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ABSTRACT: Geochemical, mineralogical and biological indicators preserved in sediments are widely used to reconstruct past
climate change, but proxies differ in the degree to which their utility as climate indicators has been validated via laboratory
experiments, modern spatial calibrations, or down-core comparisons with instrumental climate data. Multi-proxy studies provide
another means of evaluating interpretations of proxies. This paper presents a multi-proxy assessment comparing 19 sub-centennially
resolved late Holocene proxy records, covering the period 300–1900 AD, from seven Icelandic marine and lacustrine core sites. We
employ simple statistical comparisons between proxy reconstructions to evaluate their correlations over time and, ultimately, their
utility as proxies for regional climate. Proxies examined include oxygen isotopic composition of benthic and planktonic foraminifera,
abundance of the sea-ice biomarker IP25, allochthonous quartz in marine sediments (a proxy for drift ice around Iceland), marine
carbonate abundance, total organic carbon concentration, chironomid assemblages, lacustrine biogenic silica and carbon/nitrogen
ratios in lake sediments. Most of the examined proxy records, including temperature and sea-ice proxies, correlate strongly with each
other over multi-centennial timescales, and thus do appear to record changes in regional climate. Copyright # 2011 John Wiley &
Sons, Ltd.
KEYWORDS: IP25; North Atlantic; paleoceanography; paleolimnology; principal components analysis.

Introduction
In recognition of Iceland’s sensitive location near major
boundaries in atmospheric and oceanic circulation, the
Holocene paleoclimate history of this North Atlantic island
has received considerable attention (e.g. see reviews by
Gudmundsson, 1997; Stotter et al., 1999; Hallsdóttir and
Caseldine, 2005; Geirsdóttir et al., 2009a; Ingólfsson et al.,
2009). Over the past decade, a wealth of new Holocene
paleoclimate data have been collected from marine and lake
sediment cores around Iceland, with particular focus on three
objectives relevant to understanding present-day high-latitude
environmental change: using quantitative techniques to
estimate past temperature variations, generating environmental
reconstructions at high (sub-centennial to sub-decadal)
temporal resolution and reconstructing prehistoric sea-ice
conditions (e.g. Andresen et al., 2005; Jiang et al., 2005;
Caseldine et al., 2006; Eirı́ksson et al., 2006, 2010; Axford
et al., 2007; Bendle and Rosell-Mele, 2007; Massé et al., 2008;
Sicre et al., 2008; Andrews et al., 2009a; Geirsdóttir et al.,
2009b; Knudsen et al., 2009; Langdon et al., 2010; Ólafsdóttir
et al., 2010; Patterson et al., 2010; Striberger et al., 2010).
Intersite comparisons and high-resolution analyses around
Iceland are aided by geochemically distinct tephra layers of
Icelandic provenance, which are preserved in marine and
lacustrine sediment cores and act as chronostratigraphic
markers (e.g. Eirı́ksson et al., 2000a; Larsen et al., 2002).
As elsewhere, proxies employed around Iceland vary in the
extent to which they have been validated via documenting
modern spatial relationships with climatic or environmental
*Correspondence: Y. Axford, as above.
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parameters, comparing down-core proxy data with instrumental time series, or conducting controlled laboratory
experiments. Multi-proxy, multi-site studies provide another
potential means of evaluating sedimentary proxies. Individual
proxy records documenting regional climate change (rather
than site-specific environmental conditions decoupled from
climate) should theoretically be highly correlated within a
region over time.
Here we apply this rationale to evaluate a compilation of 19
sub-centennially resolved late Holocene proxy records that
have resulted from a decade of our collaborative research on
marine and lacustrine sedimentary records around Iceland.
This analysis includes proxies that have been historically
interpreted in terms of temperature (chironomid assemblages
and d18O of foraminifera), sea ice conditions (the sea-ice
biomarker IP25 and allochthonous quartz in marine sediments)
and biological productivity or organic matter source (organic
carbon, marine carbonate, lacustrine biogenic silica and
carbon/nitrogen ratio in bulk lacustrine sediments). These
proxies all record environmental conditions around Iceland,
but they differ in the degree to which they are known to record
specific climatic parameters. This paper employs statistical
comparisons between our proxy reconstructions from around
Iceland to quantitatively evaluate their correlations over time
and, by inference, their utility as proxies for regional climate.

Background on proxies
The highly branched isoprenoid alkene termed IP25 (Ice Proxy
with 25 carbon atoms) is biosynthesized by sea-ice-dwelling
diatoms (Belt et al., 2007). This organic compound is absent in
sediments from ice-free areas and from regions of perennial or
near-permanent sea ice conditions, but is well preserved in
marine sediments underlying areas with seasonal (spring) sea
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ice cover. The utility of IP25 as a proxy for seasonal sea ice has
been validated by its presence/absence in transects of surface
samples, collections from sediment traps and sea ice itself, and
its absence in open water phytoplankton and sediments from
temperate regions (Belt et al., 2007, 2008; Massé et al., 2008).
The variable abundance of IP25 in marine sediments has been
used to reconstruct Holocene sea ice conditions in the North
Atlantic region, including the north Iceland Shelf and the
Canadian Arctic Archipelago (Massé et al., 2008; Andrews
et al., 2009a; Vare et al., 2009).
Quartz in Icelandic shelf sediments has been interpreted as a
proxy for allochthonous drift ice (icebergs and sea ice)
transported to the Iceland Shelf by the East Greenland Current
and the derivative East Iceland Current (Fig. 1) (Eirı́ksson et al.,
2000b; Moros et al., 2006; Andrews et al., 2009b). Because the
bedrock around Iceland is mostly basaltic and lacks quartz, this
mineral is assumed to be transported to Iceland’s shelves from a
foreign source by ice rafting (Eirı́ksson et al., 2000b; Moros
et al., 2004, 2006; Andrews and Eberl, 2007). In support of this
interpretation, the abundance of fine quartz (in the <2-mm
sediment fraction) in modern surface sediments from sites
around Iceland is known to be proportional to the historical
abundance of drift ice at those sites, with the highest
abundances occurring off north and north-west Iceland, where
sea ice is most common (Moros et al., 2006; Andrews and Eberl,
2007), and with virtually no quartz present in sediments off
south-west Iceland (Andrews, 2009).

