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ARTICLE INFO ABSTRACT

Keywords: This pilot research presents the first study integrating digital submillimetre image-based 3D modelling with
Photogrammetry experimental archaeology to examine how soapstone sinker stones, dated to the late Mesolithic and early
Actualistic experiment Neolithic periods in Western Norway (6400-3300 cal. BC), were manufactured and engraved. Photogrammetry
:?;E::me was used as a bridging method to compare archaeological artefacts and experimental data. Applying the same

high-accuracy digital solutions to five archaeological and 26 experimentally commissioned replica sinkers,
permitted linking characteristic features of engraved surfaces with specific tools and techniques. This enabled
identifying and distinguishing flint-made surface modifications from quartz, bone and sandstone, and revealed
novel information on key aspects of the sinker’s biographies and chaine opératoire, including the initial shaping of
the blank by means of grinding stones, the relative chronology of the engraving process, and damage to the
artefact surface caused during use-life and via post-deposition processes. This study suggests that the central
furrow on the soapstone sinkers, assumed to function for fastening a line, was produced in a consistent way,
likely with quartz tools, while other incisions showed more variation. Aesthetic concerns are one possible reason
for these differences, though others should be considered; future studies may help provide greater insight into the
reasons driving this preference.

Late mesolithic
Early neolithic

1. Introduction above the hook. The weight helps to lower and secure a baited hook
down to the desired depth, which can be crucial for targeting specific
species of fish that feed at particular levels in the water. It is presumed

that Mesolithic and Neolithic sinkers were used in combination with

This paper reports on the first study integrating digital submillimetre
image-based 3D modelling with experimental archaeology to examine

how soapstone sinker stones, dated to the late Mesolithic and early
Neolithic periods in Western Norway (6400-3300 cal. BC), were man-
ufactured and engraved. Small soapstone implements, sometimes
referred to as “coffee-bean sinkers” due to their characteristic oval shape
and central lengthwise furrow, are a distinctive artefact type uniquely
distributed along the Atlantic coast of Western and Southwestern Nor-
way between c. 6400-3300 cal. BC (Figs. 1 and 2). The central furrow is
assumed to allow attachment to a line, hence why these items are
commonly interpreted as sinker stones used for fishing. Sinker stones,
also known as fishing weights, are usually attached to the fishing line
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small bone fishhooks for line-fishing in shallow water (/Dkstveit, 2008,
573; Bergsvik, 2017: 81-84; Skjelstad, 2003). When retrieved from
verifiably dated archaeological contexts, soapstone coffee-bean sinkers
(hereafter referred to as bean sinkers) most often occur at Late Meso-
lithic sites, or from mixed Late Mesolithic and Early Neolithic occupa-
tion layers (Bjorgo, 1981: 107-108, 113; Bergsvik, 2017: 81). They also
appear as undated stray finds (Bergsvik, 2017: 75, 86). In total, more
than 500 artefacts have been classified as bean sinkers in the Norwegian
national database of university museum collections. Most have an oval
shape, are less than 2 cm in length and weigh less than 10 g, but larger
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Fig. 1. Map with geographical distribution and frequency of all soapstone bean sinkers attributed to the Late Mesolithic and/or Early Neolithic. Find locations of the
specific sinkers discussed in the text (see Fig. 2) and quarry locations of the soapstone used in the experiments are highlighted (map: Mette Adegeest).
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Fig. 2. Five engraved “coffee-bean sinkers” from Rogaland were examined in this study (photo: Annette Gresli @vrelid, AM-UIS).
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Table 1
Basic data for the five selected archaeological sinkers.

Digital Applications in Archaeology and Cultural Heritage 37 (2025) e00427

Artefact ID. Municipality Find year Find method Attributed to Dating method
59360t Karmgy 1968 Surface collection Late Mesolithic - Neolithic Assemblage typology
$9604r Eigersund 1971 Excavation Neolithic Assemblage typology
s10358e Sandnes 1988 Excavation Late Mesolithic Cl4

510358z Sandnes 1988 Excavation Late Mesolithic Cl4

S13484.11 Kvitsgy 2015 Excavation Late Mesolithic - Late Neolithic Cl4

and more irregular examples have also been registered (Bergsvik, 2017).
This paper focuses on the small sinkers (>10g), a dataset of 387
artefacts.

The bean sinkers are occasionally more elaborately engraved with
criss-cross-patterns and other geometric designs, multiple crosswise
furrows, and/or side notches (Fig. 1). This concerns 14 % of the small
sinkers. Most researchers assume these surface modifications are purely
ornamental (summarised in Bergsvik, 2017: 86-89), whilst some have
suggested possible technological functions (Bj¢rgo, 1981: 111). Early
archaeological debate has further questioned whether these objects are
too small and lightweight to have functioned as sinkers for line fishing
and proposed an alternative interpretation as amulets or pendants
(Bge, 1925, 1934; Bakkevig, 2021). Soapstone is soft and easy to carve,
which may be why various other types of engraved soapstone artefacts
such as hatchets and mace heads occur across Southern Norway during
the Mesolithic period (Glgrstad, 2002).

So far, basic information about how soapstone artefacts and associ-
ated engravings were made, and what tools were used to produce them,
is lacking. It has been suggested that lithic blades or flakes and/or
grinding stones may have been employed to make the engravings, and at
some excavated sites, pieces of soapstone, possibly representing crafting
debris, have been noted (Bergsvik, 2017: 79, 86). Until now, no exper-
imental research has tested this theory or produced empirical datasets -
vital for cross-referencing and interpreting archaeological specimens.

The primary objective of this study was to obtain novel information
on how the sinkers and the furrows/grooves were manufactured. By
integrating experimental archaeology and image-based 3D modelling,
we aim to: 1. advance current understandings of production techniques;
2. identify the tools employed in making the furrows and grooves; 3.
distinguish intentional engravings from surface modifications caused by
erosion or use; and by extension, 4. make advancements in the field of
digital imaging techniques by applying these methods to engraved
soapstone artefacts for the first time.

