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Abstract
The aim of this study was to work out whether bloomery activities might have left a geochemical
imprint in two mires close to a known bloomery and identify differences between the geochemical
signals  in the  mires.  Therefore  two peat  profiles  (140 cm deep)  and a  series  of  bulk  samples
(composite  of  10-60  cm)  were  taken  near  the  remains  of  a  bloomery  close  to  Ängersjö,
Hälsingland, which has one documented radiocarbon date of AD 1300-1435. One profile was taken
in the fen closest to the bloomery, the other profile was taken close to a nearby lake. Geochemical
analysis  of  the  peat  samples  was  performed  with  X-ray  fluorescence  spectroscopy  (XRF).  The
results were combined with previously taken data from a sediment profile from the lake ~120 m
away and a  pollen profile  close  to  the bloomery.  The results  showed that  the  activities  of  the
bloomery were visible in the geochemical signals of the peat core closest to the bloomery with two
peaks in Pb and Zn, which coincide with the previous reported times of operation (1. AD 1030-
1060; 2. AD 1300-1435), which also fits with the pollen record from the nearby peat record. The
mire close to the lake, which is hydrologically not connected with the area where the bloomery
was, did not show these increases in elements associated with iron processing and only a small
peak  of  Pb  was  visible.  Furthermore,  the  geochemistry  of  the  bulk  samples  showed  that  a
disturbance  of  the  mire  surrounding  the  lake  was  responsible  for  the  geochemical  changes
observed in the lake, particularly as a source of increases in inferred biogenic Si observed in the
sediment record (as increased Si/Al ratios) in association with human-related disturbance in the
sediment record during AD 800-1200. Si concentrations in the bulk peat samples in the fen adjoin-
ing the lake range as high as 14% (≤23% as SiO2).
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1. Introduction

1.1 Peat geochemistry
Paleolimnology  is  a  multidisciplinary  science  that  uses  physical,  chemical,  and biological
information which are preserved in sedimentary archives to reconstruct past environmental
conditions of ecosystems. Beside lacustrine environments, especially peatlands are studied. 

Peatlands,  also  called  mires,  are  peat-forming  ecosystems  (Gore  1983),  which  are
differentiated into rainwater-fed mires (bogs), which receive their nutrient input only from
the atmosphere, and groundwater-fed mires (fen or swamp), which receive nutrients not only
from the atmosphere but also from surface  waters  and groundwater.  Rainwater-fed bogs
reflect  the  atmospheric  deposition,  whereas  the  groundwater-fed mires  are  also  strongly
influenced by the composition of rocks and sediment of the source area. 

The first  scientific  studies  about  peat  up to  the  mid 19th century  were mainly  about  the
botanical  content  of  peat  and  its  origin,  which  lead  to  the  classification  of  peatlands
(Overbeck 1963). In the following time the influence of climate on the development of  mires
came into the focus with works  such as  Steenstrup (1842)  and Grisebach  (1846).  Weber
(1893) introduced pollen analysis,  which  is  up to  today  an important  tool  to  understand
environmental changes. Modern studies start  with the chemical  analysis of peat and peat
plants by Zailer & Wilk (1907) where they examined the changes in element concentration
during peat formation. 

The discovery that peat could also be used to reconstruct historical metal pollution was done
by, e.g., Lee & Tallis (1973) and Livett et al. (1979) on a local scale. Broader evidence that peat
can be used as a reliable archive of metal pollution on a global scale was established during
the workshop on “Peat bog archives of atmospheric metal deposition” in 1996 (Shotyk et al.
1997a), where different approaches on a broad range of bog types were studied throughout
Europe including also remote areas (e.g. Martínez Cortizas et al., 1997, Brännvall et al. 1997,
Shotyk et al. 1997b, Weiss et al. 1997, West et al. 1997). The changes in lead concentration in
these studies were in agreement with changes found in lake sediments (Renberg et al., 1994,
Brännvall 1997, 2001), the Greenland ice (Hong et al. 1994) and Settle and Patterson's (1980)
original historical reconstruction of Pb. This conformity led to the idea to use the temporal
changes in the lead records  as  indirect  chronological  markers  (Renberg et al.  2001).  For
Europe this could be the Roman lead peak (100 BC to AD 200), the medieval increase at ca.
AD 1000 – 1200 and the peak in lead pollution in the 1970s.  

While in the past mainly bogs were used as geochemical archives, Shotyk (2002) showed that
also minerotrophic fens could be used as reliable archives as long as atmospheric sources of
Pb are quantitatively more important than Pb provided by the underlying sediment. 

Through  all  these  different  approaches  mires  build  archives  of  vegetation  history,
anthropogenic activities from settlements and agriculture, and atmospheric metal deposition
(Görres and Frenzel 1997). 

1.2 Early iron production in Sweden
The first method for iron production in Sweden was the bloomery furnace (sv: blästugn). It
consisted of a simple shaft, that was built with stones and clay, a bellow that was attached to
the furnace and a pit at the bottom, where the slag was collected. This basic principal of
building a bloomery didn’t change, although size and shape differed through time and space
(Åhs 1962,  Espelund 2006, Bentell 2015). They were built with local resources and often
close to the raw material (Hyenstrand 1972).  In central Sweden archaeological research by
Gerd  Magnusson  (1986)  focusing on  bloomery  furnaces  showed  that  radiocarbon  dating
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(typically just one date of charcoal per site) revealed two geographic groupings for bloomery
sites. The oldest dates reflected bloomeries found close to lake shorelines (‘shore-associated
sites’), which mainly fall within the interval AD 195 to 1245. The younger radiocarbon dates
came from bloomery sites in so-called forest sites; these date mainly to the interval AD 1000
to 1800. The bloomeries from Ängersjö fall within this latter group.