Figure 1. (a) Location of Iceland relative to major land masses and
ocean surface currents in the North Atlantic. (b) Core sites (see Table 1
for details) and other locations mentioned in the text.
Copyright ß 2011 John Wiley & Sons, Ltd.

Oxygen stable isotope composition (d18O) of foraminiferal
calcite is a function of ambient temperature and the isotopic
composition of seawater (Shackleton, 1974; Duplessy, 1978).
Data from benthic foraminifera reflect conditions in the bottom
waters, whereas data from planktonic foraminifera generally
reflect surface or near-surface conditions, which can at times be
affected by changes in atmospheric temperature and terrestrial
hydrology. This proxy has previously been used to reconstruct
paleoceanographic changes on the Iceland Shelf (Jennings et
al., 2001; Castañeda et al., 2004; Knudsen et al., 2004;
Kristjánsdóttir, 2005; Ólafsdóttir, 2010). Smith et al. (2005)
inferred paleotemperatures from d18O of benthic foraminifera
for Iceland Shelf waters based on the assumption that salinity
was constant during the Holocene and that the primary cause of
changes in d18O of benthic foraminifera was water temperature. Ólafsdóttir et al. (2010) compared d18O measurements
with transfer-function-based temperature reconstructions from
foraminifera assemblages on the north-west and south-west
Iceland Shelf. The latter study found evidence for large salinity
variations in the early Holocene during the waning phase of
Northern Hemisphere continental ice-sheet disintegration, but
interpreted d18O variations after 8 ka as primarily recording
summer temperature changes. Here, we tentatively interpret
foraminifera d18O as an approximate proxy for water
temperature, but recognize that some component of d18O
variation derives from changes in salinity, and that changes in
salinity over the study sites have probably accompanied any
major changes in configuration of ocean currents in the region.
Marine carbonate in Iceland Shelf sediments, largely calcite
with small amounts of magnesium calcite and aragonite,
derives from calcareous microfossil production (Thordardóttir,
1977, 1984), especially from coccoliths (Giraudeau et al.,
2004). Variations in carbonate abundance in Iceland Shelf
sediments are thus interpreted to represent changes in surface
conditions that affect biological productivity, including
temperature, sea ice cover and controls on nutrient availability
such as frontal upwelling (Thordardóttir, 1977; Andrews et al.,
2001; Knudsen and Eirı́ksson, 2002). Previous studies have
demonstrated that primary production in this region is favoured
by frontal upwelling associated with the warm, saline Irminger
Current water masses encountering the cold, low-salinity East
Iceland Current waters (Thórdardóttir, 1977; Knudsen and
Eirı́ksson, 2002). The dominant controls on carbonate
production therefore probably vary between sites, depending
upon their settings relative to this fluctuating oceanographic
front (Castañeda et al., 2004).
The total organic carbon (TOC) content of marine sediments
on the Iceland Shelf is a combination of organic tissue from
marine phytoplankton and organic tissue derived from land
plants that is transported to the shelf with surface runoff. Due to
the influence of frontal upwelling on carbonate production in
this region, it is expected that TOC is largely a function of
carbonate production. However, a study has shown that TOC in
shelf sediments off north-west Iceland increases with increasing
water depth and decreasing grain size, probably related to fine
particulate organic matter in seawater settling out of suspension
in areas characterized by low current velocities (Thors, 1974).
Thus, reconstruction of paleoclimate variability from TOC
values in shelf sediments requires an understanding of the
processes related to the production and deposition of TOC and
should be supported by information from additional proxies.
Organic carbon in lake sediments is derived from both
terrestrial and within-lake carbon sources, in varying proportions. TOC in lake sediments therefore reflects a complex
array of factors and can be challenging to interpret as a proxy
for environmental conditions. In arctic lakes, lacustrine TOC is
often assumed to record biological production within the lake
J. Quaternary Sci., Vol. 26(6) 645–656 (2011)
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and to varying extent the surrounding landscape, and therefore
is predicted to show a positive correlation with temperature
(e.g. Briner et al., 2006). In Iceland during the late Holocene,
terrestrial soils have also been an important source of organic
carbon to lakes due to extensive soil erosion (Doner, 2003;
Gathorne-Hardy et al., 2009; Geirsdóttir et al., 2009b). For
example, Geirsdóttir et al. (2009b) found that TOC in late
Holocene sediments from the Icelandic lake Haukadalsvatn
(Fig. 1) was positively correlated with cold summers and windy
winters, and concluded that over the past 2 ka, higher TOC
values recorded increased flux of terrestrial carbon derived
from intensified soil erosion during intervals of cold, windy
climate. This interpretation was supported by high C/N ratios
and less negative d13C values in the same samples, which are
positively correlated with TOC concentrations.
Biogenic silica (BSi) in Icelandic lake sediments is derived
primarily from remains of diatoms, and as such is an indicator of
lacustrine primary production. In a recent study in the Alaskan
subarctic, lacustrine BSi was found to correlate strongly with
temperature and was used as a quantitative paleotemperature
proxy (McKay et al., 2008). In Iceland, Geirsdóttir et al. (2009b)
demonstrated a positive correlation between April–May air
temperatures and BSi in the high-resolution sediment record of
Haukadalsvatn, indicating a link between spring warmth and
lacustrine primary productivity.
Subfossil chironomid (Diptera: Chironomidae, or non-biting
midge) remains are abundant and well preserved in Icelandic
lake sediments. Chironomid species distributions are sensitive
to a wide range of environmental variables (Velle et al., 2005;
Langdon et al., 2010), but in arctic and alpine environments
temperature is often a dominant control (Larocque and Hall,
2003; Langdon et al., 2008). Quantitative transfer functions and
training sets relating modern species distributions to temperature have been developed for many regions in the high-latitude
Northern Hemisphere, including North America, Iceland and
Scandinavia (Walker et al., 1997; Brooks and Birks, 2001;
Barley et al., 2006; Langdon et al., 2008). Subfossil chironomid
assemblages have been used to reconstruct Holocene summer
air temperature changes at several Icelandic lakes (Caseldine
et al., 2003, 2006; Axford et al., 2007, 2009; Holmes, 2008;
Langdon et al., 2010).