We provide here a digital study of engraved soapstone surfaces,
employing technological solutions grounded in image-based 3D
modelling, and the post-processing of high-polygonal surfaces, under-
taken on archaeological finds and experimentally commissioned sinkers.
By studying the submillimetre variations in experimentally produced
objects and archaeological artefacts in tandem, we aim to establish a link
between the morphology of engraved surfaces and the engraving tech-
nology, opening the possibilities for applying these methods and
knowledge to a wider dataset. By doing so, we aim to deepen our un-
derstanding of this understudied category of engraved Mesolithic ob-
jects and push the current trends in 3D-modelling of stone artefacts
forward.

3D modelling of archaeological artefacts offers a useful method for
capturing information on different aspects of production techniques,
sometimes even use and post-depositional damage. Rarely, however, is
this information alone sufficient to make detailed interpretations
regarding specific modes of manufacture, use etc. Like use-wear analysis
(see Bamforth, 2010; Van Gijn, 2010), 3D modelling of artefact surfaces,
we argue, requires cross-checking with 3D models of experimentally
replicated artefacts.

In this paper we show how 3D studies of experimental datasets
provide valuable comparative reference data for interpreting soapstone
technology. We present results of a digital study combined with

actualistic experiments — an approach which recreates past practices by
employing methods and materials known to have been available to the
people/time period studied (Outram, 2008; Nami, 2010; Lin et al.,
2018). To this end, replicas of Mesolithic tools (discussed in more detail
below) commonly found on Norwegian Mesolithic and Early Neolithic
sites from Western Norway (Bjerck, 2010; Damlien et al., 2024; Nyland,
2016; Skjelstad, 2003) were used to manufacture the sinkers and the
engravings. Our hypothesis asserted that by integrating 3D and
(actualistic) experimental methods of sinker production it is possible to
identify different (broad) categories of soapstone sinker-making tools.
Experiments were executed to assess whether the shape and depth of the
engravings produced on replica soapstone sinkers could demonstrably
be shown to correspond with those visible on the artefacts. Drawing on
earlier suggestions (Bergsvik, 2017: 79, 86) that grinding stones were
possibly used in the production process, we further aimed to investigate
whether surface traces of grinding and polishing from manufacture
could be visualised and documented on the experimentally produced
replicas. Essentially, by comparing high-resolution digital images of
surface information on archaeological and experimentally produced
sinkers, we aimed to establish the manufacture- and engraving stages of
the bean sinker chaine opératoire. Finally, we wanted to see whether it
was possible to identify soapstone debris resulting from the
manufacturing process as a means of potentially identifying not only the
toolkits but also in situ production spaces in the future, as achieved for
other Northwestern European Mesolithic artefacts, such as axes (e.g.,
Carlsson, 2007; Eymundsson et al., 2018; Conneller et al., 2018) and
bone tools (Molin and Gummesson, 2021).

2. Material and methods
2.1. Archaeological and experimental materials

Five archaeological sinkers from Rogaland were digitized and ana-
lysed (Fig. 2; Table 1). These were selected as being representative of the
overall type (bean-shaped with a central furrow) and for displaying a
variety of surface modifications, including perpendicular grooves, criss-
cross patterns and side-notches. For the experiment, soapstone was ob-
tained from two different quarries’ One sample batch consisted of
soapstone waste pieces, removed from a medieval church during
restoration work, originally sourced from the local quarry at Rennesgy
in Rogaland (Fig. 1), The other sample batch came from a modern
soapstone quarry in Malselv, Northern Norway. Both types are light to
medium grey when dry and dark grey when wet. The Rennesgy stone has
a schistose structure and varies in hardness: some pieces are very soft
and crumbly, easily scratched with a fingernail, while others are more
solid. The Malselv soapstone is harder and has a more massive and ho-
mogenous structure. Both types have sporadic harder inclusions, prob-
ably of quartz and pyrite, varying from small nodules of ca. 1 mm in
diameter to bands of several mm thickness which cut through the
soapstone.

Four different grinding slabs were obtained to grind the soapstone
pieces into desired shape, made of Devonian sandstone (1), red quartzite

1 The materials were acquired by donation from the stone masons working
with the restoration of St. Swithun’s Cathedral, Stavanger.
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Fig. 3. EPO examined in this study (photo: Simon Radchenko/Anja Mansrud).

1. Preform 2. Blank 3. Furrow

Z

5. Polishing 4. Incisions

1. A rough-out is reduced to the approximate desired size, using knapping, hammering and/or rough
grinding to create a preform.

2. Preforms are then further shaped into blanks by grinding the perform on a grinding slab and/or
handheld grinding stone.

3. The central furrow is created using either a sharp stone tool, the narrow edge of a grinding stone,
or a bone splinter.

4. 0n some EPO, sharp stone tools or bone are then used to create further engravings, replicating
patterns (e.g., hatched or parallel lines) seen on the original artefacts.

5. Very fine-grained sandstone is used on some EPO to remove grinding facets and unintentional marks
left by overshooting during stages 3 and 4. This is done either as a final step, or between 3 and 4.