The material  used for  the  iron (Fe)  production using bloomeries  are  so-called secondary
minerals such as ‘bog iron’. After Bates & Jackson (1980), bog iron is a general term for a
porous, soft and spongy deposit of impure hydrous Fe oxides (e.g. goethite [FeOOH] or even
hematite [Fe2O3]) also known as limonite, which is formed in mires and shallow lakes by the
oxidizing action of algae, Fe bacteria or the atmosphere. The name limonite comes from the
greek  word  for  meadow (λειμών),  as  allusion  for  the  places  it  is  found.  As  an oxidation
product it is unstable in anaerobic, acidic bog waters. It precipitates when drainage water
with dissolved Fe leaves the bog and the water is oxidized again. This way it is found in bogs,
lake-sediment and red-earth soils.

More than 7,000 sites of bloomery furnaces and slag piles have been documented throughout
Sweden (Swedish  National  Heritage  Board  database).  This  large  number  of  documented
bloomeries indicates an amount of produced iron that exceeded the amount of iron that was
needed  for  self-sufficiency  at  that  time  by  nearly  twofold  (Berglund  2015).  This  excess
suggests an already ongoing export in early medieval times. This contradicts the former idea
that  bloomeries  were  only  used  to  meet  local  needs  for  iron,  e.g.  toolmaking  on  farms,
production of weapons,  wagons and boats  (Hansson 1989), and that  the invention of  the
blast furnace in the 12th century (Magnusson 1985, Bindler et al. 2011) was the main driver of
increasing export of iron from Sweden. The numbers of registered sites also implies more
extensive environmental effects.

Although the blast furnace has many advantages over the bloomery furnace, like reaching
higher temperatures and processing higher amounts of iron, which lead to the possibility of
processing iron ore, the latter was still in use parallel to the blast furnace. Bog iron was still
processed in bloomeries until the middle of the 19th century (Magnusson 1986).

1.3 Study introduction
Bloomeries  can be studied from different perspectives. Besides archaeological  excavations
(e.g. Magnusson 1986), many studies deal with the origin of the iron, its composition or the
chemistry of the slag (e.g. Björkenstam 1990, Hjärthner-Holdar et al. 1997, Esplund 1999,
Kaczorek  and Sommer  2003).  Whereas  only  a  few  studies  are  about  the  environmental
impact of the bloomery operation (e.g. Petterson et al. 2004, Karlsson et al. 2016). Many
studies  try  to  use  pollen  analysis  to  trace  bloomeries  (Karlsson  2000,  Karlsson  and
Robertsson  2001,  Petterson  et  al.  2004).  But  pollen represent  a  bigger  area  as  they  are
transported over longer distances (Sugita et al. 1999), a few km for small lakes and 10s of km
for large lakes (Hjelle and Sugita 2012). In comparison geochemical records mainly represent
events directly connected to the site. As both methods have their advantages, a multiproxy
study combining the study of paleoecology and geochemistry is nowadays often used to trace
the  beginning  of  mining  and  metal  production  in  areas  where  historical  documents  are
missing (e.g.  Monna et  al.  2004,  Bindler  et  al.  2009,  Breitenlechner  et  al.  2010).  These
sedimentary records can also indicate when and how often a site was used, whereas carbon
dating of excavations may provide individual dates and thus a limited temporal context of
activities.

In the parish of Ängersjö in Jämtland, Sweden (Fig. 1), 15 bloomeries have been documented,
of which five have been dated with a single charcoal sample each (Magnusson 1986). The
bloomery  of  this  study  is  close  to  the  lake  Rörtjärnen  and was  dated  to  AD 1300-1450
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(Magnusson  1986).  The  sediment  record  from  Rörtjärnen  was  recently  investigated  by
Karlsson et al. (2016), who analysed geochemistry and vegetation pollen from the sediment
to  figure  out  how  the  small-scale  operation  of  a  bloomery  is  reflected  in  a  nearby  lake.
However, the lake is hydrologically not connected with the fen closest to where the remains
of  the  bloomery  were  found,  and the  results  of  that  study  indicate  that  activities  at  the
bloomery – mainly in the form of the charcoal record in the sediment – was not reflected in
the sediment.  Instead the study found other  signals of  environmental  disturbance,  which
suggest human-related activities that were centred on a peak in lead ca. AD 1050. The signals
in the sediment included particularly changes in inferred biogenic silica, small increases in
pollen from sedges (Cyperaceae),  and decline in spruce (Picea) pollen and an increase in
birch (Betula) pollen. This led to the question related to the cause of the signals found in the
lake-sediment record and what might explain the changes in the geochemistry

1.4 Study aim
The aims of this study were to:

1) assess whether the bloomery activities might be visible in the geochemical signals in the
two mires close to the bloomery and the lake, respectively; and

2) to identify whether there are differences between the geochemical  imprint of the mire
closest to the bloomery and the one that is hydrologically connected to Rörtjärnen;

3) determine whether  the geochemical  composition of  the  mire  connected  to  Rörtjärnen
would explain the geochemical signals registered in the sediment record from Rörtjärnen,
such as the period of enhanced biogenic silica.