Study sites
This study statistically compares proxy data from five marine
sediment cores and two lake sediment cores from around
Iceland, all of which have been the subject of our prior work.
We include in this analysis all of our study sites on and near
north Iceland (Fig. 1) for which (i) we have measured at least
some of the proxies of interest (IP25, quartz, marine carbonate,
organic carbon, lacustrine BSi, d18O of foraminifera and
chironomid-inferred temperatures) over the entire period 300–
1900 AD at a resolution finer than 100 years, and (ii) published
geochronological control provides adequate age precision for
inter-site comparisons. The period of coverage (300–1900 AD)
was selected because it covers a wide range of environmental
variability and includes a large fraction of our study sites.
Although the 20th century would be an interesting period to
include in the analysis, its inclusion would have required the
omission of five of the proxy records included in our study
because these records do not cover the 20th century.
The five marine study sites included in our statistical analysis
form a transect extending from north-west to north-east Iceland
and represent a range of water depths, oceanographic
conditions and distances from land (Fig. 1, Table 1). Records
from two lakes are also included: lake Stora Viðarvatn in northeast Iceland (Fig. 1, Table 1) offers the only quantitative
Copyright ß 2011 John Wiley & Sons, Ltd.
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terrestrial temperature reconstruction currently available for the
past 2000 years in Iceland with sub-centennial resolution
(Axford et al., 2009). Haukadalsvatn, in west Iceland, has
yielded the highest-resolution Holocene lacustrine proxy
records from Iceland to date, including BSi and organic carbon
data (Geirsdóttir et al., 2009b).
One of the goals of this study is to evaluate proxies for sea-ice
conditions around Iceland, by assessing their coherence with
each other and with temperature reconstructions (based upon
chironomid assemblages and foraminifera d18O) over time. As
such, this paper also presents new IP25 and quartz records from
a sixth marine core site, MD99-2258, off west Iceland. MD992258 is strongly influenced by the Atlantic waters of the
Irminger Current and is distal to input from the East Greenland
Current (Fig. 1) (Malmberg, 1985) so probably received
relatively little influx of arctic sea ice during the late Holocene
compared with sites off north Iceland (Ogilvie and Jonsdóttir,
2000). This site therefore represents an important end-member
site for testing the IP25 and quartz proxies. The new data from
MD99-2258 are presented here for qualitative interpretation,
although the current chronology for this core (discussed below)
does not meet our criteria for inclusion in the statistical
analyses.

Methods
Proxy measurements and geochronology
Most of the proxy data used for the following analyses have
been published previously, and corresponding methods,
geochronology, proxy data and interpretations are described
in the relevant original publications (Table 1). We also present
three new datasets here, which add to the database of sea ice
reconstructions from around Iceland: IP25 and quartz wt% from
the MD99-2258 marine box core (which, as explained above, is
excluded from the statistical analyses due to geochronological
uncertainties, but provides a useful test of whether IP25 or
allochthonous quartz appear in late Holocene sediments from a
site where the influx of arctic sea ice has probably been
minimal), and quartz wt% from the KN158-4-72GGC marine
core (Fig. 1, Table 1).
IP25 measurements on box core MD99-2258 from the
western shelf followed the methods of Belt et al. (2007). Briefly,
24 sediment samples from the past 2000 years, and 21 older
late Holocene samples were solvent-extracted and analysed for
the presence of IP25 using gas chromatography-mass spectrometry as described previously (Belt et al., 2007). Weight per
cent quartz in MD99-2258 and KN158-4-72GGC was
measured using quantitative X-ray diffraction (Eberl, 2003;
Andrews and Eberl, 2007). The MD99-2258 geochronology
includes five 14C ages (Table 2) (Quillmann et al., 2009) which
were calibrated using OxCal v. 4.1 with the IntCal09
calibration curve (Bronk Ramsey, 2009; Reimer et al., 2009),
and a standard reservoir correction of 400 years (DR ¼ 0) was
applied. Geochronology and additional down-core data from
the KN158-4-72GGC core were presented by Andresen et al.
(2005).
Three marine carbonate records are included in our statistical
analysis. Two of these records were measured as per cent
calcite and one as per cent carbonate (calcite plus aragonite).
Because the contribution of aragonite is very small (Andrews
and Eberl, 2007), such that calcite approximates total
carbonate, we generalize all three records as ‘carbonate’ here.
Because each of the study sites has an independent
geochronology, chronological uncertainties vary between
sites, as discussed in the original publications presenting the
records (see Table 1). For example, one source of uncertainty
J. Quaternary Sci., Vol. 26(6) 645–656 (2011)

Axford et al. (2009)
Massé
et al. (2008)

Lab. no.
NSR-15950
AA-85198
AA-85199
NSR-15951
NSF-15952

TOC, total organic carbon; qtz, quartz; carb, carbonate; BSi, biogenic silica; C/N, carbon/nitrogen; foram, foraminifera; Aug, August.

This paper
Original data source(s)

Depth
(cm)
27.5
31.0
37.0
40.0
70.5

14

C age
(a BP)

725  15
1937  36
2149  56
2655  15
3180  20

Calibrated age
(cal a BP)
Dated material
365  64
1484  104
1732  146
2353  60
2973  96

Articulated mollusc
Uvigerina peregina
Uvigerina peregina
Articulated mollusc
Dentalia molluscs


Each calibrated age is the midpoint  one half of the 95% probability
range. Ages were originally reported by Quillmann et al., 2009.



IP25, qtz
Proxies

Andresen et al.
(2005), this paper

Kristjansdóttir
(2005), Moros
et al. (2006)
Andrews et al.
(2009a), Ólafsdóttir
et al. (2010)
Geirsdóttir et al.
(2009b)

Copyright ß 2011 John Wiley & Sons, Ltd.

Table 2. Radiocarbon ages from core MD99-2258.

