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ARTICLE INFO ABSTRACT

Keywords: Hundreds of European hillforts from the Bronze and Iron Ages show evidence of extreme heating of the stone
Sweden ramparts, which has caused melting of the rocks which partially turned to glass on cooling. The cause and age of
Hillfort wall vitrification at these hillforts has long been debated in the archaeological community. This work aims to
Archae.oma'gnetic dating determine the age of vitrification at the Broborg hillfort (Uppsala, Sweden) using archaeomagnetic dating. Rock
g:}:z::{:;:z; magnetic investigations verified the suitability of the vitrified materials for such studies, with titanomagnetites
Tron Age being the major magnetic signal carriers. Despite the challenges involved in sample collection at the Broborg

site, a total of eight oriented samples (five vitrified, three non-vitrified) were collected and used in this study.
The mean paleodirection and paleointensity results were combined to compare with a geomagnetic field model
for Europe. Three possible archaeomagnetic age intervals for Broborg vitrification were found: 389-579 CE,
602-752 CE, and 965-1300 CE, among which the 389-579 CE date range is the most consistent with the
published 'C ages and known historical context of the site. This study shows that paleointensity data alone
could be used to date such sites, requiring smaller unoriented samples, potentially removing some of the barriers

to sample acquisition at some archaeological sites.

1. Introduction

A hillfort is a type of prehistoric fortification consisting of one or
more lines of earth or stonework (fort), on a raised area of land (hill).
These structures are typically thought to have been constructed for
defensive purposes, though other uses have been suggested (Harding,
2012; Ralston, 2013). Some hillforts are known with portions of stone
ramparts which have clearly been exposed to high enough temperatures
to partially melt some of the rocks that make up the walls, which then
vitrified (turned to glass, or fine-grained aphanitic rock) upon
cooling. > 130 vitrified forts are identified in Europe dating as early as
the Late Bronze Age, with most of these tentatively dated to the Iron
Age (c. 1000 BCE - 1000 CE) (Berrocal-Rangel et al., 2019; Kresten
et al., 1993; Kresten and Kresten, 1996; Sanderson et al., 1985). Vi-
trified hillforts in Scotland are the most well studied (Cotton, 1954;
Ralston, 2013; Sanderson et al., 1985), yet many other sites are known
from places such as France (Vernioles, 2013), Sweden (Kresten and
Ambrosiani, 1992), Germany (Ropke and Dietl, 2014), and Portugal
(Berrocal-Rangel et al., 2019; Catanzariti et al., 2008).

Debate about the cause of wall vitrification at sites such as these is

as old as the historical writing about them (Russell, 1894). Archae-
ological interpretation ranges from destruction by enemy fire (Cotton,
1954; Harding, 2012; Kresten, 2004; Ralston, 1986) to lightning
(Kresten and Ambrosiani, 1992) to constructive mechanical enhance-
ment (Brothwell et al., 1974; Youngblood et al., 1978) to unspecified
ritual purpose (Vernioles, 2013). There is at least some evidence for all
of these explanations, and the cause (and purpose) of the vitrification
almost certainly differs from site to site (Kresten and Ambrosiani,
1992). Better constraints on the age of the vitrified material in these
sites, by documentation of possible variations in age(s) within a site and
for the overall range of ages of vitrified hillforts within a region, can
help to better understand the origin and cultural context of these dis-
tinctive features.

Broborg hillfort, which is located about 20 km southeast of Uppsala,
Sweden (17.9515°E, 59.7556°N), is one of the well-known structures
with prevalent wall vitrification identified in Sweden (Kresten et al.,
1993). Broborg has a halfmoon-shaped structure with dry-laid outer
ramparts built from moraine boulders on top of a hill; these extant
‘walls’ rise to about 2 m high and 4-6 m thick. The inner rampart is
similarly constructed, but additionally shows signs of extensive
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Fig. 1. Maps of Broborg: a) area of Broborg site (circled) with respect to major Swedish cities, also showing overall location in Sweden (inset); b) local map roughly
corresponding to the circle in a), showing of Broborg fornborg (hillfort) near the center of the map; for more details on the named nearby ancient monuments, see Fig.
S.1. in Supplementary Material; c¢) Broborg hillfort site map showing vitrified inner rampart areas (blue), along with sites where drill samples were obtained
(triangles), as well as trench excavation (rectangles). Courtesy of Mia Englund and Archaeologerna (The State Archaeologists, Sweden).

vitrification in various areas, which can be distinguished by the smooth
topography of the top-most surface of the wall. The building materials
of the walls are mainly granitic gneiss and amphibolite (Kresten et al.,
1993). Recently a fine-grained basaltic dike (dolerite/diabase) was
discovered on the Broborg hill, which may be another possible source of
mafic material for the wall (Englund, 2018). The aphanitic, vesicle-rich,
black melt-products derived from melted wall-rock source material can
be observed in the vitrified sections of these walls. Additionally, a
transparent-to-white superficial melt is often also observed, and has
been described as the ‘clear glass’ as distinct from the ‘opaque or black
glass’ (Kresten and Ambrosiani, 1992; Weaver et al., 2018).