Fig. 4. Outline of the main production sequence involved in EPO manufacture (figure: Mette Adegeest).
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Fig. 5. Morphology and terminology of the features and surface modifications
on bean sinkers used in this study (figure: Simon Radchenko).
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(2) and quartzite slate (3, 4); along with four handheld grinding stones
made of Ringerike sandstone (5) and red sandstone (6, 7, 8). Altogether
the grinding stones range in texture from very rough and uneven to on
par with rough sandpaper. This pilot study focuses on sinkers from
Rogaland, South-Western Norway. During the late Mesolithic and early
Neolithic period, the lithic tool-inventory in this region is dominated by
blade-industries, produced from flint, mainly from small pebbles
collected from beach moraine deposits. Quartz, rock crystal and
quartzite was to a lesser degree utilised for manufacturing blades and
microblades (Solheim, 2007; Meling et al., 2020; Nyland, 2016). These
lithic raw materials were thus assumed to be likely candidates for
working soapstone artefacts and were subsequently selected as working
tools in the experimental replication of sinkers. In addition, we wanted
to investigate whether soft soapstone could also be modified using
bones. Flint blades were produced by indirect percussion and flint
microblades by pressure technique; flakes of rough quartz were knapped
using direct percussion; and bone splinters were produced by crushing
bone with a hammerstone. For this initial experiment we opted for a
limited number of raw materials which allowed us to reduce the number
of variables. While few in number, tool materials chosen represented
relatively diverse options: rough flaked stone (quartz), fine flaked stone
(flint), blunt coarse stone tools (grinding stones) and bone. Other types

Fig. 6. a— EPO25, and b — EP0O28, with the tools used to make the furrows. I — a bone splinter; I — thin sandstone grinding stones; III — flakes of rough quartz; IV
— a flint microblade (photo and illustration: Simon Radchenko and Mette Adegeest).

Table 2
Metric, visual, and calculated parameters of 3D models under study.

No Resolution (triangle size),  Alignment error (control scale Accuracy (calculated), Accuracy (based on Model volume, Sinker density,
microns bars), microns microns resolution), microns mm? kg/m3

Experimentally produced objects

EPO7 56 20 6 168 2931.5 2851

EPO8 59 11 40 177 3338.8 3339

EPO25 50 5 8 150 - -
front

EPO25 37 16 44 111 - -
back

EPO28 37 44 44 111 - -

Archaeological artefacts

S10358.e 42 20 59 126 5104.3 3590

S9360t 72 3 11 216 1874.5 3550

S9604 61 57 265 183 3491.4 3036
1930

$10358.z 57 6 171 3567.5 3659s

S$13484.11 58 6 11 174 4926.4 3462
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Fig. 7. 3D models of the experimental reference surfaces and grooves with the
production tool indicated. a — EPO25 bottom side; b — EPO25 top side; ¢ —
EPO28 only one side was worked (Illustration: Simon Radchenko).

of lithic raw material such as mylonite, rock crystal and fine-grained
quartzite were also used in Mesolithic Western Norway (Bjerck, 2010,
Nyland, 2016) and should be tested in future experiments.

A total of twenty-six replicas were produced (Fig. 3). Drawing on
observations of the archaeological specimens and prehistoric techno-
logical methods, basic blanks were manufactured. Additional
manufacturing techniques and tools were tested to gain experiential
knowledge of the workability of raw material and techniques, and to
acquire a diverse range of examples for the digital imaging reference
collection. Throughout the manufacturing sessions experimentally pro-
duced objects (EPO) were compared with 3D models of arcaheological
sinkers. These comparisons further guided our choices as we worked
towards finding suitable combinations of tools and techniques that
would most accurately replicate the originals. The general production
sequence is outlined in Fig. 4; for a glossary of terms used in this paper,
see Fig. 5 and Supplement A.”

A variety of techniques were tested in making replicas, including 1)
short, repeated strokes to form lines; 2) long, uninterrupted strokes; 3)
carving unidirectional lines; 4) carving bidirectional lines; 5) grooving

2 3D models used in the study are available at the link https://doi.org/10.5
281/zenodo.11528043.
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with the long edge of a sharp stone tool; 6) grinding and 7) both wet and
dry carving and grinding. In addition to crafting replicas, two test pieces
were created (EPO25 and EPO28) to form the basis for 3D-modelling
(Fig. 6). Before engraving, the surfaces were ground into a slightly
convex profile, but the pieces were not extensively shaped. Whilst
acknowledging that not all variables can be controlled in an actualistic
experiment like this, we attempted to create test pieces where differ-
ences between furrows would more likely be the result of variation in the
tool material or technique, rather than variation in soapstone hardness/
texture or differential forces applied by different makers. Hence, several
furrows were made by the same person, using different tools and tech-
niques but the same amount of time, and aiming to apply the same force
and angle. Ninety seconds were used per furrow; sufficient time to
produce a furrow of serviceable depth but short enough for the crafter to
work continuously without hand and arm muscles tiring, which would
affect the amount of force and precision. To ensure the possibility of
replicating the experiment, the working processes were extensively
documented by film and photo.

EPO25 (Fig. 6a) enabled comparison between wet and dry carving as
well as different tool materials (a flint microblade, a quartz flake, a thin
sandstone grinding stone and a bone point), with four furrows on either
side made by four different tools, wet on one side and dry on the other.
For each tool, the same technique was employed to either side. On the
dry side no problems were encountered; on the wet side quartz in-
clusions made it difficult to carve into the soapstone which affected the
shape of the created furrows. EPO28 (Fig. 6b) allowed a comparison of
mainly different tool materials, and additionally to compare carving
with the point to sawing with the long edge using a quartz flake and a
flint microblade. All grooves were made on the same side of a piece of
soapstone, selected for its relatively high homogeneity and a visual lack
of quartz inclusions. As with EPO25, a bone point and a thin piece of
sandstone were used in addition to the quartz flake and flint microblade.
A third test piece, EPO8, was ground into an oval shape. Furrows were
then made by means of a flint microblade, a quartz flake and thin piece
of sandstone. No bone furrow was created on this piece. Stone tools were
employed using a sawing motion to create the three furrows.

