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We report results from FE-SEM–EDS, geochemical, mineralogical analyses and Raman spectroscopy of pottery of
bucket-shaped ceramic from Rogaland (southwestern Norway) dated between the 5th and 6th Century. The
study reveals a very rare pottery composition including asbestos-group minerals and an unusual enrichment
in compatible elements like Cr (8–27× Post Archean average shale (PAS), McLennan et al., 2006), Ni (2–8× nor-
mal shale) and Co (2–3× PAS). X-Rray diffraction and Raman spectroscopy could pinpoint that Ni is introduced
by specific Ni-rich talc mineral and chlorite minerals and Cr occurs in a rare Cr-rich talc, and possibly in a Cr-
chlorite, these minerals are the most abundant in the pottery, which is supported by strong enrichment in Mg
(10–20× PAS). The addition ofMg, Cr, Ni and Co andother compatible trace elements is to our current knowledge
not caused by anthropogenic activity but related to the usedmaterials, which are alteration products ofmafic and
ultramafic rocks or genetically related to mafic and ultramafic rocks. Rocks of this type are exposed in vicinity of
the sampling areas in a region called Karmøy, hosting a world famous ophiolite complex, which is identified as
the major source for the mafic and ultramafic component, as the next succession of a similar composition is far
further north located in Norway and a number of rock types on Karmøy matches the chemical composition of
the pottery. The here reported composition is spectacular and extremely rare – if ever found – in pottery. Our
study shows that unusual material sources have been used in pottery production, and this opens for discussion
whether thematerials were deliberately selected by themanufacturers, thereby expressing a specific social func-
tion, in a time period where more functional clay types and additives, and certainly functional and sufficient for
use in pottery, where abundant in areas of Rogaland closer to where the pots were found.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

During the 6th century AD in southwest Norway (Fig. 1), a short
peak/collapse phase characterized the development of sophisticated
ceramic handcraft (Fig. 2), which went from flourishing to nothing in
a few decades. In the two centuries spanning c. AD 350–550, which in-
cluded the last decades of the Late Roman Iron Age (LRIA, AD 200–400)
and the entire Migration Period (MP, AD 400–550), the manufacturing
of the ceramic type known as bucket-shaped was highly characteristic.
Moreover, it seems this ceramic production ceased concurrently with
that of distinguished gold/gilded objects decorated with the Animal
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Art style known as Style I (Fredriksen et al., 2014). The bucket-shaped
pots occur in almost every grave during this period, as well as in resi-
dential contexts. The typological development of these pots is of central
importance to the chronological phasing of the period in western Scan-
dinavia (Kristoffersen andMagnus, 2010, with references). Early bucket
shaped pots are decorated with simple ornaments as lines and finger
formed knobs, while during a transition period more sophisticated
ornaments were developed, as the interlaced pattern. The final stage
represents sophisticated pots with fine ornamentation (Kristoffersen
and Magnus, 2010). Rogaland (Fig. 1) seems to be a core area with by
far the largest find concentration. Several art and or craft traditions
seem to have been established in the Migration Period, which stands
out as an active and experimental artistic period, a development that
had been contributed to and affected by social and political changes in
the society (Fredriksen et al., 2014).
ition of unusually chrome and nickel-rich bucket-shaped pottery from
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Fig. 1.Geographic sketchmapwith the sample locations in southwest Norway around the town Stavanger. The red circle in the small inlet indicates the study area. Encircledwith stippled
blue line the proposed source area for the usedmafic to ultramafic component from Karmøy for the manufacturing of the pottery. The two black arrows show the unique samples in this
study with a non-ultramafic composition.
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This study wanted to test the potential of archaeometric techniques
for this type of ceramics. We show, within this contribution, that the
application of optical petrography, geochemistry (ICP-MS studies on
pottery sherds), X-ray diffraction, Field emission scanning electron
microscopywith semi-quantitative chemistry (FE-SEM–EDS) combined
with non-destructive Raman spectroscopy yields in revealing the com-
position and the origin of the used materials. The extraordinary results
in this study allow in speculating about the social strategies of using
the specific materials.
Please cite this article as: Zimmermann, U., et al., Provenance and compos
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1.1. The objects of study

Although bucket-shaped is a Leitfossil for the Migration Period,
and especially the period's two last phases, (AD 450–500 and AD 500–
550) this study focuses on the first century of bucket-shaped pottery
production. For this pilot study we selected thirteen pottery sam-
ples from the LRIA (AD 350–400) and the first phase of the MP (AD
400–450) from Rogaland (Fig. 1), following Kristoffersen and Magnus'
(2010) most recent ceramic sequence. The samples are from graves
ition of unusually chrome and nickel-rich bucket-shaped pottery from
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Fig. 2. Examples of bucket-shaped pots used in this study. a) R2 Edland, Gjesdal (S2014); b) R6 Østabø, Vindafjord (S2255); c) R10 Soppaland, Hjelmeland (S2759); d) R12 Heigreberg,
Rennesøy (S2951) information see chapter ‘Sampling and methodology’; e) Example for high quality pots from Lima, Gjesdal (sample R1, S1440), Late phase.
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(Fig. 2) and settlement sites. The type is made of fired clay and is
thus clearly pottery, although the small proportion of clay in relation
to additives is unusual. Also, the shaping technique is unique, at least
for contemporary South and Central Scandinavia. In contrast to most
contemporary pottery, which is made by coiling in the so-called N
technique, bucket-shaped vessels were made by a distinct plate-and-
mold technique. As firmly established by experiments (Kleppe and
Simonsen, 1983), the potter first prepared a thin rectangular plate and
a circular bottompiece. Then the platewas shaped upside-down around
a mold of wood or clay, and joint with the bottom plate. The vessel was
decorated while still on the mold. Detailed information about the sam-
ples can be found in chapter ‘Sampling and Methodology’ and Table 1.

The bucket-shaped pots seem to have had a central ritual signifi-
cance in mortuary practice and may have been made special for this
Please cite this article as: Zimmermann, U., et al., Provenance and compos
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purpose. That does not, however, exclude their importance in house-
hold and daily life (Fredriksen et al., 2014). Several vessels found in
burials show evidence of repair, a fact that reflects their significance as
objects with life histories before being deposited with the deceased
(Magnus, 1980). From the household contexts there is also another
type of more practical pots, which do not occur in graves, larger pots
with coarser ware. In addition, in both household and grave contexts
there are finer black burnished pots of yet another type that differs in
production mode, fabric, form and ornamentation. All these different
types of pots were in use concurrently with the early phase of bucket-
shaped pots. Also, it should be pointed out here that the ceramic type
most probably originated as part of changes in food practice during
the LRIA (Kleppe, 1993; Kleppe and Simonsen, 1983), but its functional-
ity seems to have altered some time after the early phase discussed
ition of unusually chrome and nickel-rich bucket-shaped pottery from
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Table 1
Compilation of general data for the pottery fragments used in this study. ‘gnr.’ indicates the ‘cadastral number’; ‘K’ indicates ‘municipality’; GC = geochemistry; XRD= X-ray diffraction.
AB1, AB2, AB4 and C relates to types of bucket shaped pots (see Kristoffersen and Magnus, 2010).