To address these questions geochemical analyses of peat cores were combined with already
existing geochemical data from the sediment record and existing pollen data from the mire
close to the bloomery. 
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2. Material & Methods

2.1 Side description
The remains of the bloomery (N 61° 58' 41,36", E 14° 50' 20,88") are situated near the lake
Rörtjärnen 1 km west of the village Ängersjö in Hälsingland, central Sweden (Fig. 1). The area
is underlain by acidic, porphyritic, intrusive bedrock, which was formed around 1880 – 1740
Ma ago during the Svecokarelian orogeny (SGU 2016). After the last ice-age a moraine land-
scape with knob-and-kettle topography was left, which in the study area is now partly cov-
ered by two discontiguous fens. The fen connected to the western shoreline of lake Rörtjär-
nen has a size of ~0.8 ha. The fen north of the lake is separated from the lake and the western
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Figure 1: a) Map of Sweden with the study area Ängersjö. b)  Location of lake Rörtjärnen and the bloomery
furnace in distance to the village of Ängersjö. c) Map showing the  bloomery furnace,location of peat 
profiles (□), bulk samples (●) and the extension of the mires, as well as the pollen record (∆) and sediment 
core (◊) which have previously been studied, (modified from Karlsson et al. 2016).



fen by a layer of till, which overlies the bedrock. It has a size of ~4 ha, drains towards the
west and has no hydrological connection to the lake. 

The iron production site lies 120 m north of the lake, close to the border of the northern
mire. In the Swedish National Heritage Board registry the site is listed as object RAÄ Änger-
sjö 28:1. It consists of the remains of a bloomery furnace and slag remnants, which has now
been disturbed by a fallen tree that was rooted in the slag (Fig. 2). The bloomery was oval and
had a dimension of 0.45 x 0.6 m with 0.7 m depth. It had a dry stone wall with stones of 0.2
– 0.5 m diameter. Around the bloomery numerous rusty granular and flowshaped slag pieces
can be found. The bloomery is 14C-dated to AD 1288-1502 (Magnusson 1986), based on one
charcoal fragment. The bog iron was likely excavated from the surrounding fen (Observa-
tions from U. Segerström and G. Magnusson).  

2.2 Sampling
Two peat profiles were collected from the fens around Rörtjärnen in October 2015. Site 1 lies
86 m northeast of the bloomery in the mire closest to the bloomery (Fig. 1). Site 2 lies 96 m
south  of  the  bloomery  in  the  mire  adjoining lake  Rörtjärnen  (Fig.  1).  For  the  profiles  a
Waardenaar corer was used for the uppermost material (Site 1 (S1): 0-75 cm; Site 2 (S2): 0-
45 cm) and a Russian peat corer (50 cm length, 5 cm diameter) for the more consolidated
material below up to 140 cm depth.

The Waardenaar core and the Russian peat cores for each site were matched together into
single 140-cm long profiles based on the field-measured overlap and later fine-tuning using
the geochemical data in the overlapping sections. The cores were sliced into 2-cm sections,
dried at 35°C and homogenized before further analysis.

Furthermore, 11 bulk peat samples were taken in the mire west of the lake to characterize the
geochemistry of the mire (Fig. 1). The samples were taken with a Russian peat corer (50 cm
length,  5 cm diameter)  from  10 to  60 cm depth,  dried at  35°C and homogenized before
further analysis. 

2.3 Methods
To determine the chemical composition of the peat samples X-ray fluorescence spectroscopy
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Figure 2: Fallen tree, which rooted through the slag pile (Picture taken 
by R. Bindler)



(XRF) was used. This is a rapid and non-destructive technique that can be used on solids
(and liquids) and has applications in many areas including archeology, geology, biology and
forensic (West et al. 2012). 

For  this analysis  a wavelength-dispersive XRF (WD-XRF) Bruker S8-Tiger was used.  The
samples were ground and afterwards 0.5 g of the dry material were put in a plastic sampling
cup (ø=20 mm) with a spectrograde mylar film at the bottom. The analyses were performed
on the loose powder without any pretreatment (Rydberg 2014).

The calibration curve was  based on analyses  of  standard reference materials  which  were
created at the Department of Ecology and Environmental Science at the Umeå University
(QC PM peat ref and QC NIST 8437) (Rydberg 2014). The major elements analysed were Al,
Ca, Fe, K, Mg, Na, S and Si. The minor elements that were analysed and that had quantities
above the detection limit were Br, Cl, Cu, Mn, Ni, P, Pb, Sr, Ti and Zn. Accuracy and precision
of  replicate analyses and standard reference materials  were within ±10% or within a few
ppm. A total of 97 samples were analysed: 47 at S1, 39 at S2 and 11 bulk samples. 

To  separate  natural  variations  in  Pb  concentrations  from  changes  due  to  anthropogenic
inputs  enrichment  factors  (EF)  for  Pb  were  calculated  using the  Pb/Ti  ratio  in the  peat
samples, normalized to the “crustal background” Pb/Ti of 0,08. 