Castañeda et al. (2004),
Smith et al. (2005)

TOC, BSi, C/N,
chironomid-inferred
Aug temp
IP25
TOC, qtz, carb
qtz, carb
TOC, qtz, carb, IP25,
foram d18O
TOC, BSi

foram d18O

66833.10’
17841.98’
470
North-east
Iceland Shelf
66837.53’
20837.58’
365
North Iceland Shelf
66840.43’
24811.57’
234
North-west
Iceland Shelf
66840.76’
24819.72’
235
North-west
Iceland Shelf
Lake name
Latitude (N)
Longitude (W)
Water depth (m)
Site description

KN158-4-72GGC
MD99-2258

63857.83’
24826.58’
385
West Iceland Shelf

Haukadalsvatn
65803.1’
21837.8’
38
Lake, west
Iceland

65857.5’
21833.1’
94
Fjord, northwest Iceland

MD99-2275
B997-328
MD99-2269
MD99-2263
HAK03-1B

Core
Table 1. Study sites, ordered from west to north-east clockwise around Iceland.

Stora Viðarvatn
66814.2’
15850.1’
21
Lake, north-east
Iceland
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for the marine records, which are dated using combinations of
tephrochronology and 14C, derives from possible changes in
marine 14C reservoir ages over time. Eirı́ksson et al. (2010)
recently documented changes in reservoir ages over the past
millennium on the central north Iceland Shelf, related to
changes in the influence of Polar and Arctic waters over time.
However, there are few constraints on past changes in ocean
reservoir age off west or north-west Iceland, areas that include
several of our study sites and that are largely within the
influence of the Atlantic Irminger Current. Paleoceanographic
reconstructions from the west and north-west indicate parallel
but modest changes in temperature through the Holocene
(Ólafsdóttir et al., 2010), and at least during deposition of the
Saksunarvatn tephra (10.2 ka) the standard correction
(DR ¼ 0) appears to be appropriate for those areas (Andrews
et al., 2002). Geochronology for Haukadalsvatn lake sediments
is based upon 210Pb, 137Cs and tephrostratigraphy, with the
Settlement, H3 and H4 tephras providing important late
Holocene chronostratigraphic markers (Geirsdóttir et al.,
2009b). The age model for recent Stora Viðarvatn sediments
is a linear interpolation between the 210Pb profile of uppermost
sediments and a 1300 cal a BP 14C age on a Betula leaf
(Axford et al., 2009). Given the range of chronological
uncertainties inherent to the inter-site comparison undertaken
here, we limit our interpretation to centennial resolution and
resample each of the 19 proxy records included in our statistical
analysis at 100-year intervals, as described below. Furthermore, all data in this paper are expressed as wt% or
concentrations rather than as fluxes or accumulation rates
(which are highly dependent upon age models) to minimize the
impacts of geochronological uncertainties on inter-site comparisons.

Statistical analyses
For statistical analyses, we compiled 19 proxy records from
seven sites. The datasets were collected at varying temporal
resolutions, so statistical comparisons between datasets
required that all datasets be reduced to a common resolution.
The software program AnalySeries (Paillard et al., 1996) was
used to resample all complete datasets to the same 100-year
time slices (the top sample, centered on 1850 AD, integrated
the time slice 1900–1800 AD, and so on) by interpolation using
a linear integration function (Davis, 1986). The 100-year
interval reflects the minimum resolution within the leastresolved dataset used in the analysis (i.e. chironomid-inferred
temperatures from Stora Viðarvatn).
Correlation coefficients (r) provide a measure of the
interdependence of variables, with values ranging from 1
to 1. Pearson correlation coefficients were calculated on the
resampled (100-year resolution) untransformed data matrix
using the freely available software package R (v 2.5.1; http://
www.r-project.org/). Given a dataset of 16 independent
samples, the value of r to be significant at the 95% (99%)
J. Quaternary Sci., Vol. 26(6) 645–656 (2011)
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confidence level is 0.48 (0.74) (Till, 1974). However, in the
case of our resampled time series temporal autocorrelation
reduces effective samples sizes, complicating the assessment of
significance (e.g. Santer et al., 2000) and probably overestimating correlations between datasets. For this study,
correlation coefficients are therefore best interpreted as relative
assessments of agreement between pairs of proxies.
Principal components analysis (PCA) is an indirect ordination
technique that reduces complex multivariate datasets to latent
variables, which are useful for identifying major gradients within
datasets. PCA is most appropriate for datasets exhibiting
approximately linear relationships between variables (McCune
and Grace, 2002). As shown in the Results, there are strong linear
relationships among the variables in our analyses. PCA was
performed using R, with each dataset scaled to unit variance but
otherwise untransformed. Log10 transformations improved the
normality of 30% of the datasets, but had very little effect on
correlation coefficients or PCA results, so were not used.

Results
Proxy measurements
The majority of the raw proxy data used in our analyses are
presented and discussed in prior publications (Table 1). New
quartz measurements from KN158-4-72GGC off north-west
Iceland are shown in Fig. 2. The quartz content in this core
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shows a general trend of increasing values from 1% at 300–
700 AD to 2% at 1100–1900 AD, with minor short-lived
peaks of increased quartz content and a mean concentration of
1.6% over the entire record.
The new quartz and IP25 data from MD99-2258 on the west
Iceland Shelf are shown in Fig. 3. Available radiocarbon ages
for MD99-2258 suggest non-linear sedimentation rates and
possibly a hiatus of sedimentation in the late Holocene
(Fig. 3), so we exclude this core from statistical analyses here,
but interpret the down-core data as indicators of overall late
Holocene conditions. Significantly, the sea ice biomarker
IP25 was not detected in any of the sediment horizons
analysed from MD99-2258, despite reasonable TOC values
(0.6–1.3% throughout the core) and the clear presence of
other hydrocarbon lipids in each of the extracts. This contrasts
with cores from the northern and north-western shelf, where
IP25 was readily detected down-core (Figs. 2 and 3). To
determine whether IP25 was present in very low concentrations close to the analytical detection limit, we re-analysed
the extracts following serial combination, yet IP25 remained
undetectable in all cases. The mean wt% quartz for the
MD99-2258 record is 0.35%, which is essentially below the
detection limit and much lower than the mean values for
records on the north and north-west shelf (all of which are
>1%; Fig. 3). Only one sample from MD99-2258 has
quartz wt% >1%.

