of different possible indoor
activity areas.

For the 0.5-m grid, the predicted elemental concentrations
still show the location of areas with high and low concentra-
tions relatively precisely, but the smaller areas are lost and the
signal is more unclear. For the 0.5-m grid resolution, the stan-
dard deviations of the predicted elemental concentrations be-
come larger than for the highest resolution; thus, the predicted
maps are somewhat less accurate.
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When the lowest resolution (1.0-m grid) is compared to
the highest resolution (0.25-m grid), it is clear that the
low-resolution dataset only shows main trends in the pre-
diction of the elemental concentrations. With the low res-
olution, the borders between high and low concentrations
become more blurred and the indications of smaller
(possible) activity areas are completely lost. This lower
resolution prediction is also followed by larger standard
deviations when moving away from the observation
points, and, hence, predicted values far from an observa-
tion point are more uncertain than the ones predicted by
the highest resolution data set (0.25 m). In addition, since
the semivariances on the 1.0-m grid (Fig. 4) are larger, a
semivariogram model fitted to the 1.0-m grid instead of
the 0.25-m grid would yield even larger uncertainties on
the predicted concentrations. As the semivariograms in
Fig. 4 demonstrate, the data values do not display corre-
lation at a distance beyond 1-1.5 m. This also shows that
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Fig. 5 Predicted surface elemental concentrations and variance on the predictions for CaO in the 0.25-m x 0.25-m grid (a and b), 0.5-m x 0.5-m grid (¢

and d), and 1.0-m x 1.0-m grid (e and f)

the low-resolution data do not produce reliable prediction
maps since the data points are on the outer limit of infor-
mation about the neighboring data points. Another obser-
vation is that because the semivariograms indicate rough-
ly the same spatial correlation lengths across the different
elements, the uncertainty maps on the predictions are very

similar. If, for example, one of the semivariograms had
been flatter with smaller values (i.e. less spatial variation),
the uncertainty maps would have revealed smaller uncer-
tainties moving away from an observation point.

Two features, “A” and “B”, are marked in Figs. 5, 6,
and 7, showing potential activity zones not recognized
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Fig. 6 Predicted surface elemental concentrations and variance on the predictions for P,Os in the 0.25-m x 0.25-m grid (a and b), 0.5-m x 0.5-m grid (¢

and d), and 1.0-m x 1.0-m grid (e and f)

during excavation. Feature A is an area of approximately
1.5 x 0.5 m crossing the central aisle with elevated ele-
mental concentrations. With the high resolution (0.25 m),
this feature is very distinct in all predicted maps of CaO,
P,0s5, and Sr. When the resolution is decreased to the 0.5-
m grid, the feature becomes less evident and with the
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lowest (1.0 m) resolution, it is no longer possible to rec-
ognize this area as an independent and possible activity
zone. Feature B encompasses an area with depleted con-
centrations of all three elements stretching approximately
3 x 1.5 m along the central aisle. Feature B is most prom-
inent for P,Os and Sr, while it is somewhat less clear in
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Fig.7 Predicted surface elemental concentrations and variance on the predictions for Sr in the 0.25-m x 0.25-m grid (a and b), 0.5-m x 0.5-m grid (¢ and

d), and 1.0-m x 1.0-m grid (e and f)

the predictions of CaO. However, this seems to be due to
the surrounding higher concentration areas, which are
more pronounced for P,Os and Sr, since concentrations
of CaO are below the mean in this Feature. As was the
case for Feature A, the high 0.25-m grid resolution clearly

demonstrates Feature B as different regarding the relative
concentrations. When lowering the resolution, Feature B
becomes less pronounced and with the 1.0-m grid, it is
difficult to separate this as a distinct feature with depleted
concentrations.
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Hotspots

As described in “Introduction”, some elements might only
reflect a few different activities, and, thus, can display a
“hotspot tendency”. Here, this is the case for copper and
as Fig. 8 shows, the distribution of high-concentration
copper is restricted to the central part of the western side
aisle belonging to house K23, marked as Feature “C”.
Elsewhere, the concentration is very low, with only small
copper accumulations spread across the eastern part of the
house.