Locality Sample Locality and register Typology Function of
sample

GC Raman XRD FE-SEM

Gjesdal R2 S2014 Edland gnr. 5 Cylindrical/irregular, incised (AB4) Ritual/grave x x x
Vindafjord R6 S2255 Østebø gnr. 9 Cylindrical/relief (cordons) (AB1) Ritual/grave x x x
Klepp R7 S2311c Erga gnr. 30 Body shard/finger-tip shaped bosses Ritual/grave x x x
Hjelmeland R9 S2549a Rivjaland gnr. 127 Body shard/comb bands Ritual/grave x x x x
Hjelmeland R10 S2759 Soppaland gnr. 138 Concave/horizontal, incised bands (AB2) Ritual/grave x x x x
Rennesøy R12 S2951 Heigreberg gnr. 43 Cylindrical/incised cevrons, circular stamp marks (AB1) Ritual/grave x x x x
Hå R14 S4059a Fuglestad gnr. 111 Cylindrical/irregular, incised (AB4 or AB1) Ritual/grave x x x x
Hå R15 S4059a Fuglestad gnr. 111 R14 and R15 are from the same pot Ritual/grave x x x
Hjelmeland R18 S4476e Soppaland gnr. 138 Convex (transitional phase?)/comb bands, stamp marks (C?) Ritual/grave x x x
Strand R29 S6580e Barka gnr. 42 Rim shard/finger-tip shaped bosses Ritual/grave x x x
Hå R31 S6754f Obrestad gnr. 11 Body shard Household x x x
Time 11 4190e Netland gnr. 26 Large shard: cylindrical/incised, cevrons, comb staming (A1?) Ritual/grave x x x
Time 12 6121b Hanaland gnr. 3 Cylindrical/comb bands, cevrons, circular stamp marks (A1) Ritual/grave x x x x
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here. This is most probably linked to the introduction of the iron band
below the rim, which was attached to a handle. The iron band became
a regular feature during the second phase of the MP (AD 450–500).
The pot thereby changed functionality from hand-held/standing to
hanging/standing.

Hence, in this study nearly each sample has a specific context and
similarities are observed to be intentionally. Differences of the samples
would be expected because of the handmade production process,which
would reflect slight differences in composition, including the use of dif-
ferent amounts of components, natural variation of the used materials
and differing post-burial histories controlled by natural processes or an-
thropogenic influences.
2. Sampling and methodology

2.1. Sampling

We selected 13 samples as being representative for the early phase
of the bucket-shaped ceramic in Rogaland for this pilot study (see
Table 1; Figs. 1, 2). The sample selection has been based on meticulous
studies by Kristoffersen and Magnus (2010) and covers therefore the
necessary variety in style, locality and grave type. The samples are
taken from the deposit of the Museum of Archaeology, University of
Stavanger and Table 1 refers to the detailed cataloged description of
the samples. The samples were cleaned, with a dry cloth without leav-
ing any fabric particles and soft blow of pressed air, from any dust and
soil to avoid contamination caused during their depositional time in
the sampling site or during conservation.
2.2. Optical petrography

Covered thin sections of early phase pottery have been studied by
using a Leica, type 020–520.007DM/LP at the University of Milano-
Bicocca with magnification of 4×, 10×, 20× and 63×.
2.3. Field emission scanning electron microscopy with energy dispersive
system (FE-SEM–EDS)

Surfaces of freshly broken chips of the samples (Table 1) coatedwith
palladium were imaged using a Zeiss Supra 35VP field emission SEM in
high vacuummodewith an accelerating voltage of 10 kV. EDAX Genesis
energy-dispersive X-ray spectroscopy (EDS) was applied for determin-
ing the semi-quantitative elemental and mineralogical composition of
the samples (Bertolino et al., 2009).
Please cite this article as: Zimmermann, U., et al., Provenance and compos
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2.4. X-ray diffraction

Samples of c. 0.5 to 1 g have been crushed byhand in an agatemortar
to fine mesh of micron size, and were loaded in random mounts to
be analyzed on a Philips X'Pert PRO PW 3040/60 diffractometer, with
Cu Kα X-ray radiation, Si monochromator, at 40 kV and 30 mA. Step
scan at ~1°/min and step size of 0.02° 2θ. A silicon background zero sam-
ple holder was used for smaller samples (few milligrams) as for R7.
HighScore Plus version 3.0d PANanalytical software (DEgen et al.,
2014) with ICDD PDF2 database was used for mineral identification.

2.5. Geochemistry

Samples were processed and pulverized to very fine mesh (b2 μm)
in an ultraclean agate mill. Geochemical data were obtained using ICP-
MS analysis at Acme laboratory (Vancouver, Canada). Detection limits
are given in Table 3. Details for the analytical method and processing
can be found in http://acmelab.comand are compiled here: The samples
have been milled in an agate mill. The prepared sample is mixed with
LiBO2/Li2B4O7 flux. Crucibles are fused in a furnace. The cooled bead is
dissolved in ACS grade nitric acid and analyzed by ICP-MS. Loss on igni-
tion (LOI) is determined by igniting a sample split then measuring the
weight loss. A 1 g sample is weighed into a tarred crucible and is ignited
to 1000 °C for one hour, cooled and weighed. The loss in weight is the
LOI of the sample. Total Carbon and Sulfur may be included and are de-
termined by the Leco method. Here, induction flux is added to the pre-
pared sample then ignited in an induction furnace. A carrier gas sweeps
up released carbon to bemeasured by adsorption in an infrared spectro-
metric cell. Results are total and attributed to thepresence of carbon and
sulfur in all forms. An additional 14 elements are measured after dilu-
tion in aqua regia. Prepared sample is digested with a modified aqua
regia solution of equal parts concentrated HCl, HNO3 and DI-H2O for
one hour in a heating block or hot water bath. The sample is made up
to volume with dilute HCl. Sample splits of 0.5 g are analyzed. None of
the measured concentrations was too far above the possible detection
(see Table 2) and accuracy and precision are between 2–3%.

2.6. Raman spectroscopy

Non-polarized micro-Raman spectra were obtained in nearly
backscattered geometry with two different instruments and four differ-
ent laser wavelengths at CNR-ICVBC Milano, University of Parma and
University of Milano-Bicocca. The 632.8 nm line of a He–Ne laser and
the 488 line of an Ar + laser were used for excitation with a Jobin-
YvonHoriba LabRam apparatus, equippedwith anOlympusmicroscope
with Å ~ 10, Å ~ 50 and Å ~ 100 objectives and a motorized x–y stage.
ition of unusually chrome and nickel-rich bucket-shaped pottery from
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Table 2
Semi-quantitative estimation based on XRD peak relative intensities with annotation of existing minerals in decreasing abundances. Ant = anthophyllite; Trem = tremolite; Rieb =
riebeckite; Chl = chlorite; Qz = quartz; Fd = feldspar.

Locality Sample Minerals in decreasing abundances per sample

Vindafjord R6 Talc Clay 14 Å Qz Fd Hollandite Pyrite
Rennesøy R12 Talc Chl Qz Clay
Hjelmeland R9 Talc Trem Ant 14 Å Qz Clay Chl Fd
Hjelmeland R10 Talc Ant Clay 14Å⁎ Qz
Hjelmeland R18 Talc Chl Qz Ant Clay Willemite Litharge
Klepp R7 Talc Ant Qz Clay Chl Fd
Strand R29 Ant Chl Chl Qz Clay
Gjesdal R2 Talc Clay Qz 14 Å Fd Chl
Time 11 Talc Qz Ant⁎⁎ Clay Chl⁎

Time 12 Talc Chl Clay Rieb Qz
Hå R14 Talc Qz Clay Chl chrysotile
Hå R15 Talc Qz Chl Clay Fd
Hå R31 Talc Chl Trem Qz Clay

⁎ Broad XRD peaks.
⁎⁎ Mg-Anthophyllite.
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The system was calibrated using the 520.7 cm−1 Raman silicon band
before each experimental session. Spectra were generally collected
with counting times ranging between 60 and 180 s. The 785 nm line
of a NIR laser and the 532 nm line of a solid-state laser were used for ex-
citation with a Bruker Senterra dispersive spectrometer, equipped with
anOlympusmicroscopewith Å ~ 20, Å ~ 50 and Å ~ 100 objectives and a
motorized x–y stage. The systemwas automatically calibrated using the
Raman frequencies of an internal neon lamp before eachmeasurement.
Spectra were collected with counting times ranging between 90 and
180 s. For both instruments, the minimum lateral and depth resolution
was set to c. 2 mmwith a confocal hole. Laser power was controlled by
means of a series of density filters in order to avoid heating effects. The
wavenumbers of the Raman bands were then determined by fitting
with Voigt functions using the LabSpec software, after polynomial back-
ground removal. The uncertainty on the measured wavenumbers was
estimated at less than 1 cm−1, which allowed in identifying between
mineralogical species even within isomorphous series (e.g. garnets,
Bersani et al., 2009). Grains were individually selected for analysis,
and time and focus have been set by the operator. At least three differ-
ent spots were analyzed for each grain, and the best spectrum obtained
was selected for identification.