Figure 2. The 19 proxy records included in statistical analyses. Gray lines show original (full resolution) data, and black circles show resampled
values (representing 100-year time slices as described in the text). PC1 values are Axis 1 sample scores from a principal components analysis (PCA) of
the 19 records shown here. Geochronological data are presented in original source publications (see Table 1).
Copyright ß 2011 John Wiley & Sons, Ltd.
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the highest positive loadings on Axis 1 (i.e. scores > 0.75) are
the chironomid-based temperature reconstruction from Stora
Viðarvatn, all three carbonate records, organic carbon at
MD99-2263 and biogenic silica at Stora Viðarvatn. Proxies
with the highest negative loadings on Axis 1 (i.e. scores < -0.75)
are quartz at KN158-4-72GGC and MD99-2269, the two IP25
records, d18O of planktonic foraminifera at MD99-2263 and
benthic foraminifera at B997-328 (both of which are
interpreted as temperature reconstructions, but with values
inversely proportional to temperature), C/N at Stora Viðarvatn
and organic carbon at Haukadalsvatn. Organic carbon at
MD99-2269, d18O of benthic foraminifera at MD99-2263 and
quartz at MD99-2263 have weaker negative loadings.
Haukadalsvatn BSi and Stora Viðarvatn organic carbon show
essentially no correlation with Axis 1.

Discussion
Figure 3. Quartz and IP25 measurements from core MD99-2258 on
the west Iceland Shelf (see Fig. 1 for site location and Table 1 for site
information). No IP25 was detected in MD99-2258 sediments, and
quartz abundances are lower than for sites on the north Iceland Shelf.
Gray vertical lines are mean values for each of the other quartz and IP25
records discussed in this paper. Radiocarbon ages are described in
Table 2.

Resampling
Resampled data are presented alongside the corresponding
original, full-resolution datasets in Fig. 2. The resampled data
appear well suited for the purpose at hand: they capture the
millennial- and major centennial-scale trends of the original
data, and the time-averaging implicit in resampling helps to
minimize the statistical impacts of chronological uncertainties
at each site. At the same time, the resampled data do not
capture higher frequency (sub-centennial scale) events, and
resampling tends to underestimate the range of values
measured in the high-resolution datasets, so the resampled
datasets should not be used to answer questions about centuryscale variability or absolute amplitudes of variability.

Correlation coefficients
Correlation coefficients, shown in Table 3, reveal strong
correlations between many of the proxies in our analysis. For
example, benthic foraminifera d18O at B997-328 has been
interpreted as a temperature proxy, with higher (i.e. more
positive) d18O values indicating lower temperatures (Castañeda
et al., 2004; Smith et al., 2005). In our analysis, this proxy
shows the predicted strong negative correlations (r  0.75)
with chironomid-inferred temperatures and BSi at Stora
Viðarvatn, TOC at MD99-2263, and all three marine carbonate
records, and strong positive correlations (r  0.75) with C/N at
Stora Viðarvatn, TOC at Haukadalsvatn, quartz at KN158-472GGC and MD99-2269, and IP25 at MD99-2263. These
relationships are well represented by linear models (see
examples in Fig. 4). In general, proxies are no better correlated
within single cores than between sites (Table 3).

Principal components analysis
PCA results are presented in a plot of Axis 1 versus Axis 2
variable scores (Fig. 5), in which the plotted positions provide a
visual representation of the proxies’ contributions to differences
between samples (i.e. multiproxy time slices). PCA Axes 1 and 2
explain 60.0 and 13.8% of the variance in the dataset,
respectively. Interpretations here are based upon Axis 1, which
explains a much greater fraction of the variance. Proxies with
Copyright ß 2011 John Wiley & Sons, Ltd.

Evaluation of sea ice proxies
One objective of this study is to evaluate the utility of IP25 and
quartz as indicators of past sea ice conditions around Iceland. If
late Holocene trends in sea ice severity were spatially coherent
across the north Iceland Shelf, and if quartz and IP25 are reliable
proxies for sea ice, then the proxies should exhibit similar
trends over time at northern sites. We also predict that
successful proxies for sea ice abundance should be negatively
correlated with paleotemperature proxies: sea ice conditions
around Iceland reflect a complex interplay between winds,
ocean surface currents, temperature and sea surface conditions
off Iceland and East Greenland. However, Icelandic instrumental and historical data reveal strong correlations between
sea ice severity, sea-surface temperatures off north Iceland and
terrestrial temperatures over a range of timescales from
centuries (e.g. during the Little Ice Age) to years and decades
(e.g. during the Great Salinity Anomaly of the 1970 s; Ólafsson,
1999; Ogilvie and Jonsson, 2001; Eirı́ksson et al., 2010). The
correlations between land and sea can be attributed in part to
enhancement of cold, northerly winds and resulting cold
anomalies over north Iceland, with corresponding enhancement of north–south temperature gradients over the island,
during severe ice years (Ogilvie, 1992; Ólafsson, 1999; Ogilvie
and Jonsson, 2001).
In our statistical analysis, the two analysed IP25 records and
two of the three quartz records show strong positive
correlations with each other and negative correlations with
inferred temperatures as predicted. The two IP25 records
included in the statistical analysis – one from the north-east and
one from the north-west Iceland Shelf (Fig. 1) – are strongly and
positively correlated over the study period (r ¼ 0.74; see
Table 3). Both IP25 records are negatively correlated with
temperature inferred from chironomids and the inverse of
foraminifera d18O (although only weakly in the case of benthic
d18O from MD99-2263). The IP25 record from the northwestern shelf (MD99-2263), in particular, shows strong
correlations with numerous proxies, including strong positive
correlations (r > 0.80) with the two quartz records from other
sites and with d18O (interpreted as inversely proportional to
temperature) at B997-328 (r ¼ 0.80). Two of the three quartz
records (MD99-2269 and KN158-4-72GGC) are strongly
correlated with each other (r ¼ 0.77), but the third (MD992263, which is located immediately adjacent to KN158-472GGC) shows relatively weak correlations with the other
quartz records and, indeed, with most other proxy records. The
quartz records from MD99-2269 and KN158-4-72GGC show
the expected strong negative correlations with chironomidinferred temperatures and strong positive correlations with
J. Quaternary Sci., Vol. 26(6) 645–656 (2011)
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TOC Haukadalsvatn

1
0.11
0.63
0.74
0.47
0.76
0.59
0.50
0.58
0.79
0.39
0.80
0.74
0.77
0.70
0.09
0.85
0.85
0.70

