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Abstract 
Records of stable oxygen isotope variations from a variety of proxies have been used in 
palaeoclimatic research since the 1950’s. Several studies have applied stable isotope analysis 
of lake sediments to reconstruct past climate changes in central and northern Sweden, 
including a study of Lake Blektjärnen in Jämtland, central Sweden, by Andersson (2010). In 
this study, sediments from that same lake were sampled for stable isotope analysis of bulk 
carbonates with the aim to improve the resolution of the isotopic record for the last two 
millennia. The results indicate a shift from relatively drier to wetter conditions between 
~2,300–1,300 cal. years BP, generally wet conditions close to the Medieval Warm Period 
(~1,000–750 cal. years BP) and generally dry conditions during the Little Ice Age (~550–150 
cal. years BP). These results are in agreement with previous palaeoclimatic reconstructions 
in the region. The isotopic record of Lake Blektjärnen was completed for the last ~2,350 
years at a resolution of ~15 years per sample, three times higher than that of the previous 
study, displaying the advantages of bulk carbonate sampling for stable isotope analysis and 
providing a high-resolution dataset on humidity changes in central Sweden during the late 
Holocene. 
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Introduction 
Aim of the study 
Climate changes have occurred naturally throughout Earth’s history, but it is now more 
certain than ever that the present and future climate is affected by human activities (IPCC, 
2013). Detailed records of past climate change are needed to understand the forcing factors 
and processes behind the natural changes. This knowledge is required to accurately model 
the future climate development, which is a highly relevant scientific topic today, in light of 
the human effects upon climate change. 

In this study, stable isotope analysis of sediments from a small lake in central Sweden was 
used to reconstruct humidity changes in the region during the last ~2,350 years. Analysis of 
sediments and water from this lake was previously performed as part of a doctoral thesis by 
Sofia Andersson in 2010. To improve the precision of the isotopic record of the lake and the 
palaeoclimatic data of the region, the sediments were analysed at a higher resolution by 
sampling bulk carbonates. 

 
Background: Stable isotopes in lake sediments 
Lake sediments are widely used for studying past environmental and climate changes, and 
may contain several proxies for such studies, depending on the location and characteristics 
of the lake. Over the last century, these proxies – including pollen, diatoms, chironomids, 
varves, etc. – have been explored and used, often in combination, to reconstruct 
palaeoclimatic conditions in a wide variety of sites across the world. 

Analysis of stable isotopes in lake sediments has been applied in e.g. geological, biological 
and palaeoclimatic studies since the 1950’s (Leng & Marshall, 2004; Jonsson, et al., 2010a). 
The chemical composition of lake sediments can provide information on both the lake itself 
and its surroundings, as lake sediments usually consist of material synthesized within the lake 
water (authigenic) and/or material from the catchment (allogenic) (Håkansson & Jansson, 
1983). 

In mid to high latitude regions, there is an apparent linkage between meteoric conditions and 
the isotopic composition of precipitation (Dansgaard, 1964; Rozanski, et al., 1992; 1993; 
Hoefs, 1997), which under favourable circumstances means that the variations in stable 
isotope ratios in precipitation and, consequently, lake water and lake sediments can be used 
to gain palaeoclimatic data. However, this is a quite complicated issue, as will become 
apparent in the following subsections. 

Isotopic fractionation of oxygen in precipitation 
Fractionation of the stable isotopes of oxygen in water occurs, in a very simplified summary, 
because molecules bearing the lighter isotope 16O will generally react more readily than those 
bearing the heavier isotope 18O (Dansgaard, 1964; Hoefs, 1997). It requires more available 
energy (i.e. it needs to be warmer) to react with the heavier isotope to a greater extent and to 
sustain the heavier isotope in a higher state of aggregation. Therefore, water vapour forming 
in warmer regions will contain a larger proportion of the heavier isotope than that which 
forms in cooler regions, and when an air mass cools and the vapour condensates into 
precipitation, it will preferentially give off the heavier isotope. 

Precipitation is the fall-out of meteoric water (i.e. water that is moving through the meteoric 
system) and undergoes several fractionation processes from the evaporation of water vapour 
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to the condensation and falling out of rain or snow (Hoefs, 1997). The precipitation of a 
certain time and place will, because of these fractionation steps, have a certain isotopic ratio 
between the two most common stable isotopes of oxygen, 18O and 16O, due to the meteoric 
conditions at that time and place. This ratio is expressed with the “delta value”, which is 
defined as 

 
where the measured isotopic ratio in the sample material is divided by the ratio of a standard 
– usually SMOW (Standard Mean Ocean Water) for water samples and PDB (Pee Dee 
Belemnite) for minerogenic samples – and is expressed in per mil (‰). 

The variations in the ratio between the stable isotopes 18O and 16O in precipitation arise from 
six main factors: the latitude, altitude, continental and amount effects, as well as seasonality 
and local air temperature (Dansgaard, 1964; Rozanski, et al., 1993), further described below. 
These factors affect the fractionation processes that alter the isotopic composition of the 
water in air masses as it moves through the meteoric system (Hoefs, 1997). 

Latitude effect: The major source of global water vapour is the tropical oceans. As 
an air mass containing water vapour moves poleward and 
precipitation forms along the way, the heavier isotope 18O falls out 
successively, leaving water vapour on higher latitudes more 
depleted in 18O. Water vapour forming at higher latitudes will also 
be more depleted in 18O since less energy is available and the 
lighter isotope 16O will be more preferred during evaporation. 

Altitude effect: As an air mass containing water vapour rises, it cools and the water 
vapour condensates, forming precipitation. The heavier isotope 
18O is more prone to fall out, leaving water vapour on higher 
altitudes more depleted in 18O. 

Continental effect: As an air mass containing water vapour moves in over a continent 
and away from coastal regions and major evaporative sources of 
water vapour and precipitation forms along the way, the heavier 
18O isotope falls out successively, leaving water vapour at 
increasing distance from coastal regions more depleted in 18O. 

Amount effect: In regions with a high monthly amount of precipitation, or in some 
cases even during individual, large rainfall events, the heavier 
isotope 18O falls out to such an extent that it may leave the average 
precipitation relatively more depleted in 18O. 

Seasonality: In poleward regions, lower temperatures during winter leave water 
vapour depleted in the heavier isotope 18O relative to summer. 
There may also be seasonally altered atmospheric water balances 
and/or changing water vapour source areas. 

Local temperature: There is an apparent link between the δ18O of precipitation at a 
certain site and the air temperature at that site. See text below. 

The effect of local temperature has been discussed with regard to the potential of stable 
isotopes of oxygen in lake sediments as a palaeoclimatic archive proxy (Rozanski, et al., 1993; 
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Hoefs, 1997). If it can be assumed that the latitude, altitude and continental effects (which 
determine the isotopic composition of the water vapour reaching a certain site) as well as the 
amount effect and seasonality are well-determined and have been stable through time, the 
local air temperature would have been the main forcing factor responsible for the changes in 
the isotopic composition of the material analysed from that site (Dansgaard, 1964; Rozanski, 
et al., 1993). 