3. Results

3.1. Mineralogy

Optical petrography could determine talc as the most abundant
mineral, besides anthophyllite, which occurs elongated and orientated
in a brownish matrix. The matrix is formed of organic matter and
dark clay minerals and the minerals are often orientated along their c-
axis (Fig. 3a). Talc is often curled and bend (Fig. 3b) and occurs mostly
as a composite mineral, is strictly spoken a rock fragment (Fig. 3c) and
can be relatively large, up to 500 μm. All other minerals are small
(b70 μm) like few subangular quartz and alkalifeldspar as well as pla-
gioclase (Fig. 3a). Rock fragments from felsic metasedimentary sources
occur, but are rare. Epidote is also rare but appears euhedral as small
grain (Fig. 3c). Further accessory minerals are corroded hornblende, ac-
tinolite, albite, rutile and almandine.

X-ray diffraction analyses show that most of the samples contain
(Table 2) about 70–60% of different talcs (Mg and Ni-rich) as well as
variable amounts of amphiboles (mainly Mg-rich anthophyllite and
tremolite–actinolite) and chlorites (Mg andNi-richnimite) as dominant
minerals, along with quartz, clay minerals, and traces of feldspars and
other accessoryminerals (Table 2). Three samples contain a 14 Åminer-
al, which could be a vermiculite or just chlorite after being heated over
450–550 °C, but there are no evident signs of firing at that temperature
Please cite this article as: Zimmermann, U., et al., Provenance and compos
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under FE-SEM observations to confirm its identification. Both, Mg- and
Ni-rich talc willemseite ((Ni, Mg)3Si4O10(OH)2) were identified by
XRD and FE-SEM–EDS. Another Cr-rich talc phase was determined
with Raman spectroscopy. Chlorite can frequently be Ni-rich nimite
((Ni, Mg, Al)6(Si, Al)4O10 (OH)8) but also a possible Cr-clinochlore,
which has been identified in sample R9. In hydrous silicates such as
phyllosilicates, Ni replacing Mg may occur over wide ranges of compo-
sition (Brindley andMaksimovic, 1974) so that there could be any inter-
mediate mineral, not necessarily the end members of the series of talc-
nimite. Sample 11 and R7 are somewhat different, as they do not show
high amounts of talc, furthermore, R7 is dominated by anthophyllite
(40–50%), 40% talc with subordinate quartz (Table 2).

Clay mineral assemblage has not been identified because of the
small amount of sample available, but the broad peaks at 14 Å and at
4.56–4.50 Å suggest that they are present in significant proportions in
samples R10, R12 and 12 and in lesser quantities in the other samples
(Table 2).

The mineralogy varies with the site location of the samples.
Differences in the mineral proportions and eventually their mineral
composition are noticeable regarding the geographical site location.
R9, R10 and R18 from Hjelmeland are asbestos-rich, containing
tremolite (particularly R9, with c. 40%) and anthophyllite along with
dominant talc, willemseite, a 14 Å mineral, minor clinochlore (and/or
nimite), quartz and traces of plagioclase. R10 contains also traces of
Zn and Pb bearing minerals such as willemite (2.89 Å reflection) and
litharge, respectively. Willemite is a relatively common secondary zinc
silicate in many Pb–Zn or Zn deposits, which contain or contained
sphalerite, from which it is commonly formed upon oxidation in a
siliceous environment and litharge is a secondary mineral, which
forms from the oxidation of galena ores. R6 from Vindafjord is
composed of talc, willemseite, a 14 Å mineral with quartz, scarce trem-
olite, and traces of hollandite and arsenopyrite. R2 from Gjesdal resem-
bles the composition of R6. At Hå, R14, R15 and R31 are characterized
by 60–70% of talc and willemseite, 20% clinochlore (and/or nimite),
along with minor quartz and others (feldspars, clinochrysotile). Traces
of chrysotile (asbestos of the serpentine group) have been identified
based on its 7.45 Å peak in sample R14. R31 contains significant
tremolite, while R29 from Strand, R12 from Rennesøy and 12 from
Time are similar in minerals composition to this group, but the latter
has riebeckite (confirmed by EDS) instead of tremolite. In contrast,
sample 11, also from Time, has much lesser talc and willemseite but
higher contents of quartz, Mg-anthophyllite with scarce chlorite and
clay minerals. Finally, R7 from Klepp differs from all the other by the
considerable larger and dominant amount of asbestos-like mineral an-
thophyllite and subordinate talc (and/or willemseite) as well as quartz
(Table 2).
ition of unusually chrome and nickel-rich bucket-shaped pottery from
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Fig. 3. Microphotograph of a sample of pottery from the Early Bucket shape pottery
(Sample B5343 from Kvassheim, Hå, Rogaland). a) Overview in polarized light
with the most abundant mineral talc in a dark brownish clay matrix; magnification
4×; scale: 100 μm; b) Talc minerals in different geometric forms (polarized light;
magnification 10×; scale: 30 μm); c) Detail of a talc fragment (polarized light;
magnification 10×; scale: 30 μm).

1 PAAS/PAS is the most commonly used shale composite to which clays and other very
fine-grained materials are compared to in geochemical publications. Similar samples are
European Average shale and the North American Shale composite, all of which havemore
or less the same composition (see McLennan, 2001; Rudnick and Gao, 2003; Taylor and
McLennan, 1985).
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3.2. Field emission secondary electron microscope with energy dispersive
system (FE-SEM-EDS)

The general textures of the samples are in most cases with strong
phyllosilicate orientation surrounding usually rounded silty grains of
quartz (occasionally feldspars and other accessory minerals) denoting
the pressure applied during the manufacturing process (Fig. 4a).
The grains are relatively loose as if they had not been subjected to
high-temperature firing. The minerals identified by XRD where con-
firmed after FE-SEM–EDS observations, except for the Ni and Cr-rich
phases. Talc-group minerals occurred in medium to large flat flakes
(20–30 μm to 500 μm or even 1 mm) arranged in booklet-bundles
(Fig. 4b), and frequently folded. Anthophyllite occurs in clusters of
about 200 to 500 μm (Fig. 4c). Tremolite appears in slender prismatic
crystals and rods of different lengths. The clay minerals can be found
as very small flakes, sometimes smaller than 1 μm with Mg2+ and K+
Please cite this article as: Zimmermann, U., et al., Provenance and compos
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as the main cations along with minor Na+, Ca2+ and Fe, suggesting a
mixed-layer mineral with illite and possibly smectite since the flakes
exhibit occasional crenulated ends (Fig. 4d). Significant amounts of
fibrous organic material were found in R7 but also in lesser amounts
in most pot fragments (Fig. 4e), well mixed within the sample, which
might be dung. In R9, a very tiny rounded fragment of about 3 μm was
observed and is interpreted as a silicon phytolith fragment.

3.3. Geochemistry

Generally, major element concentrations are relatively constant
(with few important exceptions, see below; Table 3). No major or
extraordinary variations exist within the oxides of Si, Al, Ti, Fe and Mn
with very fewexceptions (see below; Table 3). Some samples are slight-
ly enriched in P2O5 compared to normal shale (PAAS; Post-Archean
Australian Average Shale1), but strongly enriched in MgO. Hence, the
samples are relatively depleted in nearly all other major elements com-
pared to PAAS. R7 and 11 have the lowest values for SiO2 and MgO, but
the highest for Na2O, K2O, TiO2 and Al2O3, which points to a different
mineralogical composition. Some samples do contain high concen-
trations in selected elements like CaO (6.74 wt.% for R9) and P2O5

(0.79 wt.% for R9 and 1.06 wt.% for R29), which might be of post-
manufacturing origin as typical carbonate (calcite, dolomite) and phos-
phate (apatite, monazite) minerals have not been detected with the
applied methods. TOT/C varies between 1.06 and 3.73 wt.% but is the
highest in R7 (1.39%) and 11 (5.46%) and does not correlate with CaO,
hence does not reflect carbonate phases, rather organic matter.

