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Abstract
Based on measurements of the 18O isotope composition of 247 samples collected over a 3-year period we have assessed the oxygen isotope
composition of water masses in the North Sea. This is the first d18O data set that covers the entire North Sea basin. The waters lie on a mixing
line: d18O (&VSMOW) ¼ �9.300 þ 0.274(S ) with North Atlantic sub-polar mode water (SPMW) and surface waters, and Baltic Sea water rep-
resenting the saline and freshwater end members respectively. Patterns exhibited in surface and bottom water d18O distributions are represen-
tative of the general circulation of the North Sea. Oxygen-18 enriched waters from the North Atlantic enter the North Sea between Scotland and
Norway and to a lesser extent through the English Channel. In contrast, oxygen-18 depleted waters mainly inflow from the Baltic Sea, the rivers
Rhine and Elbe, and to a lesser degree, the Norwegian Fjords and other river sources. Locally the d18Oesalinity relationship will be controlled
by the isotopic composition of the freshwater inputs. However, the range of local freshwater compositions around the North Sea basin is too
narrow to characterise the relative contributions of individual sources to the overall seawater composition. This dataset provides important
information for a number of related disciplines including biogeochemical research and oceanographic studies.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Oxygen stable isotope compositions of sea and ocean water
can be used as an oceanographic tracer, similar to salinity (Frew
et al., 2000). Salinity changes resulting from evaporation and
precipitation, and mixing processes are coupled with changes
in d18O. However, the two tracers are decoupled in sea ice
processes (Craig and Gordon, 1965; LeGrande and Schmidt,
2006). Thus, combined isotope salinity studies of the World’s
oceans allow us to characterise the relative importance of
evaporation, precipitation and fresh water run-off, and sea ice
processes during the formation of water masses. The work of
Craig and Gordon (1965), the Geochemical Ocean Section
Study (GEOSECS) program initiated in 1971 (http://ingrid.
ldeo.columbia.edu/SOURCES/.GEOSECS/) and databases
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such as the NASA Global Seawater Oxygen-18 Database
(http://data.giss.nasa.gov/o18data/) provide a large resource
on the trends in global patterns of d18O. The work of these pro-
grams has also elucidated trends in d18Oesalinity relationships
over large spatial scales. However, there is a lack of high reso-
lution, area specific data that may contribute to the understand-
ing of local circulation and processes.

The isotopic compositions of water masses are imprinted at
their source locations and once isolated from the ocean surface
the d18O is only subject to modification through conservative
mixing with other water masses of differing composition
(Frew et al., 2000).

In local basins, such as the North Sea, it is possible to con-
struct a relationship between d18O and salinity that represents
a mixing line between the various contributing water masses.
Thus, three-dimensional spatial and temporal analysis of the
water oxygen isotope composition can help elucidate patterns
of saline and freshwater input, subsequent circulation and de-
tails of mixing associated with stratification and overturning.

http://ingrid.ldeo.columbia.edu/SOURCES/.GEOSECS/
http://ingrid.ldeo.columbia.edu/SOURCES/.GEOSECS/
http://data.giss.nasa.gov/o18data/
mailto:andrew.harwood@uea.ac.uk
http://www.elsevier.com/locate/ecss
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Fig. 1. Map of the locations of samples collected during cruises in: (a) 2004

(Cefas 3rd quarter cruise), (b) 2005 (Cefas 3rd quarter cruise) and (c) 2006

(FRS January e February cruise). Open circles (B) represent surface water

samples and crosses (D) represent bottom water samples collected in respec-

tive years.
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An understanding of the stable oxygen isotope composi-
tion of water masses is also important when recreating tem-
peratures based upon marine carbonate d18O values and the
carbonate water oxygen isotope palaeothermometer. Recently
there has been great interest in estimating historic North Sea
temperatures using both benthic sedentary and demersal or-
ganisms; e.g. Arctica islandica (Schöne et al., 2005). These
proxy records have the potential to add to our understanding
of long-term climatic changes. However, in the North Sea, the
strong seasonal cycle in surface water temperatures (up to
14 �C), and associated variations in the bottom water temper-
ature and oxygen isotope composition as a result of thermal
stratification and overturning complicates studies of longer
term changes in mean temperature. An accurate reconstruc-
tion of water temperature can only be made with a complete
understanding of the value of, and controls on the oxygen
isotope composition of the local water masses in which the
calcifying organism grew.

