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Abstract
High-definition approaches are currently revolutionizing our understanding of the archaeology of urban archives. Multi-
proxy studies at a high spatial resolution offer especially an opportunity to capture their high data potential. Here we present 
a study of complex floor layers from an occupation phase dating to c. AD 790–830 uncovered in the Viking-age emporium 
Ribe, Denmark (c. AD 700–900). In order to better understand stratigraphy and the use of indoor space, mapping for soil 
geochemistry (portable X-ray fluorescence analysis, pXRF) on a high-resolution grid (0.25 × 0.25 m, n = 1059), was combined 
with targeted sampling for soil micromorphology and artefact distributions. The results show that the studied occupation 
phase was composed of several short-lived floor phases belonging to two consecutive houses that had been sampled in con-
junction, and which exhibited a complex stratigraphy. The older house phase had a primarily domestic function, where ten 
functional areas could be defined, and are interpreted as designated spaces for food preparation, storage, sitting or sleeping, 
and weaving. A younger house phase contained a metal workshop in addition to domestic functions. Methodologically, a 
number of new, potentially anthropogenic, elements of archaeological interest, such as arsenic, manganese and sulfur, were 
identified that may contribute to interpretations, while the multi-proxy approach elucidates the refined scale at which we 
can understand a complex stratigraphic sequence and the integrity of its units. This study shows how the various aspects of 
Viking-age urban life (craft production, domestic life) were integrated, and sheds light on the dynamics of urban occupation.

Keywords  Viking-age house · Ribe · Geochemistry · Micromorphology · Artefact distributions · Stratigraphy · Use of 
space · Urban archaeology

Introduction

Complex urban stratigraphies offer many opportunities 
regarding the interpretative potential of sites. Thanks to 
their high level of detail, containing contextually sealed and 

oftentimes well-preserved remains, they can offer insights 
into the lives of urban societies in increasing resolution 
(Borderie et  al. 2020; Croix et  al. 2019a). Due to their 
complexity, they also present significant challenges during 
excavation. Changes in the urban fabric are oftentimes fast-
paced, reflected as disturbances, truncations, constructions, 
or pits in the stratigraphy. In a number of cases, several 
meters of thinly-laid down stratigraphy can be discerned in 
Northwest European contexts (Croix et al. 2019a; Heimdahl 
2005). However, sites in this climate zone present challenges 
related to their preservation conditions. These include the 
disappearance of organic matter due to intermittent drying 
from soil and groundwater table fluctuations, bioturbation 
by fauna and flora, or disturbances related to past or mod-
ern human activities (Borderie et al. 2020; Heimdahl 2005). 
All these factors render the focus on a single stratigraphic 
unit, for example, the occupation surface of a single house, 
increasingly difficult. In these cases, geoarchaeological 
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methods are ideally suited to enhance the extent to which 
the depositional and post-depositional processes that shaped 
the archaeological record can be understood (Devos et al. 
2020; Goldberg & Macphail 2006; Karkanas & Goldberg 
2018; Macphail & Goldberg 2017; Mallol & Mentzer 2017; 
Matthews et al. 1997).

Ribe emerged as part of a small group of emporia around 
the North Sea from the end of the seventh century onwards 
including Dorestad, Quentovic, London, Southampton and 
York (Crabtree 2018; Loveluck 2013; Malbos 2017; Naylor 
2016; Tys 2020). Later, the emporia network extended to 
Scandinavia with the foundation of Hedeby, Birka and Kau-
pang (Skre 2008; Feveile 2006a; Sindbæk, 2022b). These 
emporia acted as centres for exchange and cultural interac-
tions linking Northern Europe to wider regions, eventually 
including the Mediterranean and Middle East (Ashby et al. 
2015; Sindbæk, 2018; Sindbæk & Trakadas 2014). Remains 
from the earliest Ribe include occupation deposits that con-
tain a large amount of artefacts, traces of crafts and organic 
remains (Croix et al. 2019a; Feveile 2006a). In 2017–2018, 
a research excavation on the site “Posthustorvet” took place 
to address a series of questions regarding the origin of the 
town around AD 700, the character of its earliest occupation, 
the nature of the thick, seemingly homogeneous strata on 
site (“dark earths” such as the so-called phase C, Feveile & 
Jensen 2000), and the dating of the town’s youngest phases. 
As a result, the 2.3 m of complex, highly detailed stratigra-
phy were analysed in detail to understand the site’s evolution 
through time.

The Northern Emporium Project’s high-resolution 
research excavation has endeavoured to address some of the 
challenges faced in urban context (Sindbæk, 2018, 2022b). 
Current excavation techniques were combined with system-
atic stratigraphic recording by 3D-laser scanning, large-scale 
micromorphological sampling and geochemical analysis 
(Trant et al. 2020, 2021; Wouters 2018), the sieving of all 
excavated sediment, Bayesian modelling of high-resolution 
radiocarbon and dendrochronological dating (Philippsen 
et al. 2022) and detailed sampling for archaeological sci-
entific analyses including zooarchaeology, archaeobotany, 
and entomology (Sindbæk, 2022a). Despite this multi-proxy 
strategy and a seemingly optimal preservation, it became 
increasingly clear that many units had been disturbed either 
during or after the site’s existence. This was especially the 
case for strata from c. AD 750–760 onwards, where nearly 
no organic preservation remained. In order to grasp the for-
mation and depositional history of one of the occupation 
phases dated to the period of c. AD 790–820, a detailed 
geoarchaeological and artefactual study was set up.

The design of this study involved mapping the use of 
space inside buildings (see for instance Cook et al. 2014; 
Crabtree et al. 2017; Croix 2015; Grabowski & Linderholm 
2014; Macphail et al. 2016; Milek 2012; Milek et al. 2014; 

Rondelli et al. 2014; Smith et al. 2001; Sulas et al. 2019), and 
distinguishing indoor from outdoor spaces (e.g. Mikołajczyk 
& Milek 2016; Rondelli et al. 2014; Wilson et al. 2005). In 
the past, these types of research questions have been stud-
ied using the spatial distribution of macroscopically detect-
able artefacts or ecofacts (e.g. Croix 2020a), but increas-
ingly also by applying geoarchaeological methods, such as 
geochemistry and soil and sediment micromorphology (e.g. 
Barrett et al. 2007; Grabowski & Linderholm 2014; Milek 
2012; Milek & Roberts 2013; Milek & French 2007; Skre 
2011), following the rationale that anthropogenic activities 
will leave traces on or in the sediment on which the activ-
ity took place. This might be either as chemical traces, or 
as relationships between components and disturbances that 
can be recognized on a microscopic scale (Mikołajczyk & 
Milek 2016; Sulas et al. 2019). Hence, the aims of this study 
are two-fold: 1) to disentangle a complex stratigraphy in this 
occupation phase, focusing on the most represented building 
and its depositional history; 2) despite the challenges posed 
by its stratigraphy, map the extent of the house and the dif-
ferent activity areas within it. These aims are achieved by 
the combined application of micromorphology with a dense 
geochemical analysis (X-ray fluorescence analysis (XRF) of 
elements, soil pH, and magnetic susceptibility), and artefact 
distributions based on high-resolution sampling. As part of 
this study, an overview of published literature on elements 
from indoor and outdoor activities is provided.

Study area

The study area, Ribe, is located in the southern part of 
Denmark (Fig. 1). Here, remains of a Viking-Age settle-
ment were discovered in the 1970s (Bencard & Jørgensen 
1990). Excavations between 1985 and 2000 demonstrated 
the potential of its intricate stratigraphy and provided signifi-
cant progress in the understanding of site evolution (Feveile 
2006a, 2006b). However, until 2017, excavations of early 
Ribe were limited to being either trenches or rescue exca-
vations, sometimes executed on limited budgets (Sindbæk, 
2018; 2022b).

Activities in Ribe were initiated around AD 700, and the 
town functioned as a centre for maritime trade and exchange 
of goods as well as cultural interaction before and through-
out at least the first half of the Viking Age (c. 800–1050 AD, 
Ashby et al. 2015; Feveile 2012; Sindbæk, 2015; Sode et al. 
2010). Ribe had a high settlement density and was situated 
on the banks of the river Ribe Å, providing a suitable river 
port approximately 5 km from the present-day coast (Ashby 
et al. 2015; Feveile 2012; Sindbæk, 2018). The traces of 
early Ribe include burials, fortifications, buildings, work-
shops and roads spread across a large area (Croix 2020b; 
Feveile 2006a, 2006b). The remains from Viking-age Ribe 
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are exceptionally well preserved in thick strata of occupa-
tion deposits containing a large amount of artefacts, wooden 
structures, waste from crafts and other remains (Bencard & 
Jørgensen 1990; Feveile 2006a; Sindbæk, 2018). The most 
widespread and well preserved remains are located north 
of Ribe Å (Sindbæk, 2015), containing traces of buildings 
and specialized activities on each side of a main street that 
divided the area into a system of plots laid out shortly after 
the beginning of activities (Feveile 2012; Søvsø 2020). 
Among documented activities are non-ferrous metalworking 
and iron work, glass bead production, amber working, bone 
and antler working, carpentry and textile production (Croix 
et al. 2019b; Feveile 2006b), which were either imported or 
locally produced (Barfod et al. 2022; Orfanou et al. 2021; 
Sode & Feveile 2002). Ribe was also centre for the first 
instances of coin-based trade in Scandinavia (Sindbæk, 
2018; Feveile and Sindbæk, 2022).

The 2017 – 2018 Northern Emporium project excavated 
the full stratigraphy of a central part of the settlement area, 
including almost the full extent of one house plot (Plot 1), 
parts of the open areas surrounding the plot, the front part 
of the opposite plot (Plot 2) and a main street separating the 
plots (Sindbæk, 2018). The excavation was baptized “Pos-
thustorvet” (between the former Post Office and the Art 
Museum, Sct Nicolaj Gade 10) within present-day Ribe and 
close to earlier excavations (see Feveile & Sindbæk, 2022a, 
b, Figs. 1 and 2).

On Plot 1, several distinctive clay floors were uncov-
ered, and interpreted as representing different successive 
buildings and activity phases. These clay units appear to be 
related to the preparation, levelling or elevation during the 
re-building of (parts of) houses on top of older structures, or 

repairs of already existing floors. In the period from AD 760 
onwards, such clay floors are systematically found on site, 
and present in most, but not all, parts of the houses. They are 
often overlain by thin, darker, sandy strata interpreted as the 
associated occupation deposits where activities took place. 
This sequence of clay-rich and sandy units provides useful 
information about the use of indoor space and activities in 
late-8th to early 9th-century Ribe.

Geoarchaeology and use of space

The implementation of geoarchaeological methods and 
techniques such as geochemistry and micromorphology 
can characterise past anthropogenic and natural processes 
that are not readily inferred using traditional archaeological 
methods.

Soil and sediment micromorphology has become fre-
quently applied to urban sites during the past thirty years, 
and studies that focus specifically on house floors and urban 
use of space, within buildings as well as outdoors, have 
become more common (Banerjea 2018; Borderie et al. 2020; 
Crabtree et al. 2017; Gé et al., 1993; Karkanas and Van de 
Moortele 2014; Macphail & Goldberg 2017; Matthews 
2005; Milek & French 2007; Milek 2005; Milek & Roberts 
2013; Shahack-Gross et al. 2005; Shillito 2013, 2017). In 
addition, experimental and ethnographical research gains 
traction as one of the most important sources of knowledge 
regarding house floor formation, use of space and mainte-
nance; building materials; and post-depositional processes 
(Banerjea et al. 2015; Lisá et al. 2020; Macphail et al. 2004; 
Milek 2012).