There is strong evidence that high temperatures (> 700 °C but
possibly as high as 1100 °C in places) must have been reached for
significant amounts of time (hours to days) in order to melt these rocks
(Kresten et al., 1993). Melting of probable source materials (amphibo-
lite or dolerite or felsic gneiss) has been shown to produce magnetite
(and related spinel phases) or occasionally hematite on cooling (Kresten
et al., 1993; Yoder and Tilley, 1962). Either type of Fe-containing mi-
neral would record the geomagnetic field present at the site during
cooling below the Curie or Néel temperature of the specific magnetic
mineral formed in the melt product. This magnetic recording will occur
even if hematite or magnetite was present in the original rock and was
heated above the Curie/Néel temperature without melting. For the
Broborg site, Kresten and Ambrosiani (1992) have reported that the
vitrified areas have higher magnetic susceptibility than surrounding
wall materials, which they attribute to formation of magnetic minerals
in the melt as described above. Therefore, the Fe-oxide (magnetite or
hematite) particles formed at the time of the rock partial melting fol-
lowed by vitrification can be a promising source for archaeomagnetic
dating of the melting event, interpreted archaeologically at Broborg as
being related to the site construction. Archaeomagnetic dating can be
performed by comparing the direction and intensity of the thermo-
remnant magnetization (TRM) with a regional reference of the geo-
magnetic field.

There have been a few studies on archaeomagnetic dating of vi-
trified forts in Europe. Gentles and Tarling (1993) successfully dated six
Scottish  prehistoric  vitrified structures employing directional

archaeomagnetic techniques, with details discussed in Gentles (1989).
They found the vitrification dates of their studied forts to lie within the
range of 300 BCE — 500 CE, which was claimed to be in good agree-
ment with the radiocarbon dating results. Clelland (2011) discussed the
results of various attempts to date British vitrified hillforts. It was
pointed out in her work that, given the differences in the recorded TRM
signals, it is unlikely that the Scottish forts were all vitrified within a
relatively short period of time. Catanzariti et al. (2008) performed ar-
chaeomagnetic dating for a vitrified wall at the Misericordia site in
Portugal by comparing the TRM direction with a reference secular
variation curve suitable for the site location. It was found that vi-
trification at Misericordia occurred 842-652 BCE, corresponding to the
Late Bronze Age occupation period. Their study also yielded promising
results supporting the suitability of such techniques for dating vitrified
structures. Finally, a single directional measurement has been reported
from Camp de Péran hillfort in France, which was paleomagnetically
dated to 915 = 20 CE (Vernioles, 2013). Thus, there is suggestion that
these forts were vitrified over a thousand-year period in different re-
gions. Additional work to include estimates of the geomagnetic field
intensity as well as direction, and other archaeological and dating
evidence to constrain the likely time of crystallization of the primary
TRM carriers, can be used to more precisely determine the age of these
hillfort vitrification events at these sites.

Dates for the Broborg site have been obtained from various tech-
niques and summarized (Englund, 2018; Kresten et al., 1993). A post-
hole inside the rampart is dated by *C to 446 CE (430-660 CE, one
sigma). A glass bead found inside the fort in the 1980s has unclear
archaeological context but has been classified as Petré P5-type (ca. 700
CE) by Upplandsmuseet (Fagerlund, 2009). Thermoluminescence (TL)
of burnt stones under the vitrified layer gives a date of 740 + 100 CE;
however, considerable difficulties with TL have been pointed out for
fire-cracked stones and high temperature fired materials (Catanzariti
et al., 2008; Kresten et al., 2003). To the authors’ knowledge, no pub-
lished attempts have been made to date Broborg’s vitrification by
comparing the paleomagnetic signal recorded by the melt products with
regional compilations and models for paleosecular variation. In the
present work, suitability of the archeological vitrified materials at
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Fig. 2. a) drilled oriented sample with apparent signs of extensive vitrification throughout the entire sample (sample 3.4), and b) all eight oriented samples cut for

directional measurements.

Broborg for paleomagnetism, as well as the nature and stability of the
magnetic carriers, are investigated using rock magnetic techniques. The
results from both paleomagnetic directions as well as paleointensity of
primary remanence (here referred to as natural remanent magnetiza-
tion or NRM) measurements are reported, and age constraints obtained
by archaeomagnetic dating is discussed.