Using trace element geochemistry allows in interpreting the general
overall composition of the used geological materials andmay be able in
determining their origins (e.g. McLennan et al., 1990). Major elements
are mostly mobile, besides SiO2, Al2O3 and TiO2 and therefore prone to
a variety of secondary effects like fluid-flow, weathering, diffusion etc.
(e.g. Taylor and McLennan, 1985) and may be strongly affected during
the manufacturing process of pottery and therefore not used here. Ra-
tios of Zr/Ti versus Nb/Y will reflect the general geochemical composi-
tion (Fralick, 2003; Winchester and Floyd, 1977). All samples show
relatively narrow variations in Nb/Y (0.51 to 0.86) and Zr/Ti ratios.
However, the occurring small variation in both ratios might point to
the partly use of slightly more alkaline material to increase Nb over Y
and in some samples a slight dominance of felsic material with values
above 0.04 (R2, R7, R14, R15 and R31; Table 3; Fig. 5a) or a dominance
of less fractionated rock components with values below 0.04 (samples
R6, R9, R10, R12, R18, 11, 12, Table 3). However, Ti is nearly 100%
budgeted by rutile but not all mafic to ultramafic rocks do contain rutile
to increase Ti concentrations, but it can also be originated in metamor-
phic rocks. A similar trend of two slightly differently mixed source com-
ponents can be observed when using Th/Sc versus Zr/Sc ratios (Table 2;
Fig. 5b; McLennan et al., 1990, 1993), which may divide the samples in
two groups. Here samples like 11 does show clearly the input of felsic
material with elevated Zr concentrations (second highest) in compari-
son to other samples and the significant Sc concentrations still point
to the use of a non-felsic component (Table 3). High sensitive rare
earth elements (REE) are able to determine the main component and
may reveal differences in rock compositions. However, the sum of REE
(ΣREE) is very low in comparison to normal PAAS (ΣREE = 183 ppm;
after McLennan et al., 2006) with values between 37.6 and 116 ppm
(Table 3) in all samples but the patterns are relatively similar to normal
shales (Fig. 5c). Some samples do show a significant negative Eu anom-
aly (e.g., R31), while other samples are characterized by a flat pattern
ition of unusually chrome and nickel-rich bucket-shaped pottery from
x.doi.org/10.1016/j.sedgeo.2015.09.001
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Fig. 4. Selected FE-SEMmicrographs and EDS of the studied samples. Note the loose arrangement of particles. a) R14, general texture of the paste, strong orientation of talc booklets (Ta)
and other minerals surrounding rounded quartz and silty grains; b) R31, talc (Ta) flat flakes and booklets and tremolite (Tr) prismatic crystals; c) R7, large bunches of anthophillite
(arrow), EDS spectra c shows its chemical composition; d) R9, long prismatic crystals of tremolite, aggregates of small clay particles, talc flat flakes, the rounded fragment (arrow) has
high concentration of Si (other elements might be contamination from the small clay particles) as shown in the EDS spectra d and suggests a silicious phytolith; e) R7, observed the
abundance of long tubes (arrow) of organic matter mixed in the paste, EDS e shows high C concentration.
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(e.g., 11 and R7; Fig. 5c). Other samples (e.g., R14) are depleted in REE
and show high concentrations in heavy REE and lower abundances of
light REE. Normalizing a larger variety of large ion lithophile elements
(LILE; K, Ba, Cs, Rb, Sr), high field strength elements (HFSE; Zr, Hf, Nb,
U) and first series transition metals (Sc, Ti, V, Cr, Ni) to typical shale
composite (PAS after Taylor and McLennan, 1985; McLennan, 2001;
McLennan et al., 2006; Fig. 5d) should be able to reveal anomalies of
specific element groups, like f.e. compatible elements (Sc, Ti, Ni, Cr, V,
Nb), which would point to a mafic or ultra-mafic source, in contrast to
incompatible trace element indicating a felsic source component (Th,
La, Ce, Zr, Hf). Mobile elements like the LILE are, in the presented sam-
ples, depleted in comparison to PAS, with the exception of P. However,
Please cite this article as: Zimmermann, U., et al., Provenance and compos
Rogaland (southwestern Norway), Sedimentary Geology (2015), http://d
P is relatively mobile and could be also of anthropogenic origin intro-
duced via fertilizer in those samples, where it is enriched. This is likely
as other incompatible elements are depleted to normal shale (Fig. 5d).
Most of the immobile elements are also depleted compared to normal
shale similar to the LILE, but not Cr, Ni and Co (Table 3). Cr and Ni are
strongly enriched in all samples but not in 11 and R7 (Fig. 5d). This di-
rects to specific mineral phases, enriched in these two compatible ele-
ments, as being abundant in the pottery material. Other compatible
elements, like Nb, Ta, Ti and Sc are depleted or as abundant as in normal
shale (Fig. 5d; Table 3). Generally, it is impressive how similar the con-
centrations in these selected elements are in these selected elements,
which is indicated by the gray area (Fig. 5d). It seems that all samples
ition of unusually chrome and nickel-rich bucket-shaped pottery from
x.doi.org/10.1016/j.sedgeo.2015.09.001
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Table 3
Geochemical data for all samples used in this study. %=weight percent. ppm=parts permillion; ppb=parts per billion; TOT/C= total Carbon; TOT/S= total sulfur; LOI= loss on ignition; n.d.=not determined; bdl=belowdetection limit. Values
for PAAS (Post-ArcheanAustralian average shale) are fromMcLennan (2001) andMcLennan et al. (2006) completedwith values for the upper continental crust (UCC) by Rudnick andGao (2003) because those elements have not been compiled in the
former literature and reliable data for PAAS for these elements are not available. Data from rocks of Karmøy are taken from Pedersen and Hertogen (1990).

Element SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 MnO LOI Sum Ba Cs Ga Hf Nb Rb Sr Ta

Unit % % % % % % % % % % % % ppm ppm ppm ppm ppm ppm ppm ppm

Sample Type Detection limit 0.01 0.01 0.04 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.1 0.01 1 0.1 0.5 0.1 0.1 0.1 0.5 0.1

Upper limit 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 5% 10000 10000 10000 10000 10000 50000 10000