Fig. 1   a) Location of Ribe with the surrounding landscape. Data: Soil 
type map, GEUS. b) Reconstruction of Ribe in the Viking Age with 
the plot area from c. 700 AD onwards. The grave field was mainly in 

use in the eighth and ninth century, and the earthworks only appear 
after the middle of the ninth century. Graphics: Morten Søvsø and 
Louise Hilmar
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Past site activities can be recognized as elemental sig-
natures in the soil and, following analysis, as geochemi-
cal maps (Woodruff et al. 2009). Ethnographic case stud-
ies (e.g. Dore & Varela 2010; Rondelli et al. 2014) have 
shown conclusive evidence for the correlation between 
different domestic activities and elemental signal left in 
the sediment. Geochemical traces will represent either 
enrichments or depletions of the geochemical signal in the 
sediment (Mikołajczyk & Milek 2016; Sulas et al. 2019). 
Hence, geochemical signals will be recorded in the formed 
occupation deposits and as such may be recognized using 
various geochemical methods but undetectable by other 
methods.

Several studies have identified a range of elements that 
can be associated with different anthropogenic activities 
(Table 1). However, further work is still needed to fully 
understand the potential of soil and sediment geochemistry, 
and how these archives can be applied in archaeological con-
texts, as the presence of some elements is due to post-dep-
ositional processes, and is hence controlled by availability 
of the element, biological uptake, environmental conditions 

in the soil, and time (Parker & Toots 1970; Schulin et al. 
2010; Tyler 2004).

Material and methods

A deposit on Plot 1 archaeologically interpreted as an 
indoor occupation surface was sampled to study the use 
of space using high-resolution multi-proxy geochemical 
analysis and micromorphology. The deposit was sampled 
for geochemistry in a dense grid (0.25 m × 0.25 m) and for 
micromorphology at strategically selected places (Trant 
et al. 2021). Additionally, large bulk sediment samples 
were collected from 0.5 m × 0.5 m grid squares for flota-
tion and 1 mm wet sieving. The occupation phase was 
largely formed by stratigraphic unit A263, which belonged 
to the upper phase (phase c) of house K22. Due to indis-
tinctiveness in the stratigraphy, a limited area belonging 
to the lowest phase of the house overlying K22c, K23, 
was also sampled (Fig. 3). This area, A264, contained a 
workshop for non-ferrous metalworking. Also, some areas 

Fig. 2   a) Section of the best 
preserved part of the stratigra-
phy of the Viking-age empo-
rium Ribe. b) The excavated 
areas used for this study (Plot 1, 
the pathway/street, and the plot 
margin). Plot 2 was not sampled 
for this study
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without clay floors could not be strictly separated between 
K23 and K22c, with materials possibly representing both 
phases of occupation (A262). Difficulties in separating 
the clay floors arose due to subsidence, consolidation and 
deformation of the stratigraphy because of underlying fea-
tures rich in organic matter. The sampled surface measured 
approximately 7 × 10 m and is radiocarbon dated to the 
period 780–820 AD (Philippsen et al. 2022).

During the excavation, it was possible to recognize a 
central aisle, two side aisles and two front rooms based on 
differences in sediment texture and colour, forming fairly 
similar floor plans in both K22c and K23. The outline of 
house K22c was defined by contiguous clay floors (contexts 
A280-A283), covered by different activity layers rich in 
sand and ash (among other parts of A262, A263 and A275). 
The occupation deposits appeared as thin, dark brown lay-
ers with a thickness varying from a few mm to a couple of 
cm, located directly on top of the clay floors. Additionally, 
a hearth (A273) and a collapsed baking oven (A276) were 
recognised. Of these units, only occupation deposits A262 

and A263, hearth A273, and baking oven A276 were sam-
pled for geochemistry, whereas most units in K22c and K23 
are represented in the micromorphological block samples.

At the time of sampling, some units belonging to the 
younger house K23 were yet to be fully excavated and defined 
(A264 and parts of A262) and were thus included in the sam-
pling. House K23 consisted of a sequence of layers containing 
among others clay floors, on top of which formed two activity 
layers, and a hearth. On site, A264 was recognized as a sharply 
defined, homogeneous, dark brown, charcoal-rich occupation 
deposit containing remains of non-ferrous metalworking.

Apart from the indoor layers, the sampling also covered 
an outdoor area (A266) south of Plot 1 interpreted on site as 
an open area between plots, which contained large amounts 
of animal bones in a dark homogeneous matrix, and part of 
the pathway/street (A243), which was observed as dark sedi-
ment with a localised, larger light patch of sand (A265). A265 
marks the interface between A243 and the underlying street 
level A291, which both formed by continuous accumulation of 
similar materials. Thus, although A243 was the stratigraphic 

Fig. 3   Layout of clay layers and stratigraphic units. a) Clay layers associated to K22c. b) Occupation deposits associated to K22c and contempo-
rary outdoor units. c) Clay layers associated to K23. d) Occupation deposits associated to K23 and contemporary outdoor units
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unit sampled for geochemistry, the sampling likely included 
materials from the upper part of A291 as well.

Sampling and sample preparation

Bulk sediment sampling

A total of 1059 bulk sediment samples were collected from 
house phases K22c and K23 in a 0.25 m grid (Fig. 4a). The 
grid was laid out according to a 0.5 m grid fixed on an artificial 
horizontal surface. A Trimble SX10 (DGPS) high-density 3D 
laser scanning total station was used to record sub-cm precise 
coordinates of each sample and all samples were numbered 
according to the grid. Approximately 150 g sediment was 
collected within a radius of 10 cm around each grid point, 
and care was taken not to include any underlying layers. All 
samples were collected by the same persons over three days to 
minimize sampling and sampler bias.

All 1059 samples were air-dried at a approximately 27 °C, 
gently mortared and 2 mm sieved. Approximately 30 ml of 
each sample < 2 mm was representatively subsampled, ground 
with a Retsch RS200 to ensure homogeneity, and stored in 
medicine glasses.

Block sampling

Twenty-four undisturbed oriented blocks were analysed. They 
were collected from Plot 1 (Fig. 4c) by creating small vertical sec-
tions from which each individual block was collected, including 
the surface sediment sampled for geochemical analysis. The sam-
ple locations were selected according to the rationale of block sam-
pling in complex, urban excavations (Wouters et al. 2016; Wouters 
2018) and followed a number of main axes through the house, as 
well as particular locations where the original sediment might be 
better preserved, such as in corners, close to potential (internal) 
walls, etc., as well as a number of outdoor deposits surrounding 
the house (Fig. 4c). Prior to the block sampling, field descriptions 
were made according to the “Comprehensive Field Data Bases” 
(Langohr 1994) and the “Guidelines for soil profile description” 
(F.A.O., 2006; Table 2).

The air‐dried undisturbed blocks were impregnated with 
resin and manufactured into thin sections (5 × 8 cm; thick-
ness ~ 30 μm) by the Laboratory for Mineralogy and Petrog-
raphy, Ghent University, according to the guidelines by Ben-
yarku & Stoops (2005).

Geochemical analyses: Laboratory and spatial 
analyses

Multi‑element analysis

All ground samples (Fig. 4a) were analysed for multi-
elements in the laboratory using a Bruker S1 Titan 800 

portable XRF scanner in a standardized setup. The pXRF 
includes an Rh anode tube with a maximum voltage of 
50 kV/39 µA and the instrument works with a collima-
tion standard of 5 mm and a five-position motorized filter 
changer. Before the main analysis, a reference sample with 
known elemental values was measured several times to 
choose the most suitable application and phase settings 
with shortest exposure times. Based on this, the chosen 
application was the mining mode “GeoChem” with “Geo-
Chem General” settings, which includes full support for 
light elements through dual phase measurements. The 
phase settings were set to 30 s for both the first and second 
phase. A reference sample (NIST SRM 2702) was meas-
ured between samples to account for possible drifting in 
the instrument. All samples were measured in triplicates, 
with the resulting mean used as the element concentration 
(see details in Trant et al. 2021).

A total of 104 samples (approximately 10% of the 
full dataset, Fig. 4b) were randomly selected for multi-
element analysis with inductively coupled plasma mass 
spectrometry (ICP-MS), providing in total 37 different 
elements. The ICP-MS analysis was performed with aqua 
regia extraction of the ground samples. The analysis was 
performed at Bureau Veritas, Canada. The accuracy of the 
dataset was validated by including both internal as well as 
international soil standards in the analysed batches. Lastly, 
the reliability of the measured concentrations were evalu-
ated using Pearson correlation from 13 duplicate samples 
(all presented elements have R2 > 0.95). On one impreg-
nated block micro X-ray fluorescence (μXRF) elemental 
mapping was used to analyze the compositions of suspect 
small metal working residues using a Bruker Tornado M1 
instrument and software.

Magnetic susceptibility

Magnetic susceptibility (MS) was measured using a Bar-
tington MS3 magnetic susceptibility meter with a Barting-
ton MS2B sensor. Magnetic susceptibility was measured on 
278 samples, representing a 0.5 m grid (Fig. 4a) across the 
sampled surface. A priori it was not anticipated to be neces-
sary with the very high resolution resulting from the 1059 
samples constituting the 0.25 m grid (Fig. 4a) for analysis 
of MS. As a result, this lower resolution (0.5 m grid) was 
chosen for MS analysis.

Soil pH analysis

Soil pH was performed on 73 samples in the laboratory, 
representing a 1.0 m grid (Fig. 4a) using a MeterLab 
PHM240 pH/ion meter and a standard glass/calomel 
electrode. pH measurements were conducted following 
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Fig. 4   Locations of block sam-
ples for micromorphology and 
multi-element analyses. a) The 
0.25 m grid applied for bulk 
sampling to soil geochemistry 
and artefact distribution. Sam-
ples shown with red constitute 
parts of all three (0.25 m, 0.5 m 
and 1.0 m) grids deduced from 
the sampling grid, samples 
marked with blue are part of 
both the 0.5 and 0.25 m grid 
and samples marked with white 
are only part of the 0.25 m grid. 
b) Bulk soil samples randomly 
selected for ICP-MS analysis. c) 
Micromorphology samples
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standard methods with equal amounts of air dried 2 mm 
sieved sample and distilled water. As for magnetic sus-
ceptibility, the high resolution resulting from the 0.25 m 
grid (Fig. 4a) was not assumed to be necessary for pH 
analysis and hence, the lower resolution 1.0 m grid was 
chosen here.

Statistical mapping

Following the laboratory analyses, a spatial analysis of 
the multi-element, MS and pH measurements was per-
formed. The spatial analysis was performed using ordi-
nary kriging using the software program “R” version 
3.4.3 with add-on packages “sp”, “gstat” and “raster”. See 
Trant et al. (2021) for further information on the kriging 
and spatial analysis.

Soil and sediment micromorphological analysis

The thin sections were scanned using a flatbed scanner fol-
lowing Arpin et al. (2002). Observations were made using a 
petrological microscope under plane‐polarized light (PPL), 

crossed polarizers (XPL), oblique incident light (OIL), and 
fluorescent light (FL) at magnifications of × 25, × 40, × 100
, × 200, × 400 and × 500. The thin section descriptions fol-
low the international nomenclature of the “Guidelines for 
Analysis and Description of Soil and Regolith Thin Sec-
tions” (Stoops 2003).

Artefact distributions

The excavation of the sediments has led to > 4000 artefact 
finds. Most were retrieved during systematic wet sieving 
(2 mm mesh) of all excavated sediment. The sieved finds 
were related to stratigraphic units (‘A-units’), and within 
these to smaller find registration areas (‘X-units’). As an 
additional procedure adopted for the intensively sampled 
floors that are the subject of this contribution, sediment sam-
ples from the units sampled for geochemistry were collected 
in 50 cm grid squares to be floated and wet sieved at 1 mm.