2. Sampling and methods

The location of Broborg with respect to Sweden and the local area
around Uppsala is shown in Fig. 1a and b, respectively.

Archaeological samples were mostly collected from the vitrified
sections (black porous rocks) for standard rock magnetic, paleodirec-
tion, and paleointensity measurements. Locations for the collected
samples used in this study with respect to Broborg hillfort are shown in
Fig. 1c. The Broborg vitrified materials are normally highly vesicular,
brittle, and often heterogeneous. Moreover, in most places, the molten
layer is only a thin superficial coating on wall rocks. Consequently,
collecting vitrified oriented samples was especially difficult at Broborg,
and sample length was very limited. Fig. 2a shows one of the success-
fully drilled samples with extensive vitrification throughout the entire
sample. A total of eight cylindrical samples with the standard dimen-
sions for paleomagnetic studies (2.5 cm diameter) were successfully
drilled out of the walls with a gas-powered diamond-tipped portable
drill and oriented using a magnetic compass: one granitic gneiss (2.1),
two mostly vitrified vesicular samples (1.2 and 2.2), two ‘non-vitrified’
samples with superficial melting (4.1 and 4.2), and three samples from
vitrified highly vesicular material (3.3, 3.4, 3.5). All oriented samples
are shown in Fig. 2b. An unoriented block of black rock (sample 1.4)
with signs of heating/melting was also collected and used for basic rock
magnetic experiments. Use of a secondary solar compass was not pos-
sible due to weather, but field experiments suggested that magnetic
compass measurements should be reliable. All oriented samples were
cut into standard 2.2 cm long specimens, using a brass saw with water

Table 1
Characteristic components for the studied samples.

circulation, with one to two specimens obtained from each sample.

For the rock magnetic measurements, three vitrified pieces (of un-
oriented sample 1.4) with masses ~ 100-300 mg were used. Room
temperature magnetic hysteresis loops and first order reversal curves
(FORCs) were obtained using a vibrating sample magnetometer (VSM,
PMC3900, Lakeshore Cryotronics, Westerville, OH) with maximum
applied field of 1.8 T. In order to identify minerals, magnetic suscept-
ibility as a function of temperature was measured with a susceptometer
(KLY3 Kappabridge, AGICO Inc., Czech Republic) equipped with de-
vices to control temperature changes (CS-L and CS-3 for low and high
temperatures, respectively). Three sub-samples of powered material
from the unoriented block sample 1.4 were used for these measure-
ments. Liquid nitrogen was used for the low-temperature measurements
from —190 to 0 °C, while high-temperature measurements were per-
formed from room temperature to 700 °C on both heating and cooling,
all under Ar flow in order to minimize mineral neoformations asso-
ciated with heating during the experiment.

All collected oriented samples were subjected to a progressive al-
ternating-field (AF) demagnetization employing an AF demagnetizer
(D-Tech D-2000, ASC Scientific, USA), followed by magnetization
measurements using a dual speed spinner magnetometer (JR-6A,
AGICO Inc., Czech Republic). All the procedures were performed inside
the shielded room available at the Pacific Northwest Paleomagnetism
Laboratory (PNwPL) at Western Washington University (WWU). The
samples were demagnetized in 13 steps with demagnetization field
peaks ranging between 5 and 140 mT in increasing intervals from 5 to
20 mT (for lower and larger peak fields, respectively). Orthogonal
vector diagrams (Zijderveld, 1967) and equal-area projections were
plotted to discuss the AF demagnetization data. Principal component
analysis (PCA) (Kirschvink, 1980) was used to calculate the paleo-
magnetic directions on the orthogonal diagrams, using both PuffinPlot
(Lurcock and Wilson, 2012) and IAPD (Torsvik et al., 2000) software.

Twelve representative chips (between 198.6 mg and 1479.3 mg in
weight) were collected from the drilled samples (one or two from each

Field Sample ID  Archaeologists’ GPS ID (Fig. 1) Sample description

Primary remanence intensity PCA fit range Dec (°) Inc () MAD

(mA/m) (mT)
1.2% P591 Vesicular vitrified 0.216 60-140 000.7 79.5 2.2
1.4° P593 Vesicular vitrified N/A N/A N/A N/A N/A
2.1 P602 Granite 0.050 40-80 346.7 79.4 1.2
2.2% P603 Vesicular vitrified with molten top and a 0.324 60-140 30.1 81 2.2
granitic inclusion
3.3° P626 Highly vesicular vitrified 0.128 70-140 25.3 709 29
3.4" P627 Highly vesicular vitrified 0.184 60-140 11.4 68.9 1.2
3.5 P628 Highly vesicular vitrified 0.257 60-140 25.3 70.9 0.8
4.1 P623 Non-vitrified with vitrified top 0.169 60-140 302.3 74.2 1.2
4.2 P624 Non-vitrified 0.365 60-140 285.3 64.4 2.1