In this paper we present a large data set of new measure-
ments of surface and bottom water d18O throughout the North
Sea and describe the general mixing line calculated from these
results. Spatial trends and variation are discussed with respect
to the contributory processes and water sources that comprise
the North Sea.

2. Materials and methods

During 2004 and 2005 water samples were collected on
a routine basis during the Centre for Environment Fisheries
and Aquaculture Science (Cefas) 3rd quarter North Sea ground
fish survey (Fig. 1). This takes place annually, usually during
the months of August and September. Surface water samples
were collected from approximately 3e4 m depth using the
onboard seawater tap that is run continuously throughout the
cruise. During 2004 only surface water samples were collected.
The study was expanded in 2005 to include bottom water sam-
ples, using a standard Niskin bottle collection system. The
depth and location of each respective sample was recorded.
High density polyethylene (HDPE) bottles with narrow tops
were filled to the brim and closed with airtight screw caps.
Samples were kept in cool dark conditions for short periods
of no longer than 3 months. The modification of stable isotope
compositions due to fractionation accompanying evaporation
was assumed to be negligible when stored under these condi-
tions (Mook, 2001).

Salinity data from corresponding cruise stations were mea-
sured using a micro conductivity temperature depth (CTD)
gauge and are reported using the Practical Salinity Scale.
For each station surface salinity was averaged over CTD
results between 2 and 4 m depth. Bottom water salinity was
averaged over the bottom 2 m of the water column measured.
All salinity data are reported using the Practical Salinity Scale.
However, salinity data were not available for all of these water
samples due to a lack of CTD deployments during the latter
half of the 2005 cruise, a result of technical problems.

Additional surface (4 m depth) and bottom water samples
were collected by the Scottish Fisheries Research Services
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Fig. 2. Plot of the d18O (�0.04 (1s)) and salinity characteristics of surface and

bottom waters within the North Sea. The general mixing line for the North Sea

is displayed (solid line) based upon all oxygen isotope and corresponding sa-

linity data (n ¼ 219) from this study. The solid circles (C) represent data col-

lected during this study. The crosses (D) are data from Mikalsen and Sejrup’s

(2000) study of Norwegian fjord waters. The mixing lines of Mikalsen and

Sejrup (2000) (broken line) and Israelson and Buchardt (1991) (dotted line)

are displayed for comparative purposes. Also depicted are the mean sub-polar

mode water (B) value and result of the mass balance equation (>).
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(FRS) from a cruise that took place in January and February
2006 between 51�360500N and 61�60500N (Fig. 1). During this
cruise, water was collected and stored in glass salinity
bottles, capped with plastic inserts, and sealed with screw
caps. Salinity was measured on the water samples in the glass
bottles prior to storage and subsequent isotope analysis.

Oxygen isotope ratios were measured at the Stable Isotope
Laboratory (SIL) at the University of East Anglia (UEA), UK.
The water samples were analysed using the CO2eH2O equi-
librium method developed by Epstein and Mayeda (1953) as
further refined by Dennis et al. (1995). The d18O were normal-
ised to the Vienna Standard Mean Ocean Water e Standard
Light Antarctic Precipitation (VSMOW-SLAP) scale and are
reported in the conventional d18O (&) notation, relative to
VSMOW, and defined as:

d18O ¼
�ð18O=16OÞsample � ð18O=16OÞVSMOW

ð18O=16OÞVSMOW

�
� 1000

Analytical uncertainty for the oxygen isotope measure-
ment is �0.04 & (1s).

3. Results

In total, 247 water samples were collected and analysed.
Salinity data were only available for 219 of these samples
due to the technical difficulties that occurred during the
2005 cruise. The complete dataset is available in the Supple-
mentary electronic appendix. Covering all samples, the range
of measured compositions is just 0.95& for d18O and 3 for
salinity. Most saline waters sampled (35.5) have an isotope
composition of ca. 0.45&VSMOW ranging to �0.4 & for the
least saline water (32.5).

