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a b s t r a c t
A comparison of the organic matter content in anaerobic soil horizons in burial mounds and the plough
layer in modern farmlands offers a unique opportunity to compare the soil organic carbon (SOC) stocks
in ancient and modern land use systems and to evaluate the long term carbon sequestration in modern
farmlands during thousands of years in relation to inputs of manure, fertilizers, liming and drainage.
In this paper the SOC stocks from anaerobic soil horizons in two big loamy burial mounds from the
Viking Age, representing the land use system 1000 years ago, are compared with results from ancient
sandy soils, loamy soils surrounding the mounds and nation-wide soil surveys representing modern land
use systems with low and high inputs of manure. Results show that within the upper 0.28 m of the soil,
which is the average depth of present day plough-layers in Denmark, the carbon stock in the farmland
soils surrounding the mounds is roughly 85% of that in Viking Age. Intensively manured loamy soils in
West Jutland contain about the same carbon stock as the ancient soils from the Viking Age. In contrast,
modern arable loamy soils in Southern Zealand and adjacent islands, receiving low input of manure,
contain a SOC stock of roughly 60% of the level in the loamy Viking Age soils. The carbon loss since the
Viking Age in the surrounding soils is believed to be due to liming and drainage that has increased the
decomposition of organic matter in the soils. This loss can be balanced by present day land use systems
with high input of manure. Compared to ancient sandy soils that do not show any SOC loss during the
past 3000 years, there is a clear SOC loss from the loamy soils, probably about 40% during the last 150
years, where most of the loamy soils have been drained.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
Soil organic carbon (SOC) plays an important role in the overall
carbon cycle as it is the primary terrestrial pool for organic carbon.
It accounts for more than 75% of the Earth’s terrestrial organic carbon and contains between 4 and 5 times the amount of C stored in
living vegetation (Lal, 2004). Therefore, even small changes in the
SOC stock may inﬂuence the greenhouse gas concentration in the
atmosphere. In that respect soils can act as a source for greenhouse
gases by CO2 and CH4 emissions or as a sink for atmospheric CO2
by carbon sequestration in soil organic matter.
The SOC stock is strongly inﬂuenced by soil characteristics such
as texture, pH and drainage conditions but also by environmental factors like climate, vegetation and human activities (Brady and
Weil, 2002; Jones et al., 2004). While the soil characteristics and
hereby the SOC stock only change slowly over time due to changes
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in climate and natural vegetation, human activity can change the
SOC stock rather quickly due to changes in crop rotation, liming,
manuring, inorganic fertilization, ploughing and drainage. This is
clearly demonstrated by the long-term experiments at Rothamsted (Jenkinson, 1990; Johnston, 1991; Poulton, 1995) and similar
experiments for more than 100 years at Askov Research Station in
Denmark (Christensen et al., 2006).
Because of the impact of human activity on SOC, there is a
growing interest in regulating land-use strategies in an attempt
to increase SOC sequestration or prevent CO2 emission. In order
to assess the total amount of carbon sequestered in the soils,
estimates of the SOC stock have been made at global scale for
example by Batjes (1996), Buringh (1983), Post et al. (1982), and
Schlesinger (1984). Based on these investigations the total amount
sequestrated is about 1500 Pg. At country level similar calculations
have been made in e.g. Great Britain (Smith et al., 2000), Canada
(Tarnocai, 1994), France (Arouays et al., 2001), and Denmark (Krogh
et al., 2003). If these stocks are given for individual landscape types,
they can be used to determine how much carbon we can expect to