A relatively small proportion of the finds was recovered 
individually during manual excavation. These were meas-
ured with 3D coordinates if they were of outstanding char-
acter, if their potential for dating made it crucial to have full 
control over their stratigraphic position, or if their position 

Table 2   Elemental values and 
statistics for concentrations 
measured with pXRF, magnetic 
susceptibility and soil pH

† Number of samples with concentrations above the limit of detection. Range, mean and standard devia-
tion (SD) calculated based on all detected concentrations in percentage. Some elements were not detect-
able in all 1059 samples, giving different N for the dataset. All element concentrations from the pXRF are 
in percentages except for magnetic susceptibility (× 10–8 m3 kg−1) and pH. ‡according to Bruker Elementar 
S1 Titan fact sheet. *Outside elemental range

N† Min Max Range Mean Standard deviation LOD‡

Ag 336 0.00027 0.218 0.218 0.0156 0.030 0.001
As 767 0.0013 0.00967 0.00837 0.00242 0.0009 0.0003
Ba 898 0.0263 0.0791 0.0528 0.0395 0.0066 0.019
CaO 1059 0.742 13.1 12.2 3.59 1.27 0.00518
Cl 451 0.0244 0.216 0.191 0.0336 0.0121 0.0135
Cu 1059 0.00155 1.12 1.11 0.0419 0.0684 0.0005
Fe2O3 1059 0.598 14.0 13.4 3.65 1.520 0.0013
K2O 1059 0.626 2.18 1.55 1.14 0.187 0.005
MgO 229 1.36 2.43 1.06 1.78 0.209 1.027
MnO 1059 0.0355 4.13 4.10 0.369 0.330 0.002
Na 104 0.023 0.303 0.280 0.097 0.043 *
P2O5 1059 0.840 9.82 8.98 3.69 1.16 0.021
Pb 873 0.0018 1.22 1.22 0.0121 0.0501 0.001
S 562 0.0187 0.227 0.208 0.0591 0.0376 0.008
SiO2 1059 22.6 85.5 62.9 59.9 7.39 0.107
Sn 638 0.0110 3.55 3.54 0.0992 0.305 0.002
Sr 1059 0.0071 0.0585 0.0514 0.0257 0.0063 0.0004
Zn 1017 0.0013 0.208 0.207 0.0180 0.0156 0.0003
Magnetic sus-

ceptibility
278 9.48 482 472 71.9 67.3

pH 73 5.84 7.51 1.68 6.67 0.38
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(i.e. likely in situ) might be informative of functional use 
of space. Coinage (i.e. sceattas) and loomweight fragments 
were the two main find categories that were systematically 
measured when observed in situ. The presence of bulky 
waste such as broken loomweight fragments indoors might 
indicate the position of the loom during the latest phase of 
occupation of a building before its abandonment.

The spatial distribution of loomweights, both fragmented 
and complete, was assessed using single measurements of 
in situ finds held against the pattern of loom weight dis-
tribution retrieved by sieving of sediments from the find 
registration areas of all the stratigraphic units represented 
in both buildings, K23 and K22c. In contrast, the distribu-
tion of selected find groups (vitrified fuel ash, animal bone, 
burnt clay, casting mould fragments and sherds of pottery 
of domestic type) was analysed by treating these groups in 
bulk (count/weight) and establishing quantitative variation 
across the sampled area on the same grid.

Results

Analyses of the bulk samples

Magnetic Susceptibility

Figure 5a shows the MS measured for the entire surface 
including both house phases (K22c and K23). It clearly dem-
onstrates that the highest levels of MS are found within the 
area of house phase K23 included in the sampling (A264). 
House phase K22c also holds areas with increased MS, espe-
cially along the central aisle and in the back of the northwest-
ern side aisle. However, metalworking will produce a stronger 
MS signal than heating, which might result in a masking of 
the heating signal if both activities have taken place and are 
included in the same dataset. Since metalworking has been 
recognized on-site and large concentrations of metal finds 
are measured in house K23, a new map of MS leaving out all 
samples within the area of A264 were performed.

Figure 5b shows the MS signal derived only from contexts 
covering K22c, plot margin (A266) and pathway/street (A243). 
Here, several areas with high MS are clearly shown. The front 
part of the central aisle exhibits several smaller increases in 
MS, and the back part of the central aisle displays a larger area 
with high MS. Additionally, high MS is found in the back of 
the northwestern side aisle and as a small area in the back of the 
southeastern side aisle. Neither the plot margin (A266) nor the 
pathway/street (A243) shows elevated levels of MS.

Soil pH

The soil pH varies from neutral to slightly acidic across the 
indoor area (Fig. 5c). The central aisle and the northwestern 

side aisle (including house phase K23) exhibit neutral pH 
values around or just above 7. Both front rooms have weakly 
acidic to neutral pH (pH = 6–7), with the southeastern front 

Fig. 5   a) Soil magnetic susceptibility of the entire surface including 
both house phases (K22c and K23). b) Soil magnetic susceptibility 
with samples from excavation unit A264 excluded
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room showing the most acidic values (pH = 5.9). The south-
eastern side aisle also shows weakly acidic pH values, where 
one area with the lowest pH levels in the back part stretches 
into the plot margin area. The northern part of this area 
(A266) is neutral to slightly acidic and becomes somewhat 
more acidic towards the southern end. The pathway/street 
(A243) also displays slightly acidic pH values.

Geochemical analysis

All elemental mapping but sodium is based on pXRF, while 
results for sodium is based on ICP-MS. The results for all 
elements are treated as one in the following. For comparison 
of the different geochemical methods see Trant et al. (2020). 
Elemental concentrations are presented as percentages.

Fig. 6   Multi-element analysis of anthropogenic markers of the entire surface including both house phases (K22c and K23). a) Ba. b) CaO. c) 
Fe2O3. d) K2O. e) MgO. f) MnO
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Common anthropogenic markers  Ba
Barium (Fig. 6a) generally shows high values across the 

entire house floor. Only two areas in the back part of the 
house display very low levels of Ba in the indoor area. The 
plot margin (A266) also holds high concentrations of Ba 
except for the southern most part, which has lower levels. 
The pathway (A243) features very low Ba-concentrations, 
especially in the eastern part.

CaO
Calcium (Fig. 6b) is most pronounced on the outskirts 

of the northern northwestern front room, where the highest 
concentrations of Ca are measured. This area is also the most 
widespread high-concentration area with Ca. Just southwest 
of this Ca-hotspot is a coldspot with low Ca-concentrations. 
Increased levels of Ca are also found in the southern south-
eastern front room, as a clear line across the central aisle and 
associated to the hearth (A273) and baking oven (A276). 
Lower levels of Ca inside the house are mainly found along 
the central aisle. House phase K23 generally does not hold 
increases nor decreases in amounts of Ca.

The plot margin area (A266) features a slight increase 
in Ca in the northern part, but also holds low Ca-values in 
the most southern part. The pathway/street (A243) generally 
shows very low levels of Ca, despite the northern corner 
around the house.

Fe2O3
Iron (Fig. 6c) occurs as two high-concentration areas 

inside the house. One area, with the highest concentrations 
measured, is at the same place as the baking oven (A276). 
The other high-concentration area is within the northernmost 
half of house K23 (A264). Lower concentrations of Fe inside 
the house area are mainly focused along the central aisle and 
down to the hearth area (A273) in the back end of the house. 
Hence, the main part of the indoor area does not include 
major variations in the Fe-levels.

The plot margin area encompassed low Fe levels, but 
without any fluctuations. The northeastern side of the 
pathway/street, featuring the outermost samples analysed, 
shows some of the lowest Fe-levels measured, but as for 
the plot margin area, without any major variations in the 
concentrations.

K2O
The highest concentrations of K are found at the back of the 

house (Fig. 6d), as two larger areas stretching from the most 
southwestern end of the house and onto the centre of the central 
aisle and into the eastern part of the southeastern side aisle just 
above the baking oven (A276). However, this high-concentration 
area is interrupted by a low-concentration area just north of the 
hearth (A273). The northern part of the northwestern front room 
also holds an area with high K-levels. The area surrounding the 
baking oven (A276) features lower concentrations of K. House 

phase K23 as represented by A264 shows the lowest concentra-
tions of K.

The plot margin area (A266) generally does not feature 
much variation around the mean concentration, beside one 
small area just on the excavation border with high levels of 
K. The pathway (A243) features slightly low values, and 
generally encompasses a slightly lower concentrations than 
the indoor area.

MgO
Magnesium (Fig. 6e) was only detected in 230 samples. 

It has a very high detection limit (> 0.49%) with the pXRF. 
Samples, with detected Mg are spread across the entire exca-
vation area and include both house phases, plot margin and 
road street areas. However, areas reflected as low concentra-
tions generally reflect undetected samples. High concentra-
tions in the indoor area are reflected mainly in house K23 
(A264), in the northwestern front room of house phase K22c 
and to some extent around the baking oven (A276).

MnO
High concentrations of Mn are only seen just above the 

baking oven (A276, Fig. 6f). The rest of house phase K22c 
generally displays very low levels with smaller increases, 
however, none of these exceeds the mean value. House phase 
K23 (A264) contains one area with a slight increase, but 
generally holds the same tendencies in Mn-concentrations 
as K22c. Both the plot margin and the pathway areas show 
very low concentrations.

P2O5
Phosphorus has its largest and most widespread high-con-

centration area around the baking oven (A276, Fig. 7a). Other 
P-hotspots are found in the northern part of the nothwestern 
front room and as two areas with elevated concentrations in 
the southeastern front room. Slightly enhanced levels of P 
are also found across the centre of the central aisle and to the 
very back of the house. Low levels of P are mainly found in 
the southwestern part of the central aisle. House phase K23 
(A264) holds a smaller area with high levels.

The plot margin (A266) seems to contain two separated 
areas of P-levels: The northernmost part encompasses 
slightly increased concentrations, while the southernmost 
part’s concentrations are somewhat lower than the mean con-
centration. The northern side of the pathway, holding the 
outermost row of samples, shows very low P-concentrations. 
However, these concentrations seem to increase going across 
the pathway towards the indoor area. Increased levels of P 
are found in the northern corner of the pathway area.

Sr
Strontium (Fig. 7b) shows several areas with enhanced 

levels above the mean inside the house. The most pro-
nounced high-concentration area is around the baking 
oven (A276), which holds the highest Sr-levels meas-
ured. Both front rooms also show high concentrations, 
with the northwestern front room having slightly higher 
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concentrations than the southeastern. Enhanced concen-
trations are also found in the centre of the central aisle 
and at the hearth (A273). Low Sr-levels are found espe-
cially in the southern part of the central aisle, but also in 
the southern part of the northwestern side aisle (below 
A264) and in the eastern part of the southeastern side 
aisle in between the high concentrations from the bak-
ing oven and front room areas. House phase K23 (A264) 

shows a smaller area in the northern part with increased 
Sr-concentrations. In the southern part of K23, concentra-
tions are below the mean.

The plot margin area generally has Sr-concentrations around 
the mean value, beside two very small areas (approximately 
0.5 m in diameter) with high concentrations. The northern side 
of the pathway/street shows very low Sr-levels, with the lowest 
ones being in the eastern end around the sand patch (A265).