With the high-resolution dataset (0.25-m grid), the pre-
cise extent and concentration levels of Feature C can be
discerned. It is clear that the distribution of the highest
copper concentrations is very limited in extent, but that
these are supported by high Cu-concentrations northeast
of the hotspot. As the grid resolution is lowered (0.5-m
grid), the hotspot area appears larger in extent and the
very high copper concentrations in the centre of the
hotspot are lost. The low-resolution 1.0-m grid only pro-
vides information about the area in which the hotspot is
located, and not about its actual magnitude and extent.
Additionally, the smaller copper accumulations outside
of Feature C is no longer visible with the 1.0-m grid.

Discussion

How sampling density affects the outcome: field
protocol and geostatistics

In archaeological research, the choice of interpolation grid
density versus sampling density is a compromise especial-
ly based on the state of preservation of the deposits, and
the excavation methods. The sampling density, sampling
design, and geostatistics to interpolate the data are of par-
amount importance for the interpretation of mapping of
any soil property, and we do not know a priori if the
distribution of an element represents activity patterns pre-
served in situ or is biased by complex depositional and
post-depositional processes (Webster 2000). The in-
creased availability of rapid, non-destructive, and simul-
taneous multi-element analyses of exposed surfaces in the
field and on soil samples in the laboratory furthermore
requires good sampling practice. In our case, the hetero-
geneity and error types involved in sampling and process-
ing were minimized by (a) collecting small composite
samples, (b) applying representative mass reduction, (c)
non-contaminating crushing, and (d) unbiased mixing be-
fore subsampling, as required in good sampling of hetero-
geneous materials (Esbensen et al. 2010). In Ribe’s well-
defined stratigraphy, a near ideal field sampling protocol
was possible despite significant truncation and
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bioturbation (see e.g. voids on Figs. 5, 6, 7, and 8). On
even more strongly bioturbated sites, in other climate
zones, or with more heavily disturbed stratigraphy, how-
ever, greater difficulties are expected in this first step of
the representative sampling. Nevertheless, the sampling
density resulting from our clearly defined stratigraphic
contexts is very likely to be applicable in other anthropo-
genic and archaeological studies of indoor contexts.

The choice of kriging for interpolation can result in
local anomalies being smoothed out, while another side
effect is that the interpolated data can be below or above
the original data point(s). However, in both cases, the
kriged values will be the most likely estimate as the sam-
pled values are inherently uncertain as indicated by the
size of the nugget value. In the case of mapping indoor
space, this is likely of little concern in non-enriched areas
where values cluster very much around an expected aver-
age background value or larger hotspots; whereas in cases
where only few samples are at the extremes, this type of
effect may disturb our ability to detect very small
hotspots. Hence, close inspection of both absolute map
colours and their standard deviation scale (Figs. 5, 6, 7,
and 8) has to be considered carefully. Adding inverse
distance weighting maps may help circumvent some of
these problems, but can give rise to other, more serious
issues, such as the ‘bulls eye’ effect, where hot- and
coldspots may seem over-represented.

Considering the elemental maps of CaO, P,Os, and Sr
in our study, the semivariograms in Fig. 4 show that the
spatial correlations level out between 1 and 1.5 m of sam-
pling space. This implies that the small-scale variation
reflected by especially calcium is similar to the most an-
thropogenically influenced element, phosphorus, below
this sampling distance. The metal copper, likely reflecting
metalworking, by contrast, does not have a flat correlation
beyond the local maximum of 3-4 m (Fig. 4). This is
likely due to the high degree of clustering of this element
(Fig. 8) and the presence of a hotspot, i.e. the archaeolog-
ical area of interest.

It is not a priori known what the indoor correlation of
elements is like, and, thus, knowledge from geochemical
studies based on outdoor areas, which have different ori-
gins and preservation conditions, cannot be used to make
assumptions about the spatial resolution of anthropogenic
elemental markers in indoor settings. This study has dem-
onstrated that it is possible to determine even small-scale
changes in the elemental concentrations at resolutions as
high as 0.25 m in indoor areas.