Pb EF = ([Pb]/[Ti])sample / ([Pb]/[Ti])crust (1)

2.4 Previous studies
In this study reference is made to two related studies from this study area. One study is that
of the sediment record from Rörtjärnen by Jon Karlsson et al. (2016), where the data from
this thesis were generally summarized and included. The sediment record was collected in
lake Rörtjärnen by Karlsson et al. in 2002 (Fig. 1). The sediment was analysed for pollen and
geochemistry. Furthermore 10 soil samples were taken in 2012 along a 250 m transect across
the remains of the bloomery and analysed for their chemistry. Peat geochemistry data from
this thesis has been summarized and included in that study. 

The second study was connected to a project detailing the land-use history of the Ängersjö
area by Hanna Karlsson et al. (2010), who studied peat cores close to summer forest farms
and from the village itself. However, the specific results referred to are a dataset from a peat
core analysed by Hanna Karlsson from the Ängersjö study but not actually included in the
publication, which was shown as a figure in the PhD thesis of Emanuelsson (2001). The peat
core was collected from the same approximate location as the core S1 in this study (Fig. 1).
The data included are a description of the peat stratigraphy, one radiocarbon date and a low
resolution pollen record.
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3. Results

3.1 Geochemical analyses peat profiles
3.1.1 Peat record S1
Phase I (140 - 72 cm)
This  deeper  section  of  the  peat  record  is  characterized by  generally  stable  conditions  of
element concentrations (Fig. 3 - 4). For example Si, Pb, Ti and Pb EF show constant values
around  0.2  %,  1  ppm,  50  ppm  and  2,  respectively  (Fig.  3).  Whereas  Al  is  constantly
decreasing from 0.3 % at 140 cm to 0.1 % at 72 cm depth. Iron shows a decreasing trend in
the  lowest  part  (140  -  95  cm)  but  constant  values  of  0.14  %  from  95  cm  upwards.
Phosphorus, S, Ca, Zn and Sr have constant values in the lowest part, but clear trends from
95 cm upwards (Fig. 4). Phosphorus and S decrease and Zn, Ca and Sr increase. Furthermore
a small peak can be seen at 83 cm in all elements but Ca.

Phase II (72 - 57 cm)
This section is characterized by a change in trends of all elements, except Fe, Mn and Zn.
Most elements show increasing trends but with different intensity. For example, P increases
from 330 to 600 ppm and Si increases from 0.1 to 0.5 %. Higher increases can further be
seen for Ti, Pb and S (Fig. 3 - 4). The only element decreasing is Mn, which continues its
decreasing trend from phase I  but  with  increasing intensity  from 19  to  7 ppm. Iron has
continuing stable values around 0.14 % whereas Zn continues its increasing trend. Calcium
and Sr have constant values in this phase of 0.33 % and 22 ppm, respectively. Lead EF shows
a small peak (5) at 72 cm before increasing again from 64 cm upwards.

Phase III (57 - 40 cm)
This section is characterized by significant peaks in several elements (Fig. 3 - 4). Most promi-
nent  is the peak at 45 cm depth for Si and Si/Al, with 3.7 % and 30, respectively. As Al shows
no changes at that depth in contrast to Si this indicates that Si increases disproportionately
to Al, which suggests that the source of Si is not minerals and is interpreted as biogenic silica
(Peinerud et al. 2001). Silicon and Si/Al show another but less prominent peak at 56 cm
depth, which is also interpreted as an input of biogenic silica. Furthermore two peaks of Zn
with 20 ppm occur at the same depths as the peaks in Si. These two peaks frame a peak of Pb
EF at 53 cm. Lead also has peaks at 56 and 45 cm, like Zn but the high values of Ti at that
point do not result in a peak at Pb EF.

Calcium and Sr increase in the majority of this phase. However, in the uppermost 5 cm of
this phase they decrease in different intensity, as Sr shows a larger decrease compared to Ca,
from 26 to 13 ppm and 0.47 to 0.42 %, respectively. This results in a separation of the two
patterns, which have been very close to each other. Iron also shows a decrease from 45 cm
after the long time with stable values. The other elements show a decrease of different inten-
sity in this phase, with P and S showing the highest decrease.

Phase IV (40 - 10 cm)
This section is characterized by a decrease in all elements but Mn and Si, which again shows
a disproportional increase to Al, indicating another input of biogenic silica, whereas Mn in-
creases exponentially from 8 to 227 ppm. 
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Figure 3: Major and trace element concentrations for S1 part I including element ratios

Figure 4: Major and trace element concentrations for S1 part II



3.1.2 Peat record S2
Phase I (140 - 70 cm)
This section of  the peat record is characterized by generally  stable conditions in element
concentrations and clear trends (Fig. 5 - 6). For example, Si and Si/Al show constant values,
~0.4 %  and <1,  respectively  (Fig.  4).  Lead  EF  has  low  values  in  this  phase although  Ti
variation is high (245 ± 72 ppm), and Pb concentrations are low (<5 ppm). In contrast Mn,
Fe and Ca are constantly decreasing (e.g., Fe from 0.6 to 0.3 %), whereas Zn, P and S are
increasing (e.g., P from 660 to 1160 ppm) (Fig. 6). 