# Used in mean direction determination to compare with geomagnetic field models.

> Unoriented sample used for basic rock magnetic measurements.
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Table 2

Estimated paleofield intensity and error for each sub-sample (see text for details).
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Collected sample Sub-sample T range (°C) Raw calc PTRM check corrected calc.
Int (uT) error class Int (uT) error class

1.2 B1-2A 325-510 62.5 2.1 a N/A

BI1-2B 230-505 67.7 1.9 c 69.8 2.8 A
2.2 B2-2A 370-450 63.9 0.6 a N/A
3.3 B3-3A 200-530 73.9 3.9 a N/A

B3-3B 230-530 77.6 9.8 c 66.8 3.1 B
3.4 B3-4A 300-490 57.9 2.7 a

B3-4B 230-505 75.2 3.4 b 69.2 3.6 B
3.5 B3-5A 250-530 79.7 34 a N/A
4.1 B4-1A 300-530 69.2 2.8 b N/A

B4-1B 325-480 66.3 2.3 c 53.4 2.7 A
4.2% B4-2A 300-490 95.44 9.9 b N/A

B4-2B 120-410 67.6 2.6 b 63.0 6.3 B
Mean* Set A 67.8 7.3 N/A
Mean Set B 70.9 4.6 64.4 6.0
Mean* All 69.2 6.4
Mean See discussion Int: 67.9 uT; error: 6.4uT

*Sub-sample B4.2A is not included in the mean values (see text for details).

of the oriented samples denoted in Table 1 except 2.1; see Table 2 for
further details) and subjected to a Thellier-type protocol (Thellier and
Thellier 1959), following the variations suggested by Coe (1967). These
analyses were also performed in the shielded room available in the
PNwPL at WWU, with the aim to describe the absolute paleointensity of
the primary remanence by reproducing their TRM in the laboratory,
which is the mechanism of remanence acquisition expected in the stu-
died materials (Catanzariti et al., 2008; Clelland, 2011). Two sets of
samples were used in these experiments.

An initial set of seven chips (labeled as “A” on Table 2) of vitrified
material were treated with a total of 14 double heating—cooling steps
(from 100 °C to 510 °C; temperatures > 510 °C were not required as
remanence was nearly or fully removed). These steps were performed
within a paleomagnetic oven (TD48 SC, ASC Scientific, USA) under a
controlled Ar atmosphere. The first of each double step was performed
under zero field conditions, whereas the second was performed under a
40 T field (Coe, 1967). For this first set of results, pTRM checks were
not conducted.

A second set of experiments included five additional chips of vi-
trified material (labeled as “B” on Table 2). These were subjected to 13
double heating-cooling steps (from 120 °C to 530 °C; temperatures >
530 °C were not required as remanence was nearly or fully removed),
six pTRM checks to evaluate for alterations associated to heating
(Thellier and Thellier 1959) distributed every other temperature in-
crease, starting after 290 °C with a check at 230 °C, and three pTRM tail
checks performed right before every other pTRM check. These tail
checks were performed in order to test for the multidomain (MD)

content in the studied materials (Riisager and Riisager, 2001).

Each sample chip was placed in an individual flat rounded Pyrex
glass that was oriented, in order to ensure the same position was ar-
ranged within the oven in every temperature cycle (and thus with re-
spect to the applied field). The remanent magnetization of each sample
was measured in each step using the same spinner magnetometer
mentioned above. In order to use the magnetometer standard holder,
the glass-chips assemblages were mounted on cylindrical, standard-size
plastic holders. The signal of each plastic holder was subtracted in-
dividually prior to each measuring step. The resultant partial TRM
(pTRM) data were plotted and analyzed with ThellierTool software
(Leonhardt et al., 2004).

After the AF demagnetization process mentioned above was com-
pleted, four of the most representative samples (2.1, 4.1, 2.2, and 3.3)
were thin-sectioned and observed by optical microscopy (see Figs.
S.2.1-S8.2.4 in Supplementary Material). Cut sections of the same sam-
ples were ground and used for powder X-ray diffraction analysis (XRD,
see Fig. S.3.). In addition, electron microprobe analysis (EPMA) was
performed on samples 3.3 (highly vesicular vitrified) and 2.2 (vesicular
vitrified with molten top and a granitic inclusion) using a JEOL JXA-
8500F (see Section S4 in Supplementary Material for details).