Fig. 7   Multi-element analysis of anthropogenic markers of the entire surface including both house phases (K22c and K23). a) P2O5. b) Sr. c) Ag. 
d) Cu. e) Pb. f) Sn
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Metals  Ag (Fig. 7c), Cu (Fig. 7d), Pb (Fig. 7e), Sn (Fig. 7f) 
and Zn (Fig. 8a) all show a hotspot-tendency as only occur-
ring with very high concentrations in house K23 (A264).

High Ag-concentrations stretch across K23, going from 
north to south, but with the highest levels in the northern 
part of K23. Cu is mainly concentrated as a very small 

hotspot-area in the southern end of K23. As for Ag, elevated 
Cu-levels stretch towards the northern end of K23, but not as 
pronounced for Cu. The high concentration of Pb is located 
at the same place as Cu in the southern side of K23. The 
Pb-hotspot is also very small in extent, showing a diameter 
of only 0.5 m. Slight increases in Pb-concentrations can be 

Fig. 8   Multi-element analyses of anthropogenic markers of the entire surface including both house phases (K22c and K23). a) Zn. b) As. c) Cl. 
d) Na. e) S. f) SiO2
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found moving from the hotspot and towards the northern 
part of K23. However, these concentrations do not exceed 
the mean value of Pb. High levels of Sn are mainly concen-
trated in the northernmost part of K23, with a small increase 
in the concentrations in the southern end of K23.

Zinc shows highest concentrations across the area of 
K23, filling out approximately half of the surface area of 
this house phase. Contrary to the other metals concentrated 
in K23, Zn also shows smaller rises in concentration across 
the area of house phase K22c. These enhanced areas are 
mainly found in the front rooms and in the eastern SE side 
aisle; however, none of them exceeds the mean value of Zn.

Other elements  As
Arsenic (Fig. 8b) has one large area with high concentra-

tions surrounding the baking oven area (A276). In the rest 
of the house, concentrations are generally low. The back 
part shows concentrations around the mean and the front 
part displays smaller fluctuations with concentrations below 
the mean. House phase K23 (A264) shows very low levels 
of As.

Both the plot margin (A266) and the pathway (A243) 
feature low As-concentrations.

Cl
Chlorine (Fig.  8c) shows several areas with smaller 

increases in the concentrations, especially in the two front 
rooms, the central aisle and northeast of the baking oven. 
Highest Cl-concentrations are found in the back part of the 
house, where concentrations exceed the mean in a relatively 
large area. House phase K23 (A264) also encompasses an 
area with increased Cl-concentrations. Since Cl concentra-
tions are the lowest nearest the present-day street Sct. Nico-
laj Gade, contamination with modern road salt (NaCl) seems 
unlikely.

The plot margin area (A266) features one small area with 
very high concentrations, however, this Cl-hotspot only 
originates from one sample. The pathway (A243) generally 
appears to be low in Cl, but with increased concentrations 
in the border zone between the indoor and outdoor areas.

Na
Sodium is measured with ICP-MS only, as opposed to 

the other elements that are pXRF-based. Consequently, Na 
is only measured in 104 samples, which do not cover the full 
extent of the house, and hence, the kriged map (Fig. 8d) does 
not show predictions for the entire excavation area. Concen-
trations of Na are generally low across the indoor surface, 
but smaller increases can be seen along the central aisle. In 
the back part of the house, one large high-concentration area 
can be found together with a smaller one to the northeast.

Both outdoor-areas, plot margin (A266) and pathway/
street (A243), show low Na-levels.

S

Sulphur was only detectable in half of the samples. Most 
samples holding detectable concentrations are found in the 
plot margin and pathway areas, which is also reflected by 
Fig. 8e showing very low concentrations across the entire 
indoor surface. Only a small area in house phase K23 (A264) 
displays higher S-concentrations.

The plot margin (A266) features high levels of S in the 
middle part and stretching towards south. In the pathway 
(A243), the highest S-concentrations are measured. Gener-
ally, the pathway holds very high levels of S.

SiO2
Most of the indoor area encompasses Si-levels above the 

mean (Fig. 8f). The central aisle shows levels slightly higher 
than the rest of the house area. The lowest levels of Si are 
found around the baking oven. Low Si-levels are also found 
in the northwestern front room, in the middle of the central 
aisle and as smaller spots in the side aisle. House phase K23 
(A264) holds one larger area with Si-concentrations as low 
as the ones around the baking oven.

In the plot margin area (A266), Si-levels are high in the 
southern end. The pathway/street (A243) shows very high 
levels of SiO2 in the eastern end, which is also where patches 
of light sand (AA65) was found on site. In the northern end 
of the pathway, Si concentrations are only slightly higher 
than the mean.

Based on the geochemical distribution maps, Plot 1 is 
divided into several areas describing different possible activ-
ity areas (Fig. 9).

Micromorphology

In the following, the main micromorphological results 
are presented. For additional information and description 
of microstratigraphy, see Croix et al. (2022) and Wouters 
(2022). For this particular case, descriptions and interpreta-
tions were organised per stratigraphic unit in lieu of applying 
the concept of microfacies (Courty 2001), since the hori-
zontal variations in composition and character would render 
the list of sub-microfacies too elaborate; and would poten-
tially obscure meaningful horizontal differences. However, 
a characterization of the most important fabrics can still be 
made in order to introduce the most commonly encountered 
components on site.

Five main fabrics could be distinguished on site. Fab-
ric 1 (e.g. units A262 or A263 as can be seen in Fig. 10) 
is the most common, and characterised as a predomi-
nantly fine to medium sand with a c/f10µm-ratio of 80:20 
to 70:30. The micromass of this fabric is usually com-
posed of fine organic matter, microcharcoal and minute 
anthropogenic inclusions, as well as inorganic residues 
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of organic origin (predominantly phytoliths). The coarse 
fraction also includes varying concentrations of chert, and 
of anthropogenic inclusions, such as charcoal or charred 
grains, bone and fish bone in various states of burning 
or weathering, non-metallurgical slag, pottery fragments, 
silty clay aggregates, and sometimes metal slag. Locally, 
better preserved organic fragments can still be identified 
as bark chips or shavings and grass stems. Phosphatic and 
iron features are common in this fabric. Fabric 2 (e.g. units 

A280, A281 or A283) is composed predominantly of silty 
clay with abundant diatoms, at times tempered with uni-
dentifiable strands of organic matter. Some phytoliths and 
faint traces of fine anthropogenic inclusions, such as char-
coal, can sometimes also be discerned. Pedofeatures are 
usually limited to phosphatic infillings and orthic iron nod-
ules. Less common is Fabric 3 (e.g. unit A276), which is 
composed predominantly of silt to fine sand, and is highly 
muscovite-rich (and glauconite rich), in contrast to the 

Fig. 9   The sampled area is 
divided into 10 areas based on 
the geochemical distribution of 
elements, suggesting different 
uses of space inside and outside 
of houses K22c and K23

Fig. 10   Thin section scans of thin sections 1–12 with recognized excavation units
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diatom-rich clay as found in Fabric 2. Fabric 4 (e.g. unit 
A265) is a predominantly fine to medium sand composed 
mainly of the silicious fraction of decalcified ash, locally 
mixed with some sand or silty clay. This fabric contains 
abundant phytoliths, sometimes in a blackened or molten 
state, and microcharcoal. Fabric 5 (e.g. unit A275 as can 
be seen in Fig. 11) is composed nearly solely of charcoal 
interspersed with fine to coarse sand, and locally anthro-
pogenic inclusions.

Artefact distributions

A total of 4105 artefact finds and 9.0 kg of animal bone 
were recorded from the floor area of K22c and the sam-
pled parts of K23, in addition to 3148 finds and 70.4 kg of 
animal bone from the adjacent pathway/street area and plot 
margins (Fig. 12). A large part of the find assemblage in 

K22c/K23 comprises refuse from non-ferrous metalwork-
ing, including 658 casting moulds and 147 crucible frag-
ments, 488 pieces of vitrified clay and 325 pieces of metal 
slag. Other crafts are represented by relatively insignificant 
amounts of finds, for example only 12 fragment pieces of 
debris from bone- and antler working and 26 pieces of glass-
working debris. This absence is notable, as levels from the 
building immediately prior to K22 on the plot, K21, were 
associated with thousands of finds related to the latter two 
crafts. This is a clear testimony to the integrity of the stra-
tigraphy, and to the fact that the majority of artefact finds 
from units associated with building phases K22c/K23 are 
related to activities contemporary with this horizon, with a 
relatively minor proportion of intrusive or residual objects. 
For additional information see Deckers (2022). Other major 
find groups include 1299 fragments of burned clay, mainly 
material from ovens, 360 pottery sherds and 242 pieces of 

Fig. 11   Thin section scans of thin sections 13–24 with recognized excavation units
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Fig. 12   Artefact distributions of the sampled surface including both 
house phases (K22c and K23). a) Loom weights associated to K22c. 
b) Loom weights associated to K23. c) Vitrified fuel ash (counts). 
d) Animal bone (weight). e) Burnt clay (counts). f) Casting moulds 

(counts). g) Casting moulds (weight). h) Pottery of domestic type 
(counts). C-H shows artifacts recovered from 0.5 m × 0.5 m grid sam-
pling of large bulk samples retrieved from the same layers as the geo-
chemistry bulk sampling
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iron (mostly corroded beyond recognition). Domestic activi-
ties are probably indicated by personal objects and dress 
ornaments including 51 fragments of glass vessels, 30 glass 
beads, 38 loom weight fragments, and objects such as spin-
dle whorls, a decorated bone or antler comb, a copper-alloy 
brooch and a coin (Fig. 13).

The distributions of selected groups of artefacts show 
spatial trends (Fig.  12). Metalworking debris is found 
throughout, though most prominently in areas A-D and H 
(see below). As discussed above, areas A-D showed poor 
separation between materials from building K22c and K23, 
and finds from this area may relate to the occupation of K23 
contemporary with Area H. Some of this material could have 
been levelled from refuse heaps in connection with building 
refurbishments and floor maintenance. Meanwhile, a group 
of domestic objects show a clearly different trend. In K22c, 
loom weight fragments concentrate strongly in and around 
Area F, suggesting that a loom was placed here along the 
west wall. Beads and individual personal objects including 
a comb and a brooch cluster in the same area.

Discussion

This section addresses both main aims of this study – namely 
a better understanding of the complex stratigraphy of Plot 1 
containing K22c and a part of K23; as well as an interpre-
tation of house extent and activity areas. In the latter, the 
results of all analyses are grouped spatially per house area 
or specific feature.

Taphonomic Processes

Soil water fluctuations

The strata presented here have been subjected to significant 
fluctuations in water content over time. This is in contrast to 
the older site phases from approximately 700 to the late 750s 
where organic material was relatively well preserved due 
to continuous, near waterlogged anoxic conditions resem-
bling those described by Breuning-Madsen et al. (2001), 
where localized, wet, anaerobic conditions arose in the core 
of an experimental buried mound due to oxygen depletion 
as a result of decomposition of plant remains. The fluctua-
tions in water content are evident from a poorly preserved, 
and in some areas completely decomposed (absent due to 
oxidisation), organic component, despite the fact that the 
older phases (before c. AD 750) suggest a very high input 
of organic matter in among other flooring and building 
materials on the site, including wood, wattle, straw/reed, 
heather, moss, and others. Apart from the poor preservation 
of organic materials, pseudogley in heterogeneous, organic-
rich patches (Kristiansen & Tjelldén, 2022) is attested by 
phosphatic pedofeatures, such as infillings, coatings, and 
nodules (Karkanas & Goldberg 2018), with particularly 
vivianite and pyrite most abundantly present in former out-
door or liminal areas, such as the pathway/street or house 
entrance. Past reducing conditions are also indicated by 
microscopically visible redoximorphic features, such as iron 
nodules, hypocoatings, and the banded iron staining of clay, 
where reddening was not attributed to heating (Vepraskas 

Fig. 13   Artefacts from the 
floors and activity layers of 
K22c and K23. a) A frag-
mented, burnt antler comb 
of Nordic type (find ID 
A263X646). b) A copper-
alloy rectangular brooch with 
geometric animal design 
(A264X2162). c) Fragments 
of one or more loomweights in 
fired clay, with a characteristic 
donut shape. d and e) A silver 
coin (sceatta) of the Wodan/
Monster type, probably minted 
in or near Ribe (A256X573). 
f) A ceramic spindle whorl 
(A263X647)
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et al. 2018). The results of modern oxidation are most pro-
nounced in the southwestern area of the site, likely due to a 
combination of relatively thin deposits and post-depositional 
disturbance due to an old excavation trench and a small, 
uncobbled, urban garden. For preliminary assessment of the 
site’ in situ preservation conditions based on macroscopic 
evidence, see Kristiansen & Tjelldén (2022).