store in the soil by changes in land use. For example, Krogh et al.
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(2003) estimated that to the depth of 1 m, the well-drained agricultural soils in Denmark contained about 3 kg m−2 less carbon than
forest soils. Afforestation is therefore likely to sequestrate C, but not
necessary always, because Krogh et al. (2003) did not distinguish
between heavily manured farmland soils and fertilized farmland
soils.
Bohn (1976, 1978), Buringh (1983), Rosenberg and Izaurralde
(2001), and Schlesinger (1984) calculated the SOC balance on a
worldwide basis. They found a yearly net SOC loss from slightly
above 4 Pg to slightly below 1 Pg mainly due to human activity.
This discrepancy is probably due to lack of accurate measurements
of the SOC stock in ancient times, particularly for SOC stocks in
prehistoric agricultural systems. This is due to the fact that the best
suited soils for agricultural production are well drained and aerobic. Such soils have a fast SOC turn over time, hence the rarity
of ‘frozen’ agricultural SOC stocks from ancient time. BreuningMadsen et al. (2009) calculated the SOC-stock in 3300 year old
sandy soils from the South Scandinavian Bronze Age and compared them to samples collected in present days farming systems
with high and low input of manure. The 3300 years old samples were collected from iron pan encapsulated anaerobic cores
in burial mounds built of turfs (Breuning-Madsen and Holst, 1998;
Breuning-Madsen et al., 2001, 2003; Holst et al., 1998). The turfs
were topped with un-decomposed plant remnants upon extraction
showing that decomposition of the organic matter in the soil was
neglectable. Furthermore, the composition of the vegetation indicated that the turfs originated from areas used for extensive grazing
in a former shifting cultivation system, which was the predominant
agricultural strategy in southern Scandinavia during the Bronze
Age (Odgaard, 1994; Rasmussen, 1995; Thrane, 1991). The result
showed that the SOC stock in the Bronze Age was at the same level
as found in present days farmlands with low input of manure, while
in areas with high input of manure the SOC stock was more than
50% higher than in the Bronze Age. This study showed that there has
not been any SOC loss in the Danish sandy soils for more than 3000
years which is contradictory to the ﬁndings of Bohn (1976,1978),
Buringh (1983), Rosenberg and Izaurralde (2001), and Schlesinger
(1984) about SOC loss from farmlands since ancient times.
The ﬁndings of Breuning-Madsen et al. (2009) are only valid
for sandy soils and it is questionable to use the ﬁndings on loamy
soils because of differences in soil physical and chemical properties
affecting the SOC stock. However, it will be possible to determine
changes in the SOC stock in loamy soils relative to the SOC stock in
modern loamy farmland soils with low and high inputs of manure
since ancient time, if data is available from loamy burial mounds
with anaerobic cores. In 2009 several borings were carried out in
the two royal burial mounds in Jelling (Breuning-Madsen et al.,
2012). They were built in mid 900 AD and had thick anaerobic
cores, which offer a unique possibility to determine the SOC stock in
loamy ancient soils and compare this ﬁnding with the SOC stocks
in ancient sandy soil in Denmark and with SOC stock in modern
loamy farmland soils with low and high inputs of manure.
Thus, this paper aims at quantifying the SOC stock in a 1000
year-old land use system on loamy soils in Denmark and compares
this with SOC stocks in ancient sandy farmland soils and in the
modern farming system around the mounds. Furthermore, based
on results from nation-wide soil databases, the SOC in the 1000
year-old land use system is compared with the SOC stock in modern
loamy farmland soils with low and high inputs of manure.
2. Materials and methods
2.1. Site description
Jelling is located in Eastern Jutland in Denmark, Fig. 1, in a relatively level bottom moraine landscape consisting of loamy tills and