These data are plotted as d18O versus salinity in Fig. 2.
Whilst there is a small degree of scatter, the waters of the
North Sea plot on a single mixing line with two end members.
The equation of this line is:

d18O ¼ �9:300þ 0:274ðSÞ
�
r2 ¼ 0:89

�
where d18O is expressed in units of & with respect to
VSMOW and S is the salinity.

The spatial distribution of water isotope compositions
sampled in 2005 is illustrated in Fig. 3a and b for surface
and bottom waters respectively. Contours were produced using
interpolation (Kriging) between sample stations to provide
a grid of 2 � 2� for both surface and bottom waters. During
the 2005 cruise both sea surface and bottom water samples
were collected at 44 stations.

For the surface waters a tongue of isotopically enriched
water (d18O > 0.1&) is seen to enter the North Sea between
Scotland, the Shetland Isles and Norway, subsequently lying
towards the western half of the basin (Fig. 3a). Isotopically de-
pleted surface waters are found towards the eastern half of the
sea lying both close to the Dutch coast in the south and the
Norwegian coast to the east. There is also a tongue of fresh,
isotopically light water that penetrates towards the centre of
the basin at approximately 3�E, 57�N. The source of these
isotopically light and less saline waters are the main freshwa-
ter inputs of the Baltic Sea, Rivers Elbe and Rhine. In contrast,
the bottom waters show a general increase in d18O from the
south towards the north. The most isotopically enriched waters
lie at depths greater than 160 m in the southern end of the
Norwegian trench (Fig. 3). Similar distributions were observed
in surface water patterns in the 2004 data.

4. Discussion

There are few studies of the oxygen isotope composition of
North Sea waters and even fewer that examine the relationship
between oxygen isotope composition and salinity (Mook and
Vogel, 1968; Hickson et al., 1999; Mikalsen and Sejrup,
2000). Mikalsen and Sejrup (2000) reported on the oxygen
isotope composition of fjord water in western Norway. These
waters are formed by mixing of inflowing North Sea water and
freshwater inputs from the immediate catchment area. Their
results, plotted in Fig. 2 together with our data, are consistent
with our results covering a similar range of both isotope and
salinity compositions. The only other reported data for North
Sea water isotope compositions are those of Hickson et al.
(1999) and Mook and Vogel (1968). In both studies the authors
report isolated compositions from the southern part of the
North Sea that lie in the range 0 to þ0.26&. No salinity
data are reported. These values are consistent with what we
would expect to find in the southern North Sea (Fig. 3).

A widely cited relationship between the oxygen isotope
composition of North Sea water and salinity is that of Israelson
and Buchardt (1991). Whilst the data set is unpublished the
mixing line they report is plotted in Fig. 2 and compared
with the data we report in this study and that of Mikalsen
and Sejrup (2000).
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based on samples collected during the 2005 (SeptembereOctober) cruise.

White crosses represent sample locations.
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We identify the saline end member as both North Atlantic
sub-polar mode water (SPMW) and surface waters (Frew
et al., 2000). SPMW is the large volume water mass of the
thermocline in the area of the ScotlandeIceland overflow
and is formed by wintertime convection in the North Atlantic
(McCartney and Talley, 1982). The isotope composition and
salinity of SPMW is þ0.3 to þ0.4& and 35.4 (Frew et al.,
2000) and is plotted in Fig. 2. North Atlantic waters entering
the North Sea along the Norwegian Trench are dominated by
SPMW. This Atlantic flow, however, does not directly pene-
trate the shallow water regions of the North Sea as it is steered
topographically to flow at depths greater than 120 m between
the Shetlands and Norway, ultimately flowing into the Skager-
rak (Pingree, 2005). Significant wind driven flows over the sill
between the Orkney and Shetland Islands and to a lesser extent
through the Channel also occur (Turrell et al., 1992; Winther
and Johannessen, 2006). These waters are seen to have
a very similar isotope composition and salinity to the
SPMW (Figs. 2 and 3). Whilst North Atlantic surface waters
have a wide range of both salinity and isotope composition,
those in the eastern North Atlantic tend to be dominated by
the salty waters of the North Atlantic Current (NAC) before
they are diluted by isotopically light waters originating from
the Arctic (Frew et al., 2000).
Projecting the mixing line for the North Sea water samples
back to zero salinity gives a freshwater end member composi-
tion of�9.3&. This line also passes close to the locus of Baltic
Sea water compositions (Frohlich et al., 1988) (Fig. 4). This
suggests that the dominant source of freshwater is the Baltic
Sea and its associated catchment. The mean flow from the
Baltic through the Skagerrak is 17,440 m3 s�1 and dominates
all other freshwater sources (Huthnance, 1991).