Phase II (70 - 60 cm)
This section of the peat record is characterized by first changes in the trends (Fig. 5 - 6).
Silicon shows a small increase from 0.3 to 0.8 %, whereas Al and Ti have decreased values
(Phase I: Al >0.8 %, Ti >170 ppm; Phase II: Al <0.4 %, Ti ~110 ppm). Therefore Si/Al ratio
has a small increase. Lead has its first peak at 67 cm with 7 ppm, followed by higher values
than in Phase I (5 ppm vs. < 4 ppm). Through the decrease in Ti an increase in Pb EF is
visible. Zink and Fe as well as P and S show similar patterns (Fig. 6). Zink and Fe show
increased values in the (Zn: 9 ppm; Fe: 0.42 %). In contrast P and S show lower values (P:
~600 ppm; S: 0.22 %).

Phase III (60 - 30 cm)
This section of the peat record is characterized by an increase in concentration or variation
for most of the elements (Fig. 5 - 6). Silicon shows a continuous increase in concentration
from  0.4  to  2.1  %,  which  is  also  reflected  in  the  Si/Al  ratio,  where  Al  has  decreasing
concentrations from 0.58 to 0.27 %. Titanium has only slightly decreasing values (160 to 80
ppm) with higher variation in the lower half than the upper one resulting in a peak at 55 cm.
Lead has an increasing trend from 4 to 12 ppm, with a peak at 55 cm of 8 ppm. The increase
in Pb is clearly visible in the Pb EF, as it shows a continuous increase, without any significant
peak. Zinc shows the most prominent peaks in this record at 50 and 35 cm and reaches 12
and 17 ppm, respectively. In contrast Fe, like Ca and Sr, is slowly increasing. 

Phase IV (30 - 10 cm)
This section of the peat record is characterized by decreasing trends in nearly all elements
(Fig. 5 - 6). Both Si and Al are decreasing, but Si with greater intensity, which leads to a
decrease of the Si/Al ratio. Also Pb and Ti are decreasing but with different intensities, which
leads to the highest peak of Pb EF of 22.7 at 17 cm before decreasing. Aluminium, Ti, P and S
have a small step at 21 cm. Iron and Zn have another peak at 21 cm, reaching 0.68 % and 14
ppm (Fig. 6). This peak is also visible in Pb EF (Fig. 5). Manganese increases exponentially
from 16 to 80 ppm. 

9



10

Figure 6: Major and trace element concetrations for S2 part II

Figure 5: Major and trace element concentrations for S2 part I including element ratios



3.1.3 Comparison of peat profiles
Overall S1 has lower concentrations in nearly all elements than S2 (Tab. 1). Silicon, Al and Ti
have a threefold higher concentration in S2 than in S1. The only exceptions are K and Zn,
which have slightly lower values in S2 than in S1 (Zn: 9.5 vs. 7.3 ppm; K: 0.044 vs. 0.035 %).
This depletion of S1 indicates less nutrient-rich environment for S1 and a more nutrient-rich
environment  for  S2,  which  is  consistent  with  field  observations  of  greater  groundwater
inputs into the S2 fen.

The general pattern in both profiles is the same over the four phases: constant values and
trends in phase I, high changes and variation in phases II and III, and mostly decreasing
trends in phase IV. Furthermore both show the first disturbance at approximately the same
depth (~70 cm), which suggests that vertical accumulation rates are nearly the same in both
fens. 

The maximum values of Pb EF are higher for S1 than S2 (35.3 vs. 22.7) (Fig. 7). Furthermore
S1 has the highest value at 53 cm depth, whereas S2 is at 17 cm. Where S2 shows a steady
increase from 60 to 30 cm, S1 just shows a single peak. And in the uppermost 30 cm, where
S2 shows a single peak before decreasing, S1 shows a stepwise decline. In addition Pb EF has
a different behaviour compared to the other geochemistry. The Pb EF pattern in S2 is also
visible in Si, Fe, Si/Al and Pb (Fig. 5 - 6), whereas the pattern of S1 can’t be seen in any other
element (Fig. 3 - 4). 
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Table 1: Mean element concentrations of peat cores S1 and S2 over the whole profile

Figure 7: Pb enrichment factors of S1 and S2 with
same scaling.



Lead concentration patterns are close to the Pb EF patterns, with an increasing trend for S2
and an outstanding double peak for S1 between 60 and 30 cm. But both profiles show a peak
at 55 cm, with a higher concentration in S1 than S2 (15 vs. 8 ppm).

Biogenic silica, indicated by increasing Si/Al, shows two single pulses at 56 and 45 cm and a
bigger pulse in phase IV in S1 whereas S2 shows a continuous increase of biogenic silica in
the uppermost 50 cm (Fig. 3 + 5).  For Zn, both profiles show larger peaks, but at different
depths and intensity (Fig. 4 + 6). Where S1 has background values <10 ppm and peaks up to
20  ppm,  S2  has  background values  <4  ppm and peaks  reach  only  17  ppm.  For  Fe,  the
difference between the two sites is that S1 doesn’t show any larger peaks. 

Phosphorus  and S  show  in  each  profile  a  synchronous  behaviour.  But  between  the  two
profiles the biggest difference is the increased concentration between 72 and 40 cm in S1,
where S2 only shows smaller variations.