There is, however, doubt to whether this is truly applicable in practice. Rozanski, et al. (1993) 
pointed out that there were differences in the results from several sites and studies that 
weaken the link between oxygen isotopic variations and temperature, and that complications 
occur due to varying degrees of seasonality (being more pronounced at more continental 
sites) which was also mentioned by Dansgaard (1964). The linkage is also blurred by the 
amount effect, which seems to override any other factor in controlling the isotopic 
composition of the average precipitation in tropical regions (Dansgaard, 1964; Hoefs, 1997). 
Rozanski et al. (1993) concluded that the relation between δ18O values and air temperature is 
more relevant on longer time scales, but it also varies between sites, being more certain in 
polar regions and much less understood in temperate and tropical regions (Rozanski, et al., 
1992). It has also been shown that changes in water vapour source areas may be responsible 
for isotopic variations of precipitation at certain sites (e.g. Hammarlund, et al., 2002; Rosqvist, 
et al., 2007; Jonsson, et al., 2010a; Rosqvist, et al., 2013). 

Stable oxygen isotopes in lake sediments 
The fractionation processes described above result in a certain oxygen isotopic composition 
of precipitation under certain circumstances. However, when isotopic variations of lake 
sediments are studied, a new set of factors come into play as the lake water isotopic 
composition is incorporated into the sediments that we sample and use as palaeoclimatic 
archives. 

The isotopic composition of carbonates formed in calcareous lakes is dependent on the 
isotopic composition of the lake water and the water temperature, assuming the carbonates 
precipitate in equilibrium with the lake water (e.g. Leng & Marshall, 2004). Since these factors 
both vary with climate changes, it complicates the interpretation of isotopic variations in lake 
sediments. The oxygen isotope fractionation at the point of carbonate precipitation has a 
negative correlation with the lake water temperature, resulting in a δ18O change of 
~−0.25 ‰/°C (Jonsson, et al., 2010a). This means that warmer waters precipitate carbonates 
relatively more depleted in 18O. However, warmer waters are a result of warmer air 
temperatures, and in warmer air, the isotopic composition of the precipitation shifts towards 
more positive delta values at a factor of ~+0.7 ‰/°C in high latitude regions according to 
Dansgaard (1964), later re-examined to ~+0.59 ‰/°C by Rozanski, et al. (1992). Leng & 
Marshall (2004) estimated the net-effect of these two fractionation processes to 
~+0.36 ‰/°C, but noted that there may be exceptions to this under certain circumstances. 

There are also disequilibrium effects that complicate things further. When analysing bulk 
carbonate sediment samples, the material cannot always be assumed to have formed in 
equilibrium. Authigenic carbonates are precipitated when photosynthesising microorganisms 
remove CO2 from the lake water, leading to an increased alkalinity (Jonsson, et al., 2010a), a 
phenomenon around which uncertainties remain (Leng & Marshall, 2004). One of the 
controlling factors of this is the seasonality of the biological productivity (Rozanski, et al., 
1993; Jonsson, et al., 2010a). It is also noteworthy that the characteristics of a lake may change 
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over time (Jonsson, et al., 2010a), in some cases increasing the uncertainties. A drawback of 
bulk carbonate sampling is the risk of contamination from allogenic (washed-in terrestrial) 
carbonates, and yet another is the fact that several different carbonate minerals may in some 
cases be precipitating, each having a fractionation ratio of its own (Leng & Marshall, 2004). 

As was mentioned in the previous subsection, there has been doubt concerning how directly 
the stable oxygen isotope variations in lake sediments really are connected to temperature 
changes. Leng & Marshall (2004) point out that to assume there is a direct link is to ignore 
the effects of “more distant climatic processes”. Because of the uncertainties mentioned 
above, the only way to interpret any values of isotopic composition gained from studying 
lake sediments and understanding what forcing factors their variations reflect is by putting 
them into relation to the hydrological specifications of the lake that is sampled, as different 
lakes may have respond uniquely to environmental and climate changes (Talbot, 1990; Leng 
& Marshall, 2004; Jonsson, et al., 2009). 

Measurements of the isotopic composition of the modern lake water and precipitation at the 
sampling site must be performed to understand a lake’s hydrological function. This can be 
done by comparing the correlation between δ18O and δ2H in the local precipitation with that 
in the lake water. On a global average, there is a certain ratio between these isotopes in 
precipitation, called the Global Meteoric Water Line (GMWL). The local conditions may 
differ from this, and are referred to as the Local Meteoric Water Line (LMWL). If the 
correlation between δ18O and δ2H in a lake does not differ substantially from the LMWL, it 
can be assumed that the lake water isotopic composition resembles that of the precipitation 
relatively well (Jonsson, et al., 2009). In closed lakes, however, evaporation is the main water 
output and leaves the lake water relatively enriched in the heavier 18O isotope. This means 
that the isotopic relationship between δ18O and δ2H, then referred to as the Local 
Evaporation Line (LEL), will differ from the LMWL (Jonsson, et al., 2009; 2010a). 

Instead of reflecting the isotopic composition of the precipitation, evaporative lake waters 
reflect the water balance of the lake, i.e. the relationship between evaporation and water input 
(the E/I ratio). This is indicated by δ18O/δ2H ratios aligning with the LEL, while δ18O/δ2H 
ratios aligning with the LMWL mean evaporation effects are negligible. Changes in the 
relation between the lake surface area and lake water volume will also respond to the water 
balance. Variations in the isotopic composition of sediment proxies from evaporative lakes 
may thus reflect palaeohydrological changes that are the result of more general climate trends, 
not only the temperature or the precipitation. 

There will also be variations in the ratio between the stable carbon isotopes 13C and 12C in 
the carbonates formed in calcareous lakes: in closed lakes and in lakes with long residence 
times, the δ13C values generally co-vary with the δ18O values and interruptions in the 
covariance can be interpreted as shifts in lake basin hydrology (Talbot, 1990). 

δ18O variations in northern and central Swedish lake sediments 
Studies of the variations of stable isotopes of oxygen in lake sediments from northern 
Sweden have shown that the climate in this region is forced by atmospheric changes in the 
North Atlantic region, which affect the source δ18O values of the precipitation, and the 
isotopic signal of lake sediments from this region have therefore been used to reconstruct 
the past changes in atmospheric circulation (e.g. Rosqvist, et al., 2004; 2007; Jonsson, et al., 
2009; 2010a; Rosqvist, et al., 2013). 
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Water vapour in different air masses have different isotopic compositions, due to differences 
in the factors that control the isotopic fractionation. Therefore, when the lake water isotopic 
composition can be shown to reflect the precipitation isotopic composition, proxies 
containing oxygen isotopes derived from the lake water can be used to reconstruct 
atmospheric changes, as air masses of different origin will result in variations of the δ18O 
values of the proxy studied. In open, non-evaporative lakes of northern Sweden, lower δ18O 
values would infer lighter precipitation (i.e. precipitation more depleted in the heavier isotope 
18O) which would have been introduced to the region by polar air masses, indicating a north-
to-south pattern of atmospheric circulation (a negative phase of the North Atlantic 
Oscillation, NAO). Higher δ18O values, inferring heavier precipitation less depleted in 18O, 
would have been transported from the North Atlantic by westerly air masses (a positive phase 
of the NAO) (Rosqvist, et al., 2004; Jonsson, et al., 2010a; Rosqvist, et al., 2013). 