3. Results
3.1. Mineralogy

As revealed by the XRD results (Fig. S.3), the granitic sample (2.1) is

Fig. 3. BSE images of one of the samples with extensive vitrification (sample 3.3), showing iron spinel (Sp), pyroxene (Px), feldspar (Fds), and olivine (Olv) phases.
These phases were identified, and their composition was measured using electron microprobe (see Section S4 on Supplementary Material).



M. Ahmadzadeh, et al.

mostly composed of quartz with considerable fractions of feldspars
(anorthoclase and sanidine). The other three representative samples
(4.1, 2.2, and 3.3; Fig. 3) exhibit similar mineralogy including different
fractions of plagioclase (andesine), clinopyroxene (augite), olivine
(ferroan forsterite), spinel (magnetite), and quartz. Note that the iron
spinel phase can have different compositions that are difficult to dis-
tinguish in XRD due to small compositional variation. The assignments
to particular minerals from XRD results are broadly consistent with the
microprobe measurements (see below) taken on samples 3.3 and
2.2.The fractions of each crystalline phase, as calculated by Rietveld
refinement, are provided in the Section S.3 in Supplementary Material.

Back-scattered electron (BSE) images of a highly-vitrified sample
(sample 3.3 as a representative sample, Fig. 3) were also obtained,
particularly to examine the size and morphology of the magnetic mi-
nerals. Despite the presence of some larger, likely relict, iron oxide
grains (See Section S.4 in Supplementary Material), desirably-small
magnetite particles were observed in the microstructure. The BSE
images in Fig. 3 show that ~ 1 pm spinel particles crystallized mostly
within the clinopyroxenes (augite), likely on cooling during the vi-
trification, as they are not present in the microstructures of candidate
source rocks. Such particles are the promising carriers of the geomag-
netic field at the time of vitrification.

All five phases detected by XRD were successfully identified in mi-
croprobe analysis of sample 3.3. WDS quantitative point analysis of the
four phases (except quartz) was performed and is detailed in the
Supplementary Material. The average compositions of the measured
phases are as following (for more accurate average compositions see
Tables S.4.1-S.4.4): i) clinopyroxene (CapgMg; oFeo.2)(Aly.1Si1.9)06
(normalized to 6 oxygens), while the concentration of Ca, Mg, and Fe
varies; ii) olivine Mg; 4Fe( SiO4 (normalized to 4 oxygens), while the
concentration of Mg and Fe varies; and iii) plagioclase feldspar
(Nag 4Cag.6)(Al; 4Sis 6)Og (normalized to 8 oxygens).

Most of the spinel grains were too small to measure, though a few
larger grains were measured for their composition. Both Fe** and Fe®*
are present in the spinel phase, and it is not possible to measure ana-
lytically the concentration of each one in microprobe. However, the
Fe2* and Fe®™ was calculated through cation normalization (Deer
et al., 1992), which provides an estimated spinel composition of
Fes 4Tip 3Mgo.1Alp.1704. For comparison with measured magnetization
of the spinels (see below), the Ti content taken in isolation would
suggest a Tm30 (Fe,,Tip.304) composition. If the non-Fe cations are
added to the Ti as substitutions for Fe in the spinel lattice, the com-
position of this spinel would be Fe,,Tip04, corresponding to
a ~ Tm60 titanomagnetite composition.

3.2. Rock magnetism

The thermomagnetic results (normalized magnetic susceptibility
versus temperature) of the glassy vitrified unoriented sample 1.4 as
generally representative are shown in Fig. 4a. The results reveal a re-
versible behavior of the heating and cooling runs and significant
magnetic susceptibility increase along the temperature range associated
to the Verwey transition (Verwey, 1939) for the low-temperature seg-
ment of the curve and a drop in magnetic susceptibility at ~ 300-450 °C
for the high-temperature heating segment. Such results point to the
presence of one population of homogenous titanomagnetite. According
to the data summarized by Lattard et al. (2006), synthetic titano-
magnetite composition (Fes.xTixO4) with x ~ 0.3 shows the same Tc.
This is consistent with the x ~ 0.3 (Tm30) composition estimated from
the EMPA data, with unknown complications in the T¢ due to sig-
nificant Al and Mg substitution. The sample shows a narrow hysteresis
behavior (Fig. 4b) with H; = 8 mT and Mg = 2.49 Am®/kg.

The FORC diagram of the same sample is presented in Fig. 4c. The
diagram was generated using FORCinel software (Harrison and
Feinberg, 2008) (V2.05 in IGOR Pro6, WaveMetrics, Portland, OR),
with smoothing factor 3, the optimum calculated by the software. The
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Fig. 4. Rock magnetic measurement results of a vitrified Broborg hillfort
sample (sample 1.4a), a) suceptibility versus temperature, b) magnetic hyster-
esis curve, and c¢) FORC diagram.