3.1.4 Bulk peat samples
The bulk samples from the fen south of the bloomery and in connection to the lake show a
high spatial variation (Tab. 2). For example, Si ranges from 1.9 to 14.0 % and Mn from 6 to
135 ppm. The samples can be divided in two areas: B1 – B4 + S2 in the northern area and B5
– B11 in the southern area of the fen (Fig. 1). This is also visible in the geochemistry with the
southern  samples  being  more  nutrient  rich  than  the  northern  samples  (Tab.  2),  having
mostly higher concentrations in Na, Mg, Al, P, S and Ca. The only element that is clearly
enriched in the northern part  is Pb, with a mean concentration of 8 ppm versus a mean
concentration  of  5 ppm in the southern  area.  B1  –  B3/4 as  well  as  B6 –  B9/10 build a
transect  from the edge of  the fens to  the shoreline.  But in these transects  no trends are
visible.

3.2 Comparison peat profile S1 and pollen record
The main results from the pollen record analysed by H. Karlsson in a peat core collected in
the same area as S1 are summarized as follows (Fig. 8): The lithology changes at 41 cm from
a high humified peat in the lower section to a medium humified peat. From 30 to 25 cm a
layer of low humified peat follows, before returning to medium humified peat up to 20 cm.
Picea abies, which became established in the region around 2800 BP (Giesecke 2005), first
appears at 80 cm depth, indicating that the data below this point are not relevant for the
study. The pollen record shows two points at 56 and 48 cm depth where Pinus sylvestris and
Picea decline, whereas  Betula, and Gelasinospora, a fire-indicating spore, increase (Fig. 8).
Furthermore charcoal particles <150 µm are found at those depths, with a pronounced peak
in-between the two peaks at 51 cm both in charcoal <150 µm and > 150 µm. At this depth a
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bulk sample has been radiocarbon dated to AD 1450 – 1820. 
When aligning the pollen record with the geochemistry of the S1 the following observations
can be made (Fig. 8): The change in peat stratigraphy from medium to high humified peat at
41 cm is consistent with a change in geochemistry. Namely, there is a decline in lithogenic
elements in S1 at 43 cm, which is consistent with a change in humification. These linked
changes show that depth records are comparable. The changes in pollen at 56 cm coincide
with the peak in Zn, Pb and the small peak of Si/Al. The changes at 48 cm coincide also with
a peak in Zn and Pb, whereby the enrichment spreads over a greater depth than the first
peak. The large peak of Pb EF at 53 cm follow the first peak directly, whereas the second Pb
EF peak coincides with the changes at 48 cm. The highest enrichment of charcoal at 51 cm do
not correspond with any element. 

3.3 Comparison peat profile S2 and sediment core
The main results  from the sediment  record concerning the bloomery  are  summarized as
followed: Changes in sediment geochemistry were detected during AD 800 – 1200. These
changes include Si, Al, Fe, Zn and P, and are centred around a well-defined peak in Pb at AD
1030 – 1060, with a concentration of 40 ppm. Simultaneous with the peak in Pb Al, Fe, Zn,
and P also show a peak, whereas Si shows a decrease. Furthermore Picea declines and Betula
shows a peak, which is similar to the changes in the peat record (above). A second peak of
Betula is found at approximately AD 1350 – 1400, the same point where  Picea reaches it
lowest presence. Together these data are indicative of disturbance centred on AD 1030-1060.

When comparing the sediment record with the geochemistry of the closest peat core (S2) the
following observations can be made (Fig. 5 + 6): At first sight, changes, which resemble the
ones from the sediment record, can be found at two different depths. First, at 55 cm where
Pb has a significant peak, which results in an increase in Pb EF. The other elements also
show the same pattern as in the sediment record, except Fe and Zn, which don’t show any
increases at that depth. Second, at 50 - 51 cm, where a small peak in Pb is accompanied by an
increase in Pb EF. The other elements have only minor peaks. The only element with a very
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Figure 8: Lithology and geochemistry, charcoal, and pollen concentrations for the northern fen, close to the 
bloomery. For pollen and charcoal: real concentrations (black) and 10-fold increase of concentrations (grey). 
Lithology, charcoal and pollen content were compiled by Hanna Karlsson (Emanuelsson 2001).



significant peak is Zn, which shows a twofold increase in concentration. But despite from the
peak in Zn and increase in Pb EF, the changes are not as obvious as in the sediment record.

3.4 Correlation of cores and inferred age model
To compare the results from the different sources a correlation is useful. Because both peat
profiles show the first changes in geochemistry at approximately the same depth (S1: 72 cm,
S2: 68 cm) it can be assumed that the vertical accumulation rates are generally the same in
both fens. Therefore the appearance of Picea at 80 cm of the pollen core can be used as an
indirect date, as Picea became established in that region at 2800 ± 250 BP (Giesecke 2005).
The Pb EF of S2 resembles Pb curves found in other Swedish mires, which represent the
long-term pattern of  atmospheric  Pb pollution (Brännvall  et al.  1999, Bindler 2011).  The
Roman Pb peak, 100 BC to  AD 200, is  mostly  likely  equivalent with the peak at  67 cm,
whereas the peak at 17 cm might be equivalent with the peak in lead-containing emissions in
the 1970s. Together with the dated material (AD 1450 – 1820 at 51 cm) from the pollen core
it can be assumed that the depth of interest lies between 50 and 67 cm. 