However, in closed, evaporative lakes located in lower latitude continental Jämtland in central 
Sweden, the isotopic composition of the lake water primarily responds to the E/I ratio of 
the lake. The δ18O values of the lake water and incorporated into e.g. carbonates or diatoms 
in the sediments of such lakes, are affected so that dry periods result in relatively higher δ18O 
values (as increased evaporative fractionation leaves the lake water enriched in the heavier 
isotope 18O) and humid periods result in relatively lower δ18O values (Andersson, et al., 2010; 
Jonsson, et al., 2010a). There is still the issue of water temperature dependent fractionation 
during the formation of carbonates and the air temperature dependent fractionation of 
precipitation, but this is not considered a major factor in high latitude regions (Rosqvist, et 
al., 2004; Rosqvist, et al., 2007). Evaporative effects on the precipitation as it falls through 
the atmosphere have also been mentioned by e.g. Jonsson et al. (2010a) but only seem to be 
a noticeable factor in arid environments (Rozanski, et al., 1993). 

 

Site description 
This study was performed using sediments from Lake Blektjärnen, located at ~336 m a.s.l. 
at the northern end of the much larger lake Näkten, 22 km south of the town of Östersund 
in Jämtland, central Sweden (coordinates: 62° 58’ N, 14° 39’ E, see Fig. 1). The lake has 
previously been studied by Andersson (2010; Andersson, et al., 2010), who performed an 
analysis of stable isotope variations of the lake sediments. 

 
Fig. 1. Location of the sampling site at Lake Blektjärnen, central Sweden, marked by the red dot. 
Images acquired from ESRI and Google Earth. 
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The lake is very small, with a water area of 0.05 km2, a maximum depth of at least 10 m 
(which is quite deep in comparison with other small lakes nearby), an estimated water volume 
of 156 000–160 000 m3 and a catchment area of ~0.45–0.56 km2 (Andersson, 2010). The 
bedrock within the catchment consists primarily of limestone and some alum shale, covered 
by a less than one metre thick layer of sandy to clayey till (Lundqvist, 1969). The lake is one 
of several hard-water calcareous lakes which are characteristic for the area, and the vegetation 
in its catchment is mainly birch, pine, spruce and willow forest (Andersson, 2010; Andersson, 
et al., 2010). The sediments of the lake are composed of clayey sand to clayey silt to clay and 
calcareous gyttja (marl, or “bleke” in Swedish) at the top (Andersson, 2010). 

Considering the lake’s small size and lack of surface outflow (with the exception of a recent, 
man-made outflow pipe in the southern shore), it can be assumed that the main water output 
of the lake has been through evaporation, which was also confirmed through isotopic 
measurements of the precipitation and lake water by Andersson (2010; Andersson, et al., 
2010). The residence time of the lake water is estimated to over one year, which is quite long 
for the lake’s small size and means that the sediments gain annual values on isotopic 
variations (Jonsson, et al., 2009; Andersson, 2010) or possibly even inter-annual values 
(Jonsson, et al., 2010a). 

 

Methods 
Field work 
Four sediment cores were retrieved from the southern part of Lake Blektjärnen using a 1 m 
long and 5 cm diameter Russian corer. The sampling location was chosen through 
comparison with the sampling location of the sediment cores analysed by Andersson (2010) 
and by measuring the water depth at several test-drillings using sonar. The four cores were 
taken about a metre apart from each other in a slightly rhombic pattern. The uppermost 
metre of the sediments was sampled in each borehole. The sediment cores were frozen in 
the field (as the temperature at the time of sampling, in January 2014, was –14°C) and put 
into cool storage at Stockholm University two days later, where they were stored for nine 
days (and during this time defrosted) before subsampling and laboratory work began. 

 
Organic carbon content 
Organic carbon content was analysed using the loss on ignition (LOI) method on subsamples 
of core #1. The procedure, described below, followed the laboratory instructions of the 
Department of Quaternary Geology at Stockholm University (2000). 

4–5 g (wet weight) of the sediments were subsampled from each centimetre throughout the 
core, except for the lowermost two centimetres where there was not enough material, 
resulting in a total of 98 samples. Visible shell pieces and macrofossils were removed from 
the samples. The samples and the crucibles they were put in were weighted prior to drying 
in 105°C overnight. They were then put in desiccators to cool, ground to a powder, put back 
in 105°C to re-dry and then weighted again to gain the dry weight of the samples and enable 
the calculation of moisture content. The samples were then put into an oven and heated to 
550°C, where they were combusted for three hours and left to cool overnight, after which 
they were put back in 105°C for an hour to re-dry. They were then weighted again to calculate 
the weight of the organic material which had burned away. The results were compiled into 
graphs using Microsoft Excel. 
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Stable isotope analysis 
The sediments of core #3 were subsampled for each 0.5 cm and prepared for stable isotope 
analysis following the procedure of Pettersson (2003). The samples were frozen overnight 
after removing shell pieces and macrofossils and then put in a dry freezer for three days. To 
oxidize organic material and disaggregate the sample material, the samples were then diluted 
in 50 ml of 5 % sodium hypochlorite overnight and subsequently sieved through an 80 μm 
mesh. The material with a grain size < 80 μm was collected in plastic centrifuge tubes and 
left to settle overnight. The samples were then decanted and centrifuged five times (a change 
to the original instructions, in which natural settling by gravity was applied), decanting and 
refilling with deionized water in between each run in the centrifuge, to clean the samples 
from residues of the sodium hypochlorite. They were then poured through filter paper and 
dried in 40°C overnight. After drying, the samples were ground to a fine powder, put in glass 
jars, weighted, and sent to the NERC Isotope Geosciences Laboratory at the British 
Geological Survey for stable isotope analysis. There they were treated with anhydrous 
phosphoric acid in vacuum at 25°C. The isotopic composition of the evolved CO2 gas was 
measured using a VG Optima mass spectrometer to calculate δ18O and δ13C values of each 
sample. The results were compiled into graphs using Microsoft Excel. 

 
Radiocarbon dating 
Any macrofossils found during the subsampling for stable isotope analysis of core #3 were 
washed, put into plastic jars and left to air-dry. Three macrofossils found at depths 36, 56 
and 74 cm were chosen and sent to the Ångström laboratory at Uppsala University for 
radiocarbon dating. There the samples were pre-treated in 1 % hydrochloric acid for ten 
hours, then put in 0.5 % sodium hypochlorite at 60°C for one hour. Humus material was 
precipitated through addition of concentrated hydrochloric acid. The remaining, insoluble 
material was acidized to pH 4 and combusted into carbon dioxide gas, which was converted 
to solid graphite through an iron catalytic reaction and put into an accelerator mass 
spectrometer (AMS) to analyse the isotopic content and calculate the radiocarbon ages. 