The semivariogram and kriging approach gave us im-
portant information about (1) degrees of correlation and
correlation distances through the semivariograms, which
in itself can be of value for the overall interpretation of
the elemental distribution; (2) predicted maps, which
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Fig.8 Predicted surface elemental concentrations and variance on the predictions for Cu in the 0.25-m x 0.25-m grid (a and b), 0.5-m x 0.5-m grid (¢ and
d), and 1.0-m x 1.0-m grid (e and f)

include information about the spatial variation of the  provide information about the degree to which the pre-
actual data values incorporated in such a way that the  dicted value can be trusted. None of these items can be
maps can be thought of as the “most likely estimate”  obtained with more traditional interpolation methods
given the samples at hand; and (3) uncertainties associ-  such as inverse distance, nearest neighbor or spline
ated with the predicted values, which in any given point  interpolation.
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Archaeological implications: grid size choice

During excavation, it was established that there had been
copper-alloy working in building K23. Based on the geo-
chemical results, this metalwork is reflected in excavation unit
A264 as revealed by the copper hotspot, also denoted as
Feature C. Thus, here the geochemical data support the ar-
chaeological findings and provide additional knowledge about
the spatial distribution and extent of these activities. On-site
findings of both artefacts and recognition of differences in the
deposits (i.e. colour or texture) do not always imitate the pre-
cise distribution and size of a given activity. This is demon-
strated by the Cu distribution here, which shows the precise
location where the metalworking was taking place and how
large an area it covered. The results from this study show that
it is crucial to apply high-density geochemical sampling to
obtain a better understanding of the use of smaller spaces.
Not only does the sampling density affect the detail in which
we can resolve possible locations of rooms and the activities
that have taken place there but it also determines which con-
texts can be recognized using geochemistry. Sampling with a
low resolution (1.0-m grid) might not detect smaller areas
such as hearths (e.g. excavation units A273 and A276 in
Fig. 2c), which are reflected as higher concentrations of
Ca0, P,0s, and Sr (Figs. 5, 6, and 7), with more than one or
two samples, which makes it impossible to determine if such
geochemical readings are outliers (i.e. resulting from analysis
or instrumental errors) or actual indications for archaeological
activities. Unless the analysis is subject to a repeated error,
outliers are not expected to cluster together in several samples,
but rather be expressed as one or two erroneous readings.
Some elements are related to only a couple of different activ-
ities, e.g. Cu, and to areas with special functions (Sulas et al.
2019). In such cases, they might display a hotspot tendency in
indoor areas related to the activity. As also demonstrated by
Feature A and B, representing possible activity areas of both
enhanced and depleted concentrations, lowering the resolution
removes the distinctness of such features. Feature A shows a
narrow band of high concentrations of CaO, P,Os, and Sr
crossing the central aisle and (possibly) linking the eastern
and western side aisles. Since these three elements are all
common anthropogenic markers (e.g. Mikotajczyk and
Milek 2016; Milek and Roberts 2013; Sulas et al. 2017,
2019), an area with elevated concentrations with a suite of
these elements might indicate intensive use of the area, as
suggested by Cook et al. (2014). The band could then possibly
indicate the preferred passageway between the two side aisles.
In contrast to Feature A, Feature B shows an area with deplet-
ed elemental concentrations of all three common anthropo-
genic markers, especially visible in P,Os and Sr. Areas with
a general depletion of common elements could indicate that
this was an area that was generally kept clean through e.g.
sweeping (Fleisher and Sulas 2015), and hence preventing
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accumulation. However, it has to be noted that interpretations
should be based on a larger suite of elements than those in-
cluded in this study, and other methods such as micromor-
phology to strengthen the interpretation.