2.2. Image-based 3D modelling

The details on the data acquisition, including nuances of the toolkit,
adjustments that were made to reach the high resolution and the sub-
millimeter accuracy of the model, camera calibration parameters, mesh
reconstruction parameters, and RSME values for the image-based 3D
modelling, are outlined in the Supplement B. Data on resolution and
accuracy evaluation are presented in Table 2. Based on this data, the
results of our analyses are metrically reliable down to the scale of 0.2
mm (except for S9604, where the accuracy is 0.25 mm) and are visually
reliable down to the scale of 0.06-0.07 mm. The software’s margin of
error for linear measurements depends on the alignment of each
particular dataset and varies between 12 and 118 pm for different
models under study (two times the accuracy calculated using Agisoft
Metashape check scale bars measurements, see Table 2), while the
margin of error with regards to the resolution of the model varies within
240 and 530 pm. Results with even higher precision and accuracy can be
achieved with more elaborate equipment.

2.3. Digital study of engraved soapstone surfaces

Lately, promising results have been obtained with photogrammetry
and laser scanning, including the detection of poorly visible traces (Arca,
1999; Giith, 2012; Domingo et al., 2013; Carrero-Pazos et al., 2018),
relative chronology (Mélard, 2010; Mélard et al., 2016; Milner et al.,
2016; Rondini, 2018; Radchenko and Nykonenko, 2019; Radchenko
et al., 2020; Galantucci et al., 2020) and nuances of production tech-
nology (Hermon et al., 2018). With the further development of 3D
modelling protocols (Marin-Buzon et al., 2021; Cerasoni et al., 2022),
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Fig. 8. Cross sections of the experimental engravings. a — made with sandstone; b — made with quartz; ¢ — made with flint; d — made with bone. Scale in mm.
(Illustration: Simon Radchenko).

Table 3
Quantitative parameters of engravings on EPOs under study.
Number of Average Depth, Average depth variation from FWHM, Depth/FWHM MP Frequency of MP changes
slices mm average, mm mm ratio count per mm
EPO25 Bone 1 25 1211 0,094 0,780 1,55 1,88 0,32
Bone 2 15 1472 0,057 1038 1,42 2,40 0,53
Flint 1, Blade 18 0,809 0,042 0,776 1,04 2,00 1,07
Flint 2, 21 0,735 0,006 0,515 1,43 1,05 0,36
Microblade
Quartz 1 30 2117 0,083 1185 1,79 3,11 1,48
Quartz 2 22 1050 0,069 0,896 1,17 2,50 1,00
Sandstone 1 18 0,482 0,017 1203 0,40 2,06 0,44
Sandstone 2 11 1116 0,060 1501 0,74 1,55 1,45
EPO28 Bone 3 16 0,830 0,012 0,699 1,19 2,00 0,00
Flint 3, blade 26 1250 0,031 0,774 1,62 1,04 0,31
edge
Flint 4, blade 19 0,925 —0,010 0,399 2,32 1,11 0,84
point
Quartz 3, point 26 1565 0,067 1066 1,47 3,81 1,48
Quartz 4, edge 27 1827 —0,014 1571 1,16 5,33 1,19
Sandstone 19 0,619 0,032 1213 0,51 3,26 0,42
EPO8 Flint 24 1763 0,142 0,850 2,08 2,83 1,17
Quartz 22 1629 0,165 1744 0,93 4,09 1,64
Sandstone 20 1094 0,003 1413 0,77 3,50 1,20
EPO7 Quartz furrow 1 19 1,51 0,01 1,01 1,49 4,11 1,68
Quartz furrow 2 19 1,49 0,03 1,03 1,45 3,53 1,89
Microblade 1 7 0,36 0,02 0,36 0,99 1,00 0,00
Microblade 2 9 0,42 0,04 0,60 0,70 1,00 0,00
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Fig. 9. Engravings made with flint by sawing (left) and carving with the flint
point (right). A circle indicates areas of interest — quartz inclusions that were
difficult to carve (below) and random fluctuations of the tool movements
“overshoots” (above) caused by the carver’s lack of control when using the
flint’s distal point compared to sawing with the flint’s long lateral edge
(Mlustration: Simon Radchenko).

the study of production techniques has been expanded paying additional
attention to the cross-sections of engraved surfaces and their metric
parameters (Haaland et al., 2021; Radchenko and Kiosak, 2022;
Dubinsky, David & Grosman 2023; Ptonka et al., 2023; Radchenko,
2023). While all these studies provide valuable insights into surface
modifications of prehistoric artefacts, interpretations should be
enhanced by experimentally retrieved information (as discussed in
Radchenko, 2023; Plonka et al., 2023).

Here, the digital study of the archaeological sinkers and

Flint

Sandstone
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experimentally produced objects consisted of four main stages, with
workflow composition varying depending on the specific surface:

1) Visual examination and metric measurement of the objects and
related engravings in Agisoft Metashape; volume and density cal-
culations. Density is calculated as weight divided by the 3D model
volume. The embedded Metashape formulas automatically calculate
the latter.

2) Visual examination of the models (imported as *.obj) via Meshlab

software, performed with the Radiance Scaling Shader and Ambient

Occlusion filter. The examination utilised the artificial light source

functions of Meshlab to benefit from the analysis of the surface po-

sition, orientation and the close reading of the stone’s relief.

Metric and visual study of engravings via the ArchCut_3D software

solution (Dubinsky et al., 2023). Each engraving was represented by

a four to 5-mm-long fragment (post-processing parameters are pro-

vided in Table 2). Metric and visual data were saved and examined

separately. They are discussed in detail in the further sections. Data
was imported as upscaled (scaled 1000:1 to fit the software re-
quirements) models and transformed to *.wrl format.