 
Tephra analysis 
Six 5 cm long cut-outs along the top 30 cm of core #2 were subsampled to perform tephra 
extraction. The samples were put in crucibles, dried in 105°C overnight, then ground and 
put into an oven, heating the samples to 550°C at which temperature they were burned for 
three hours to combust and remove organic material. They were then diluted in ca 25 ml of 
10 % hydrochloric acid and left overnight (c. 20 hours) to dissolve carbonates. The remaining 
material was then diluted with deionized water and sieved through a 25 μm mesh, collecting 
the material of a grain size > 25 μm in plastic centrifuge tubes. The samples were centrifuged 
three times and decanted and refilled with deionized water in between to clean the sample 
material from residues of the acid. They were then mounted with Canada balsam on 
microscope slides and scanned through by eye using a Leica microscope equipped with a 
polarization filter. The procedure was repeated with 1 cm cuts of the top 8 cm of the same 
core, taking ~1 cm3 of material for each sample and adding Lycopodium spore tablets with a 
known number of spores after sieving, to enable the calculation of tephra concentrations 
during microscopy. Concentrations were estimated by comparison to counts of ~500 
Lycopodium spores, theoretically counting about a twentieth of the tephra shards in each 
sample. 
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Results 
Core correlation and lithostratigraphy 
The four sediment cores were retrieved from slightly varying depths, according to the depth 
measurements provided by the sonar device used in field: core #1 was taken at 3.6, #2 and 
#3 at 3.3 and #4 at 3.5 m below the lake surface (in a ~16° westward slope). All depths 
mentioned throughout the rest of this study are adjusted to fit core #3, from which the 
samples for stable isotope analysis were taken, and expressed in centimetres below the lake 
surface. This depth calibration is based on a lithostratigraphic correlation between the four 
sediment cores (see Fig. 2). 

 
Fig. 2. Field images of the four cores sampled for this study, aligned based on lithostratigraphy. 
For the sake of convenience, the depths mentioned for all cores in this study are adjusted to fit 
the sampling depth of core #3, based on the lithostratigraphic correlation shown in this image. 

The sediments of the four cores sampled in this study can be described as light yellowish 
brown to dark brown, fine grained calcareous gyttja (or “marl”). There are distinct laminae 
below ~402 cm and less clear laminae between 363–402 cm in all four cores. In cores #1–3, 
the sediments are lighter and whitish between 352–363 cm, above which the sediments are 
yellowish brown, and without any laminae. In core #4, however, the lighter, whitish part only 
covers 355–363 cm and becomes yellowish brown from 355 cm and upwards, with slightly 
differing lightness of the colour in the topmost part of the sediments. Because of these 
dissimilarities, any sampling using core #4 was avoided. All cores share a dark brown horizon 
at ~425–427 cm. 

 
Organic carbon content 
The organic carbon content of core #1, determined using LOI, is shown as a graph in Fig. 3. 
The values generally vary within 5–10 % along most of the core, with several small peaks just 
above 10 %, including two longer sequences at 339–349 and 408–415 cm and one sharp peak 
at 425–428 cm. These sequences correspond well to the darker brown parts of the cores, 
especially the lowermost peak. 
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Fig 3. Organic carbon content of core #1, determined using LOI. Values are quite low and stable 
with peaks corresponding to darker brown parts of the core, especially the peak at ~425–428 cm. 

 
Stable isotope analysis 
The δ18Ocarb and δ13Ccarb values of core #3, reported to the PDB standard, are shown in Fig. 4. 
The δ18Ocarb record shows a decrease from higher values, varying around –9.5 to −10.5 ‰, 
in the lowermost part of the core to the second lowest value in the series, ~−11.2 ‰ at 
377 cm. From here, the values vary mostly within the range of −10.5 to −11 ‰ throughout 
the top half of the core, with the lowest value in the series of ~−11.25 ‰ at 337 cm. The 
δ13Ccarb record begins with the highest value in the series, ~+1.5 at 410 cm, and decreases 
with large short-term variations (amplitudes of up to 2 ‰ over three samples) to ~−1.9 ‰ 
at 377 cm. From here smaller short-term variations within the range −0.3 to −1.9 ‰ occur 
up to the depth 349 cm, from where values become stable and show a steadily decreasing 
trend from ~−0.3 ‰ to the lowest value in the series, ~−2.6 ‰, at 332 cm before increasing 
slightly in the topmost two centimetres. The δ18O and δ13C values co-vary to a large extent 
between 375–410 cm and to some extent between 350–375 cm (determined using a 
population covariance test in Microsoft Excel). 

 
Fig. 4. δ18Ocarb (top graph) and δ13Ccarb (bottom graph) values of core #3, expressed in ‰ (vs 
PDB). Thin lines display individual sample values and thick lines display 3-point running mean 
values. The two graphs co-vary to a large extent and both show a generally negative trend. 
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Radiocarbon dating 
The results of the radiocarbon dating of macrofossils from core #3 are shown in Table 1 
with 14C ages and the corresponding calibrated ages, which were calibrated using OxCal 4.2.3 
with the IntCal 13 calibration curve, presented with 2σ probability as well as alternative ages 
with a more constrained probability (given in percent). All calibrated dates and ages in this 
study are presented in cal. years BP (i.e. calibrated years before AD 1950). 

Table 1. Radiocarbon dates of macrofossil samples collected from core #3: 14C ages, calibrated 
ages with 2σ probability range and alternative ages with a constrained probability range. Ages are 
presented in years BP. 

Sample number Sample depth 14C age Cal. age (2σ) Cal. age (alt.)  
 Ua-48516 366 cm 1,034 ± 30 980 ± 68.5 955 ± 43 (91.7 %) 
 Ua-48517 386 cm 1,802 ± 35 1,721 ± 101 1,754 ± 68 (77.4 %) 
 Ua-48518 404 cm 2,109 ± 33 2,143 ± 148 2,075 ± 80 (93.6 %) 

 
Tephra analysis 
Estimated tephra concentrations are shown in Table 2. A high tephra concentration was 
found in the top 5 cm sample of core #2. The 1-cm subsampling of the uppermost 8 cm of 
the core showed that the tephra concentration was the highest at the interval 335–338 cm 
with a peak at 335–336 cm. 

Table 2. Tephra concentrations, estimated by comparison with ~500 Lycopodium spore counts, 
for the top 8 cm of core #2. 

Sample depth Tephra concentration (cm-3) Number of tephra shards counted  
 334–335 cm 43.3 2 
 335–336 cm 304.5 14 
 336–337 cm 137.5 6 
 337–338 cm 130.8 6 
 338–339 cm 68.2 3 
 339–340 cm 66.5 3 
 340–341 cm 0 0 
 341–342 cm 0 0 

 

Discussion 
Organic carbon content and correlation to the previous study 
The organic carbon content of core #1 and of the uppermost metre of sediments in the 
previous study are shown in Fig. 5. The values in this study are much lower than those 
presented in the previous study, especially at peak values. This is probably because of the 
different methods used. In the previous study, total organic carbon was measured using an 
Eltra CS 500 carbon analyser, while in this study LOI was performed to calculate the organic 
carbon content. 

The records seem to share only one easily identifiable major feature, which is a large peak in 
organic carbon content with a smaller peak just below it at 423–433 cm in this study and 
460–469 cm in the previous study (marked with red, dotted lines in Fig 5). The shape of the 
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variations in organic carbon content at these intervals are very similar. Other similarities 
between the cores are mostly speculative (marked with grey lines in Fig. 5), since the rest of 
the variations in organic carbon content do not match very well between the studies. 