FORC diagram shows the main peak (center of the contours) at Hc ~ 10
mT, which is consistent with the coercivity obtained from the hysteresis
loop. It also shows a tail at higher coercivities, which could be due to
smaller population of magnetic grains with different sizes. The FORC
diagram suggests magnetic vortex states (i.e., pseudo-single-domain
(PSD) behavior) due to grain sizes larger than single domain magnetite
(i.e., > 75 nm), with some significant magnetic interaction between
states (Roberts et al., 2017). The rock magnetic results of the vitrified
Broborg sample, as a representative sample, show promise for paleo-
magnetic recording of the past Earth’s magnetic field.
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Fig. 5. Stepwise AF demagnetization diagrams; orthogonal projections and equal-area plots of eight oriented Broborg samples: a) 2.1 (gran., heated), b) 1.2 (vitrif.),
¢) 2.2 (vitrif.), d) 4.1 (heated), e) 4.2 (non-h.), f) 3.3 (vitrif.), g) 3.4 (vitrif.), and h) 3.5 (vitrif.). Open squares are the vertical magnetization component and filled
squares the horizontal component. Abbreviations for samples are gran. (granite), vitrif. (vitrified), non-h. (non-heated).

3.3. Paleodirection

Table 1 lists the oriented samples studied using stepwise AF de-
magnetization experiments with the measured intensity, along with
their declination and inclination calculated by PCA. Fig. 5 presents the
orthogonal and equal-area projections for these samples. Most of the
samples behaved similarly during AF demagnetization. > 90% of the
primary remanence is demagnetized at the peak applied AF of 140 mT
for all samples. With the exception of sample 4.2 (Fig. 5e), the other
samples show a single component of remanent magnetization which
stabilizes towards the center of the orthogonal plot at AF > 10 mT.
The results from sample 4.2 show two components of magnetization,
and the direction of this sample was obtained after removing the second
component. For all specimens, the characteristic component was well-
defined, with a maximum angular deviation (MAD) for the PCA line fit
of less than 3°. The directions are given in Table 1 and plotted in Fig. 6.

In order to obtain the mean direction, the directions of all eight
oriented samples can be considered together (Fig. 6a), or separated into
groups that combine petrographic texture and their magnetic direc-
tions. The directions from the five most vitrified samples (i.e., 1.2, 2.2,
3.3, 3.4, and 3.5) shown in Fig. 6b cluster together and have a mean
direction of D = 11.3°,1 = 73.7°,N = 5,k = 115, ags = 7.2°; here D
and I are declination and inclination, respectively; N is the number of
samples; k is the Fisher precision parameter (Fisher, 1953); and ags is
the radius of the cone at 95% level of confidence around the mean
direction. The granitic (2.1) and the non-vitrified with molten top (4.1)
samples also have directions that are similar to those of the vitrified
samples — these are referred to as ‘heated’ samples. The mean direction
of combined vitrified and heated samples is D = 360°, I = 75.9°,
N = 7,k = 76, ags = 7° (Fig. 6¢). However, the mean direction of the

(a)

all samples

(b)
vitrified .
samples Q
’ Noth

(c)

(d)

vitrified and
heated samples

heated
samples

Fig. 6. Equal-angle projections of the mean directions for the studied oriented
samples in various groups; a) all eight studied oriented samples, b) five most
vitrified samples (1.2, 2.2, 3.3, 3.4, and 3.5), ¢) heated samples (2.1 and 4.1)
with relatively close mean directions to those of vitrified ones, and d) vitrified
group and heated group. Vitrified group (b) was used for comparison to geo-
magnetic field models.
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Fig. 7. Arai-type diagrams of NRM-pTRM for sub-samples labeled “A”, from a) sample 1.2, b) sample 2.2, ¢) sample 3.3, d) sample 3.4, e) sample 3.5, f) sample 4.1,
and g) sample 4.2. Note that sample B4.2A was rejected in obtaining the mean intensity.

five vitrified samples (Fig. 6b) is more likely to represent the TRM re-
corded at the time of the hillfort vitrification, and will be used to
compare with paleointensity and geomagnetic field models.

Moreover, given the steep inclination of these directions, which is
due to the high latitude of the study area, calculations of inclination-

only mean directions, using the method of Arason and Levi (2010),
were made. The inclination-only mean for the five most-vitrified sam-
plesis I = 74, k = 102, ags = 7.5°, which will be the preferred in-
clination-only mean for the field recorded during vitrification. For
comparison, the inclination-only mean of all samples is I = 73,
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k = 101, N = 7, ags = 6°. Overall, although an inclination-only mean
may provide a smaller uncertainty for high-latitude directions, the
small sample size remains the predominate control on the radius of 95%
confidence for these directions.