BSi Haukadalsvatn

1
0.15
0.11
0.08
0.05
0.45
0.27
0.33
0.27
0.39
0.09
0.18
0.04
0.44
0.44
0.04
0.16
0.26

TOC MD99-2263
1
0.66
0.44
0.75
0.53
0.62
0.78
0.86
0.15
0.91
0.77
0.89
0.51
0.15
0.73
0.73
0.84

Carb MD99-2263
1
0.66
0.73
0.35
0.65
0.78
0.78
0.22
0.84
0.64
0.75
0.61
0.05
0.87
0.72
0.58

Qtz MD99-2263
1
0.40
0.31
0.14
0.43
0.37
0.40
0.50
0.42
0.52
0.36
0.32
0.53
0.54
0.24

IP25 MD99-2263
1
0.37
0.76
0.72
0.85
0.33
0.85
0.82
0.80
0.74
0.09
0.82
0.67
0.65

d18Obenthic MD99-2263
1
0.30
0.52
0.58
0.08
0.48
0.42
0.49
0.19
0.42
0.44
0.66
0.63

d18Oplanktic MD99-2263
1
0.72
0.75
0.04
0.66
0.59
0.54
0.48
0.14
0.62
0.49
0.64

Carb KN158-4-72GGC
1
0.86
0.07
0.81
0.59
0.80
0.34
0.21
0.70
0.70
0.61

Qtz KN158-4-72GGC
1
0.17
0.93
0.77
0.89
0.57
0.14
0.86
0.85
0.86

TOC MD99-2269
1
0.30
0.58
0.34
0.70
0.21
0.53
0.42
0.30

Carb MD99-2269
1
0.80
0.92
0.68
0.08
0.91
0.84
0.83

Qtz MD99-2269
1
0.84
0.75
0.04
0.82
0.73
0.74

d18Obenthic B997-328
1
0.65
0.04
0.89
0.84
0.78

IP25 MD99-2275
1
0.25
0.80
0.59
0.51

TOC Stora Vidarvatn
1
0.08
0.33
0.11

C/N Stora Vidarvatn
1
0.87
0.77

1
0.83

BSi Stora Vidarvatn


TOC ¼ total organic carbon; qtz ¼ quartz; carb ¼ carbonate; BSi ¼ biogenic silica; C/N ¼ carbon/nitrogen. Proxies are numbered from 1 to 19: 1, TOC Haukadalsvatn; 2, BSi Haukadalsvatn; 3, TOC MD99-2263; 4, Carb
MD99-2263; 5, Qtz MD99-2263; 6, IP25 MD99-2263; 7, d18Obenthic MD99-2263; 8, d18Oplanktic MD99-2263; 9, Carb KN158-4-72GGC; 10, Qtz KN158-4-72GGC; 11, TOC MD99-2269; 12, Carb MD99-2269; 13, Qtz
MD99-2269; 14, d18Obenthic B997-328; 15, IP25 MD99-2275; 16, TOC Stora Vidarvatn; 17, C/N Stora Vidarvatn; 18, BSi Stora Vidarvatn; 19, Aug temp (chironomids) Stora Vidarvatn.

TOC Haukadalsvatn
BSi Haukadalsvatn
TOC MD99-2263
Carb MD99-2263
Qtz MD99-2263
IP25 MD99-2263
d18Obenthic MD99-2263
d18Oplanktic MD99-2263
Carb KN158-4-72GGC
Qtz KN158-4-72GGC
TOC MD99-2269
Carb MD99-2269
Qtz MD99-2269
d18Obenthic B997-328
IP25 MD99-2275
TOC Stora Vidarvatn
C/N Stora Vidarvatn
BSi Stora Vidarvatn
Aug temp (chironomids) Stora Vidarvatn

Table 3. Pearson correlation coefficients.
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Figure 4. Scatterplots showing relationships between d18O (%) of benthic foraminifera at marine core site B997-328 and four different proxies at four
other sites (see Fig. 1 for site locations and Table 1 for site information). The first three datasets are from marine cores and the fourth is from a lake core.
Correlation coefficients and linear trend lines (gray lines) are shown.

foraminifera d18O records (absolute values of r ¼ 0.74–0.89),
whereas quartz in MD99-2263 shows relatively weak correlations with these temperature proxies. The PCA results provide
a summary of these relationships, with all sea ice proxies having
strong negative loadings on Axis 1, opposite the strong positive
Axis 1 loadings of chironomid-inferred temperatures (Fig. 5).
We note that the quartz record from MD99-2263 shows
only weak correlations with any of the other proxies, including
IP25 from the same core and proxies from the adjacent site
KN158-4-72GGC. Entrainment, transport and deposition of
ice-rafted quartz grains are all likely to be spatially heterogeneous processes, with inter-site differences between quartz
records a likely result. The highly variable sediment grain size
of ice-rafted debris also complicates the relationship
between wt% quartz and ice rafting. This result reinforces
the notion that conclusions drawn from the quartz proxy should
be based upon records from multiple sites (Andrews et al.,
2009b).

The new IP25 and quartz data from MD99-2258 off west
Iceland provide additional evidence supporting the utility of
both parameters as proxies for sea ice conditions. Iceland’s
west coast is located distal to the East Iceland Current, which
propagates Polar/Arctic waters (and thus transports sea ice)
clockwise around Iceland from the northern shelf (Divine and
Dick, 2006), whereas the west is strongly influenced by the
relatively warm Atlantic waters of the Irminger Current (Fig. 1).
Consequently, the west Iceland Shelf receives minimal influx of
arctic sea ice today compared with the north Iceland Shelf,
which is directly downstream of East Greenland (Sigtryggsson,
1972; Ogilvie, 1992). Little to no quartz has been measured in
surface sediments from the western shelf, consistent with very
minor influx of allochthonous quartz to the western shelf by ice
rafting from Greenland (Moros et al., 2006; Andrews and Eberl,
2007). For the current study, measurements were conducted on
MD99-2258 sediments to test the prediction that this core
should contain less evidence for late Holocene sea ice influx
than cores from the north Iceland Shelf. Indeed, none of the 45
late Holocene samples from the core contained detectable IP25
(Fig. 3) even when sediment extracts were combined to yield
multi-centennial-scale fractions. A similar observation was
obtained recently for an ice-free site in the south-west Barents
Sea, while IP25 was readily detected in cores from more
northerly and easterly locations in the Barents Sea (Vare et al.,
2010). Quartz is also much less abundant (virtually absent) in
MD99-2258 sediments compared with sediment records from
the north Iceland Shelf (Fig. 3), supporting the utility of this
proxy as an indicator of allochthonous drift ice rafting to the
Iceland Shelf.