But it  must  be taken into account that  the peak in Pb at S2,  which is interpreted as the
Roman Pb peak, coincides with an enrichment of  Zn and Fe. This indicates more a local
event than Pb accumulation from the air. A possible explanation would be the formation of
iron oxides at this depth, which may adsorb heavy metals such as Pb and Zn (Rzepa et al.
2009). On the hand the peak of Pb at 67 cm is more outstanding than the other elements,
which  could be interpreted as  a  combination  of  bog  iron formation  and air  pollution  at
Roman times.

The pollen records give a more precise depth for the operation phase identified in the lake at
AD 1030 – 1060. The decline of  Picea and the peak in  Betula are visible in both pollen
records, inferring that the peak in Betula at 56 cm in the peat core matches AD 1030 – 1060,
as both pollen records show two peaks in Betula. The second peak in Betula has been dated
to two different ages. In the peat core, it is to be assumed, that the peak is after AD 1450, as
material from a lower point has been dated to AD 1450 – 1820. But it must be taken in to
account,  that  this  was  a  bulk  sample,  which  gives  a  more  insecure  date  compared  to
macrofossils  (Nilsson  et  al.  2001),  as  well  as  the  larger  calibration  uncertainty  for
radiocarbon  dates  at  that  time.  The  age  model  of  the  sediment  on  the  other  hand  is
macrofossil-dated and was afterwards confirmed by independent chronological markers (Pb
records from Sweden) and is therefore more reliable than a single bulk samples. This model
gives AD 1350-1400 for the second peak in Betula.

14



4. Discussion

4.1 Interpretation peat cores
4.1.1 Interpretation S1
Phase I represents the geochemical background, without any visible anthropogenic influence,
because no major changes can be seen.

Phase II shows the first disturbance in the record. The steady increase in Ti and Al, which are
conservative,  lithogenic  elements,  indicate  increasing  erosion  in  the  surrounding  area
(Hölzer and Hölzer 1998). This coincides both with an increase in Poaceae, which indicates a
more open landscape and an increase in P. As P is a mobile element, the increase of P can not
be explained for sure. Possible reasons are clear-cuttings of the past, harvesting and forest
fires (Herz 1996, McEachern et al. 2000 Piirainen et al., 2004).

Phase III represents the time where the bloomery was active. This was probably during two
periods.  The first  period is  indicated by  peak in elements  commonly  associated with ore
production (Pb, Zn), which corresponds to the time frame found in the lake sediment by
Karlsson et al.  (2016) around 1030 – 1060, as it  correlates  with the same pollen pattern
found in the lake during that time. Emanuelsson interpreted the decrease in Pinus and Picea
as well as the increase in Betula and Gelasinospora as cut-down for charcoal production to
process the bloomery and re-growth of  Betula (Emanuelsson 2001), which fits the time of
bloomery operation.  On the other hand Pb EF has only one outstanding peak, that follows
shortly after the first period. As Pb EF should indicate anthropogenic Pb pollution it shows a
different picture for the first period than Pb concentration. According to Pb EF the bloomery
would have been in use a while after  the cut-down phase. The increase in biogenic silica
might be the result of a change in peat composition, as it has been observed that diatoms
thrive during transitions of vegetation types (Kokfelt et al. 2009).

The second period can be found at  ~47 cm depth,  where the second peak of  Pb and Zn
coincides with another  cut-down of  Picea and Pinus.  As the same type of  disturbance is
thought  to  be  related to  bloomery  activity,  it  might  also  be  the  case  here.  Emanuelsson
(2001) interpreted the second  cut-down as ‘not related’ to bloomery activity, but this might
have been due to the date of  the bulk sample,  which indicated that  the second cut-down
phase would have happened a while after AD 1450. The combination of both pollen cores
with the time model of the sediment record suggests the timing for the second period of
activity to be around AD 1350, because both profiles show a second peak in Betula at that
point. This time coincides with the dated charcoal fragment of the bloomery (Magnusson
1986).

Phase IV represents an even less nutrient rich environment as the lower part of the profile,
because the change to less decomposed material, which contains less mineral matter, which
can be seen in the decreasing concentrations of Ca, Sr and Fe drop at the end of phase III. As
an increase in biogenic silica is observed at transitions of peat-types (Kokfelt et al. 2009), the
large peak of biogenic silica at the end of phase III could indicate the change from fen to bog.

4.1.2 Interpretation S2
Phase I represents the geochemical background, without any visible anthropogenic influence,
because no major changes can be seen.

Phase II shows a layer of Fe, Zn and Pb bearing phases. This are presumably iron hydroxides
as no enrichments in S or P can be detected to build e.g., sulphates such as Pyrite or Galena.
Furthermore the decline in Ti and Al indicates a decline in soil-born material, which results
in a smaller input of Zn and Pb. This suggests another source of these elements, which could
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be the iron hydroxides, where these heavy metals are absorbed (Rzepa et al. 2009, Vodyanit-
skii 2010).

Phase III is characterized by a steady increase in Pb and existence of biogenic silica. There is
a Pb peak at 55 cm at the time of AD 1030-1060, but it is not outstanding from the peak at
Roman times. Other changes at that depth are the same as in the lake (peak in Al and P
framed by decreases and decrease in biogenic Si framed by increases), which would indicate a
closer  connection  to  the  lake.  Karlsson  et  al.  (2016)   interpreted these  changes as  being
related to an exploitation of the fens connected to Rörtjärnen. As these changes are seen both
in the lake and the peat  it  either  happened at  a different  part  of  the  mire,  which  would
transport  the material in both archives or the changes are due to another process, which
effected both archives. The changes are much smaller in the peat than in the lake-sediment,
which is probably due to the small amount of mineral matter compared to a lake-sediment
and have been also observed for Pb concentrations (Brännvall et al. 1997). At the presumed
depth for the second operation time of the bloomery (~48 cm), no samples were analyzed, so
no observations can be made.  