 
Fig. 5. Organic carbon content of core #1 in this study (top) and of the sediments analysed in 
the previous study (bottom, adapted from results presented by Andersson (2010)). The two cores 
are difficult to correlate, sharing only one major feature at 423–433 cm in core #1 and at 
460–469 cm in the earlier study (marked with red, dotted lines). Speculative correlations are 
marked with grey lines. 

The large peaks mentioned are at ~95 and ~59 cm below the lake bottom in core #1 and 
the previous study, respectively. They are both visible in the lithostratigraphies of the core in 
this study (see Fig. 2, where the peak is visible as dark horizons near the 425 cm mark in all 
cores) and in the previous study. One explanation for the different depths of the peaks 
relative to the lake bottom could be a higher accumulation rate of sediment in the cores used 
in this study (on average ~58 % higher, estimated from the difference in depth). If this is the 
case, it should only benefit the aim of a higher resolution in this study. The speculative 
correlations are mainly in agreement with this explanation, but are not discussed further in 
this study. 

A visual correlation between the sediment cores in this study and that of the previous study 
is quite difficult for the same reasons as the organic carbon content variations: only the 
intervals near the carbon content peaks are very similar to each other. According to the 
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lithostratigraphic description of the previous study, laminae were pronounced throughout 
most of the core, except for the topmost decimetre where no laminae were visible. This is 
mainly in agreement with the lithostratigraphic description of the cores in this study, although 
the laminae are missing in the top two decimetres, and are faint from 350 to 363 cm before 
becoming more pronounced throughout the rest of the core. 

 
Chronology 
In the previous study of Lake Blektjärnen, a combination of radiocarbon dating and 
tephrochronology was used to establish a time-depth model of the sampled sediments. The 
same methods were applied in this study. 

Radiocarbon dating 
Radiocarbon dating uses the decay of the 14C isotope in organic material to calculate the time 
of death of the organism sampled. The ratio of 14C left in a sample compared to the 
equilibrium amount of 14C in the atmosphere, which is continually incorporated into living 
organic material, is used to calculate an age estimate. Since the equilibrium amount of 14C in 
the atmosphere has varied in the past, the ages gained through radiocarbon dating are 
calibrated using a calibration curve created by examining the 14C ages of mainly 
dendrochronology and clay varves (Walker, 2005). 

There are a few issues worth mentioning when discussing radiocarbon dating of the 
sediments of Lake Blektjärnen. Old carbon contamination from the catchment area (the so-
called mineral carbon error effect) may be problematic considering the limestone rich 
bedrock in the area and the lack of a surface outflow. Bulk radiocarbon dating could yield 
erroneously old apparent ages due to the altered 14C composition in the lake water. The 
isotopic composition of carbon in the water could also lead to the hard-water effect when 
fossils of aquatic organisms that lived in the skewed 14C conditions are dated (Olsson, 1986). 
On top of these errors, yet older apparent ages may be gained because of a reservoir effect. 
There is a general correction of about 300–400 years in Swedish lakes (Olsson, 1986), and 
this number may have varied in time because of lake volume and surface area changes 
(Walker, 2005). 

Because of these issues, radiocarbon dating was performed on terrestrial macrofossils in this 
study. However, there is the risk of using macrofossils that have been transported through 
the catchment area during a certain amount of time, resulting in erroneously old ages as there 
will be a time lag from the point of death of the organic matter and the point where it settles 
in place in the lake sediment. An issue of isotopic fractionation is also present, as terrestrial 
organisms biochemically prefer the uptake of the lighter 12C isotope, leading to a smaller 
amount of 14C and thus older apparent ages (Olsson, 1986; Walker, 2005). 

The results of the radiocarbon dating of the three macrofossil samples from core #3 gave 
reasonable ages (shown in Table 1 in Results, section Radiocarbon dating), considering the 
sampling depths and comparison of lithostratigraphy and organic carbon content with the 
previous study. Each sample’s age calibration from 14C years to cal. years BP are shown in 
Fig. 6. The 2σ probability ranges of the uppermost and lowermost samples (Ua-48516 and 
Ua-48518, respectively) cover outlier ages (visible as isolated, small peaks in the age 
calibration graphs) which greatly reduce the precision of the dating, especially for the 
lowermost sample. With constrained probability ranges (of 91.7 and 93.6 %, respectively), 
the outliers can be excluded and the precision would be increased. However, the 3.7 and 
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1.8 % probabilities of the outlier ages being correct should not be ignored and the larger, 2σ 
probability ranges of the dates are applied in this study. 

 
Fig. 6. Age calibrations of the radiocarbon dates of the macrofossils from core #3, calibrated 
using OxCal 4.2.3 with the IntCal 13 calibration curve. Note the outlier ages of samples Ua-48516 
and Ua-48518. 

Tephrochronology 
Tephrochronology uses the identification of volcanic ash (“tephra” in Greek) from different 
eruptions and volcanic events to create isochrones that can be used for correlation as a time-
synchronous dating method. As fine ash particles tend to spread far by winds and quite 
quickly deposit over large areas, tephrochronology becomes a useful tool for correlation with 
earlier studies where the same tephra has been identified. This means that once a tephra has 
been dated, either by age estimates of the sediment in which it has been found or by direct 
dating, the identification of the same tephra at another site yields an already determined age 
for that sampling depth (Einarsson, 1986; Walker, 2005; Lowe, 2011). 

The drawbacks of tephrochronology as a dating method are that it is time consuming, there 
is a risk of uncertainty of a tephra’s determined age, and there may be uncertainty in the 
identification of the tephra. Geochemical identification through, for example, the electron 
microprobe technique or electron microscope is recommended (Lowe, 2011), but once the 
chemical profile for a tephra is established, there may still be problems relating it to a known 
volcanic event (Walker, 2005). 

Scandinavia is situated in the general direction of Icelandic winds, and is therefore an often 
good region for tephrochronological studies (Wastegård, 2005). In the previous study by 
Andersson (2010), a cryptotephra (i.e. a tephra horizon not visible to the naked eye) of the 
Askja eruption in AD 1875, one of the most widely found and most important isochrones 
of the late Holocene in Sweden (Wastegård, 2005; Wastegård & Boygle, 2012), was identified 
in the topmost part of the Lake Blektjärnen sediments. 

The tephra found at 335–338 cm in core #2 was empirically identified as the Askja-1875 
tephra. Considering the appropriate depth below the lake bottom at which it was found (as 
it was found at a similar depth in the earlier study) and the visual appearance of the tephra 
when studied in a microscope (see Fig. 7), it seems fairly certain that it is in fact the Askja-
1875 tephra (Stefan Wastegård, pers. comm.). Only two other tephras have been found in 
the near region of the sampling site: Hekla-S, dated to ~3,720 years BP, at the Vallmyren 
bog and Sn-2/LBA-2, dated to ~3,600 years BP, at the Lilla Backsjömyren bog, both located 
to the south of Lake Blektjärnen (Wastegård & Boygle, 2012). Neither of these tephras were 
found in the tephrochronological analysis performed in the previous study, and they are both 
too old to appear at less than at least 100 cm below the sediment surface considering the 
radiocarbon dates. 
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A geochemical analysis would have been required for a more certain identification of the 
tephra found, but was not performed due to a lack of suitable sampling material. Core #4 
was the last available core to sample at that point in the laboratory process, and it was litho-
stratigraphically dissimilar from the other cores in the topmost part of the sediments, where 
the tephra samples would have been obtained. Since accurate correlation between the cores 
is crucial for any dating to be of value (Olsson, 1986), sampling from this core was avoided. 