melt water deposits from the late Weichsel Glaciation. In minor
depressions wetlands have developed due to the loamy tills’ low
permeability and in few places bogs have developed. West of Jelling
aeolean sand deposits cover great areas, and south of Jelling a distinctive melt water valley was developed. The average temperature
is 7–8 ◦ C and the mean annual precipitation is about 750 mm.
In the bottom moraine landscape two huge burial mounds were
constructed in the Viking Age (700–1066 AD). The mounds were
built by turfs collected in the vicinity, and the turfs were about
10 cm thick, 20 wide and 30 cm long. Both mounds are ﬂat-topped,
truncated and cone-shaped. The oldest one, the north mound, was
probably constructed in year 958 or 959 AD according to dendrochronological dating (Krogh, 1993). It is approximately 60 m in
diameter, 7.5 m tall and constructed from more than 2.5 million
mainly sandy loamy turfs. The youngest mound, the south mound,
was built shortly after 970 AD according to dendrochronological
dating of a centre post in the mound. It is about 70 m in diameter, 9.5 m high and constructed from more than 3.0 million loamy
or sandy loamy turfs. According to macro-fossil analyses of plant
remnants on the turf surfaces the vegetation was heather (Calluna
vulgaris), grasses and mosses. Immediately after the construction
of the north mound was ﬁnished, an intrusion was made from the
top of the mound and the grave was emptied. However, the south
mound remained untouched. In 19th and 20th centuries extensive intrusions have been made into both mounds (Dyggve, 1942;
Krogh, 1993).
2.2. Soil sampling
In 2009 several borings were carried out in the two mounds in
order to describe the soil physical and chemical composition of the
building material and to study the preservation condition within
the mounds. Six borings were carried out in the undisturbed parts
of the north mound and three in the south mound. The borings were
carried out using a hand-driven auger for stony soils with an auger
head of 7 cm in diameter and a length of 15 cm. All borings reached
the yellowish brown subsoil below the mounds, and the deepest
boring was 9.4 m. At each down lead and uptake, a 10–15 cm long
sample was extracted and described according to the soil proﬁle
description system developed for Danish burial mounds (BreuningMadsen and Holst, 2003). Special emphasis was placed on texture,
distinctness of the turfs, wetness, gley, artefacts and plant remnants
on the turf surfaces.
About 120 disturbed soil samples were collected for analyses
from the nine borings.
In order to compare the SOC stock at Viking Age with present
day agriculture in the vicinity, more than 50 sites were chosen on
farmlands close to the mounds and disturbed soil samples from
the plough layer were collected for determination of SOC, textural
composition and pH. At 16 sites triplicate undisturbed samples for
bulk density determination were collected each in 100 cm3 metal
rings. Wetlands were excluded from the sampling.
2.3. Analyses
The soil samples were air dried and sieved through a 2 mm
mesh before analyses for soil chemical and physical parameters
were initiated. The following analyses were carried out on selected
samples:
• Soil texture was determined by dry sieving for the sand fraction
and the hydrometer method for the silt and clay fraction (Day,
1950).
• Total carbon content was determined by dry combustion at
1350 ◦ C in an Eltra CS500-analyzer (ELTRA, 1995).
• Soil pH was determined in a soil suspension in 0.01 M CaCl2 at a
soil–liquid ratio of 1:2.5.
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Fig. 1. Location of Jelling in Eastern Jutland. Source: National Survey and Cadastre.