3

—

For ArchCut_3D, we followed the methodology outlined in (Dubinsky
et al., 2023), adjusting it to the specifics of a dataset and considering the
accuracy limitations. For a series of cross-sections with an interval of
0.25 mm, we extracted their depth and FWHM (full width at half
maximum depth). The average for both parameters and the ratio of
Depth to FWHM were then calculated. Minimum points (MP, or mini-
mum extremum points — spots on the cross-section graph, where the
cross-section line visibly changes direction, signifying the complication
of its geometry) were calculated for each engraving and reconfigured to
reveal the frequency of MP change per 1 mm. These parameters were
extracted for each series of slices and compared between different en-
gravings: first experimental, then the artefacts.

4) In cases where the engraving’s superimpositions were a matter of
interest, the Topography Visualization Toolbox (Horn et al., 2019;

Quartz

a
I b

Fig. 10. 3D model of EPO8 with engraving tools marked. a — textured 3D model; b — 3D mesh (Illustration: Simon Radchenko).
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0O 4mm b

Fig. 11. Front (left) and back (right) sides of the 3D model of EPO7. a —
textured model; b — 3D mesh. The circle indicates the final point of the furrow
production on the back side of a sinker (Illustration: Simon Radchenko).

Fig. 12. 3D mesh of the EPO7. Circles point to the edges of grinding facets
(Ilustration: Simon Radchenko).

Horn et al., 2022) was utilised as a highlight tool, enabling a closer
look at the geometry of the intersections of the lines (a methodology
tested in Radchenko et al., 2020; Radchenko and Kiosak, 2022).

The digital study resulted in a detailed report on characteristic fea-
tures, possible engraving sequences, and fragments of personal

Digital Applications in Archaeology and Cultural Heritage 37 (2025) e00427

biographies of each modelled artefact. The conclusions based on
experimentally produced objects were subsequently calibrated with the
data from actualistic experiments, while the conclusions regarding the
archaeological artefacts were eventually compared to the experimental
data. This comparison utilised image-based 3D modelling as a bridging
method to make the close analysis of two different datasets possible. To
our knowledge, no comparable studies, analysing engravings in soap-
stone or similar soft stone materials by means of 3D-modelling, have so
far been conducted. To validate the results, this novel approach should
be replicated in future studies.

3. Results
3.1. Digital study of the experimental datasets

Image-based 3D modelling of EPO25 and EPO28 was used as a
reference point for determining characteristic features of the engraving
process undertaken with tools made from different materials. The en-
gravings, with production time controlled, made on a ground surface,
formed the basis for cross-section extraction and further analysis
(Fig. 7).

Results show that different tools clearly produce visually different
negatives on a soapstone surface (Fig. 8). As soapstone is a soft material,
the shape of the negative is related to the morphological shape of each
individual tool employed and is not necessarily linked to the geology of
the lithic engraving tools. Visual differences between the variously made
engravings and their quantificational representation (see Table 3) do not
provide 100 % reliability, but does reveal possible options.

Engravings made with sandstone (Fig. 8a) were the easiest to
distinguish - the imprints are shallower and wider than imprints left by
the other tools. Red sandstone tools also coloured the negative imprint
reddish, which may or may not be detectable archaeologically. The
Depth/FWHM ratio is significantly lower than in other cases and re-
mains beyond 0.8. MP count and frequency of changes vary for different
engravings, which generally indicates the strong influence of other
factors, such as irregularities and inclusions into the engraved surface.
This contrasts with the quartz marks, which have a Depth/FWHM ratio
of 1 or higher. The distinctive feature of the quartz-made marks is a high
MP number (consistently above 2, sometimes 3 or 4) that presents cross-
sections as having complex irregular shapes made by a hard angular
tool. This number changes with an average frequency of 1-1.5 times per
mm, the highest among the four different engraving materials tested;
meaning that imprints made with quartz tools are very different
depending on the relative positioning of the tool in the groove.

Flint-made engravings (Fig. 8c) are different from those from quartz
(Fig. 8b) by several parameters. Not only is their Depth/FWHM ratio
slightly higher (sometimes hitting two or more), the MP count is also
relatively low and rarely exceeds 2. Moreover, the frequency of MP
change per mm is significantly lower than that of quartz: between 0.5
and 1.5. These parameters reflect the fact that flint tools are usually
thinner and sharper than quartz ones. From our experimental pro-
gramme we observed that flint blades can cut through quartz or pyrite
inclusions in soapstone, unlike other materials. It is, in theory, possible
that a very thick flint blade produces an imprint morphologically like
one made from quartz (or vice versa), but these cases are expected to be
statistically minor. It is worth noting that the cross-sections produced by
engraving with the point of a microblade/bladelet (in a burin-like
fashion) are similar to marks made by the longitudinal flint edge in a
sawing motion. Both having relatively high Depth/FWHM ratio (2.32),
these negatives are almost indistinguishable by shape. Acquired expe-
riential knowledge informs us that engraving with the point is less
controllable that sawing, resulting in overshot marks on the soapstone
surface (see Fig. 9).

Engravings made with bone (Fig. 8d) share all their main features
with flint— their Depth/FWHM ratio is between 1 and 1.5, and the MP
number is relatively low and varies between 1 and 3. Noticeably, the
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Table 4
Quantitative parameters of the engraved lines on the sinkers under study.
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Artefact nr. Engraving Number of slices Average Depth, mm