 
Fig. 7. Microscope images of four shards of the tephra found at 335–338 cm, empirically 
identified as the Askja-1875 tephra. Images acquired using the software LAS 4.3. 

Age–depth model 
Applying the radiocarbon and tephra dates, an age–depth model was created using Microsoft 
Excel, shown in Fig. 8. Plotting the sample ages against the sampling depths shows a near-
linear spread, indicating stable sedimentation rates. However, this is based on only four dates 
over 80 cm of sediments. Variations in sedimentation rates between the dates are a 
possibility. A linear interpolation between the dates is applied here, since no more precise 
data on sedimentation rates at the sampling site is available. 

Comparing the age–depth model with that established in the previous study, which was 
created using the same tephra and four radiocarbon dates for the same time period, the 
slightly bending shape of the graphs look quite similar. A major difference is that in this 
study, the sedimentation rate appears to have been higher throughout the sediments analysed 
by a factor of > 50 % (as was suspected after the organic carbon content analysis was 
completed). 

The overall, average resolution of the analysis, based on the age–depth model described 
above, is about 15 years per sample (30 years per centimetre), varying within the range 11.7–
18.5 years per sample (11.7 years at depths 386–410 cm, 18.5 at 366–386, 14.6 at 335–366 
and 15.3 at 330–335). In the previous study, the sediment resolution was around 50 years per 
centimetre for the same time period as was analysed in this study (Andersson, et al., 2010). 
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The difference in resolution per depth, 30 vs. 50 years per centimetre, matches the above 
mentioned apparent difference in sedimentation rate quite well. 

 
Fig. 8. Age–depth model of the sediments analysed in this study, based on one tephra date and 
three radiocarbon dates, marked with black dots. A linear interpolation between the dates (marked 
with a black line) and their uncertainties (marked with a grey field) was applied, as no more precise 
data on sedimentation rates at the sampling site is available. 

 
Hydrological characteristics of Lake Blektjärnen 
The analysis of the modern hydrology of Lake Blektjärnen by Andersson (2010) shows that 
its lake water isotopic composition is affected by the E/I ratio and that the relatively long 
residence time (≥ 1 year) of the lake water seems to eliminate seasonal fluctuations. This is 
based on the fact that the correlation between δ18Olakewater and δ2Hlakewater of Lake Blektjärnen 
plot along the LEL further from the GMWL than water samples from the open lakes nearby 
and from the groundwater in the area (Andersson, et al., 2010). The average correlation of 
water samples from the open lakes nearby were closer to the GMWL in May than in 
September, possibly reflecting the influence of isotopically depleted melt-water in spring, 
and/or an increase in evaporation during the summer months. This effect was not seen at 
Lake Blektjärnen, strengthening that seasonal fluctuations are negligible. 

It has also been suggested by Andersson, et al. (2010) that isotopic variations due to the E/I 
ratio changes are likely to override any variations that would occur due to temperature 
dependent fractionation processes at Lake Blektjärnen. This was concluded through a 
comparison between the results of the Chara and Pisidium delta values in the previous study, 
performed to address the fact that the two organisms have different growth seasons and 
therefore react to water temperatures differently. The results of the comparison indicated 
that it would be unlikely for temperature effects to be a major factor affecting the isotopic 
composition of the lake water and its sediments. 

The small impact of temperature dependent fractionation, combined with the long residence 
time of the lake water and suppressed seasonality effect, means that stable isotope analysis 
of bulk carbonate samples of sediments from Lake Blektjärnen should yield data that 
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represent annual or inter-annual averages and mainly reflect the water balance’s effect upon 
the isotopic composition of the lake water. This implies that the conditions are favourable 
to gain palaeoclimatic data in the form of information on past humidity changes through 
isotopic analysis of the lake sediments of Lake Blektjärnen. 

The changes in humidity in the region would affect Lake Blektjärnen so that dry periods, 
with increased E/I ratios, would result in higher δ18Ocarb values, while wet periods, with 
decreased E/I ratios, would result in lower δ18Ocarb values. It should be mentioned that there 
may be a suppressing effect upon the isotopic composition of the lake water due to possible 
changes in the lake surface/volume ratio. During dry periods, it can be assumed that the lake 
level may have been somewhat lower, which would have decreased the surface area/volume 
ratio and led to a lower evaporation potential, suppressing the otherwise high δ18Olakewater 
values from the increase in the E/I ratio. The same phenomenon would work in reverse 
during the opposite conditions, i.e. wet periods with a possibly higher lake level would have 
increased the surface area/volume ratio and led to a higher evaporation potential, 
suppressing the otherwise low δ18Olakewater values from the decrease in the E/I ratio (Rosqvist, 
et al., 2013). 

 

Palaeoclimatic interpretations of isotopic variations at Lake Blektjärnen 
The variations in δ18Ocarb and δ13Ccarb are plotted against the calculated age of the analysed 
sediments from Lake Blektjärnen in Fig. 9. The results show generally decreasing δ18Ocarb 
values (with two prominent peaks) between ~2,300–1,300 cal. years BP, levelling out 
between 1,350 cal. years BP and present time with shorter-term variations of around 0.5 ‰. 
The general trends and most peak values of the δ13Ccarb values co-vary with the δ18Ocarb values 
to a large extent between ~2,300–1,300 cal. years BP and to some extent between ~1,300–
450 cal. years BP, confirming the lake’s closed hydrological system and long residence time 
throughout most of the time period covered by the sediments analysed. The covariance is 
also an effect of the fact that evaporation is prominent in the lake, since evaporation affects 
both δ18Olakewater and δ13Clakewater simultaneously (Andersson, et al., 2010). A less certain 
covariance from ~450 cal. years BP and towards present time may indicate a shift in the lake 
basin hydrology, since a lack of covariance could imply that evaporation may not be a 
significant factor in affecting the lake water isotopic composition (Talbot, 1990). 

The δ18Ocarb values are relatively more positive at ~2,300 cal. years BP and show a decreasing 
trend between ~2,300–1,300 cal. years BP. More stable values with short-term variation 
amplitudes of ~0.5 ‰ are present since ~1,300 cal. years BP. From this I infer that the 
influence of evaporation was relatively higher than that of water input in the hydrological 
system of Lake Blektjärnen, i.e. that the E/I ratio was higher, around ~2,300 cal. years BP. 
A higher influence of evaporation indicates that the climate probably was drier at this time, 
and then successively became wetter until ~1,300 cal. years BP. 