Ash taphonomy

A progressive decalcification of plant and wood ash was 
observed. Only in very rare occurrences did the ash retain 
its anisotropic properties or calcium oxalate crystals. Else-
where, near-isotropic areas were locally present, likely 
resulting from phosphates from dissolving bone or degrad-
ing organic matter, converting ash calcite into apatite or 
other phosphates (Canti & Brochier 2017). An alternative 
explanation is that these are ashes of non-woody plant or 
of herbivore dung consisting mostly of phytoliths, molten 
phytoliths and charred remains, with little or no carbon-
ates. Most often, however, the ash at the emporium site had 
become completely decalcified, leaving behind only a min-
eral component consisting of silica bodies, non-metallurgical 
slag (vitrified ash), (micro)charcoal or mixed in fine sedi-
ment. This is due to the localized acidification of the soil, 
continuous leaching and very heterogenous redox conditions 
producing additional protons.

Bioturbation

The levels of faunal bioturbation were variable – relatively 
limited in units rich in silty clay, charcoal or decalcified ash, 
but more thorough in deposits previously rich in organic 
matter. It is represented by mesofaunal channels, local cham-
bers, and excremental organo-mineral micro-aggregates 
(Kooistra & Pulleman 2018), especially in the units where 
organic remains were still present. In older house phases 
at the site, lower down in the stratigraphy, beetle and mite 
excrements were present (Wouters 2022), but these could not 
be observed in the house phases analysed here, possibly due 
to poor preservation conditions for organic matter. Biotur-
bation by ants is attested in a younger phase on site dating 
to the second half of the ninth century (Wouters 2022), but 
could not be ascertained in this phase.

Traces of past plant rooting were rather limited as well, 
and mostly encountered in outdoor areas. Modern rooting 
evident from its better preservation and birefringence under 
XPL (Ismail-Meyer et al. 2018) was more abundant. It was 
most strongly concentrated towards the south and southeast of 
the excavation trench, where a modern patch of greenery was 
located before and at the time of excavation. This affected areas 
J, C, F, and the southwestern part of E most profoundly.

Physical alterations: compaction, sinking, structural 
deformations, floor maintenance practices and truncations

Several types of physical alterations could be discerned. 
First, due to the use of space in the built area of the plot in 
older phases, several areas were prone to deformation or 
structural collapse. Deformation was especially visible in 
the side aisles of buildings, leaning down towards the plot 
margins surrounding them on both longitudinal sides. Most 
likely due to the compaction and decomposition of organic 
matter originally in side aisles and plot margins, this defor-
mation caused challenges for the archaeological attribution 
of stratigraphic relationships, especially when connecting 
indoor and outdoor strata, as well as for the geochemical 
sampling (see Trant et al. 2021). The presence of sunken-
featured buildings in older phases also caused a structural 
prone-ness to collapse.

Next, anthropogenic activities related to the maintenance 
and (re)building of buildings played a significant part. In 
several locations, units have been truncated due to the 
removal of material. This could be related to the removal 
of house floors that had built up during use, since (vitri-
fied) plant and charcoal ash, as well as combustion waste, 
were regularly spread on the floors (Milek & French 2007; 
Milek 2012). Layers of decalcified ash were thickest, or best 
preserved, along the outer walls, where they may have been 
swept to, or where they may have been less prone to wear 
(Banerjea et al. 2015; Macphail et al. 2004). Amongst the 
finds from the sieved bulk samples, vitrified fuel ash dis-
played a relatively even distribution all over the sampled 
area. These fine, unobtrusive particles would have been dif-
ficult to sweep or otherwise remove as part of floor mainte-
nance and are thus found across the floors of both K22c and 
K23. The patchy nature of this distribution, with apparent 
concentrations near hearths and in the northern entrance 
area, may reflect the nature of flooring (presence or absence 
of clay floors) as well as the management of ash.

Organic components such as grasses, or wood or bark 
chips were likely used as floor cover in certain areas as well. 
This practice of removing growing house floors is ethno-
graphically attested from the North Atlantic region (Milek 
2012). Other truncations are more likely the result of remov-
ing older material prior or during the erection of new build-
ings, as was the case for parts of unit A263 (K22c), after 
which the clay floors of K23 were laid down. This is most 
visible in Area G. Older evidence of house fires may have 
been removed by such truncations, as hypothesised for (part 
of) older house phase K22b. In addition, problems of sepa-
ration between house phases were most commonly encoun-
tered in areas without clay floors (see  "Spatial analysis of the 
house and its surroundings" section), such as entrance area 
D and areas B, C, I, and J.
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Spatial analysis of the house and its surroundings

Area A—NW front room

This area is interpreted as the potential location of stor-
age (Fig. 14a). The area corresponds to the western front 
room of the houses, with micromorphological data available 
from both house phases. The geochemical data refer to the 
occupation deposit of older house K22c, locally mixed with 
remains from K23 where they could not be distinguished 
(A279, A262). For these units, the chemical elements of 
the part of the house near to the outer wall (high Ca, Ba, 
Mg, P, Sr, K, Zn decreased Si) may be representative of 

household waste, and different types of combustion waste 
or ash. The micromorphology and field observations show 
thicker depositions of ash near the outer walls, either due 
to sweeping, or due to more significant wear away from the 
walls (Banerjea et al. 2015; Macphail et al. 2004). They also 
represent nutrients, which is consistent with the evidence 
of organic floor cover in thin section. Due to the strongly 
decayed state of the floor cover, only a few bark fragments 
could be identified, but otherwise no identification of plant 
parts or species was possible. Micromorphology shows a 
gradual accumulation of both combustion waste in the form 
of charcoal, decalcified ash, and non-metallurgical slag, as 
well as fragments of unidentifiable organic matter. They 

Fig. 14   Interpretation of the 
use of space associated to the 
two houses K22c and K23. 
a) House K22c had a more 
domestic appearance, including 
an area with designated space 
for food preparation with a 
baking oven as well as space for 
textile working with a weaving 
loom and possibly storage of 
lye or soap. b) House K23 also 
encompassed textile working 
with the possible presence of 
a weaving loom, in addition to 
a space for a metal workshop. 
Both houses had an entrance 
area and central aisle with 
traces of high traffic as well as 
two front rooms that might have 
been place for storage and/or 
sitting and eating. In front of the 
house was a wooden trackway 
and south of it the plot margin, 
resembling a shallow ditch 
where waste associated to the 
house activities was discarded
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overlie a dump of well-sorted ash and sand, which in turn 
lies on a sequence of a silty clay preparation layer and walk-
ing surface, truncated by another silty clay layer (A283a-c).

Multiple occupation surfaces with slightly different pro-
portions of sediment, charcoal, sand, decalcified ash and 
clay could be identified (minimum 3), that later became trun-
cated by units belonging to house K23. A horizontal orienta-
tion of elongated components and the presence of rounded 
soil aggregates indicate that the surface was trampled, with 
a possible input of outdoors materials on shoes (Banerjea 
et al. 2015; Rentzel et al. 2017). The same sequence is vis-
ible in the central part of Area A, however, the geochemi-
cal signal here is “cleaner” (low concentration Ca, Ba, P, 
Si, Sr, increased concentration Fe, Mg, high K). This is 
likely due to the higher amounts of charcoal in the occu-
pation surface at this location, which is probably linked to 
maintenance practices. No explicit indications for the area’s 
use are apparent from the geoarchaeological data, although 
bone remains were observed in thin section. In the thin sec-
tion closest to Area D, bark or other plant cell fragments, 
as well as burnt bone and fish bone were clearly present. 
The artefactual evidence (Fig. 14) demonstrates that animal 
bone fragments were present in two distinct concentrations 
in both front rooms (Area A and B), closely matching the P 
and Sr enrichment observed there (Fig. 7). The distributions 
might reflect physical boundaries within the internal space, 
which affected the movement of waste material, e.g. in the 
northeastern corner of the house or the northern entrance 
area. Animal bone also accumulated just outside the house 
walls, and tiny amounts (never exceeding 10 g per sample) 
can be found throughout the areas associated with K22c. 
Pottery sherds of domestic type similarly reflect the division 
between internal and external space, while a concentration 
in the eastern front room could indicate, together with the 
animal bone, the overall messy nature of this area.

Area B—SE front room

In the SE front room, the picture is somewhat similar to that 
in Area A (Fig. 14). The micromorphological data cover 
both house phases, starting with a thick layer (> 3 cm) of 
dumped, mixed combustion waste consisting largely of 
decalcified ash and some charcoal fragments in house K22c 
(A279) in thin section 6. This is followed by a series of 
indoor, trampled walking surfaces (Rentzel et al. 2017). 
The matrix of the lowest surface contains abundant charcoal 
fragments, with some clayey aggregates possibly brought in 
on shoes (Banerjea et al. 2015), as well as two small metal 
slag fragments. It is truncated by a maintenance layer con-
taining a mix of clay and various concentrations of wood and 
plant ash (Matthews 2010) deposited in horizontal bands, 
followed by a walking surface rich in microcharcoal, organic 
matter ash, and bone remains. In thin section 7, plant tissue 

as well as animal bone and pottery are relatively well rep-
resented, more abundant and coarser than in Area A. This 
might be related to storage of foodstuffs, but potentially also 
to consumption. Over 90% of the pottery in K22c/K23 con-
sists of simple, hand-made pottery. This is also the unit that 
was captured in the geochemical analysis (A275). Generally, 
this unit contains high concentrations of Ba, Ca, P and Sr 
together with increased levels of Zn and acidic pH, which 
might correspond to household waste or different types of 
combustion waste. The elemental distribution does to some 
degree resemble that of Area A, however, in Area B they do 
not appear with the same amounts of nutrients or elevated 
concentrations, indicating possibly a walking surface main-
tained with combustion waste. During the excavations both 
front rooms appeared ‘messier’, or maintained with less care.