FWHM, mm

Depth/FWHM ratio MP count Frequency of MP changes per mm

S10358.e Furrow back 22 1,897905006 1,453915397 1,305375134 2,545454545 1,090909091
Engraving 1 12 1651 1009 1,64 1,42 0,67
Engraving 2 11 1,264425936 0,977410852 1,29364835 2,384615385 1,230769231
$10358.z Furrow back 23 1,076002527 0,905564875 1,18821142 2,043478261 0,869565217
Furrow front 32 0,645995909 1,135035328 0,569141676 1,71875 0,75
S13484.11 Furrow back 25 0,904473234 1,437217107 0,63 1,64 0,96
Furrow front 27 0,926917316 1,422453195 0,651632911 2,777777778 0,888888889
S9360t Furrow front 27 0,47664964 0,702687283 0,678323988 1 0
Furrow back 25 0,910 1375 0,66 2,40 0,16
Engraving 1 14 0,286615038 0,681567261 0,420523483 1 0
Engraving 2 13 0,293424663 0,506750391 0,579031942 1 0
$S9604 Furrow back 11 1,910439193 1,217266872 1,569449755 2 1,090909091
Furrow back 2 9 1,991889575 1,2543933 1,587930656 2,555555556 0,111111111
Furrow front 10 1,405093993 1,407836986 0,998051626 3,5 0,8
Furrow front 2 11 1,262744233 1,094269813 1,153960584 2,090909091 0,363636364
Engraving 1 9 0,536052406 0,869652923 0,616398096 1,833333333 0,333333333
Engraving 2 12 0,835406342 0,664395873 1,257392432 1,333333333 0,470588235
Engraving 3 16 0,721609061 0,634274202 1,137692592 1 0
Engraving 4 12 0,941304994 0,81567503 1,154019628 1,888888889 0,444444444

I a b c
. d -e .
Fig. 13. 3D-mesh of the archaeological sinkers studied with the emphasised areas of interest. a, d, e — S10358.z; b, f — S13484.11; ¢ — S9604. a, b — circles mark

possible traces of grinding to shape the blank; ¢ — circle marks the damage of the soapstone surface after engraving; d, e — arrows mark the tool inclination while
engraving the narrow parts of the furrow; f — circle marks the discrepancy between the first and the last furrow engraving actions (Illustration: Simon Radchenko).

shape and softness of bone tools causes a significantly lower frequency
of the MP variation — in all cases, it is below 0.55. This reflects the
smoothness of bone surfaces and the small number of angular surfaces
(compared to flint or quartz). These results were double-checked with
the engravings of the EPO8 (Fig. 10), which were produced with
different tools on the ground surface, with no controllable time. The
cross-check revealed the same pattern for all three engravings: sand-
stone has the lowest Depth/FWHM ratio of 0.77, the quartz tool pro-
duced a groove with a high MP number (4.09), while sawing with a flint
blade resulted in a fine and narrow engraving (Depth/FWHM ratio of
2.08) with a low number of both MP points (2.83) and the frequency of
its change (1.17).

Importantly, 3D modelling of the EPO7 provided a digital reference
for the future study of the 3D models of archaeological artefacts. This

experimentally produced object has been designed to replicate the main
features of what can be generalised as a “standard bean sinker” (Fig. 5).
It introduces the geometric configuration of a quartz furrow and the
ornamentation made with a flint microblade. The digital study indicated
the direction of furrow production and highlighted the traces of sawing
the furrow with a quartz blade. This helped us distinguish between the
“front” side of the sinker (where the furrow engraving was initiated)
from the “back” side (where the engraving ends) (Fig. 11). A closer look
at the sinker profile further revealed several traces of shaping the blank.
From our experimental work we observed that if a soapstone sinker’s
surface has flatness and observable edges between flat facets, grinding
may have been used to shape the blank, though other possibilities should
be explored via further experiments (Fig. 12).

The quantitative study of the cross-section parameters followed the
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Fig. 14. Grooves on the surface of different sinkers under study. a—c — S10358.e; d—f — S9360t; g—i — S9604. a, d, g — 3D-mesh of sinkers. Arrow points to
grooves presented in close-up. b, e, h — a closer look at the grooves indicated by arrows; c, f, i — grooves in profile (scaled in mm) (Illustration: Simon Radchenko).

outlined pattern (see Table 3). Quartz furrow on the EPO7 is charac-
terized by a high MP number (3.5-4), moderate frequency of MP vari-
ation (1.5-2), and a Depth/FWHM ratio of up to 1.5 — just as expected
following the study of EPO25 and EPO28 with the reference engravings.
The cross-hatched incisions made with a microblade returned the MP of
1 without any change, which is reasonable as these engravings are short
and made with only several movements. Surprisingly, their Depth/
FWHM ratio is low (<1) as the incisions are very shallow (all below 0.5
mm).

3.2. Digital study of the archaeological sinkers

Using the experimentally produced objects as a reference, we
managed to interpret and explain features related to the production
process of archaeological sinkers. All five of them were identified as
representing the same type, though they vary in colour and incisions’
arrangement. They are relatively identical metrically: 2.5-3.0 mm in
length, 2.1-2.5 mm in width, and up to 1.4 mm in thickness. One
specimen (S9360t) differs geologically. It is made from a layered slate
rock and is significantly smaller than the others.

3D modelling provides an instrument for measuring the volume of
modelled objects, enabling a means of measuring the sinkers’ density

and thus, their “sinkability” — the parameter that defines their func-
tional relationship with water. All five modelled objects have a total
density of 3000-3650 kg/m3, implying they sink equally fast. This in-
cludes S9360t, which is considerably smaller and lighter than the others.
What this suggests is that density, or ‘sinkability,” is in fact a principal
parameter for the sinkers, considered during the raw material selection
and production phases.

Another key result obtained from the 3D modelling was that the
soapstone surfaces appeared affected by erosion processes. Given the
high level of surface erosion, we recommend that further studies of
soapstone materials should consider the possibility that depositional and
post-depositional processes may have caused considerable modification
of the artefacts. Significantly, the condition of the surface directly affects
the result of quantitative cross-section studies, with depth and width
measurements possibly varying depending on the state of the surface
(Table 4).

A closer look at the 3D models of the archaeological artefacts
revealed several features pointing out different kinds of surface modi-
fications. Some of them resemble traces of faceting that may indicate
grinding a raw preform into a bean-shaped blank before making a
furrow (Fig. 13a and b). Others show surface damage, enhanced by the
engraving process, leading to sinker fracturing (see Fig. 13c).
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Fig. 15. Schematised image of the making of a “pear-shaped” cross-section with a narrow flint microblade. a — isometric view of the microblade entering the groove;
b — the cross-section with the microblade profile marked in grey; ¢ — drawing of a microblade. Scale is in mm. (Illustration: Simon Radchenko).