R2 Grave 58.05 5.65 5.54 17.67 0.48 0.42 0.98 0.28 0.28 0.08 9.9 99.65 218 1.7 6.8 2.2 6.1 46.8 50.1 0.6
R6 Grave 53.17 6.68 6.66 20.78 0.91 0.41 0.65 0.25 0.33 0.1 9.3 99.61 113 2.8 9.7 1.4 4.4 33.9 34 0.4
R7 Grave 45.05 7.61 5.61 10.85 0.91 0.95 1.56 0.44 1 0.1 25.6 99.69 467 3.2 11.3 3.4 9.9 69.9 142.3 0.7
R9 Grave 52.78 5.58 5.56 16.52 6.74 0.28 0.99 0.29 0.76 0.13 9.8 99.68 200 3.1 8.2 1.5 6 55.5 41.1 0.6
R10 Grave 50.03 5.26 8.02 20.84 0.86 0.24 0.59 0.24 0.2 0.16 12.4 99.26 119 1.9 10.1 1.1 6.6 28.1 32.8 0.5
R12 Grave 52.8 5.66 7.09 22.07 0.26 0.26 0.88 0.41 0.49 0.06 9.3 99.58 151 1.5 9.6 2.4 7.1 34 26 0.5
R14 Grave 59.08 5.71 5.64 19.21 0.43 0.4 0.83 0.28 0.08 0.08 7.6 99.65 123 1.6 6.8 2.5 6.2 32.7 34.5 0.7
R15 Grave 58.78 6.43 5.66 18.32 0.45 0.42 0.95 0.31 0.31 0.08 7.6 99.61 151 1.6 7.1 2.4 5.6 37.2 37.8 0.5
R18 Grave 53.61 5.28 7.88 20.94 1.19 0.21 0.83 0.32 0.42 0.15 8.5 99.6 112 1.8 8.4 1.9 7.3 31.6 27.5 0.6
R29 Grave 50.42 6.13 6.89 20.19 0.26 0.41 0.91 0.29 1.06 0.04 12.5 99.58 231 1.7 10.9 1.1 6.8 53.9 51.3 0.5
R31 House-pottery 55.14 4.22 5.9 23.05 1.13 0.34 0.62 0.16 0.47 0.04 8.2 99.58 132 1.1 7.2 1.4 3.9 31 36 0.2
11 Grave 52.05 8.65 6.92 14.85 0.68 0.68 1.71 0.37 0.46 0.12 12.9 99.41 253 3.9 10.8 2.4 7.6 86.3 59.6 0.5
12 Grave 51.94 7.72 7.2 19.37 1.26 0.3 0.91 0.33 0.38 0.1 9.8 99.62 152 2.5 10.8 2 6.9 45.2 26.3 0.5
PAAS and UCC 62.80 18.90 6.50 2.20 1.30 1.20 3.70 1.00 0.16 0.11 650 15.0 20 5 19.0 160 200 1
Possible sources
Karmøy Gabbro 8.53 0.31 0.22 0.04
Karmøy Gabbro 9.68 0.47 0.14 0.02
Karmøy Dyke swarm 17.32 0.19 n.d. 0.04
Karmøy Dyke swarm 13.7 0.34 n.d. 0.04

Table 3 (continued)

Element Co Cr Ni Sc Th U V Zr Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er

Unit ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm

Sample Type Detection limit 0.2 5 0.1 1 0.2 0.1 8 0.1 0.1 0.1 0.1 0.02 0.3 0.05 0.02 0.05 0.01 0.05 0.02 0.03

Upper limit 10000 1 10000 10000 10000 10000 10000 50000 50000 50000 50000 10000 10000 10000 10000 10000 10000 10000 10000 10000

R2 Grave 42.5 1539 120 7 4.6 0.9 48 77 9.9 11.7 24.9 2.87 10.1 1.99 0.37 1.78 0.29 1.67 0.34 1
R6 Grave 51.2 1628 439.4 10 4.9 0.8 88 44.6 7.9 8.9 23.4 2.38 9.8 1.91 0.37 1.46 0.25 1.4 0.27 0.84
R7 Grave 18.3 246 48 10 7.7 3.4 74 125.3 14.8 24.3 50.9 5.64 21.1 3.47 0.66 2.86 0.44 2.49 0.53 1.49
R9 Grave 36.6 978 397.4 9 5.7 1 50 52.5 11.7 12.1 27.9 3.12 11.5 2.46 0.37 2.24 0.38 2.2 0.44 1.25
R10 Grave 58.6 2456 109 9 4.8 1.8 63 47.9 10.6 16.4 33.9 3.61 12.4 2.31 0.38 1.89 0.31 1.66 0.34 1.03
R12 Grave 40.7 1143 133.8 9 6.4 1.2 70 80.4 11.4 14.5 30.6 3.59 13.6 2.4 0.32 2.15 0.33 1.96 0.4 1.22
R14 Grave 41.5 1081 121.5 6 3.8 0.6 44 77.5 7.2 6.4 17.4 1.69 6 1.3 0.25 1.07 0.2 1.21 0.24 0.8
R15 Grave 43.6 1245 129.8 7 4.5 1 44 84.2 8.1 9.4 25.2 2.51 8.9 1.86 0.34 1.52 0.26 1.5 0.3 0.95
R18 Grave 51.9 1232 222.3 11 5.4 1.6 52 68.6 10.5 15.2 29.9 3.39 13 2.36 0.36 2.06 0.35 1.97 0.37 1.14
R29 Grave 48.7 2750 106.3 9 7 1.5 60 40 9 20.5 43.8 4.76 17.1 2.93 0.44 2.2 0.32 1.71 0.28 0.83
R31 House-pottery 15.8 1697 88.6 4 5.7 1.2 37 43.3 7.3 14.2 33.3 3.38 11.4 2.31 0.3 1.74 0.27 1.44 0.24 0.64
11 Grave 30.2 123 51.6 9 8 1.4 65 85.7 11.7 19.3 39.9 4.42 17.2 2.89 0.56 2.4 0.39 2.03 0.43 1.23
12 Grave 51.8 1539 128.5 16 6.2 1.3 77 61.2 11.3 14 31.8 3.36 13.5 2.31 0.37 1.98 0.36 1.98 0.4 1.25
PAAS and UCC 23.0 110 55 16.0 14.6 3.1 150 210 27.0 38.0 80.0 8.9 32.0 5.6 1.1 4.7 0.8 4.4 1.0 2.9
Possible sources
Karmøy Gabbro n.d. 808 210 37.3 0.06 94 27 5.8
Karmøy Gabbro n.d. 611 148 39.6 0.05 132 26 10.3
Karmøy Dyke swarm n.d. 1351 271 42.1 0.2 199 16 6
Karmøy Dyke swarm n.d. 1277 177 36.8 0.25 190 14 12

8
U
.Zim

m
erm

ann
etal./Sedim

entary
G
eology

xxx
(2015)

xxx–xxx

Please
cite

this
article

as:Zim
m
erm

ann,U
.,etal.,Provenance

and
com

position
ofunusually

chrom
e
and

nickel-rich
bucket-shaped

pottery
from

Rogaland
(southw

estern
N
orw

ay),Sedim
entary

G
eology

(2015),http://dx.doi.org/10.1016/j.sedgeo.2015.09.001

http://dx.doi.org/10.1016/j.sedgeo.2015.09.001


Ta
bl
e
3
(c
on

tin
ue

d)