Area C—Food preparation

This area is interpreted as a food preparation area in K22c 
(Fig. 14a). In its centre, remains of a baking oven were pre-
served. However, the lack of magnetic susceptibility eleva-
tion is striking. Thinsection 11 shows the presence of bak-
ing oven detritus in multiple phases and contains evidence 
of repeated destruction and re-use. Silica gel derived from 
molten phytoliths, as well as husks and blackened cereals 
are present throughout (Canti & Brochier 2017), embedded 
in a matrix of silty to fine, muscovite-rich sand. This matrix 
poses a stark contrast to the diatom-rich silty-clay that was 
used for flooring or reparation levels found elsewhere in the 
house. This is covered by a walking surface composed of a 
mix of decalcified plant and charcoal ash, and the remains 
of organic matter, probably related to younger house K23. 
Around the baking oven, the geochemistry contains large 
amounts of common anthropogenic and food markers (Ca, 
Fe, P and Sr). Some elements (As, Ca, Fe, Mg, P and Sr), 
all but As representable for foodstuff, show high concen-
trations exactly at the place of the baking oven (Figs. 6, 7 
and 8), while K and Si appear to be very low in concentra-
tions here. The distribution of burnt clay fragments shows a 
strong correlation with the oven A276. East of this, a small 
hotspot-area with high Mn-concentrations is found. The 
high-concentration elements as well as a low pH correlate 
well with plant remains and charcoal-rich ash, and the low Si 
could possibly be linked to the sediment mainly consisting 
of food-related ashes or deposits, which in combination with 
the micromorphological and archaeological evidence cor-
relates with the area being used for food preparation. This is 
the only area in which As and Mn show high concentrations, 
possibly displaying a link between As and Mn concentra-
tions and food preparation.

In the southwest of Area C, this same walking surface 
contains abundant charcoal, combustion waste, fresh organic 
matter and diagenised bone fragments. The materials and 
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sediment were accumulated gradually, and support an 
indoor area rich in organic matter floor cover or used mate-
rials (Banerjea et al. 2015; Lisá et al. 2020; Milek & French 
2007); however, significant post-depositional bioturbation 
has heavily affected this part of the site. Contrary to other 
parts of Area C, the southwestern part is not rich in general 
foodstuff markers, with general low concentrations of Ca, 
K, Mg and Si. The low concentrations of Ca together with 
acidic pH around 6.3 correlate well with the diagenised bone 
fragments recognized in micromorphology. Low Si concen-
trations probably correlate with the deposit containing large 
amounts of charcoal and other non-silicate material. The 
area does contain high levels of As and Ba, which appear 
to be a general signal for this entire area. The geochemical 
distribution indicates that this part of Area C is on the border 
to where food was prepared.

The transition to house K23 is represented by a thick 
layer of sand bounded by thin clay layers at its bottom and 
top and contains two metal slag fragments at its bottom. A 
concentration of loom weight fragments was found in Area 
C associated to the upper level of building K23, which had 
already been excavated at the time of sampling. This might 
indicate the position of a weaving loom in this area, and it 
might have been contemporary to the metal workshop des-
ignated as Area H.

Area D – Entrance

This area is interpreted as a high-traffic entrance area, which 
appears narrower in house K22c than in house K23 (Figs. 3 
and 14). This is based on thin section 13, which contains a 
clay floor, otherwise absent from thin sections in this area. 
In the very front part of the house, both K22c and K23 were 
captured in thin section, while the central part only contains 
units belonging to K22c. Whereas the central part is the 
result of repeated trampling, floor maintenance by spread-
ing combustion waste and an organic floor cover, as well 
as potential regular sweeping or repeated truncation, the 
front part is a more transitional area with larger fragments 
of debris embedded in the sedimentary matrix, where wet-
ter, ‘dirtier’ conditions persisted, especially in house K23 
(Banerjea et al. 2015). The entrance area similarly has lighter 
artefacts fragments, stemming from increased trampling and 
fragmentation. Outside, the average weight of casting mould 
fragments in the pathway (Area I) and plot margins (Area J) 
similarly reflects greater and lesser trampling.

The northeastern part of Area D contains high concen-
trations of common anthropogenic markers such as Ba, Ca, 
P and Sr, which might indicate intensive use as suggested 
by Cook et al. (2014). Most of Area D holds relatively 

high concentrations of Si, possibly correlating with higher 
amounts of sand and phytoliths recognized in thin section.

More centrally in the area, represented by thin section 14, 
it was difficult to distinguish the different units belonging 
to K22c. A thick, gradual accumulation of several walking 
surfaces was not separated by clay floors or significant sand 
levelling layers, in contrast to thin section 15 or the rest of 
Area E further to the south. Four subunits could be distin-
guished, of which the lowermost and next to topmost con-
tained a more significant organic matter component. This 
included phlobaphene-containing tissue, possibly related to 
bark chips or shavings being spread as floor covering. The 
other two subunits contained more charcoal and combustion 
waste, and generally coarser-sized anthropogenic inclusions, 
such as bone, charcoal, or clay aggregates. They show a com-
bination of combustion waste dumping episodes and tram-
pling. Locally, a high degree of in situ fragmentation of larger 
charcoal pieces indicates that larger quantities of ash were 
once present, but have leached out (Huisman et al. 2020).

Horizontal orientation of elongated fragments and features 
suggesting trampling were present in all subunits, attested by 
the in situ breaking of elongated components and planar voids 
(Rentzel et al. 2017). Locally, fragments were pressed into the 
matrix when softer, possibly sometimes damper, conditions 
prevailed. A diverse range of anthropogenic materials was 
observed – including small amounts of crucible fragments, 
clay and soil fragments, metal slag, pottery, and a minute col-
oured glass fragment. This may be related to higher amounts 
of loss, as well as inclusions brought in on the soles of feet, 
due to high traffic. Lithological discontinuities, attested by 
locally sharp boundaries, may indicate the removal of material 
as part of maintenance practices (Milek 2012). Bioturbation 
by mesofauna and root action is very limited in this area. In 
general, the southwestern part of Area D contains low con-
centrations of most chemical elements, and appears to be kept 
relatively clean, only containing high concentrations of Ba 
and Sr and high values of magnetic susceptibility. The low 
concentrations of Si might correlate to the limited amounts of 
clay or sand recognized in micromorphology. The clean geo-
chemical signal in the area could reflect the intensive usage of 
a walking surface, not allowing much chemical remains to set-
tle, but more likely, the geochemical signal is due to sampling 
height, which corresponds to the topmost subunit recognized 
in thin section as rich in mainly charcoal.

Area E – High‑traffic central aisle

This area is interpreted as a high-traffic area in the central 
aisle of the house K22c (Fig. 14a). A marked difference exists 
between its northern half, with non-clayey thin section 15 
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on the one hand, and its southern half, with silty clay floor 
rich thin sections 16 and 17 on the other. Thin section 15, 
closest to the entrance area, is composed of a preparation 
or repair layer (A281) consisting of a lamination of sand, 
followed by fine sand mixed with clay and traces of ash, and 
a second sand layer, of which the top is mixed with char-
coal and non-metallurgical slag remains. Next, a thick layer 
(A263) composed almost solely of charcoal is present, with 
a horizontal orientation of elongated components. Sand is 
near-absent. The in situ fragmentation of charcoal fragments 
is indicative of disappeared ash (Huisman et al. 2020). This 
unit is interpreted as hearth waste which was spread in large 
quantities, and possibly trampled, consistent with the main-
tenance considered a typical “central aisle signature” (Milek 
& French 2007). Higher in this unit lies a walking surface 
composed of a mix of decalcified ash, charcoal, and sand. 
Locally, zones of thinly laminated remains of organic mat-
ter (mostly amorphous or disappeared) with articulated phy-
toliths can be observed, while no anthropogenic inclusions 
save for non-metallurgical slag are present. The geochemical 
signal in this area is mainly rich in common anthropogenic 
markers such as Ba, Ca, Mg, P and Sr, and to a lesser extent 
also Fe. From the elemental distributions of Ca, Fe, P and Sr 
it appears that part of the front half of the central aisle had a 
possible preferred walking path crossing from one side aisle 
to the other, as indicated by a band with enhanced levels 
of these elements. Additionally, this is also reflected as low 
levels in Si.

This is in contrast with the southern half of Area E, repre-
sented by thin sections 16 and 17. Here, the occupation sur-
face overlies a silty clay floor with an organic temper (A281, 
perhaps derived from cow or horse dung that could no longer 
be recognized, as attested in ethnographical research, see 
Lisá et al. 2020). Its localized rubification is in this case 
likely due to oxidation and reduction rather than in situ burn-
ing, as it is located low in the unit and contains ample iron 
nodules. It has been partly worn away, possibly due to traffic 
rather than truncation, before or while unit A263 was laid 
down. In this area, A263 is composed of an alternation of 
sand layers, decalcified ash, thin charcoal bands and thin 
lenses of trampled anthropogenic materials, such as bone. 
Both thin sections have been subjected to a relatively high 
amount of bioturbation, obscuring the original fabric. In thin 
section 17, a stronger microlamination in the top c. 1–1.5 cm 
points to an active floor surface with maintenance and use 
and an increased amount of charcoal and traces of trampling 
traces. In thin section 16, however, the top of the occupation 
surface is composed of articulated phytoliths of which the 
organic component has burnt in situ, representing a highly 
heated grass floor cover (Croix et al., 2019a; Friesem 2018).

In this part of Area E, the geochemical signal shows a 
depletion in most elements. Concentrations drop for Ca, 
Fe, Mg, P and Sr, while it remains relatively high for Si, 

correlating with the presence of phytoliths, molten phyto-
liths, sand and non-metallurgical slags identified in micro-
morphology. The magnetic susceptibility is increased across 
several smaller areas of the central aisle, possibly reflecting 
the presence of smaller hearths as also reflected by in situ 
burning and burnt clay. Fe and MS do not correlate along 
the central aisle.

Area F – Textile work and domestic area

This area is divided into two separate functional spaces: 
one in the central aisle, in the general vicinity of the hearth 
(A273), and one in the northwestern side aisle, interpreted 
as a textile working and domestic, sitting or sleeping area, 
possibly continuing into Area G.

The geochemical signal in Area F generally appears low 
in most elements, but with high concentrations of the com-
mon anthropogenic markers (Ba, K, P and Sr). Burnt clay 
fragments show a strong correlation to the hearth (A273), 
which is also visible in elevated concentrations of Ca and Sr 
as well as slightly lower Si-levels.

In the westernmost part of the northwestern side aisle, 
thin section 24 contained three subunits and was interpreted 
as an indoor context because of its lack of bioturbation or 
other disturbances, as well as the optimal preservation of 
anthropogenic components and articulated phytolith sys-
tems, and preferential orientation of components. However, 
the units were not separated during excavation. They are 
presumed to belong to house K22c based on their vertical 
position in the stratigraphy and relationship to other units 
of the same level. In this part, at the presumed very back of 
the building, a thick dump of combustion waste had been 
deposited. It was predominantly composed of decalcified 
plant ash and the remaining silica slag from phytoliths (Mat-
thews 2010), charcoal, charred plant matter, burnt bone and 
clay aggregates. The paucity of sedimentary material is 
striking. Corresponding to this, in the western side of Area 
F high concentration hotspots with Cl and Na are present. 
These elements could originate from urine or seawater and, 
together with the presence of K, possibly originating from 
ash, and the slightly alkaline pH, this might indicate work-
ing with lye for washing or treating textiles. Alternatively, 
salt may have been stored in a recipient for use in e.g. food 
preservation in this location.

Occupation layer A263 strongly slopes down from the 
central aisle and hearth area towards the northwestern side 
aisle into what appears as a sunken-floor area. It may be due 
to floor collapse or a footprint in soft material, subsequently 
filled or repaired with ash, or it may have been established 
on purpose for a specific activity or for accommodating fur-
nishing. The floor may have been less stable in this location 
due to the absence of a clay floor. Overall, K22c was richer 
in loom weight finds (27 ex.) than K23, the majority (23 
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ex.) being concentrated within a c. 2 × 1.5 m area in Area 
F (A263). The four remaining loom weights were found in 
Area G. Area F appears to be particularly rich in diverse 
domestic material, vitrified fuel ash, glass vessel sherds and 
glass beads, but without animal bones (Figs. 12 and 14). 
This might be due to the low-lying position of the area and 
to the softness of the deposits, making it more likely for 
small items to become embedded. Together with the geo-
chemical evidence, it suggests a rather messy area, dedi-
cated to various steps of textile processing and fabrication. 
Its close vicinity to the hearth area may have had practical 
advantages, not least in terms of comfort and light, but also 
a nearby source of ash for lye production.