Also plotted on Fig. 4 is the range of freshwater d18O
compositions for the main riverine inputs. The River Elbe dis-
charge waters have a mean d18O composition of �9.5& with
a range of �8.5 to �11.0& (Trettin et al., 1999). Whilst no
direct data are available for the River Rhine, d18O composi-
tions of precipitation within its catchment of central Europe
are in the range of �7.5 to �11& (Stuyfzand, 1989; Trettin
et al., 1999). However, groundwater discharge from the River
Rhine to the Netherlands has been reported as having a d18O
isotopic composition of �9.7 and �9.9& (Stuyfzand, 1989).
Freshwater inputs to the southern Norwegian fjords range
from �9.2 to �14.5& (Mikalsen and Sejrup, 2000). These
compositions are all close to the projected freshwater end
member identified in this study (�9.3&). Thus, it is not pos-
sible to separate out the contribution of individual sources to
dilution of the wider part of the North Sea. We note, however,
that the freshwater fluxes from sources other than the Baltic
are comparatively small. Locally, in inshore waters, it is pos-
sible to identify the influence of major rivers. For example,
the freshwater plume from the Rhine is clearly identified in
Fig. 3.

Taking the estimates for the fluxes of North Atlantic inflow,
and the freshwater inputs together with their isotopic and
salinity compositions, it is possible to construct a simple
mass balance model that gives an ‘average’ North Sea compo-
sition of 0.26& and 34.88. The sources of data used in this
model are detailed in Table 1 and the results are plotted in



Table 1

Mass balance model components and their respective source references (mean d18O and salinity values were taken from reported values in individual studies)

Water source Flow (m3 s�1) Mean d18O& Mean salinity Source references

Flow d18O and salinity

Baltic Sea 17440 �6.11 10.26 Huthnance (1991) Frohlich et al. (1988)

River Elbe 716 �9.50 w0.00 Krysanova et al. (2005) Trettin et al. (1999), salinity assumed to be negligible

River Rhine 2089 �9.80 w0.00 Pekarova et al. (2003) Stuyfzand (1989), salinity assumed to be negligible

Norwegian fjords 3488 �11.90 w0.00 Huthnance (1991) Mikalsen and Sejrup (2000)

Sub-polar mode

water (SPMW)

1020000 0.40 35.40 Winther and Johannessen (2006) Frew et al. (2000)
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Fig. 2. This mean North Sea water composition is entirely con-
sistent with the measured oxygen isotope and salinity
compositions.

It is likely that the mixing line presented is robust with respect
to historical changes in North Sea dynamics. Changes in both the
North Atlantic and the freshwater catchments adjacent to
the North Sea may result in differing saline and freshwater
influxes, but are less likely to change the isotopic composition
of the end members, at least during historic times. Thus average
compositions will move along the mixing line, but not off it.

The patterns of surface water isotope distributions illus-
trated in Fig. 3a are broadly consistent with wind driven sur-
face currents in the North Sea (Pingree and Le Cann, 1989).
Modelling studies indicate significant flow between the Ork-
ney and Shetland Isles, with smaller volumes at shallow depths
passing between Shetland and Norway and through the Chan-
nel to the south. Within the North Sea the main pattern of
circulation is as a counter-clockwise gyre with major outflow
following the Norwegian trench. This is very clearly shown in
Fig. 3a where the inflowing, isotopically enriched North At-
lantic surface waters are seen to flow south and then east along
one limb of the gyre. The isotopically depleted waters result-
ing from the mixing in of Baltic Sea water flow towards the
north and west on the other limb. The well-developed tongue
of low salinity, isotopically depleted water that is seen flowing
into the central part of the North Sea is not expected when
there is a mean south-westerly wind stress over the British
Isles. Under these conditions surface flows are thought to be
northerly and lie close to the Norwegian coast (Pingree and
Le Cann, 1989). It is not possible to tell whether this feature
simply represents local conditions that prevailed during 2005
when the samples were collected or is a more persistent fea-
ture of the North Sea circulation.