El
em

en
t

Tm
Yb

Lu
Σ
RE

E
TO

T/
C

TO
T/
S

M
o

Cu
Pb

Zn
A
s

Cd
A
u

A
g

Zr
/T
i

N
b/
Y

Th
/S
c

Zr
/S
c

Cr
/V

Cr
/T
h

Y/
N
i

U
ni
t

pp
m

pp
m

pp
m

pp
m

%
%

pp
m

pp
m

pp
m

pp
m

pp
m

pp
m

pp
b

pp
m

Sa
m
pl
e

Ty
pe

D
et
ec
ti
on

lim
it

0.
01

0.
05

0.
01

0.
02

0.
02

0.
1

0.
1

0.
1

1
0.
5

0.
1

0.
5

0.
1

U
pp

er
lim

it
10

00
0

10
00

0
10

00
0

10
0%

10
0%

20
00

10
00

0
10

00
0

10
00

0
10

00
0

20
00

10
00

00
10

0

R2
G
ra
ve

0.
17

1.
02

0.
15

58
.3
5

3.
31

0.
03

0.
1

23
.1

6.
6

30
1.
6

0.
2

2.
6

bd
l

0.
04

6
0.
62

0.
66

11
.0
0

32
33

5
0.
08

R6
G
ra
ve

0.
12

0.
78

0.
12

52
1.
06

0.
05

0.
2

53
.3

9.
1

67
97

.8
bd

l
bd

l
0.
1

0.
03

0
0.
56

0.
49

4.
46

19
33

2
0.
02

R7
G
ra
ve

0.
23

1.
5

0.
21

11
5.
82

13
.3
9

0.
08

4.
2

11
9.
4

16
.7

50
2.
5

0.
5

3.
2

1.
0

0.
04

8
0.
67

0.
77

12
.5
3

3
32

0.
31

R9
G
ra
ve

0.
18

1.
14

0.
16

65
.4
4

2.
35

0.
02

0.
3

32
.4

17
51

1.
7

bd
l

6.
0

bd
l

0.
03

0
0.
51

0.
63

5.
83

20
17

2
0.
03

R1
0

G
ra
ve

0.
16

0.
98

0.
15

75
.5
2

3.
33

0.
18

0.
2

8.
7

40
.5

32
02

9
3.
6

1.
5

bd
l

0.
03

3
0.
62

0.
53

5.
32

39
51

2
0.
10

R1
2

G
ra
ve

0.
2

1.
21

0.
19

72
.6
7

2.
04

0.
02

0.
3

17
.2

8.
3

47
4

bd
l

4.
2

bd
l

0.
03

3
0.
62

0.
71

8.
93

16
17

9
0.
09

R1
4

G
ra
ve

0.
13

0.
83

0.
12

37
.6
4

1.
16

bd
l

0.
2

14
.5

6.
9

32
1

bd
l

2.
2

0.
1

0.
04

6
0.
86

0.
63

12
.9
2

25
28

4
0.
06

R1
5

G
ra
ve

0.
14

0.
9

0.
13

53
.9
1

1.
14

0.
02

0.
5

17
9.
4

9.
7

11
2

1.
2

bd
l

1.
5

bd
l

0.
04

5
0.
69

0.
64

12
.0
3

28
27

7
0.
06

R1
8

G
ra
ve

0.
17

1.
11

0.
17

71
.5
5

1.
51

bd
l

0.
3

12
.3

12
.4

42
56

.9
bd

l
12

.7
0.
2

0.
03

6
0.
70

0.
49

6.
24

24
22

8
0.
05

R2
9

G
ra
ve

0.
11

0.
73

0.
1

95
.8
1

3.
73

0.
02

0.
3

12
5.
1

15
.7

44
38

.2
bd

l
13

.8
6.
7

0.
02

3
0.
76

0.
78

4.
44

46
39

3
0.
08

R3
1

H
ou

se
-p
ot
te
ry

0.
1

0.
69

0.
08

70
.0
9

1.
62

bd
l

0.
3

20
.1

4.
6

13
18

.4
0.
1

3.
5

bd
l

0.
04

5
0.
53

1.
43

10
.8
3

46
29

8
0.
08

11
G
ra
ve

0.
18

1.
15

0.
17

92
.2
5

5.
46

bd
l

0.
2

19
24

.2
23

1.
6

46
4.
2

bd
l

2.
2

0.
6

0.
03

9
0.
65

0.
89

9.
52

2
15

0.
23

12
G
ra
ve

0.
17

1.
16

0.
16

72
.8

2.
22

bd
l

0.
4

8.
5

9.
1

44
2.
1

bd
l

bd
l

bd
l

0.
03

1
0.
61

0.
39

3.
83

20
24

8
0.
09

PA
A
S
an

d
U
CC

0.
40

2.
8

0.
43

18
3

0.
62

1
1.
0

50
20

85
4.
8

0.
09

1.
5

0.
05

6
0.
03

5
0.
70

0.
91

13
.1
3

1
8

0.
49

Po
ss
ib
le

so
ur
ce
s

K
ar
m
øy

G
ab

br
o

0.
01

5
0.
04

0.
00

2
0.
72

9
13

46
7

0.
03

K
ar
m
øy

G
ab

br
o

0.
00

9
0.
01

0.
00

1
0.
66

5
12

22
0

0.
07

K
ar
m
øy

D
yk

e
sw

ar
m

0.
01

4
0.
00

5
0.
38

7
67

55
0.
02

K
ar
m
øy

D
yk

e
sw

ar
m

0.
00

7
0.
00

7
0.
38

7
51

08
0.
07

9U. Zimmermann et al. / Sedimentary Geology xxx (2015) xxx–xxx

Please cite this article as: Zimmermann, U., et al., Provenance and com
Rogaland (southwestern Norway), Sedimentary Geology (2015), http
pos
://d
do follow a relatively similar composition in the selection of thematerial
used for the pottery besides 11 and R7.

Mafic and ultramafic rocks are enriched in compatible elements,
however different tectonic settings would produce different types of
mafic and ultramafic rocks. Indicator for a mafic to ultramafic com-
position or a dominantmafic to ultramafic component in clastic materi-
al can be monitored with Cr/Th (Fig. 5e) and Cr/V ratios (Fig. 5f). The
samples studied here have Cr/V ratios up to 46 (!) even higher than
the compared primitive basalts and ultramafic rocks from Karmøy
(Fig. 5f; Table 3). Basalts do have as well often elevated Cr/V ratios but
they differ in Cr/Th ratios in comparison to ultramafic rocks (Floyd
et al., 1990). Ultramafic rocks would show ratios far above 5000 while
basaltic rocks rarely above 5, and post Archean average shale would
have values around 7.5 (McLennan et al., 2006). Again all samples
besides R7 and 11 point to an ultramafic source for the used potteryma-
terial, representing the less fractionated component of the used
materials. Regarding Cr/V ratios, a value above 8 would point to an
ophiolite of mafic to ultramafic composition that indicates a source
represented by obducted oceanic or back-arc crust. Those rocks are as
well enriched in ferromagnesium minerals, hence enriched in Ni but
depleted in V with therefore low Y/Ni ratios (Fig. 5f; McLennan et al.,
1993). The samples in this study do exactly show these characteristics,
with the exception of samples R7 and 11 (Table 3).

Besides the spectacular concentrations of Cr (N1000 ppm) and Ni
(100–5000 ppm), some other trace element concentrations are note-
worthy. Cu, for example is enriched in sample R15 (but not in sample
R14 from the same area), R29 and R7, but extremely abundant in
sample 11 with nearly 2 wt.% (Table 3). This sample also is enriched in
Pb with 10× normal shale (Table 3). Zn is in all samples depleted
besides a slight enrichment in sample R15 but as abundant as 3 wt.%
(!) in R10 (Table 3). Arsenic is in some samples strongly depleted but
enriched in R29, R18, R31 and especially in R6 abundant. In rock and
sediment samples base metals are rarely enriched mostly only if the
rocks have been deposited under anoxic conditions or if they suffered
from mineralizations (Piper, 1993). Cadmium concentration in sample
R7 and R10 is wide above what to expect in rocks but can be possible
in stream sediments where placer does enrich the material (Callender,
2003). Finally, Au is very slightly enriched in most of the samples, but
R29 and R15 do show enrichment of about 10 times the typical value
for crustal rocks (Table 3). R29 is also enriched in Ag for about 100
times compared to upper crustal rocks.
3.4. Raman spectroscopy

Raman spectroscopy is able to identify without damaging the mate-
rial crystalline structures and therefore minerals (e.g., Andò and
Garzanti, 2013; Fig. 6) have been identifiedwith awide range of expect-
ed and common minerals, like quartz, plagioclase (Fig. 6c) and biotite.
Abundant, but mainly as small black entity, a black material is present
in all the samples and the Raman spectra show amorphous carbon
(coal; Fig. 6d). However, we cannot exclude that in origin this material
was an organic substance subsequently transformed in carbonaceous
material or has other origins. Of importance is the most abundant
mineral identified as platy transparent crystals. Those minerals belong
to the talc-group, as revealed by the spectra in both low-frequency
(100–1200 cm−1) and OH-stretching (3400–3800 cm−1) regions
(Fig. 6a). Furthermore, many prismatic and fibrous amphiboles exist,
which appear as colorless or pale yellow crystals and are identified as
anthophyllite (in the low frequency region with the laser polarization
parallel and perpendicular to the elongation (c) axis of the crystals
and also in the OH-stretching region; Fig. 6b). Of highest importance
for this study was the discovery that most of the talc is enriched in Cr
(Cr-rich talc; Fig. 6e), which is the main carrier of the high Cr concen-
tration in the samples. No other Cr-bearing mineral has been so far
discovered.
ition of unusually chrome and nickel-rich bucket-shaped pottery from
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Fig. 5. a) General chemical composition of the pottery samples using Nb/Y and Zr/Ti ratios after Winchester and Floyd (1977); b) Zr/Sc versus Th/Sc for further details on the chemical
composition of the samples. One group contains less fractionated material than other samples, although differences are minute; c) Rare earth element values normalized to normal
shale (PAAS, McLennan, 2001; Taylor and McLennan, 1985); d) Values for the studied samples used in a multi-element diagram normalized to PAS (McLennan, 2001; Taylor and
McLennan, 1985) and upper crust (Rudnick and Gao, 2003). The gray area envelopes all samples, but R7 and 11, and points to a narrow range for all elements, mobile and immobile
ones; e) Ultramafic composition in clastic material would be identified with values between 30 to 50 (after Floyd and Leveridge, 1987), higher values like here are only one dimension
below possible source rocks and extreme high (see Tables 3, 4); f) An ophiolitic (mafic to ultramafic) provenance starts in clastic material at a Cr/V ratio around 8 and reaches values
of 12 possibly 15 (after McLennan et al., 1993) but in these samples much higher.
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4. Implications of the analytical data