Studies of the engraved surfaces further provided insights into the
details of the engraving process. For instance, a closer look at the furrow-
making process allowed to determine the engraving direction on
different facets of the studied artefacts. Leveraging experimentally ac-
quired knowledge, digital observation revealed the sequence of specific
engraving traces (Fig. 13d and e). Starting on the larger face, the
engraving usually continues on the smaller (top and bottom) ones,
moving further towards the ‘back’ side of the stone. Hence, it is often
possible to tell the front side from the back one, as the latter exhibits a
mismatch of the furrow line closer to the edges (Fig. 13f). Distinguishing
these two sides allows for inferring the production sequence involved in
making the furrow (see Figs. 5 and 17a for an illustrated example).

Quantitative analyses revealed the relative consistency of the fur-
row’s geometry. Even though archaeological objects are affected by
surface erosion — the Depth/FWHM ratio is consistently lower at the
more eroded surfaces — other parameters remain indicative. For all
studied furrows, except those on the geologically different S9360t, the
MP (minimum points) number remains relatively high (1.5-3.5 with an
average of 2.3). This, together with the relatively low frequency of MP
change per millimetre (0.1-1.1), points to quartz as the most probable
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lithic tool used for producing the longitudinal furrow.

Grooves are yet another case (Fig. 14). Three out of five sinkers have
grooves in addition to the central furrow. Noticeably, these grooves are
significantly different from the furrow - visually and in calculations, even
though morphologically, they may appear closer to those made with
quartz tools (as in the case of S10358.e). Otherwise, crosshatches on the
sinker S9360t are very shallow and wide (with a depth of around 0.3 mm
and a Depth/FWHM ratio of around 0.4-0.6) — due to the geological
variation of this type of stone — and have an MP of 1 without any
variation. Altogether, these parameters suggest that incisions were made
with a flint microblade. Finally, the grenade-shape sinker S9604 is
incised with what can be interpreted as flint-made lines — Depth/
FWHM ratio of 0.6-1.3, MP count of 1-2, and a low MP variation fre-
quency per millimetre (0-0.5). These profiles are interesting due to their
pear-shaped cross-section — evidence of a very thin engraving tool
(Fig. 15).

This variation in engraved patterns, contrasted to the relative ho-
mogeneity of the longitudinal furrow production, underlines that the
central furrow — assumed to be functionally related for fastening a line —
was consistently made in a similar way on all the archaeological sinkers
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Fig. 16. Heatmap of S9604. The location of intersections between furrows and grooves indicates the relative chronology of the engraving process: a — front view; b
— back view; ¢ — left view; d — right view. Scale in mm. Produced with TVT. (Illustration: Simon Radchenko).

under study.

In addition, 3D modelling enabled the reconstruction of the relative
chronology of the engravings, hence revealing the individual manufac-
ture stages of each sinker. The number of grooves on the 3D model of
sinker S9604 allows further detailing of how grooves interact with the
furrow. As expected, the furrow was created first with the grooves
perpendicular to the furrow superimposed. This is emphasised with a
heatmap of surface relief, where the perpendicular grooves slightly slope
towards the bottom of the furrow at the intersection points (see Fig. 16a
and b). However, such effect is absent for the grooves on the left and
right sides of the stone. On the contrary — the lines are straight, with
almost uninterrupted perpendicular walls and exemplary cross-sections
(see Fig. 16¢ and d). Moreover, there are no visible slopes at the grooves
bottom in the places where they cross the furrow-like line on the left and
right sides of the sinker. This indicates that the furrow crossing left and
right side is the latest engraved addition to the sinker’s surface. For both
furrows, the engraving direction falls into the scheme described above
(front — top — back — bottom — discrepancy at the back, where the
furrow fails to close). At the second furrow, the engraving process
started on the left side and went through the top towards the right one
(Fig. 17). This sequence partially follows the pattern revealed through
the experimental study but goes further, emphasising the relation be-
tween relatively homogeneous furrows and a variety of other marks on
the soapstone surface.

4. Discussion

The excellent ability of 3D imaging techniques to reveal new infor-
mation about the manufacture of archaeological artefacts is now well
established; however, interpretations regarding surface modifications
have thus far been limited to data obtained from 3D modelling of the
artefact’s surface. Integrating 3D modelling of experimentally produced
objects (EPO) brought a new dimension to the research process: estab-
lishing a connection between the geometry of the archaeological sur-
faces, their characteristic features, and the production processes.
Essentially, it enabled the creation of reference data that can be cross-
compared with the originals, assisting interpretations relating to the
manufacture process. Through comparison with experimental data,
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previous assumptions concerning manufacture techniques and function
can be verified or rejected using visual and quantitative studies. The
present research thus provides new empirically grounded evidence
which supports prior theories that proposed the use of flint and grinding
tools in sinker manufacture and engraving (Bergsvik, 2017: 79, 86).
While the choice of these materials/tools seems logical, based on their
frequent occurrence in archaeological record, our integrated method has
not only helped verify past assumptions, it provides new data showing
that quartz played an important role as an engraving implement - used
for making the central longitudinal furrow. Differences in production
tools, we argue, only become “visible” via the detailed study of
3D-modelled surfaces, making it possible to distinguish flint-made sur-
face modifications from quartz, bone, or sandstone. In sum, this inte-
grated method reveals new empirical data about these key aspects of a
sinker’s biography:

1. Initial shaping of the blank using grinding stones

. Engraving direction and the sequence of furrow production

3. Ability to identify and distinguish differences in the toolkit used for
engraving

4. Relative chronology of the engraving process

5. Damage to the artefact surface caused during use-life and via post-
deposition processes

N

This study has been able to demonstrate that the central furrow was
produced in a consistent way, likely with quartz tools, while other in-
cisions showed more variation. Aesthetic concerns are one possible
reason for this difference, though others should be considered; future
studies may help provide greater insight into the reasons driving this
preference. It should, however, be remembered that a larger dataset of
analysed bean sinker artefacts may expose new/different patterns.