2.4. Other data
SOC concentrations and stocks in modern well-drained agricultural soils with low and high inputs of manure have been evaluated
from the Danish nation-wide pedological database (Madsen et al.,
1992). This comprises data from soil proﬁles excavated during
1987–1990 and sited in a nation-wide orthogonal 7 km grid. Bulk
samples for texture and chemical analyses were collected, and triplicate core samples of 100 cm3 were taken from the natural horizons
for bulk density determination. The samples were analyzed according to the same methodology as described above for the burial
mound samples. The information on texture, total carbon content,
depths of soil horizons, bulk density and land use (Madsen et al.,
1992) were extracted for the comparisons in this paper.
3. Results and discussion
3.1. Soil horizons sequence in the burial mounds
The two burial mounds were excavated in 1941-42 (Dyggve,
1942). Fig. 2 shows a photo of a cut into the south burial mound.

Fig. 2. Photo from the excavation in 1941 of the south wall of the South Mound.
The location of the muddy layer is indicated as a black line. Above the line the
bioturbation processes has blurred the turves, below the muddy layer the turves
are distinct with well-preserved growth layers.
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The mound is clearly divided in two parts: an upper without turf
structure and a lower where the turfs are clearly visible. An extract
from the descriptions of the borings in the south mound is given
below.
The uppermost approximately 1.0 m can be classiﬁed as the true
zone of bioturbation. Here, roots and other soil organisms have
mixed the soil, and its turf structures have disappeared. The layer is
dark brown (10YR 3/3 dry) and well drained without gley features
because a continuous vertical coarse pore system quickly drains the
horizons.
Below the true bioturbation horizon, there is a very dark brown
(10YR 2/2 moist) transitional zone towards the clearly expressed
turfs. At the top, the turfs are faint but they become more distinct
by depth. The drainage conditions become poorer by depth and at
the bottom of the transition zone, about 2 m below the surface, gley
features like reddish brown iron and black manganese mottles are
seen on a very dark grey background. The gley features indicate that
from time to time this soil horizon might be soaked by water during
periods of excessive rain. No well-developed vegetation layers are
found on the turf surfaces.
At a depth of about 2.0 m, the soil changes to black (10YR 2/1
wet) waterlogged mound-ﬁll with layers of well-preserved plant
remnants, mainly Calluna vulgaris and different mosses, Fig. 3. It is
a strongly reduced water-logged horizon without gley features. It
has a muddy consistence and is semi-viscous, and suction occurred
when the auger head passed the horizon in the subsequent uptakes
of the auger. Because of the suction, it was difﬁcult to pull the
auger through this horizon, and it passed with a popping sound.
If a borehole stays unﬁlled, a perched ground water will develop
in the borehole about 2 m below the surface of the mound, corresponding to the top of this horizon (Breuning-Madsen et al.,
2012).
Below the water-logged horizon, at a depth of about 2.7 m, wet
mound-ﬁll is found with layers of well-preserved plant remnants
of different mosses and heather vegetation on the surfaces (Fig. 3).
Some of the mosses were still green when sampled, but when
exposed to oxygen the green colour vanished after a few minutes,
and the mosses turned light brown. The horizon is black (10YR 2/1
wet), strongly reduced without gley mottles and laminations, and
the turfs are distinct with a thickness of about 10 cm. In the central
part of the mounds the soil horizon is 3 to 4 m deep and relatively
water impermeable. The slow water inﬁltration into the horizon
results in the formation of the water-logged muddy horizon above.
Because the soil horizon was not totally soaked with water, the

Fig. 3. Turf with well-preserved vegetation from the anaerobic core in the North
Mound.

soil was not muddy and semi-viscous. The borehole was stable and
there was no problem for the auger head to pass through.
With increasing depth the soil becomes drier, and at a depth
of about 6 m it was dry enough to be classiﬁed as moist only. The
top of the layer was still black mound-ﬁll (10YR 2/1 moist) with
layers of well-preserved plant remnants of different mosses and
heather vegetation, and it was still a strongly reduced layer without gley mottles and laminations. With increasing depth the turfs
with well-preserved plant remnants became less frequent and at
the depth of about 7 m, the soil horizon turned into very dark brown
mound-ﬁll with only few turfs having plant remnants, but the
soil horizon was still in generally reduced condition with few gley
mottles.
At a depth of about 7 m, the turf structure has disappeared and
the soil is very dark brown. It turns with depth into the topsoil (Ahorizon) from the Viking Age, but it is often difﬁcult to make an
exact distinction between mound-ﬁll and the former Ap horizon.
Below the A-horizon that has an average thickness of 15 cm, dark
yellowish brown subsoil is found. This is a loamy till often with few
gravel and gley mottles of iron and manganese.
3.2. Soil texture, pH and SOC concentrations in the mounds
Table 1 shows the average texture and pH values for the aerobic
layer (the zone of bioturbation and transition) and the anaerobic
part of the mound as well as the aerobic A-horizon just above the
yellowish brown subsoil, and the subsoil below.
The textural compositions are almost identical in the two
mounds, so it was not necessary to partition the dataset according to mounds. The texture is unsorted and typical for a sandy
loamy till. There is no textural difference between the bioturbation layer and the core, which also supports the theory that
both mounds are constructed of the same material. Thus, the
visual differences through the mound are due to biological activity in the top layer. The buried A-horizon (Apb) and the subsoil
are also in line with the texture of the turfs. The similar texture of the buried Ap horizon and the buried subsoil indicates
that the subsoil is probably an E-horizon on top of a Bt horizon as clay illuviation is the most common pedological process
within Danish loamy tills located in Eastern Jutland (Madsen and
Jensen, 1996). The turfs in the anaerobic core have an average
pH value of 5.1 which is rather high for un-limed topsoils covered by Calluna vulgaris. On the other hand, it is more than one
unit lower than advised on today’s present farmland (Knudsen,
2004).
The turfs used to construct the mound were most likely collected nearby in order to minimize the work of transportation. This
conclusion is supported by the Danish Soil Classiﬁcation texture
maps (Madsen et al., 1992). The dominant texture class around the
mounds is MCC4 with clay content between 10% and 15%.
A topographic map from 1860 shows that just south of the south
mound a wetland was located and one more a little further away.
North of the mound wetlands are only present in a few narrow
depressions. Today the wetlands have been drained. In order to
build the two mounds each of them require turfs from an area of
15–20 ha. Thus turfs close to the wetlands might have been used.
The carbon content from the 26 samples collected in the anaerobic
part of the mounds showed that three of the samples in the south
mound and none in the north mound consist of more than 10%
organic matter (%SOC × 1.72) which is classiﬁed as peaty soils in the
Danish Soil Classiﬁcation (Madsen et al., 1992). The peaty samples
have probably been collected at the rim of the wetland just south of
the south mound. These three samples have been excluded in the
calculation of the stock in the Viking Age farmland.
At the bottom of the mounds the soil material is only moist,
and aerobic biological processes have taken place. Here the plant