XRD, optical petrography together with Raman spectroscopy
(Figs. 3, 5, 6; Table 1) determined a domination of Cr-rich and Ni-rich
talc (willemseite) and chlorite (nimite), besides the 14 Å mineral and
anthophyllite in the pottery explaining the high Cr and Ni abundances
revealed by trace element chemistry. However, themost abundantmin-
eral is Cr-bearing talc (Fig. 6e). Quartz and feldspar are rare, so are rock
fragments and mica. The accessory mineral assemblage points rather to
a preference for intermediate and mafic material components for the
pottery with minerals like plagioclase, hornblende and rutile. Fewmin-
erals as the mentioned quartz, feldspar and epidote might be related to
weathered felsic rocks (granites). Cr- and Ni-bearing talc is the most
abundant phasewith c. 40–60% (f.e. Table 2) dependent on the samples,
and amounts for the high concentrations of Ni and Cr in the pottery.
Anthophyllite, which is also abundant in the pottery (Table 2), is a
Mg-Fe-Mn rich amphibole and is classified as an asbestos mineral
(Veblen, 1980). Tremolite is sometimes present in asbestos-like long
slender prismatic crystals but more often crushed in small rods or
prismatic fragments. The occurrence of this mineral might have been
decisive in the description of ‘asbestos-bearing pottery’ for the Bucket-
shape ceramic of Rogaland (Kleppe and Simonsen, 1983). However,
talc is by far more abundant in the pottery than anthophyllite (Table 2).

For the issue of the provenance and to explain the extraordinary
chemical composition, the four mainly occurring minerals Cr-rich talc,
willemseite, nimite and anthophyllite are decisive. All four are related
to weathered ultramafic or mafic rocks (Bucher and Grapes, 2011; De
Waal, 1970; Hora, 1997; Villanova-de-Benavent et al., 2014), which is
supported by the geochemical data. Studies of Bronze Age and Roman
Pottery fromCyprus showed the same trend andwere related to the ex-
posed ophiolite sequence of Troodos (Gomez et al., 2002). The high con-
centrations of Mg but low abundances of Al (Table 3) in our study can
also be explained by the massive abundance of talc-group minerals.
Further carriers of Mg are some clays, the 14 Å mineral (mica) and
Mg-anthophyllite (amphibole groupmineral). Trace element geochem-
istry could identify a composition, which is dominated by materials
derived from ultramafic to mafic rocks with very high Cr/V (N10) and
Cr/Th (N80) ratios and mixed with moderately recycled intermediate
to possible felsic components (Fig. 5e and f; Table 4). Exceptions to all
these generals are the samples R7 and 11. Both do not show the high
amount of Cr, Ni and Co but still carry outstanding concentrations
(Table 3). Sample 11 contains nearly 2 wt.% of Cu and more than
200 ppm Pb, while sample R7 has a high concentration of volatiles
and TOC (Table 2). Both have been collected relatively close to each
other and further sampling has to focus if this is a local variation or
arbitrary.

Combining these information it is possible to suggest several major
source areas for the origin of the used materials. The high amount of
Mg, Cr, Ni and Co points to amafic to ultramafic source for thematerials,
which is not related to a continental arc but to oceanic or back-arc crust.
Mafic and ultramafic rocks related to oceanic crust and back-arc envi-
ronments are enriched in ferromagnesium minerals (McLennan et al.,
1990) and depleted in elements like Ti, Nb and Ta (Hofmann, 1988). Ex-
actly this trend can be observed here (Table 3). To determine the type of
origin for this mafic to ultramafic component is difficult as especially ul-
tramafic rocks are highly variable and contain complex geochemistry
(e.g. Zhou et al., 2004). However, rocks of that origin are exposed in
Rogaland to the north of Stavanger on the island Karmøy (stippled
area in Fig. 1) and belong to the Paleozoic Caledonian orogen. Sedimen-
tary rocks with detritus derived from mafic and ultramafic rocks have
been found in this orogen, hence are abundant and possible to identify
(Floyd et al., 1989, 1991). On Karmøy, oceanic back-arc mafic and ultra-
mafic rocks are exposed (Dilek and Furnes, 2011; Pedersen and
Hertogen, 1990) and a good fit for the observed geochemical character-
istics as even some rock successions exposed in the Karmøy ophiolite
resemble the chemical composition of the pottery (Table 3). The higher
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Cr/Th ratios are related to extremedepletion of Th in themantle sources
for these ophiolitic rocks and the lower Cr/V ratios are related to the
major source of V in mafic and ultramafic rocks, which are spinels
(Taylor and McLennan, 1985) and prone to sorting during weathering
processes. As mafic, and especially ultramafic rocks are easily affected
by weathering, secondarymaterials as a weathering product of possible
different ages should be abundant onKarmøy. No other area in southern
Norway contains a similar rock association and would produce such
composed derivate usable for pottery production. Ophiolites exposed
further north of Bergen are geochemically different and have a differ-
ent origin and would not match the results here (Furnes et al., 1982).
Cr and Ni concentrations at Storøya (Leka Ophiolite Complex close to
Trondheim) are by far lower than in the rocks of Karmøy (Tveit et al.,
1993). As remarked, a very similar relation between pottery composi-
tion and source rock composition with a mafic to ultramafic signature
has been reported by Gomez et al. (2002) from Cyprus, where half of
the island is composed of obducted oceanic crust, the world-famous
Troodos massif (Dilek and Furnes, 2011).

Furthermore, alteration products of mafic and ultramafic rocks are
enriched in the few slightly more stable minerals like amphiboles and
spinels. The lack of the latter can be explained by sorting, as during
heavy rainfall these minerals will be leached out easier from sediments
than the strongly adhesive phyllosilicates or, alternatively, the pottery
material used had been devoid of any other mafic minerals. The
abundance of talc can be explained by weathering of intrusive contacts
between silicate-poor and intermediate rocks in numerous locations on
Karmøy where dykes intrude intermediate, mafic and ultramafic rocks
(Pedersen and Hertogen, 1990). Geochemical studies on mafic and
ultramafic rocks and dykes on Karmøy support our provenance spec-
ulations as rocks with Cr concentrations above 1000 ppm and Ni con-
centrations over 150 ppm are often recorded (Pedersen and Hertogen,
1990; Table 3). The area on Karmøy and especially around the Cu
mines near Kopervik could also explain the extreme high abundances
of Zn and Cu in some samples (Table 3). However, the latter is specula-
tive as these concentrations can also be of anthropogenic origin.