Carbonate, organic carbon and biogenic silica

Figure 5. Results of principal components analysis (PCA), showing
Axis 1 and Axis 2 variable scores. Proxy names are abbreviated as in
Table 1. Site names are abbreviated as follows: HAUK, Haukadalsvatn;
SVID, Stora Viðarvatn; 2263, MD99-2263; 2269, MD99-2269; 2275,
MD99-2275; 72GGC, KN158-4-72GGC; 328, B997-328. Sites are
described in Table 1 and the locations given in Fig. 1. This figure is
available in colour online at wileyonlinelibrary.com.
Copyright ß 2011 John Wiley & Sons, Ltd.

Marine carbonate, marine and lacustrine organic carbon, and
lacustrine BSi are most often interpreted as qualitative proxies
for biological productivity in lakes and shelf environments, but
in some settings they reflect other environmental parameters
(Jennings et al., 2001; Geirsdóttir et al., 2009b). Our multiproxy analysis provides an opportunity to test hypotheses
regarding interpretation of these proxies and to evaluate
whether they reflect regional climatic conditions: the high
positive loading of chironomid-inferred temperatures, high
negative loadings of the foraminifera d18O records (assumed to
be inversely proportional to temperature) and high negative
loadings of sea ice proxies (IP25 and quartz) on Axis 1 of the
PCA suggest that Axis 1 represents a temperature gradient. We
can therefore assess whether other proxies (e.g. carbonate and
TOC) correlate with north Iceland temperatures over time by
examining Axis 1 scores, in addition to correlation coefficients
J. Quaternary Sci., Vol. 26(6) 645–656 (2011)
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versus the temperature proxies (i.e. chironomids and foraminifera d18O).
Carbonate in sediments from Iceland’s shelf comprises
mostly tests of foraminifera and coccoliths, and carbonate
abundance has been both correlated with, and interpreted as a
proxy for, production of these organisms (Eirı́ksson et al.,
2000b; Andrews et al., 2001; Knudsen and Eirı́ksson, 2002).
The three marine carbonate records in our analysis have
uniformly high positive loadings on Axis 1, and strong negative
correlations (r ¼ 0.75 to 0.92) with the B997-328 fjord
isotope record (which is interpreted as inversely proportional to
temperature; Fig. 5, Table 3). In other words, for the period we
examine off north and north-west Iceland, carbonate production was higher when temperatures were higher and sea ice
less abundant. This is consistent with previous findings on
the inner shelf off north Iceland, and would seem to support the
hypothesis that carbonate production off north Iceland
increases with greater influence of warm, relatively productive
and ice-free Irminger Current waters versus the Arctic or Polar
waters of the East Iceland Current (Andrews et al., 2001;
Andrews and Giraudeau, 2003; Castañeda et al., 2004).
Carbonate production on the north Iceland Shelf has also been
hypothesized to relate to frontal upwelling that occurs where
warm, saline Irminger Current waters encounter cold, lowsalinity East Iceland Current waters (Thordardóttir, 1977;
Knudsen and Eirı́ksson, 2002). In support of the latter idea,
higher carbonate abundances at KN158-4-72GGC and MD992263 compared with MD99-2269 suggest enhanced productivity along the polar frontal zone off north-west Iceland
(Andresen et al., 2005). Our results do not contradict this latter
hypothesis, but simply indicate that over the past 1700 years
carbonate production on the north Iceland Shelf has correlated
positively with temperature.
In contrast with carbonate, organic carbon (TOC) in marine
cores in our analysis is less consistently correlated with
temperature. The MD99-2263 TOC record has strong correlations with temperature proxies, but TOC in MD99-2269 has
only weak (and negative) correlations with temperature.
Aspects of organic carbon deposition may be mediated by
climate, but the relationship between temperature and TOC in
shelf sediments appears to vary over space, time or both. Prior
work indicates that organic carbon deposition on Iceland’s
shelves may be related not only to oceanographic conditions
including temperature and frontal upwelling, but also directly
linked with conditions on land. In a study of a core from the
west Iceland Shelf, geochemical analyses indicated a terrestrial
origin for organic carbon, which increased in abundance
during the most severe sea-ice years of the Little Ice Age
(Jennings et al., 2001). Increased TOC was attributed to
increased supply of terrestrial soil material from soil erosion
exacerbated by cold climate, and changes in magnetic mineral
content supported that conclusion. It is generally accepted that
soil erosion has been extensive at least since the Norse settled
Iceland around AD 874 (Thorarinsson, 1961; Arnalds, 1987),
and some stratigraphic studies suggest that severe erosion
probably began before Settlement in response to cooling
climate in the late Holocene (Ólafsdóttir and Gudmundsson,
2002; Geirsdóttir et al., 2009b). If soil erosion on Iceland is a
major source of organic carbon to Iceland’s shelves and is
indeed exacerbated by climatic deterioration, this would
predict a negative correlation between regional temperatures
and marine TOC during periods of severe erosion.
Such a correlation between cold, windy climatic conditions
and increased influx of soil carbon has already been
demonstrated for lake sediments at Haukadalsvatn (Geirsdóttir
et al., 2009b). In our analysis, Haukadalsvatn TOC shows
strong negative correlations with north Iceland temperatures
Copyright ß 2011 John Wiley & Sons, Ltd.
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(chironomids and the inverse of foraminifera d18O) and strong
positive correlations with sea ice abundance on the north
Iceland Shelf (Table 3, Fig. 5), supporting the interpretation of
Geirsdóttir et al. (2009b) that late Holocene TOC at this site
records soil erosion linked to cold, windy climate and probably
exacerbated by human land use after Settlement in the 9th
century AD. In contrast, TOC at Stora Viðarvatn (the other lake
included in our analysis, located 300 km ENE of Haukadalsvatn) shows little relationship with temperature or sea ice
proxies, or proxies for productivity within the lake itself (BSi
and C/N; Table 3, Fig. 5). Unlike for Haukadalsvatn, there is
little evidence that TOC in Stora Viðarvatn sediments is strongly
influenced by soil erosion, perhaps indicating that erosion has
contributed relatively little to lake sedimentation at this northeastern site. This would suggest contrasting vulnerability of the
surrounding landscapes to soil erosion. Perhaps northerly wind
patterns, which appear to exacerbate soil erosion around
Haukadalsvatn and contribute to the correlation between soil
erosion there and low temperatures off north Iceland, are less
damaging to soils around Stora Viðarvatn due to its location on
the north-east coast where northerly winds incorporate more
moisture.
The current analysis includes two lacustrine BSi records. BSi
at Stora Viðarvatn shows a strong positive correlation with
chironomid-inferred temperatures and negative correlations
with foraminifera d18O records, supporting the hypothesis that
BSi there reflects lacustrine primary productivity mediated by
regional temperatures (Axford et al., 2009). In contrast, BSi at
Haukadalsvatn, which was previously found to correlate with
spring temperature measured at Stykkishólmur in west Iceland
(Geirsdóttir et al., 2009b), does not correlate strongly with other
proxies in our analysis. This suggests that on centennial to
millennial timescales, spring temperatures in west Iceland may
be decoupled to some extent from conditions on the north
Iceland Shelf.