Nonetheless, our results have allowed the first insights into the
operational sequences of soapstone sinker manufacture, thanks to digital
and quantitative experimental evidence. Whilst we stress that a much
larger analytical study of archaeological sinkers from different sites/
regions is needed to identify potential variation (spatially and/or
temporally) in the mode of production, our study enables a broad outline
of the main steps and toolkit. This involves making a preform by
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Fig. 17. Chronological sequence showing the phases of engraving sinker S9604. a — The first phase is the engraving of the furrow. Black arrows point to the
sequence and direction of furrow production. b — Relative chronology of the remaining engraving process. 1/red: Engraving the central furrow production; 2/
orange: making the grooves on the central surface, 3/green: making the furrow on the left and right side; 4/blue: indicating areas with erosion (PDSM). (Illustration:
Simon Radchenko). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

knapping or grinding a soapstone piece into roughly the required shape
and size. Since this is a reductive technique, producing powder or small
irregular soapstone pieces, these are not likely to be picked up during
excavation and unworked or only roughly shaped preforms or blanks
would not necessarily be recognised as artefacts. Some surface modifi-
cations interpreted as grinding traces are observable via the photo-
grammetric study. Image-based 3D modelling also indicates that the
central furrow was most likely made with a quartz flake, while grooves
that post-date the central furrow and are likely made with other tools,
likely made of flint. They are relatively later additions, probably made
ad-hoc, given the variation in patterns and the tools and techniques
employed.

Combining experimental research with photogrammetry has
revealed a hidden potential in joint use of both methods. To begin with,
a photogrammetric study — from the simple 3D model observation to
the high-level computational analyses — enables a closer look at the
morphology and configuration of the furrow and grooves. Each studied
artefact revealed a micro-piece of evidence regarding the common ele-
ments and the unique features of their biographies. Given the scalability
of photogrammetry, the application of this method is only limited to our
ability to interpret the information provided by the 3D model surface.
Experimental archaeology brings an additional dimension to that pro-
cess by supplying new information on how the surface configuration is
related to the specific engraving process, direction, production or
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deposition damage. Thus, it bridges the gap between the data extracted
from photogrammetry and their technological interpretation.

Conversely, studying the 3D models during the actualistic experi-
mental replication sessions meant we were able to take a more flexible/
responsive approach, testing theories as new information emerged. For
example, EPO25 and EPO28 (engraved with various tools over
controlled time) were produced following the preliminary photogram-
metric results with EPO7 and EPO8 (made to replicate the soapstone
sinkers). Therefore, a comparable dataset for the digital study has been
made upon reflection on the first round of experiments and digital
modelling. On the other hand, the actualistic experiments happened to
provide good reasoning for selecting the engraved surfaces for the
detailed digital study more consciously. In this way, the application and
integration of 3D digital and experimental archaeology enabled genu-
inely interdisciplinary communication, a result difficult to obtain but
when achieved, often comes with blue sky potential. In sum, working
reflexively between photogrammetry and experimental archaeology
was an important source of new ideas in both directions.

5. Conclusions
Recent advances in image-based 3D modelling techniques have

expanded the potential of photogrammetry to the analysis of engraved
portable stone artefacts (e.g., Mélard et al., 2016; Haaland et al., 2021).
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While confocal microscopy and tomography promises higher resolution
of the model, photogrammetry remains advantageous in terms of the
affordability, scalability and portability of the modelling tools. How-
ever, the reliability of 3D modelling results is grounded in the accuracy
control and assessment solutions during the photogrammetric data
acquisition stage. Since most technological studies rely on the micro-
scopic features of the studied surface, they often depend on specific
methodological approach. By looking at the submillimetre details
beyond the suggested accuracy of many laser scanning devices, this
study emphasises the matter: the only way to provide reliable techno-
logical conclusions on that scale is by avoiding black boxes and being
aware of how research tools produce the data.

Applied this way, photogrammetry can reveal numerous technolog-
ical features of ancient crafting and artmaking practices, especially
when combined with experimental studies. For the soapstone sinkers
from Western Norway, it significantly increased the knowledge on the
biography of the artefacts — from making the blank to the erosion and
taphonomic processes, highlighting features otherwise invisible or un-
noticeable. Whilst not providing decisive answers to all the technolog-
ical questions, detailed analysis of soapstone sinker replica and artefact
surfaces enabled us to distinguish between shapes made with various
tools. Though not able to identify the engraving tools with 100 % cer-
tainty, the experimental and digital pilot study enabled us to determine
the most probable options. Future research expanding the corpus of
archaeological sinkers is currently under way, as it is recognised that the
dataset discussed here is limited, with a larger quantity opening po-
tential for greater variation in the method of manufacture.

Irrespective of sample size, this interdisciplinary combination of
photogrammetry and experimental archaeology has proven to be a very
efficient way of tracing the connections between specific technological
procedures and the surface configuration of archaeological artefacts.
The tiniest details, observed on the experimentally produced objects by
means of image-based 3D modelling served as markers of various
engraving techniques. This allowed extrapolation to archaeological ar-
tefacts and nuanced our knowledge of the techniques and tools involved
in making them. Employing experimental archaeology and digital
analysis simultaneously highlighted details that easily would have been
overlooked by only using one of these methods. This integrated
approach has great potential for further study of different kinds of
engraved surfaces, including portable art objects, made from stone and
other types of materials.
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