Some of the shorter-term variations occurring since ~1,300 cal. years BP possibly reflect a 
response to previously detected climate events. The longest periods of generally low δ18O 
values occurred between ~1,400–1,100 cal. years BP and between ~1,000–750 cal. years BP, 
separated by a peak value around 1,050 cal. years BP. The more recent of these time periods 
may be a response to the climate characterising the so-called Medieval Warm Period (MWP), 
which has been suggested to last between 950–650 years BP (Trouet, et al., 2012) and to have 
been warm and wet (Loader, et al., 2013). In the same way, the generally high δ18Ocarb values 
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between ~550–150 cal. years BP correspond very well to the Little Ice Age (LIA) of that 
exact time estimate (Trouet, et al., 2012), which was cold and dry (Loader, et al., 2013). These 
observations further strengthen the assumption that the E/I ratio has been the main factor 
controlling the isotopic signal of the sediments of Lake Blektjärnen, since temperature 
dependent fractionation effects would otherwise have yielded higher δ18Ocarb values during 
the higher temperatures of the MWP and lower δ18Ocarb values during the lower temperatures 
of the LIA. The higher temperatures of the MWP would also have increased evaporation, 
and the lower temperatures of the LIA would have decreased evaporation, which would have 
resulted in higher δ18Ocarb values during the MWP and lower δ18Ocarb values during the LIA. 
Since my data instead shows relatively low values during the MWP and relatively high values 
during the LIA, it seems that the humidity was high enough during the MWP and low enough 
during the LIA to override the effects of temperature and subsequent evaporation at Lake 
Blektjärnen, implying a wet MWP and dry LIA, which is in agreement with palaeoclimatic 
interpretations by e.g. Loader, et al. (2013). 

 
Fig. 9. Stable isotope variations over the last ~2,350 years from Lake Blektjärnen, as per the 
results of the analysis performed in this study, expressed in ‰ (vs. PDB). A period of generally 
low δ18Ocarb values between ~1,000–750 cal. years BP may resemble the Medieval Warm Period 
while a period of generally high δ18Ocarb values between ~550–150 cal. years BP corresponds very 
well to the Little Ice Age. 

Low δ18Ocarb values were detected between ~120 and ~−30 cal. years BP, i.e. from the end 
of the LIA and towards the end of the 20th century, from where the values rise to the present. 
The lowest δ18Ocarb values occur near the estimated year 1900, which was the point of the 
minimum value in the previous study as well. The rise in δ18Ocarb after this minimum may 
reflect recent drying of the climate in the region, or possibly warming with a subsequent 
increase in evaporation. However, the δ13Ccarb does not respond to this rise, which weakens 
the argument of increased evaporation and may imply a shift in water balance, i.e. decreased 
water input due to lower humidity, instead (Talbot, 1990). It should be noted that these most 
recent values are derived from a time of certain human presence in the area, including the 
construction of an outflow pipe in the southern shore of the lake (Andersson, 2010). This 
could have had an effect on the lake’s hydrological characteristics by allowing water output 
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that may have lowered the lake level and thereby the evaporation potential, as well as 
compromised the lake’s overall response to evaporation. 

The carbonate stable oxygen isotope variations recorded in this study are plotted over time 
together with the results from Andersson, et al. (2010) in Fig. 10. When comparing the results, 
there are both similarities and dissimilarities. The amplitudes of the δ18O variations in the 
previous study are generally higher, up to 2.5 ‰ compared to ~1‰ in this study. This 
difference probably results from the fact that different materials were used for the stable 
isotope analyses and that the isotopic fractionation processes active in the formation of these 
materials differ. There are also differences in the timing of some peak values between 
~2,200–1,700 cal. years BP, which may also be accredited to the difference in method. The 
materials analysed in the previous study, Chara encrustations and Pisidium shells, stem from 
organisms with different growth seasons, meaning they will respond to the same general 
climate in slightly different ways (Andersson, et al., 2010). The bulk carbonate samples used 
in this study are assumed to reflect averages of annual or inter-annual values and may 
therefore differ somewhat from both the Chara and Pisidium values. Nonetheless, the δ18O 
values of all three materials have been argued to reflect hydrological changes in the lake, and 
the general trends should be – and are, to a large extent – reminiscent of each other. 

 
Fig. 10. Variations in stable oxygen isotopes at Lake Blektjärnen over the last ~2,350 years: δ18O 
of bulk carbonate samples (this study) and δ18O of Chara encrustations and Pisidium shells from 
Andersson, et al. (2010), expressed in ‰. 

One important difference between the results of this study and those of the previous one is 
the resolution. The sediments sampled in this study seem to have a resolution per depth that 
is > 50 % higher than in the previous study, due to an assumed higher sedimentation rate at 
the sampling location. The sampling frequency in this study was two samples per centimetre 
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compared to one sample per centimetre in the previous study. Taken together, the overall 
resolution of this study is, on average, over three times higher than that of the previous study 
(~15 years per sample instead of ~50). Also, Pisidium shells were partly missing in the 
sediments representing the time periods ~2,200–1,950 and ~20–−40 cal. years BP in the 
previous study. In this study, continuous subsampling was possible throughout the sediment 
core and δ18O values have been gained consistently throughout the sediments sampled, 
completing the isotopic data of Lake Blektjärnen at a higher resolution and displaying the 
advantages of bulk carbonate sampling for stable isotope analysis. 

 

Climate change in central and northern Sweden during the late Holocene 
Successively lower δ18O values in sediments from open lakes in northern Sweden seem to 
indicate that Arctic air masses have been gaining dominance during the late Holocene. This 
general trend has led to a relatively more cool and humid climate compared to the early 
Holocene (Hammarlund, et al., 2002; Rosqvist, et al., 2004; Jonsson, et al., 2010a). In a few 
high-resolution studies, short-term variations have also been reconstructed (e.g. Rosqvist, et 
al., 2013). The reconstructions of past climate change based on stable oxygen isotopes in lake 
sediments in central and northern Sweden have generally been shown to be in agreement 
with e.g. biological multi-proxy interpretations (Bigler, et al., 2002), oxygen isotope analysis 
of stalagmites from Jämtland (Sundqvist, et al., 2010) and events of ice rafted debris 
deposition in the North Atlantic (Rosqvist, et al., 2004; 2007). Such reconstructions have also 
been strengthened by the observation of a linkage between carbon isotopes in trees reacting 
to cloud cover and thus atmospheric patterns and oxygen isotopes in lake sediments over 
the last 1,000 years (Loader, et al., 2013; Rosqvist, et al., 2013). 

The results of this study are compared with δ18O reconstructions from Lake Tibetanus 
located near Abisko, northern Sweden (Fig. 11) and from Lake Spåime in mountainous 
western Jämtland, central Sweden, and Lake Stuor Guossasjavri in northern Sweden (Fig. 12). 
The Lake Tibetanus oxygen isotope record is based on bulk carbonate sampling while the 
Lake Spåime and Lake Stuor Guossasjavri records are based on diatom silica. Lake Tibetanus 
and Lake Spåime are both hydrologically open and therefore respond differently to climate 
forcing compared to Lake Blektjärnen. This is because evaporation is insignificant in these 
lakes – instead, their isotopic signals are affected by the isotopic composition of the 
precipitation in the region (Hammarlund, et al., 2002; Rosqvist, et al., 2007). For Lake Spåime 
the seasonality of the precipitation is also a major factor (Jonsson, et al., 2010b; Rosqvist, et 
al., 2013). Lake Stuor Guossasjavri is semi-closed and has a relatively short residence time. It 
responds to water balance changes by changing its lake level and surface area, and thereby 
its evaporation potential, which affects the isotopic composition of the lake water (Rosqvist, 
et al., 2013). 