0.4 ± 0.20(8)
2 ± 0.22(7)
11 ± 2.14 (7)
14 ± 5.89 (7)
Buried subsoil

15 ± 5.33 (7)

14 ± 1.83 (7)

21 ± 3.53(7)

16 ± 3.16(7)

6 ± 0.57(7)

4.5 ± 1.17 (8)

1.4 ± 0.73 (12)

3.7 ± 0.83 (29)

2 ± 0.73(7)

4.2 ± 0.86 (10)

2 ± 0.67(21)

7 ± 0.90(7)
17 ± 1.74 (7)
19 ± 2.26(7)
13 ± 1.19 (7)

12 ± 2.42 (21)

12 ± 2.51 (7)
15 ± 6.54 (7)
Buried A(p)

18 ± 3.32 (21)
14 ± 2.36 (21)
12 ± 2.14 (21)
Anaerobic core

16 ± 4.27 (7)

18 ± 1.62 (21)

7 ± 2.88(21)

5.1 ± 0.48 (33)

SOC %

17 ± 2.50 (21)

3.8 ± 0.24 (23)

pH CaCl2
1000–2000 m

2 ± 0.35 (18)

500–1000 m

6 ± 0.74 (18)

250–500 m

15 ± 1.05 (18)

125–250 m

18 ± 1.22 (18)
12 ± 1.78 (18)

63–125 m
20–63 m

19 ± 4.69 (18)

2–20 m

14 ± 2.06 (18)

<2 m

15 ± 2.95 (18)
Bioturbation zone

Table 1
Texture, pH and SOC of the different sections in the mound and the soil below. The average values and standard deviations are presented. The number of samples is indicated in brackets.