3.4. Paleointensity

The results of the paleointensity experiments from chips taken on
seven of the eight oriented cores (i.e., all but sample 2.1) were, overall,
very consistent. Arai-type diagrams (Fig. 7), produced using Thellier-
Tool to plot the pTRM with respect to the remanence remaining at
every thermal double step, indicate the following. Be-
tween ~ 300-500 °C there is a linear relationship between primary
remanence decay and TRM gain, which allows an estimate of the pa-
leofield intensity for each specimen to be determined. Similar tem-
perature ranges (i.e., 5-12 pairs of steps from 200 to 530 °C, and ex-
ceptionally for sub-sample B4.2B starting at 120 °C, see Table 2) defined
linear segments on the Arai-type plots (Fig. 7), and were used to de-
termine the estimated paleofield for each sample.

The experiments conducted for the first set of sub-samples (labelled
as “A” on Table 2) did not include pTRM checks. However, the good
linear fits in the Arai-type plots are of good quality (i.e., an “a” rating
using the quality criteria specified in Table S.6 and calculated with
ThellierTool; see also Coe et al. (1978) and Selkin and Tauxe (2000) for
details). This data quality, with no pTRM checks, is mainly determined
by the number of measurement steps and the linear regression statistics
for the Arai-type plot. In addition, the reversibility of the thermo-
magnetic curves, and lack of change in low-field susceptibility mea-
sured after each heating step, suggest that these results are not likely
influenced by alteration of the magnetic phases during these experi-
ments.

For the additional five chip samples that were selected for experi-
ments including pTRM in-field and tail checks (labelled as “B” on
Table 2), results were corrected for these alteration checks as allowed
by ThellierTool when the procedures by Valet et al. (1996) and Leon-
hardt et al. (Leonhardt et al., 2004; Leonhardt et al., 2003) are applied
(Fig. 8, ‘pTRM corrected calc’ on Table 2). These data indicate that the
revised experiments were for the most part successful, with class B or
class A results (using the standard quality criteria in Thellier Tool, Table
S.6). The results from a second chip of vitrified material from sample
4-2 (B4-2B) indicated possible influence of PSD-MD behavior, and had
a paleointensity result that was significantly different than that ob-
tained from the first set of results. For the other set of four samples, the
paleointensity values before and after correction of the pTRM checks
were similar (difference in values less than 8 uT). Table 2 lists the ob-
tained intensities, corresponding error values, and ThellierTool quality
rating for the measured samples (see Table S.6 for additional in-
formation about the quality criteria selected in the paleointensity re-
sults analysis).

The results from both sets of experiments yield similar estimates of
the paleointensity recorded by these samples. For the first set of non-
PTRM checked data (labeled “A”), the mean intensity is 67.8 + /- 7.3 uT
(Mean-Set A on Table 2, after excluding the non-vitrified sample 4.2,
which exhibited a less well-determined paleointensity, a relatively large
value of error in the best fit line, and a multi-component vector beha-
vior in the thermal demagnetization of the NRM). For the second set of
PTRM-checked data (labeled “B”), the mean of all five samples after
using the pTRM checks for corrections is 64.4 + /- 6 pT (Mean-Set B on
Table 2, considering all Set B in this case). The relatively close corre-
spondence between the paleointensities from the pTRM-checked data
(Set B) and the set for which no pTRM checks were conducted (Set A)
suggests that both groups of results yield reliable estimates of geo-
magnetic field paleointensity.

We also note that bias in cooling rates (large differences between
the rates of cooling in laboratory settings during the pTRM experiments
and the rate of cooling of the artifacts or material being studied) can
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result in a bias for the paleointensity determination (Ferk et al., 2010).
Nevertheless, for the vitrified materials of Borborg (and other) hillforts,
the mechanism of melting, including the duration of heating and
cooling, is not well known. Therefore, an attempt to correct pa-
leointensity values for cooling rates requires further study and experi-
ments that are outside the scope of this present initial study.

4. Discussion

The mean direction from the well-vitrified samples (Fig. 6b) is
D =11.3,1 =73.7,N = 5,k = 115, ags = 7.2°, and was used for a
comparison with models for paleosecular variation. The preferred pa-
leointensity value, after considering quality criteria, is a combined
mean of the results obtained from the well-vitrified sub-samples in
Table 2 (i.e., B1-2A, B1-2B, B2-2A, B3-3a, B3-3B, B3-4A, B3-4B and B3-
5A; results in italic on Table 2), equal to 67.9 +/- 6.4 uT. For this
comparison, the regional archaeomagnetic field model for Europe,
SCHA.DIF.3 K (Pavon-Carrasco et al., 2009), with data and MatLab
script updates from 2015, are used. The regional field model was se-
lected as it should account for prevalent zonal characteristics of the
geomagnetic field for the region in which these Iron Age hillforts are
common, and so would better serve as a better reference than a global
field model. For a more refined testing, an additional comparison with
ARCH 3 K.1 model (Korte et al., 2009) is also included in Fig. S.7.1. For
further reference, additional comparisons were made using the regional
model (SCHA.DIF.3 K) using only the paleointensity, and using mean
inclination and paleointensity. Those results are in section S.7 of the
Supplementary Material.