The Lake Blektjärnen and Lake Tibetanus records are shown side by side in Fig. 11. The 
isotopic composition of Tibetanus sediments reflects the relative dominance of either 
westerly, North Atlantic air masses carrying meteoric water relatively enriched in 18O or 
northern, Arctic air masses carrying meteoric water relatively depleted in 18O. North Atlantic 
precipitation transported to the region during positive NAO phases will result in higher δ18O 
values and Arctic precipitation transported to the region during negative NAO phases will 
result in lower δ18O values in the Tibetanus record (e.g. Rosqvist, et al., 2004; 2007; Jonsson, 
et al., 2010a). 



Simon Larsson 

22 
 

 
Fig. 11. Variations in stable oxygen isotopes of bulk carbonates from Lake Blektjärnen (this study) 
and Lake Tibetanus (in (Rosqvist, et al. (2007)) over the last ~2,350 years, expressed in ‰. 

The last ~2,350 years of the Tibetanus data include the end of a negative trend of the δ18O 
values spanning over the entire Holocene, implying an increased relative dominance of Arctic 
air masses (Hammarlund, et al., 2002; Rosqvist, et al., 2007). This trend seems to end at ~100 
cal. years BP, from where δ18O values rise quite sharply towards the present. The minimum 
value at ~100 cal. years BP corresponds quite well to a reconstruction of negative NAO 
phases at this time (Trouet, et al., 2009; 2012). The climate events of the MWP and the LIA 
(which were wet and dry at Lake Blektjärnen, respectively) were affected by dominance of 
North Atlantic and Arctic air masses, respectively, according to the Tibetanus data. The most 
recent rise in the δ18Ocarb values of Lake Blektjärnen are partly matched by the rise in the 
δ18Ocarb values of Lake Tibetanus, which would indicate a shift towards North Atlantic air 
mass dominance in northern Sweden at the same time as drier conditions in central Sweden. 
However, as mentioned, these recent values of the Blektjärnen record are questionable. 

The Lake Blektjärnen, Lake Spåime and Lake Stuor Guossasjavri records are shown side by 
side in Fig. 12. In the Lake Spåime record, dominance of Arctic air masses and/or winter 
precipitation will result in relatively lower δ18O values, while dominance of North Atlantic 
air masses and/or summer precipitation will result in a relatively higher δ18O (Jonsson, et al., 
2010b; Rosqvist, et al., 2013). In the Stuor Guossasjavri record, higher humidity with 
subsequent higher lake water input increases the lake level and thereby the surface/volume 
ratio, which increases the lake’s evaporation potential and yields higher δ18O values, while 
dryer conditions would produce a lower lake level that would yield lower δ18O values 
(Rosqvist, et al., 2013). The record of Stuor Guossasjavri should therefore be more or less 
inversely related to that of Lake Blektjärnen, if the humidity is comparable between northern 
and central Sweden. 

The records from these two lakes cover the last ~1,000 years and show North 
Atlantic/summer dominance at Lake Spåime and high humidity at Lake Stuor Guossasjavri 
at the beginning of the records, during the MWP. This is in agreement with the idea of a 
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warm and wet MWP. The Spåime record is relatively stable and the Stuor Guossasjavri record 
oscillates between ~900–500 cal. years BP, before they both show a decrease between ~500–
150 cal. years BP, implying a shift towards Arctic/winter dominance and lower humidity 
during the LIA, which is in agreement with the idea of a cool and dry LIA. Since ~150 cal. 
years BP the Spåime record shows first an abrupt shift back towards North Atlantic/summer 
dominance, then a trend towards Arctic/winter dominance while the Stuor Guossasjavri 
record shows a not-as-abrupt shift back toward a higher humidity, than a trend towards lower 
humidity. This also seems to be in agreement with the Blektjärnen data during the same time 
period, which implies first a shift to wetter conditions and then a steady trend towards drier 
conditions since around AD 1900. 

 
Fig. 12. Variations in stable oxygen isotopes of bulk carbonates from Lake Blektjärnen (this study) 
and diatom silica from Lake Spåime and Lake Stuor Guossasjavri (in (Rosqvist, et al. (2013)) over 
the last ~1,000 years, expressed in ‰. 

The shorter-term variations in the results of this study and those in the two studies by 
Rosqvist, et al. (2007; 2013) all show signs of a warm and wet MWP and a cool and dry LIA 
in central Sweden. These changes have also been detected in previous palaeoclimatic 
reconstructions in central and northern Sweden (e.g. Bigler, et al., 2002; Hammarlund, et al., 
2002; Rosqvist, et al., 2004; Andersson, et al., 2010; Jonsson, et al., 2010a; Loader, et al., 2013). 
The isotopic record of Lake Blektjärnen obtained in this study seems to be in agreement with 
these interpretations when assumed to respond mainly to humidity changes, as has been 
argued in this study and by Andersson, et al. (2010). The increase in resolution has not 
revealed any evidence to reject the palaeoclimatic interpretations made in any studies 
mentioned, but has rather increased their certainty. 

It remains to reflect upon the confidence of the methods applied in this study. The isotopic 
signal obtained through bulk carbonate sampling of the Lake Blektjärnen sediments is 
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assumed to reflect hydrological variations in the lake due to past humidity changes. There 
are several other factors that can be argued to affect the isotopic composition of the 
sediments. One assumption made is that the carbonates sampled for stable isotope analysis 
in this study were precipitated in equilibrium with the lake water. Leng & Marshall (2004) 
warn that bulk carbonates cannot be assumed to form in perfect equilibrium, and that 
allogenic carbonates may be present and contaminate the results of bulk sampling. 
Temperature dependent fractionation and evaporation effects lake level changes with 
subsequent evaporation potential changes probably do affect the isotopic composition of the 
sediments analysed, but humidity changes impacting the input water to the lake have been 
argued to override these factors in this study and the previous one. 

We also do not know in detail how the carbonates form in this specific lake. As mentioned 
by Andersson (2010), the certainty of the stable isotope analysis of sediments from Lake 
Blektjärnen could be improved by detailed temperature measurements of the lake water 
column, to better calculate the effect of the temperature dependent fractionation during 
precipitation of carbonates within the lake. Such research would greatly improve the 
confidence of the usage of stable isotope variations as a palaeoclimatic proxy at any sampling 
site. 

 

Conclusion 
In this study, δ18O values have been gained consistently throughout the last ~2,350 years, 
completing the isotopic data of Lake Blektjärnen at a higher resolution than before and 
displaying the advantages of bulk carbonate sampling for stable oxygen isotope analysis. The 
results indicate a shift from relatively drier to wetter conditions between ~2,300–1,300 cal. 
years BP, generally wet conditions close to the Medieval Warm Period (~1,000–750 cal. years 
BP) and generally dry conditions during the Little Ice Age (~550–150 cal. years BP). 
The interpretation of the isotopic record obtained in this study is in agreement with previous 
palaeoclimatic reconstructions in central and northern Sweden (e.g. Bigler, et al., 2002; 
Hammarlund, et al., 2002; Rosqvist, et al., 2004; 2007; Andersson, et al., 2010; Jonsson, et al., 
2010a; Loader, et al., 2013; Rosqvist, et al., 2013) and is argued to provide a viable, high-
resolution reconstruction of Late Holocene humidity changes in central Sweden. 
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