This leaves us with the other, less significant material components,
which are by far more difficult to pinpoint. Here, Table 3 and Fig. 5
show that samples are partly enriched in Th but depleted in Zr. This
points rather to an intermediate component possibly deposited in an
arc environment when this component would also be responsible for
the low Ti, Nb and Ta concentrations (see Hofmann, 1988). The absence
of high Zr and Ti concentrations, although both elements are mainly
carried by the ultrastable heavy minerals zircon and rutile, can be ex-
plained by sorting during weathering or the minerals had been absent
in the original rock source. However, only few is known about the geo-
tectonic origin of rocks surrounding Stavanger and in Jæren, the region
south of Stavanger (Fig. 1), in comparison to Karmøy (stippled area in
Tig. 1); thus, interpretations of the non-mafic component in the samples
are strongly hypothetical, but explain the differences in f.e. Cr/Th ratios
compared to the mafic and ultramafic source rocks (Table 4).

Samples 11 and R7 are different from the others with less high Mg,
Co, Ni and Cr concentrations but still comparable to normal shale or
even above (Table 3; Fig. 5d, e, f). XRD data show that they contain sig-
nificant less talc than the rest of the fragments, as well as large amounts
of anthophyllite. R7 has higher Al2O3, Ti2O, Ta, Nb, Zr, K2O, Na2O, LOI and
TOC than all other samples, which points to the existence of rutile, zir-
con, feldspar and organic matter as observed by FE-SEM and reflected
in TOC (Table 2). Alike R7 is sample 11 enriched in nearly all incompat-
ible trace elements like Zr, Hf, light REE and Th, Al2O3 and K2O (Table 3;
Fig. 5d). This points to a different composition of the pottery with a
higher amount of felsic material than all other samples. Although sam-
ples R7 and 11 share a common characteristic with all other samples,
namely the abundance of talc and asbestos-like mineral anthophyllite
minerals, the two samples stand out in that the material composition
is enriched in felsic components and might not be solely local. This is
surprising, as the grave contexts with the two vessels are centrally
ition of unusually chrome and nickel-rich bucket-shaped pottery from
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Fig. 6. Raman spectra of a) Low-frequency (100–1200 cm−1), OH-stretching (3400–3800 cm−1) regions of talc; b) Low-frequency (100–1200 cm−1), OH-stretching (3400–3800 cm−1)
regions of anthophyllite; c) Feldspar with amorphous carbon; d) Amorphous carbon; e) Photoluminescence spectrum of Cr3+ ions in talc.
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located in a region richwith clays and additiveminerals which are func-
tional and of good quality. Also there is ample evidence for strong local
potting traditions at the time of deposition, reflected in a rich distribu-
tion of locally produced pottery in settlements as well as in burial con-
texts (Fredriksen et al., 2014; Kristoffersen and Magnus, 2010).

The possibility that the area of Karmøy is the origin of the mafic to
ultramafic component in the analyzed pottery may have impacts on
the archeological interpretation of the grave and settlement contexts
in which the material is found. This discussion, however, is not the
focus of this contribution and awaits more detailed and further analyti-
cal work on a larger sample set. The use of materials for the pottery
dominated by elongated relatively soft materials like talc and antho-
phyllite may also have some implication for the archeological context.
Clearly, the extraordinary composition of the pottery with the high Cr
and Ni (and Co) concentrations is characteristic for nearly all samples
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and spectacular. The selection of this specific component is surprising
as it does not bear any further advantage for the use of the pottery, be-
sides possibly conductive advantages, which, however, has to be tested
if correct. However, if the materials have been derived from Karmøy
then this area might have had played an important role in the cultural
context of the bucket-shaped pottery.

5. Conclusion

We report results from FE-SEM–EDS, geochemical data, mineralogi-
cal analyses and Raman spectroscopy of pottery of bucket-shaped ce-
ramic from Rogaland (southwestern Norway) dated between the 5th
and 6th Century. The study reveals a very rare pottery-type composed
of asbestos–group minerals and an unusual enrichment in compatible
elements like Cr (8–27× PAS), Ni (2–8× PAS) and Co (2–3× PAS)
ition of unusually chrome and nickel-rich bucket-shaped pottery from
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Table 4
Comparison of the most important geochemical characteristics for the studied pottery. % = weight percent; ppm = parts per million; n.d. = not determined. Values for PAAS (Post-
Archean Australian average shale) and UCC (typical Upper Continental Crust) and rocks of Karmøy as in Table 3.

Zr/Ti Nb/Y Th/Sc Zr/Sc Cr/V Cr/Th Sc/Th Y/Ni MgO TiO2 Cr Ni
Sample % % ppm ppm

R2 Grave 0.046 0.62 0.66 11.00 32 335 0.09 0.08 17.67 0.28 1539 120
R6 Grave 0.030 0.56 0.49 4.46 19 332 0.22 0.02 20.78 0.25 1628 439.4
R7 Grave 0.048 0.67 0.77 12.53 3 32 0.08 0.31 10.85 0.44 246 48
R9 Grave 0.030 0.51 0.63 5.83 20 172 0.17 0.03 16.52 0.29 978 397.4
R10 Grave 0.033 0.62 0.53 5.32 39 512 0.19 0.10 20.84 0.24 2456 109
R12 Grave 0.033 0.62 0.71 8.93 16 179 0.11 0.09 22.07 0.41 1143 133.8
R14 Grave 0.046 0.86 0.63 12.92 25 284 0.08 0.06 19.21 0.28 1081 121.5
R15 Grave 0.045 0.69 0.64 12.03 28 277 0.08 0.06 18.32 0.31 1245 129.8
R18 Grave 0.036 0.70 0.49 6.24 24 228 0.16 0.05 20.94 0.32 1232 222.3
R29 Grave 0.023 0.76 0.78 4.44 46 393 0.23 0.08 20.19 0.29 2750 106.3
R31 house hold 0.045 0.53 1.43 10.83 46 298 0.09 0.08 23.05 0.16 1697 88.6
11 Grave 0.039 0.65 0.89 9.52 2 15.4 0.11 0.23 14.85 0.37 123 51.6
12 Grave 0.031 0.61 0.39 3.83 20 248 0.26 0.09 19.37 0.33 1539 128.5
PAAS and UCC 0.035 0.70 0.91 13.13 1 7.5 0.08 0.49 2.20 1.00 110 55
Karmøy Gabbro 0.015 0.04 0.00 0.72 9 13467 1.38 0.03 8.53 0.31 808 210
Karmøy Gabbro 0.009 0.01 0.00 0.66 5 12220 1.52 0.07 9.68 0.47 611 148
Karmøy Dyke swarm 0.014 n.d. 0.00 0.38 7 6755 2.63 0.02 17.32 0.19 1351 271
Karmøy Dyke swarm 0.007 n.d. 0.01 0.38 7 5108 2.63 0.07 13.7 0.34 1277 177
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carried by talc. XRD and Raman spectroscopy could reveal that Ni is in-
troduced by a specific Ni-rich talcmineral and Cr occurs in a rare Cr-rich
talc, both genetically related to ultramafic rocks. So far, we can only
speculate if the talc phase is the same and contains sometimes Ni and
in other case Cr or if these two phases are different mineral species.
The pottery is also characterized further by high Mg concentrations be-
tween 10–20× PAS concentration,which reflects the high content of as-
bestos minerals and talc. The addition of Mg, Cr, Ni and Co and other
compatible trace elements is, to our current knowledge, not caused by
anthropogenic activity but related to the used materials, which are
weathering products of mafic to ultramafic rocks. Rocks of this compo-
sition are exposed in vicinity of the sampling areas in a region called
Karmøy, hosting a world famous ophiolite complex. The rock succes-
sions are perforated by mafic dykes and the intrusive contacts could
easily be weathered to produce suitable mines/sources for pottery
manufacturing.

The here reported composition is spectacular and extremely rare in
pottery. Our study points out that as well unusual (even unsuitable?)
material sourcesmay have been used for pottery, and it can be speculat-
ed if these selections have beenmade by themanufacturers deliberately
expressing a specific social function, or not, as sufficient ‘ordinary’, pos-
sibly to a greater extent more functional, claymaterials are abundant in
Rogaland.
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