2.3 ± 1.39 (24)
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remnants on the top of the Ap-horizon are decomposed as well as
roots in the Ap. Furthermore, the SOC content in the buried Ap
(Apb) horizon is lower compared to the anaerobic core. During
1000 years, the SOC content in the Apb-horizon has, apparently,
been reduced to roughly 50–70% of the original SOC content in
the anaerobic core (Breuning-Madsen et al., 2012). Thus, an estimation of the SOC content in the Apb horizon of the ancient
soil is based on that of the sods of the un-decomposed organic
matter of the anaerobic core, in order to get the most realistic
representation. For determination of the SOC content in horizons
below the Viking Age ard-layer (Apb), the unmodiﬁed measured
SOC content in the subsoil (E or Bt horizon) cannot be used,
because of partial decomposition since burial. An estimate can,
however, be obtained if it is assumed that the ratio between the
SOC content of the un-decomposed anaerobic core and the SOC
content in the partly decomposed Apb-horizon is a measure of the
degree of decomposition in the entire buried soil below the mound
(Breuning-Madsen et al., 2009). This ratio can be used as a correction factor in the estimation of the SOC content of the loamy
Viking Age subsoil, in this case giving a value of about 1.0% SOC
(15–28 cm).
3.3. A comparison of the SOC concentration and stock in Viking
Age farmland soils and in present day farmland soils at Jelling
The present day land-use system around Jelling results in a
28 cm thick plough layer with 2.0% SOC (Table 2). This is about the
average for plough layers in Denmark (Madsen and Platou, 1983).
Based on 16 samples of the present-day plough layer collected close
to the burial mounds in autumn 2011 the average bulk density
was 1.51 g cm−3 . This value is used to calculate the SOC stock for
the present day plough layer, although it is well known that the
bulk density of the plough layer varies throughout the year due to
ploughing and trafﬁc of heavy machinery on the ﬁelds. It has not
been possible to collect samples from the mound turfs to estimate
the bulk density of the ard layer (see Supplementary 1 for explanation). Thus, the bulk density of the ard layer is estimated from
undisturbed samples of anaerobic cores in four burial mounds from
the Bronze Age. The stock in Table 2 is calculated to the depth of
28 cm, which is the average depth of the plough layer on modern
Danish farmlands (Breuning-Madsen et al., 2009). In the Viking Age
the plough had not been introduced in Denmark, so the mechanical soil preparation was carried out by an ard, which does not turn
up the soil but only loosens it (see Supplementary 1). The typical working depth of an ard in Denmark and Northern Germany
is about 15 cm (Aner and Kersten, 1973), and we must therefore
anticipate that the Viking Age ard layer was the same. There is no
information available on the bulk density of the subsoil (15–30 cm)
in the Viking Age soils. Normally, the bulk density is higher just
below the plough layer due to loosening of the plough layer and
compression of the underlying horizon by mechanical soil preparation. Today this difference can be much greater than in previous
times due to development of plough pans. This was not the case in
the Viking Age and this is why a just slightly higher bulk density
compared to the ard layer is used. The bulk density of 1.53 g cm−3
is obtained from forest subsoils (sampled at a depth of 30 cm) in
the vicinity of the mounds (Røjkjær, 2011).
Table 2 shows the SOC concentration (%) in the ard/plough layer
and in the uppermost 28 cm of the soils, which corresponds to the
average depth of the present-day plough layer. It is clear that the
Viking Age soils had a signiﬁcantly higher concentration of carbon in the top layer than the present day soils, and even within
the depth of the present day plough layer the carbon concentration was higher during the Viking Age. The same trend is evident
when looking at the SOC stock. There is a decrease in the SOC
stock of about 15% within the uppermost 28 cm, most likely due to
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Table 2
SOC content in Viking Age farmlands and modern farmland systems at Jelling. The number of samples is indicated in brackets.
Farming system

% SOC in plough/ard layer

% SOC 0–28 cm

SOC 0–28 cm (kg m−2 )

Organic matter
0–28 cm (kg m−2 )

Viking Age farmland
Present day farmland
Loss since Viking Age
% Loss since Viking Age

3.74 ± 0.83 (29)
2.13 ± 0.67 (52)
1.61
43

2.44 ± 0.69 (29)
2.13 ± 0.67 (52)
0.31
13

10.29 ± 2.91 (29)a
8.67 ± 2.74 (52)
1.62
16

17.70 ± 5.00 (29)a
14.92 ± 4.72 (52)
2.78
16

Bulk density of Cb = 1.53 g cm−3 (data from forest soils (30 cm depth) in the vicinity of the mounds).
a
Bulk density of Apb = 1.47 g cm−3 (data from turfs from 4 Bronze Age burial mounds).