Spatial variability
Differences between north and west Iceland amongst our
records support previous observations of spatial variability in
Holocene climate trajectories around Iceland (Eirı́ksson et al.,
2000b; Caseldine et al., 2003; Axford et al., 2007; Geirsdóttir
et al., 2009a; Ólafsdóttir et al., 2010). Spatially variable climate
trajectories are consistent with the strong oceanographic and
climatic gradients that exist around Iceland, which sits near the
present-day atmospheric and oceanic Polar Fronts. The climate
of Iceland is partly controlled by the strength and location of
the Icelandic Low and the ridge of high pressure that prevails
over the nearby Greenland Ice Sheet. At the same time, Iceland
is an 100,000-km2 island (Fig. 1), and climate on land is
therefore closely associated with marine conditions (Eythorsson
and Sigtryggson, 1971; Hanna et al., 2006). As mentioned
previously, the west Iceland Shelf is dominated today by warm,
saline Irminger Current waters, whereas the north Iceland Shelf
is immediately downstream of the cold, fresh East Greenland
Current (Fig. 1), and there is a strong corresponding gradient in
terrestrial climate (Veðurstofa Íslands, the Icelandic Meteorological Office, http://www.vedur.is).
In the current study, quartz and IP25 data from marine core
MD99-2258 suggest that little or no arctic drift ice was
transported over this western shelf site during the past two
millennia, which underlines the sharp environmental gradient
that exists between the north and west Iceland Shelf. Proxies for
soil erosion around the western lake Haukadalsvatn exhibit
millennial-scale trends similar to temperature trends observed
across north Iceland, which is consistent with the prior
observation that TOC at Haukadalsvatn correlates with
J. Quaternary Sci., Vol. 26(6) 645–656 (2011)
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historical records of sea ice extent (Ogilvie and Jonsson, 2001;
Geirsdóttir et al., 2009b). This suggests that climatic conditions
that exacerbate soil erosion in west Iceland, such as the
occurrence of strong, dry northerly winds (Geirsdóttir et al.,
2009b), are coupled to sea ice and oceanographic conditions in
the north. In contrast, spring temperatures (and by inference
growing season lengths) inferred from BSi in Haukadalsvatn
sediments show little correlation with records from north
Iceland on the millennial timescales investigated here,
suggesting that some climate parameters over west Iceland
are relatively independent of conditions over north Iceland and
possibly more tightly coupled to oceanographic conditions on
the west Iceland Shelf. Conditions in west Iceland are probably
sensitive indicators of changes in the status of the Irminger
Current and North Atlantic Drift over time (Ólafsdóttir et al.,
2010).

Conclusions
The results of this multi-proxy, multi-site statistical analysis
generally reinforce the original, published interpretations of the
proxy records considered here. Quartz and IP25 trends off north
and north-west Iceland are consistent with each other over the
period studied, and show strong negative correlations with
reconstructed temperature trends. The absence of IP25 and low
abundance of quartz in late Holocene sediments from core
MD99-2258 on Iceland’s western shelf further support the
specificity of IP25 to a sea ice origin, and the utility of both
proxies for reconstructing drift ice conditions around Iceland.
Overall, most of the proxy records from north Iceland
included in this study correlate strongly over time, and thus
appear to record changes in regional climate. This study does
not assess the coherence of sub-centennial climate variability
over this time period, but can resolve spatial variability in
millennial-scale trends and hints at significant differences
between climate trends in north versus west Iceland. The
findings from this comparison support many prior paleoclimate
reconstructions from individual sites around Iceland, and as
such support the assertion that individual lake and shelf
sediment cores can be used to reconstruct regional-scale
climate change, despite large inter-site differences in local
environmental conditions.
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Andrews JT, Belt ST, Ólafsdóttir S, et al. 2009a. Sea ice and marine
climate variability for NW Iceland/Denmark Strait over the last 2000
cal. yr BP. The Holocene 19: 773–782.
Copyright ß 2011 John Wiley & Sons, Ltd.

Andrews JT, Darby D, Eberl DD, et al. 2009b. A robust, multisite
Holocene history of drift ice off northern Iceland: implications for
North Atlantic climate. The Holocene 19: 71–77.
Andrews JT, Eberl DD. 2007. Quantitative mineralogy of surface
sediments on the Iceland shelf, and application to down-core studies
of Holocene ice-rafted sediments. Journal of Sedimentary Research
77: 469–479.
Andrews JT, Giraudeau J. 2003. Multi-proxy records showing significant Holocene environmental variability: the inner N. Iceland shelf
(Hunafloi). Quaternary Science Reviews 22: 175–193.
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Hallsdóttir M, Caseldine CJ. 2005. The Holocene vegetation history of
Iceland, state-of-the-art and future research. In: Iceland: Modern
Processes and Past Environments, Caseldine C, Russell A,
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