The very back part of Area F holds low levels of almost 
all elements, including depleted values of Ba, which is oth-
erwise present across the entire indoor area, except for parts 
of Area G. The Ba-signal resembles that of Area I, which 
indicates either an outdoor area or alternation with periods 
of indoor space here.

Area G – Sitting, sleeping, and an earlier, burnt down house 
area

This area is interpreted as a sitting and/or sleeping area, 
continuing on from and similar in use as Area F (Fig. 14). It 
is similar to Area F except for the position of the loom. Only 
a small amount of sedimentary material related to house 
phase K22c could be observed, as most of the thin sections 
contained units belonging predominantly to K22b and K23. 
This is also reflected in the evidence from the bulk samples, 
where the elevated magnetic susceptibility and general low 
elemental concentrations can be related to K22b.

For house phase K22c, only very little evidence is cap-
tured in the thin sections regarding this area. Only a small 
amount of unit A263 related to K22c was preserved, due 
to significant truncation and the subsequent laying down 
of thick, silty clay floors with an organic temper belonging 
to K23 (A256). The silty clay floors or preparation layers 
belonging to house K23 in areas G and F are extremely thick, 
likely to compensate for the difference in level caused by the 
sunken underlying layers. Based on observations from thin 
sections 21 and 22, an organic floor cover is likely in this 
area as well. However, it has become strongly bioturbated so 
that specific plant organs could no longer be identified, but 
a considerable input of organic matter has been preserved, 
along with some mixed-in combustion waste and clay aggre-
gates. In the few areas where the original matrix is better 
preserved, a horizontal orientation of organic fragments can 
still be observed. Analogous to the better preserved evidence 
from K22b, a considerable input of grasses in the previous 
phase can be hypothesized. Grass stems may have served as a 
floor cover, or even bedding for activities such as sitting and 

sleeping in areas F, G, and perhaps even extending as far as 
Area H (see below).

Together with Area F, the size of the sitting or sleeping 
area would have been approximately 1.8 × 2.3 m. Perhaps 
this was not the only sleeping area in the house (there is no 
information available from the unexcavated southwestern 
part of the southeastern side aisle), but it would have been 
large enough to accommodate a number of people. Possibly, 
even Area H may have been included in this space.

Area H—Domestic activity in K22c makes room 
for metalworking in K23

In house K22c, Area H is interpreted to include domestic 
activities, possibly similar to those in areas F and G (Fig. 14a), 
while house K23 comprised a workshop for metalworking here 
(Fig. 14b). Both the micromorphological and geochemical 
results are related to house K23. Only a small portion of unit 
A263 belonging to K22c was captured in thin section (thin 
sections 19 and 20), and it appears to have been truncated, after 
which silty clay floor in K23, A256, was laid down. As in Area 
G, most of the activity surface of K22c has been removed in 
the building of K23 in the northwestern side aisle.

Both micromorphological samples demonstrate a moder-
ate degree of bioturbation in unit A263, however, its origi-
nal fabric can locally still be discerned. In those cases, they 
show an activity surface containing a mix of clay and com-
bustion waste (mostly decalcified plant ash and charcoal) 
in different concentrations, as well as relatively common 
organic components in the form of wood chips or shavings 
and (semi-)continuous bands of grasses. A marked concen-
tration of these organic components is present right beneath 
the clay layer (A256), where they may have been better 
protected from turbation. A strong horizontal orientation 
of elongated components suggests a gradual accumulation. 
Overall, the surface cover and treatment resemble that of 
unit A263 in the side aisle captured in areas G and F, and 
may suggest a similar flooring using organic bedding such 
as wood and bark chips or shavings and grass, as well as a 
similar, domestic use.

Unit A263 is truncated by a clay preparation layer or floor 
in the location of thin section 20, and by a thick alterna-
tion of thin clay and sand layers with abundant phosphatic 
and iron features, and a few traces of metalworking in thin 
sectione 19 (labeled unit A256 everywhere, despite its dif-
fering compositions). The pedofeatures are likely associated 
with elements that have moved down the stratigraphy from 
higher up in K23.

The geochemical signal is related to deposits from 
house K23 (A264). The area holds several elemental hot-
spots with very high concentrations of metallic elements 
not found elsewhere in house K22c or K23. These include 
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Ag, Cu, Pb, Sn and Zn, which are all known to be related 
to metalwork. The metal-hotspot is accompanied by the 
highest magnetic susceptibility values found across the 
analysis, probably enhanced by the increased amounts 
of metals in the sediment. Additionally, high concentra-
tions of Ba, Fe, Mg and P are also found, but mainly in 
the northern part of the area and with corresponding low 
levels of Si. These common anthropogenic markers could 
possibly originate from a furnace or the like which was 
used for the metal processing. Some of the magnetic sus-
ceptibility signal would also be caused by the resulting 
heating. Micromorphologically, unit A264 is represented 
by an accumulation of distinct surfaces related to metal-
working (thin section 19). Approximately twelve separate 
laminations could be discerned, which contained varying 
amounts of metal slag, metal impregnations of the fabric, 
traces of small mould or crucible remains, and organic 
remains. This area appears to have been intensively used, 
and an alternation between thin metalworking or dump-
ing episodes, grass surface covers, and in situ heating 

of the sediment can be observed. Especially the greyish 
lamination in the middle of unit A264 contains abundant 
large metalworking slag fragments, which in microXRF 
imaging (Berthold & Mentzer 2017) of the impregnated 
block appeared to be copper. In addition, slags and impreg-
nations of iron, copper, zinc, and lead were identified 
(Fig. 15), and show how different types of metals were 
being handled. Tin was also identified in the geochemical 
pXRF analysis, but not in the microXRF of the impreg-
nated block.

Casting mould fragments are strongly associated with 
the floor of K23, and, apart from an overall messier area 
at the south end of the house, largely absent from K22c. 
These fragments too reflect different patterns of waste 
management, and the dominant craft activity performed 
in K23. The metallurgy workshop within K23 has a lower 
density of casting mould fragments, which also weigh less 
on average, marking the area where moulds were broken 
after casting and the select removal of bulky waste from 
the working area.

Fig. 15   MicroXRF image 
(resolution 25 × 25 µm) of the 
metalworking area captured in 
thin section 19 (see Fig. 11), 
showing the laminations of 
elevated Fe, Cu, Zn and Pb 
concentrations in ppm
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Area I—Pathway

Area I is interpreted as an outdoor pathway or road (Fig. 14), 
consistent with the on-site interpretation. It is difficult to dis-
tinguish the precise levels that correspond to buildings K22c 
and K23, as there were no clear macroscopic distinctions 
between the stratigraphic units defined in this area. Likely, 
unit A291 corresponds to all phases of building K22, and 
units A265 and A243 correspond to building K23. The area 
generally appears low in most elements (Ba, Ca, Fe, K, P, Sr 
and As), which along with the acidic pH correlates well with 
leaching of the anthropogenic elements and larger minero-
genic fractions as indicated by high Si concentrations. The 
geochemical signal clearly shows a difference between the 
indoor and outdoor deposits, with very low elemental con-
centrations in the outdoor area as defined by Area I. In the 
northern part of Area I, the geochemical signals approaches 
mean values for the depleted elements, however, they still 
display lower concentrations than in the indoor areas.

The micromorphological evidence shows an outdoor 
deposit consisting of a moderately sorted medium sized min-
eral fraction, with units A291 and A243 strongly resembling 
each other. Fluctuations in waterlogging are indicated by the 
presence of trace amounts of pyrite and vivianite formation 
(Karkanas & Goldberg 2018). These are more abundant in 
the lower-lying A291 corresponding to building K22c, than 
in A243 corresponding to K23. The lower-lying unit also 
contains more fine organic matter, and both contain insect 
remains and fungal sclerotia. The insect remains in these 
youngest strata on site were not preserved well enough for 
entomological analysis (Allison & Kenward 2022). Faunal 
turbation is represented by organo-mineral excremental 
micro-aggregates and earthworm channels. Both units con-
tain limited anthropogenic inclusions in the form of charcoal 
and highly weathered, fragmented, cracked, rounded to gel-
lified bone remains, including burnt bones, supporting the 
hypothesis of an outdoor context (Brönnimann et al. 2020). 
Most inclusions are silt to medium sand sized, with rare 
fragments up to 2 cm, which have a horizontal orientation 
but no indications for direct trampling.

All these indications lead to a hypothesis of a wooden 
trackway being present as, despite the wet conditions, no 
direct trampling, puddling, or pressing in of soil or sediment 
aggregates could be discerned (Banerjea et al. 2015; Rentzel 
et al. 2017). The low amounts of element concentrations in 
Area H could also support the presence of wooden planks, 
and hence, no predominantly sediment being deposited 
through the tracks, preventing a significant direct deposition 
of elements into the sediments below. This hypothesis is fur-
ther strengthened by unit A265 which consisted of patches 
of mixed silt and sand at the interface between A291 and 
A243 in the southeastern part of Area H. The presence of 
molten and blackened phytoliths, as well as traces of fine 

charcoal, burnt bone, and non-metallurgical slag, suggest 
that it was originally a deposit mixed with domestic combus-
tion waste, including ash, of which the calcitic component 
has been thoroughly leached. Additionally, no S appears in 
this unit, which contains only limited amounts of organic 
matter. Sulphur only appears in the outdoor areas, and espe-
cially in Area I. This element is likely correlated to the pres-
ence of organic matter, which is more pronounced in the 
outdoor areas than indoor. The size of the inclusions is in 
line with the hypothesis of a trackway. However, no micro-
scopic traces, nor absence of wooden planks due to oxida-
tion (cf. Gebhardt & Langohr 1999) were found, so if such 
planking was present, this had possibly been systematically 
removed during repairs. Instances of wooden trackways were 
encountered lower down in the stratigraphic sequence (Croix 
et al. 2022), thus showing precedents of this feature on site.

Area J—Household waste surrounding the building

Area J is interpreted as an open area surrounding the plot 
where household waste was discarded on a regular basis 
(Fig. 14). Generally, the micromorphological samples 
exhibit strong modern root and faunal turbation in Area 
J, especially to the southwest of the excavation area. The 
units captured in thin sections 8–10 can be related to the 
levels of houses K22 and K23, but a specific attribution 
to their subphases was not always possible. The clearest 
case for an outdoor deposit is presented by thin section 9, 
where the bottom unit (A343 or A291) contains evidence 
for the dumping of waste. This includes high amounts 
of amorphous organic matter, and waste related to food 
preparation, food consumption, and combustion, as well 
as traces of construction materials (clay). All bone frag-
ments, including burnt bone, are extremely weathered or 
diagenised, and have suffered from bacterial and fungal 
attack (Fig. 10; Brönnimann et al. 2020; Huisman et al. 
2017). Fungal spores, fungal sclerotia, and insect remains 
are present as well, and past mesofaunal bioturbation is 
consistent with an outdoor location (Courty et al. 1989). 
The different types of waste have been somewhat mixed 
prior to deposition, but a degree of gradual accumula-
tion is likely, attested by the horizontal orientation of 
large fragments. Towards this southern part of the area, 
the common anthropogenic markers and plant nutrients 
such as Ba, Ca and P disappear from the geochemical 
signal and are replaced by high concentrations of K, S 
and acidic pH. High levels of S together with acidic pH 
correlate well with an increase in organic matter. Despite 
the absence of plant nutrients, the joint signal from micro-
morphological evidence and S distribution in relation to 
the recognized food preparation in Area C indicates likely 
dumping of waste into the southern part of the plot mar-
gin during the life of house K22c. In a higher-lying unit 
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(A291 or A243), the waste seems more strongly related 
to activities belonging to K23, such as a higher concen-
tration of combustion waste rather than food preparation 
waste, metalworking waste specifically related to iron, 
and possible crucible or burnt casting mould fragments.