changes in the agricultural system, especially liming, ploughing and
drainage. Liming became common at the beginning of the 19th century, ﬁrst in Eastern Denmark where lime rich tills were common.
Through liming, the pH was raised in the plough-layer from about
4–5 to more than 6, sometimes even higher than 7.5 for speciﬁc
crops like sugar beet. Hereby the biological activity was speeded
up resulting in a net decomposition of organic matter. Ploughing might also decrease the amount of organic matter because it
increases the soil aeration of the topsoil, thereby decreasing the
periods with anaerobic conditions that restrict the decomposition
of the organic matter. Although liming and ploughing are important
factors it is most likely that drainage is the strongest factor affecting decompositions of organic matter on loamy soils. Most loamy
tills in Denmark show pseudogley features at shallow depths, indicating low permeability in the subsoil and the presence of perched
water tables during the winter time, where there is a signiﬁcant
surplus of precipitation. Before the middle of the 19th century
the drained area in Denmark was less than 2% (Aslyng, 1980). In
1848 drain pipes were introduced and huge activities took place
and today drain pipes are present in about 50% of the farmlands
(Holst and Madsen, 1986; Skriver and Hedegård, 1973). Hence,
almost all loamy till soils are drained today. Hereby, the long periods of anaerobic conditions have diminished resulting in signiﬁcant
decreases of organic matter. During the ﬁeld work in the vicinity
of the mounds pseudogley features were encountered within the
uppermost m of almost all the loamy soils, and traces of drain pipe
constructions were often found in the ditches dug by archaeologists
looking for pole holes indicating construction of houses and palisades. Furthermore, plant species typical for wet soils are found on
top of some of the mound turfs. This supports the argument for the
importance of drainage as the reason for the signiﬁcant decrease in
the SOC stock since the Viking Age. If we anticipate that the decrease
of 1.61 kg m−2 has happened since the systematical drainage of the
loamy farmland took place about 150 years ago, the decrease in
the SOC stock is about 100 kg ha−1 year−1 or a yearly loss of about
365 kg CO2 ha−1 .

3.4. A comparison of the SOC in ancient loamy soils with present
day soils with high and low inputs of manure
Table 3 shows the SOC concentration and stock in the ard/plough
layer for loamy Viking Age soils, and for loamy present day soils

with high and low input of manure. Furthermore, the SOC stock to
a depth of 28 cm has been calculated.
The sites representing the present-day loamy soil with high
input of manure are taken from the Danish soil database and are
located in Western Jutland where intensive dairy farming and pig
production is dominating. The sites representing loamy soils with
low input of manure are located in Southern Zealand and Lolland/Falster/Møn, where pig and plant production dominate with
sugar beet, rape and winter wheat as main crops, Fig. 4. In the
area chosen as high input of manure reference, the farming system produces about three times the amount of manure as in the
area with low input in the late 1980s (Statistics Denmark, 1989)
where data from soil proﬁles in the nation-wide orthogonal 7 km
grid were collected (Madsen et al., 1992).
Table 3 shows that land use is very important for the carbon
concentrations and carbon stocks in present day plough layers. The
plough-layers receiving large amounts of manure contain almost
twice as much carbon as plough layers in the soils receiving little manure. The Viking Age soil did not receive large amounts of
manure, and therefore it should be expected that the carbon concentration in the Apb would be at the level found in present-day
areas with low inputs of manure. However, this is not the case as the
carbon concentration in the ard layer exceeds the value for modern
farmland soils with low inputs of manure by more than 160%. The
concentration in the ard layer is even 40% higher than the SOC concentration on modern farmland soils with high input of manure. As
the ard layer had a thickness of about 15 cm only, the SOC stocks in
the upper 28 cm of the Viking Age soils are at the same level as the
SOC stock in modern farmland with high inputs of manure, when
corrected for the shallower depth of the Apb. But the SOC stock to a
depth of 28 cm is more than 40% greater than the stock in a modern
farmland soil receiving little manure.
The results show that the imperfect or moderately drained
soils in the Viking Age stored about as much carbon as the modern farmland with high inputs of manure. It is noted that the
general turnover rate of SOC is likely signiﬁcantly higher on heavily
manured modern farmland soils, but it is constantly balanced by
large amounts of manure. The high SOC content in the Viking Age
soils cannot be ascribed to high inputs of manure but more likely
to imperfect drainage conditions at that time. This conclusion is
supported by Breuning-Madsen et al. (2009), who compared the
SOC contents in well-drained sandy soils from the Bronze Age with
SOC contents in modern sandy farmland soils with high and low