The peaks of Zn at 50 and 35 cm are accompanied by small increases in Fe and S, which
could indicate the formation of minerals such as Sphalerite (ZnS) or Pyrite (FeS), which can
be found in peats (Awid-Pascual et al. 2015). These phenomenon can be explained e.g., by
sulfate-reducing microorganisms  which result  in precipitation of  zinc sulfide (Yoon et  al.
2012). As these can only be build under anaerobic conditions, these depths are waterlogged.

A large amount of biogenic silica can be found from 70 to 22 cm, but the origin is not clear. If
it would occur at the transition of peat types as observed by Kokfelt et al (2009), this would
be long time of transition. This indicates another reason for the existence of biogenic silica. 

In Phase IV the upper water table can be found at 22 cm. An accumulation in Zn and Fe,
which is observed in other mires at the upper water table (Damman 1978), coincides with the
beginning of the exponential increase of Mn. The following decrease in lithogenic elements is
the result of the reduction of mineral matter in the aerobic layer. 

4.2 Comparison peat cores
Both fens reflect the first operation phase of the bloomery, although it is much more visible
in the fen close to the bloomery. But the overall pattern of Pb concentrations differ between
the  two sites.  Where  S2  shows  a  more  regional  pattern,  with  increasing values after  the
Roman lead peak up to the near top and an indistinct peak at the first time of bloomery
operation,  S1  shows  a  more  local  pattern,  where  beside  the  Roman  Pb  peak  only  the
operation phases of the bloomery are visible. 

Besides the clear enrichments in Pb, S1 also shows enrichments in Zn, which are missing in
S2.  For the existence of bog iron, the overall Fe concentrations are quite low with max. 0.6 %
in S2 and 0.3 % in S1. Other studies show much higher values without reported bog iron e.g.,
~2 % in the Jura Mountains, Switzerland (Steinmann and Shotyk 1997). The low values of Fe
are also found 10 m away from the bloomery in the organic surface soil transect taken by
Karlsson et al. (2016). Here, high values of 16 % Fe were only found in the closest proximity
of the bloomery. Together, these three elements, Pb, Zn, and Fe, give a good gradient for the
impact of a bloomery: Fe has only elevated concentrations in the nearest proximity of the
bloomery, Zn is still enriched in a larger area, which could be detected by the peat profile
closest to the bloomery and Pb shows the largest spreading due to large air transport, which
could be detected in the more distant mire and the lake. 
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4.3 Influence of bulk peat samples on lake sediment
The bulk samples show a high lateral variation, which are often found in mires (Koretsky et
al. 2007). The content of P with an average of 896 ± 184 ppm is relatively high, compared
with other peatlands (e.g 527  ± 331 ppm in Sudbury, Canada (Pennington and Watmough
2015) and 598 ppm Jura Mountains, Switzerland (Steinmann and Shotyk 1997)). Because it
has been observed, that disturbances in peatlands release P (Pinder et al. 2014), the increase
of P in lake sediment of Rörtjärnen at times of disturbance can be explained. 

The high content of biogenic silica in the upper part of the peat, might be the source of the
increased biogenic  silica  content  in  the  lake  sediments  at  times,  when there  were  found
disturbances in the fen. Lead concentrations are slightly higher in the northern part of the
fen,  close  to  the  bloomery,  which  might  be  due  to  the  proximity  of  the  bloomery.
Furthermore  slight  enrichments  in Zn  are  also  found in the northern  part.  But  as  these
changes span only 2-3 ppm it is not clear, if they are related to the activity of the bloomery.

On the other hand Zn has very low concentrations in the peat compared with the lake, which
would need a lot of material to reach notable changes in lake sediment concentrations. 

4.4 Evidence in the peat records for a nearby bloomery furnace
The answer to our question whether the bloomery activities are visible in the geochemical
signals in the two mires close to the bloomery and the lake, is ‘yes’ for the peat core close to
the bloomery  and ‘no’  for  the  peat  core  close to  the lake.  For  the peat  core close  to  the
bloomery the two well-defined peaks in Pb, which are accompanied by peaks in Zn and occur
during the cut-down phases, are a good signal for the activities of the bloomery during the
two times of operation AD ~1050 and AD ~1350. For the peat core close to the lake a peak in
Pb at AD ~1050 exists, but is not as outstanding as in the peat core close to the bloomery and
can  only  be  identified  as  bloomery-related  enrichment  when  the  depth  is  known.  The
observed geochemistry of the peat core resembles more the one from the lake-sediment core,
indicating an overall disturbance of the mires surrounding the lake.

The overall geochemical composition of the mire connected to Rörtjärnen can partly explain
the geochemical signals of the sediment record from Rörtjärnen. The high biogenic silica in
mire can be transported into the lake as well as the high P content, which can be washed into
the lake during disturbance of the mire. Other elements, like Zn, show very low concentra-
tions in the surrounding fen, to explain the differences in the concentrations.
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