Thin section 8, on the contrary, is still indicative of 
an indoor deposit, demonstrating the extent of the roofed 
house into the northeastern direction. Despite high lev-
els of bioturbation, parts of silty clay floors with an 
organic temper have remained preserved here (A280), 
at two levels. The topmost level may not be recognized 
as such during excavation due to its fragmentation. Both 
unit A288 below and A262 (possibly also A275) on top 
(sometimes related to outdoor deposit A266 during exca-
vation), exhibit signs of trampling. Between the clay 
layers, floors appear to have consisted of strewn organic 
matter remains, currently no longer identifiable under the 
microscope, as well as spread combustion waste. Only 
traces of fungal spores were present in the matrix. The 
presence of a large bone fragment in unit A263 could be 
explained by its close proximity to the house wall (Baner-
jea et al. 2015; Macphail et al. 2004). The northern part 
of Area J generally shows enhanced levels of common 
anthropogenic markers (Ba, Ca, P and Sr) as also evident 
elsewhere in the indoor deposits. The pH shifts between 
neutral and slightly acidic here, showing the changes from 
indoor to outdoor deposits, but the position of this transi-
tion might be a defect from the pH-analysis only being 
measured in a 1.0 m grid.

For thin section 10, the evidence is less conclusive. The 
upper unit (attributed to A291, but perhaps in reality A262) 
contains decalcified ash aggregates similar to those found in 
thin section 8, horizontal orientation of inclusions such as 
organic matter, as well as traces of trampling. The charcoal is 
highly fragmented, suggesting a considerable past presence of 
ash, as in other indoor deposits. Unit A343 below it contains 
a gradual accumulation of food processing and/or preparation 
waste, including a large quantity of bone, and combustion 
waste. The presence of an in situ fragmented bone suggests at 
least one instance of trampling (Rentzel et al. 2017). However, 
this area does not appear to have been a ditch with stand-
ing water in the locations where it was securely interpreted 
as outdoor either (i.e. thin section 9), so this may not be an 
uncommon instance. Due to the extremely high level of bio-
turbation, likely enhanced by the absence of clay flooring, the 
micromorphological evidence is inconclusive for this unit.

Archaeological implications

Summary of interpretation

•	 The house floor layers investigated here show a brief, 
high-definition sequence of a few years in a long site his-

tory, with buildings constructed from clay, wood, wattle, 
bark and grasses and reeds as also described in Sindbæk 
(2022a).

•	 The sequence targeted showed mainly a phase of domes-
tic function, including food production, as well as tex-
tile working. After a few years, the building was re-
constructed and re-purposed for extensive non-ferrous 
metalworking.

•	 The house had a well-defined internal layout visible mac-
roscopically, but its understanding is greatly improved by 
the geochemical analysis and soil and sediment micro-
morphology.

•	 We can trace a division into working areas answering to 
various practical needs in terms of light, messiness, heat-
ing. Food preparation area in C, with fire, ash, embers 
and food products, was kept strictly divided from a textile 
working area with wool and probably also plant fibres, 
and processes such as spinning, weaving and probably 
also fibre treatment with lye.

•	 The building was clearly a designated space for a par-
ticular range of activities. There was no trace of many 
other crafts practiced in the neighbourhood, and seen at 
other floor levels in the stratigraphy – for example iron 
smithing, bone and antler working, wood working, or 
glass bead production.

•	 The building shows an integration of artisanal and 
domestic activities under the same roof, rather than sepa-
rate industrial and domestic quarters. This must reflect 
the social fabric of the settlement, with production char-
acterized by domestic industries rather than separate 
workshop communities (cf. Ashby & Sindbæk, 2020).

Wider context in the excavation

•	 House phase K22c represents a period of a few years. 
Based on the indications from radiocarbon dates com-
bined with the number of house phases seen in the 
stratigraphy, the individual sub-phase must have lasted 
5–10 years on average.

•	 Finds from the sub-phases immediately preceding K22c 
suggests that a similar range of activities had character-
ized life in this building for some time. They include 
evidence for a baking oven and a loom, but few other 
craft-related items.

•	 Some 10–20 years previously, during building phase 
K21, the plot had been used for a bone and antler work-
shop, which left prolific debris. Immediately after the end 
of building phase K22c, a non-ferrous metal workshop 
was established on the plot in building K23.

•	 Similar shifts occur at a varying rate throughout the stra-
tigraphy of the c. 200 year occupation history of the site. 
The pace of change suggests that the same occupants 
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may have used the building for extended periods, ranging 
from a few years to more than a generation.

•	 Most buildings examined in this early urban sequence 
had evidence for extensive practice of specialized crafts. 
In this context building K22 initially seems to stand 
somewhat apart, with its mainly “domestic” activities of 
food production and textile working. Evidence for tex-
tile work is present in most buildings examined in the 
town, and appears to have been a widespread household 
industry. In early medieval Scandinavia, textile working 
was generally considered a female domain, and the wide-
spread textile working may thus indicate that the houses 
were often home to family units, rather than, for example, 
itinerant craftspeople or servile labourers.

•	 This is consistent with evidence from the town’s cem-
etery, which shows graves of women, men and children 
(Croix 2020b).

•	 However, the presence of the baking oven may indicate 
that the occupants of building K22c also had a special 
trade. Remains of ovens are only found in a few of the 
many buildings examined in the site. This could suggest 
that bread and other food was prepared here for a wider 
neighbourhood. While not a craft for wider circulation 
like comb-making or glass bead production, this form 
of production and its practitioners would have been a 
significant part of the internal economic networks of the 
early urban community.

‘Experimental’ elements; hypotheses and questions 
for further research

Arsenic and manganese concentrations were only elevated 
in the food preparation part of Area C. Since the elements 
are only distributed in this limited area with known use, it 
appears to be a marker for food processing or foodstuffs in 
general. Arsenic can in aerobic environments be associated 
with organic matter (Alloway 2013), which is probably why 
it appears as a marker in this area. However, future studies 
are needed to further clarify this relationship, especially for 
As, in archaeological contexts outside metalworking areas.

In the back part of the house, Area F holds one large 
hotspot with coinciding high concentrations of both Cl and 
Na. The combination of these two elements is usually related 
to presence of seawater or urine (Milek & Roberts 2013; 
Sulas et al. 2017). In this study, the two elements are present 
together with large amounts of ashes and alkaline pH, pos-
sibly indicating the use of urine or seawater for production 
of lye for textile working. However, the high-concentration 
areas of Cl and Na are closely located to the possible place 
of a weaving loom, so perhaps it was simply an area used 
for the storage of lye or soap (e.g. in a barrel) rather than the 
in situ processing or cleaning of wool.

An apparent difference between indoor and outdoor 
deposits seems in Ribe to be indicated by the presence of S, 
as enhanced concentrations were only found in the outdoor 
deposits related to the pathway in front and plot margin east 
of the house. However, since S bonds strongly to organic 
matter and can be found in plant material (Bohn et al. 2001; 
Cannell et al. 2020), the relationship is probably between 
organic rich deposits and S instead of indoor/outdoor areas. 
This is supported by Cannell et al. (2020) who associated S 
to either organic matter, pyrite (FeS2) or argentite (Ag2S). 
Here, only trace amounts of pyrite were observed during 
micromorphological analysis, and no enhanced levels of Ag 
or Fe are found related to S. Hence, it is most likely that 
organic matter is the source of S. Indoor deposits from Ribe 
did contain some organic matter, but in these excavation 
units it was completely decomposed so that only silica bod-
ies remain, and hence, one possibility is that S-concentra-
tions are linked to the preservation state of the organic mat-
ter. We encourage future studies to include further analysis 
on the relationship between S and organic matter in archaeo-
logical and anthropological studies.

Finally, we found that Si appears to be a useful marker for 
chemically “clean” indoor areas (e.g. in Area E), since the 
weight percentage of Si will be relatively higher when other 
elements are not deposited or retained in a natural sediment. 
As noted by Cannell et al. (2020), Si is usually inherited 
from coarser silicate minerals, quartz and clays, and it can 
as such also be included as a marker for the geological input 
to the deposits. Additionally, inorganic residues of biological 
origin, such as phytoliths and diatoms, could also enhance 
the amounts of Si measured. Regardless of its origin being 
mainly geological, Si appears useful as an archaeological 
proxy when other elements are missing or low due to e.g. 
cleaning as suggested here.

Conclusion

This paper demonstrates how a combined approach of 
micromorphology, geochemistry and the study of artefact 
distributions presents a good fit to characterise and map 
the activities and use of space of a building’s indoor and 
outdoor setting. In addition, the contribution of micro-
morphology in particular, is to enhance our understanding 
of the complex stratigraphy and depositional history of 
an urban site as a framework for the artefactual and geo-
chemical evidence. It confirms the result of ethnographical 
studies, namely that truncations and house maintenance 
are an important part of the archaeological record, and 
often remain better visible than some of the anthropogenic 
activities that took place. Geochemistry, on the other hand, 
is better suited to demarcate larger areas of use, since 
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the number of samples that can be analysed provides an 
increased coverage of the surface.

Some parts of the house analysed for this study at the 
Viking-Age emporium Ribe did not contain clay floors, 
causing problems with the distinction between the two house 
phases under scrutiny, K22c and K23. Locally, the breaking 
and sinking of floors showed continued issues with structural 
stability. Nevertheless, a division into areas where specific 
activities took place could be proposed for house K22c (c. 
790–810). The house served a predominantly domestic pur-
pose, as opposed to earlier and younger phases, where respec-
tively glass bead making and metalworking are attested. The 
central aisle was the main area of traffic, while the side aisles 
and front rooms housed activities such as food processing, 
sitting or sleeping, weaving, and storage. On the basis of these 
functional areas, it can be hypothesised that the front part of 
the house was a place for social contact with the urban com-
munity, while the domestic life of the household was cen-
tred around the hearth at the back. A shift in activities was 
apparent between house K22c and younger K23, where the 
northwestern aisle shifted from being used for sitting or sleep-
ing to metalworking, and the southeastern side aisle from the 
processing of food to weaving and possibly sitting area.

Finally, we suggest a number of “new” elements that 
show interpretative potential, which are advised to be 
included in future research. Arsenic and Mn were only vis-
ible in the food preparation area of the house, and hence 
appears to be markers for activities related to food process-
ing or foodstuffs in general. Near the location of a weaving 
loom in Area F and G, concentrations were high for Cl and 
Na, possibly indicating storage for lye or soap, which could 
be used in combination with production of textiles using lye. 
Sulphur appears to reflect deposits rich in organic matter, 
possibly depending on the preservation state of the organic 
matter, since no S was recognized in indoor deposits where 
all organic matter was oxidised. Lastly, usability of Si and 
S in archaeological contexts warrants further attention, i.e. 
to reflect areas that have been kept clean and areas high in 
decomposed organic matter. A multi-proxy geochemical and 
micromorphological study is made for complexity. In using 
the result to make sense of the use of space and stratigraphy, 
simplicity is indeed a virtue; but it certainly requires hard 
work to achieve it.
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