Table 3
Mean and standard deviations for SOC concentrations and stocks in ancient loamy soils and in modern farmland with low and high inputs of manure. The number of samples
is indicated in brackets.
Viking Age
Loamy soils
% SOC iAp
kg SOC m−2 in Ap
kg SOC m−2 in Ap+B (0-28 cm)
Loss or gain since Viking Age (kg SOC m−2 )
Loss or gain since Viking Age (%)
a

0–15 cm.

3.74 ± 0.83 (29)
8.24 ± 1.84 (29)a
10.29 ± 2.91 (29)
–

Present-day loamy soils
High input of manure (10–20% clay)

Present-day loamy soils
Low input of manure (10–20% clay)

2.70 ± 0.97 (42)
11.02 ± 3.95 (42)
11.02 ± 3.95 (42)
0.73
7

1.43 ± 0.57 (1466)
5.84 ± 2.32 (1466)
5.84 ± 2.32 (1466)
−4.45
−43
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Fig. 4. Area in Western Jutland with intensive dairy production receiving large amounts of manure and area in Southern Zealand and adjacent islands receiving limited
inputs of manure.
Source: National Survey and Cadastre; Statistics Denmark.

inputs of manure. In this study, the SOC stock in the Bronze Age
soils was at the level of the modern farmland soils with low inputs
of manure. The major difference between the soils from the Bronze
Age and the Viking Age is the drainage condition. In both Ages soils
were set aside in a traditional shifting cultivation system, the primary vegetation was heather, the mechanical preparation of the
ﬁelds was carried out with an ard, the ﬁelds have never been limed
and the soils were leached and had relatively low pH-values. As
Table 3 shows, a loss of about 4.5 kg SOC m−2 has probably taken
place during the last 150 years on soils with low inputs of manure.
This corresponds to about 30 g carbon m−2 year−1 or loss of roughly
0.1 kg CO2 m−2 year−1 during that period. This contrasts ﬁndings on
sandy soils from the Bronze Age where there has been no loss or
gain since ancient time (Breuning-Madsen et al., 2009). On the other
hand the use of manure decreases the net CO2 loss over the period
dramatically. Thus, in areas close to Jelling the CO2 loss is slightly

less than 40 g m−2 year−1 and in areas with high inputs of manure
there has been no net loss of CO2 .
Anticipating that the SOC stock in the Viking Age soils, if
drained, should be at the same level as modern farmland soils
with low inputs of manure, an estimate of the potential sequestration capacity in case of termination of drainage can be obtained
as the difference between the two. Table 3 shows that we can
expect to sequestrate about 4 kg C m−2 drained area if we clog the
drain pipes in the loamy till landscape on soils with low manure
input.
4. Conclusion
Burial mounds with anaerobic cores offer a unique possibility to estimate the SOC stock in ancient farmland soils. In this
respect the two huge Viking Age mounds in Jelling provide valuable
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information on the SOC stock and concentration for a 1000 year old
farming system on loamy till soils.
The investigation shows that the SOC concentration in the top
soils (the ard layers) in the Viking Age is higher than in modern
farmland soils. This must be ascribed to low permeability of the
subsoils generating a perched water table in shallow depths, which
during the past 150 years has been lowered or removed by artiﬁcial
pipe drainage.
The SOC stock down to the average depth of modern plough layers (28 cm) shows that the SOC-stock in Viking age is about 7% lower
than in modern farmlands with high input of manure but about
40% higher than in modern farmlands with low inputs of manure.
If we anticipate that the Viking Age farming system had a low input
of manure, the loss of CO2 from the ancient soils due to drainage
has been about 30 g m−2 year−1 since pipe drainage was introduced
about 150 years ago. This loss of CO2 can be compensated by a
modern farming system with high inputs of manure.
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