Studies from Northwestern Europe (e.g. Abrahams et al.
2010; Mikotajczyk and Milek 2016) have shown that pXRF
can be applied to distinguish activities in outdoor areas, such
as on ancient farms and in coastal areas. However, previous
studies of indoor space in Northwestern Europe have mainly
comprised more costly multi-element methods such as ICP-
AES (e.g. Milek and Roberts 2013; Wilson et al. 2008), and
were conducted on a lower resolution scale of sampling.
Applying quick and cost-efficient methods such as pXRF
for the geochemical analysis offers the opportunity to include
larger datasets and perform multiple measurements of each
sample.

Smith et al. (2001) applied 0.25-m grid sampling for
total phosphorus and magnetic susceptibility at the exca-
vation of floors in Norse longhouses from Kilpheder in
the Outer Hebrides. However, as in the case of others who
chose to apply larger grid densities (e.g. Mikotajczyk and
Milek 2016; Milek and Roberts 2013; Milek et al. 2014;
Oonk et al. 2009; Sulas et al. 2019), the choice of sam-
pling grid size or a specific rationale was not made ex-
plicit. As demonstrated in both the semivariograms and
predicted elemental maps, the 0.25-m grid resolution dis-
plays very good correlation between sampling points and
a very large degree of detail in the spatial element chang-
es (e.g. as pointed out by Feature A, B and C in Figs. 5, 6,
7 and 8). However, since this high-resolution sampling
also requires an extensive amount of time spent both on-
site and in the laboratory compared to a 0.5-m grid, we
recommend sampling in a 0.5-m grid for indoor spaces as
a best-practice standard for developer-funded excavations.
This is because the 0.5-m grid equally covers the correla-
tion distances observed in the semivariograms, and still
displays most of the details in the predicted maps. One
could consider including higher resolution sampling, such
as the 0.25-m grid, in specific (smaller) areas of interest,
for instance if there are substantiated indications of geo-
chemical hotspots based on on-site finds of artefacts, or
on a larger scale where applicable, for example in the case
of research excavations. Finally, if the variogram param-
eters are known beforehand, it is possible to optimize the
sampling scheme to minimize sampling errors. However,
this is rarely the case, and as a result, the application of
spatial coverage schemes should be recommended be-
cause they rely only on the simple scattering of samples,
as also pointed out by Wadoux et al. (2019).

With the results presented here, we hope to elucidate that
the choice of sampling design should be carefully considered
when excavating indoor spaces to obtain statistically reliable
results from the geochemical record.
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Conclusion

Applying fast and cost-efficient methods such as pXRF to the
study of activity areas allows us to work on larger datasets
and, thus, to increase the sampling resolution. This study dem-
onstrates that a closer spacing between samples than common-
ly applied is needed for the samples to be spatially correlated
to one another when studying indoor spaces, and hence for
them to be useful for archaeological interpretations in
developer-funded excavations.

The archaeological implications of the choice of sam-
pling grid size, ranging from 0.25 m X 0.25 m to 1.0 m x
1.0 m, in this case illustrate the potential of increasing the
sampling density to secure statistically well-founded ele-
mental maps showing the detail in which we can resolve
possible locations of past activities. Sampling using a
high-density grid allows for better predictions of surface
concentrations with reduced uncertainties on the predic-
tions. High-resolution sampling also provides an opportu-
nity for enhanced understanding of hotspots and
coldspots, and enables the prediction of precise and small-
er activity areas and the borders between them. The geo-
chemical maps predicted in this study support archaecolog-
ical findings such as the workshop for non-ferrous metal-
working, but also add information about their spatial ex-
tent, which needs to be interpreted in conjunction with all
archaeological evidence to fully make use of the potential
of soil elemental mapping.

Based on the results of this study, we recommend as a
best-practice standard for suspected archaeological indoor
areas to sample on a grid with a maximum distance of 0.5
m between sample points, and preferably even smaller
distances in the case of suspected areas of interest, or in
the case of research excavations. As a result, it is possible
to obtain statistically reliable measurements and predic-
tions of element concentrations when examining activity
horizons in indoor deposits.
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