Given the relatively small number of samples for both the direc-
tional and paleointensity results, the error estimates for the mean di-
rection and paleointensity introduce relatively large error-ranges in the
probability-density function used to determine the best-fit age esti-
mates. For the comparison with the SCHA.DIF.3 K model, 95% con-
fidence intervals were used for the age determination. The dating
graphs are shown in Fig. 9. The model values for declination, inclina-
tion, and field intensity for the Broborg site, with ages ranging from 0
CE to 1300 CE are plotted (Fig. 9, red curves) and compared with the
observed paleomagnetic declination, inclination, and intensity (Fig. 9,
blue lines with confidence intervals in green). The probability density
diagram at 95% confidence for each value of declination, inclination
and intensity, is shown in the middle panel in Fig. 9. The combined
probability density functions of declination-inclination-intensity at 95%
confidence are shown in the bottom panels of Fig. 9.

Over the age range we chose to evaluate due to archaeological
constraints, there are several time intervals that are identified as pos-
sible ages for the Broborg vitrification. At 95% confidence, these are
0-82 CE, 389-579 CE, 602-752 CE, and 965-1300 CE. The ages from
389 to 579 CE (95% confidence) agree well with the wood-post *C age
discussed above. The oldest range and the youngest range do not match
well with the known archeological context of the site.

Several new “C ages have been determined for the site during the
2017 round of excavations, of which the collection of these samples for
paleomagnetic dating was a part (Englund, 2018). The most reliable
dates come from the so-called “activity layer” [#A506 in (Englund,
2018)] which is deposited along the side of the wall and must be
contemporaneous with, or after, the vitrification event, particularly
since in some areas the archaeological context of this layer is overlaying
part of the vitrified wall. Three reliable dates from charcoal hardwood
(possibly oak), charred grain shells, and charred oat, respectively, give
95.4% probability (2 sigma calibration) of 420-590 CE, 410-560 CE,
and 420-580 CE (Englund, 2018). These dates are indirect dating of the
wall of course. No adequate charcoal was obtainable within the wall for
dating.

The vitrified material used to obtain paleodirection and pa-
leointensity were not collected in the same part of the wall as the trench
excavation (see Fig. 1c), because no suitable highly glassy massive
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the vitrified wall sampled for paleomagnetic dating was heated later,
and the 602-752 CE date is accurate.

Unfortunately, given the difficulties in obtaining properly vitrified
standard oriented samples, it is unlikely that the current data can
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distinguish between a whole site vitrification in the early 400 s versus
either a progressive site vitrification for a few hundred years, or epi-
sodes of vitrification that took place during both the 389-579 CE and
602-752 CE time intervals. An alternate approach for such sites may be
suggested by the paleointensity data, which were obtained from un-
oriented small chips of vitrified material from the cores, demonstrating
that a reliable paleointensity estimate can be obtained even in a small
portion of material. A larger number of chip samples could be more
easily collected from sites in those conditions, and so more precise es-
timates of the age(s) of hillfort vitrification events could be attempted
from paleointensity measurements alone. For comparison, a dating
model constrained with only the Broborg paleointensity data is given in
the Supplementary Material, showing that it gives similar results to the
overall model.

5. Conclusions

The combined petrographic, rock-magnetic, and paleomagnetic
analyses of vitrified material from the Broborg hillfort indicates that the
melt products are very good recorders of the geomagnetic field, and
that the paleofield direction and intensity together have very good
potential to directly date the age of vitrification of these structures. The
similarity of directions obtained from the vitrified material from dif-
ferent portions of the hillfort may suggest that the vitrification present
in the structure (or at least the portions sampled for this work) occurred
during the same time period. A comparison with regional models of
geomagnetic field direction and intensity and the observed paleomag-
netic directions and paleofield intensity can be used to constrain the age
of the vitrification event. The precision of this age estimate could be
markedly improved by collecting a modest number of additional sam-
ples. Given the utility of the paleointensity measurements, and the
smaller unoriented samples required for these measurements, it may be
possible to even better constrain different parts of vitrified hillfort
structures in the future using these techniques.
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