Towards the south of the study area, inflowing fresh water
from the Rhine estuary is seen as a distinct plume of isotopically
depleted water (Fig. 3a). Isotopically depleted waters are also
seen along the Dutch coast. These probably reflect a northward
flow of water entering the North Sea through the Channel
and are consistent with radio tracer studies of currents in this
sector of the North Sea. For example, Dahlgaard et al. (1995)
indicate northward transport of water originating from the
Channel, and flowing close to the Dutch, German and Danish
coast ultimately being entrained in the Skaggerak and Kattegat.

In this study we have included the full data set collected on
cruises in August/September 2004, 2005 and in January 2006.
Thus, samples were collected under contrasting hydrographic
conditions. In the northern North Sea, during spring and sum-
mer, a strong thermocline develops with a warm and fresher
surface layer (Rodhe, 1998). The onset of autumn and winter
storms tends to mix the water column and breaks down the
thermocline. However, vigorous mixing via strong tidal cur-
rents in the shallower (30e40 m) waters of the southern North
sea prevent thermal stratification (Rodhe, 1998). We were
limited to the collection of surface and bottom water samples.
Therefore, it is not possible to study in detail the isotopic and
salinity structure of the water column. However, it is worth
comparing surface and bottom water compositions. In Fig. 5
we have subtracted surface from bottom water isotope compo-
sitions for the 2005 cruise where both surface and bottom wa-
ter samples were collected. This cruise, in August/September,
would have been in the period when a strong thermocline
should be present in some areas of the North Sea. Fig. 5
clearly shows that in the southern North Sea the surface and
bottom waters have near identical compositions consistent
with a mixed water column. As one moves north, surface wa-
ters become increasingly depleted in 18O with respect to the
bottom waters indicating the occurrence of stratification. The
front separating the southern mixed waters from the thermally
stratified waters to the north crosses in a south-east north-west
direction from the coast of Denmark towards the north east of
Scotland and broadly follows the basin bathymetry between 50
and 100 m depth. However, the resolution of this study in
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terms of both space and time, including detailed sampling of
the water column is too coarse to provide more information
on the dynamics of the front. It is likely that a more detailed
study would yield subtle and systematic differences between
the form of the vertically stratified water column and patterns
of net residual circulation that primarily follow the bathymetry
(Pingree, 2005) and also from the SimpsoneHunter D/U3

parameter distributions designating stratified-mixed water
boundaries in areas of strong tidal currents (Simpson and
Hunter, 1974).

5. Conclusions

North Sea water can be considered to be a two-component
mixture with North Atlantic SPMW as the saline end member
and a range of freshwater sources, dominated by the Baltic
catchment, but with locally important riverine discharges
such as the Rhine and Elbe.

Spatial variations in both bottom and surface water d18O are
consistent with the water transport system within the North
Sea. Saline and 18O enriched waters from the North Atlantic
can be seen to flow into the North Sea over the sill between
Scotland and Norway, and also along the Norwegian Trench.
The freshwater inputs from the Baltic Sea lie on the surface
and form a strong feature flowing northwards along the Nor-
wegian coast and also eastwards into the central part of the
sea. The effect of river discharge seems to be much more
localised and is consistent with the relative magnitude of
freshwater flux when compared with the Baltic outflow.

Although this work presents a detailed data set for the
North Sea, the results are temporally and spatially limited.
The mixing line provides a means of inferring probable d18O
values from salinity data acquired at any time of the year.
These data provide an important reference for studies address-
ing either oceanographic or biogeochemical factors within the
North Sea. Notably, research addressing temperature recon-
struction from marine carbonates in the North Sea may benefit
significantly from the descriptions presented in the current
study.

There is, however, significant potential to expand high res-
olution sea water isotope studies to shelf seas in order to better
understand the processes and dynamics that are occurring.
Whilst this study has demonstrated that the distribution of wa-
ter isotope composition is broadly consistent with known pat-
terns of inflow, outflow and internal circulation, there is scope
for more detailed work. In particular high spatial (including
vertical depth profiles) and temporal resolution studies may
be expected to characterise more clearly the sources and fluxes
of freshwater, including both groundwater and riverine inputs.
Similarly, oxygen isotope studies can help with understanding
dynamic processes associated with fronts and mixing in shelf
seas.
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