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Abstract

A peat core from southern Greenland provided a rare opportunityastigate human-
environment interactions, climate change and atmospheric pollmtamhe last ~700 cal
years. X-ray fluorescence, gas chromatography-combustion, ésiEbp mass spectrometry,
peat humification and fourier-transform infrared spectroscagreapplied and combined
with palynological and archaeological evidence. Variations @ pgneral content seem to
be related to soil erosion linked with human activity duringlate Norse period (314"
centuries AD) and the modern era'(2@ntury). Cooler conditions during the Little Ice Age
(LIA) are reflected by both slow rates of peat growth eawdon accumulation, and by low
bromine (Br) concentrations. Sporer and Maunder minima in sdigitacay be indicated
by further declines in Br and enrichment in easily-degradaistgpounds such as
polysaccharides. Peat organic matter composition was algennéd by vegetation changes
at the end of the LIA when the expansion of oceanic heatlassxiated with
polysaccharide enrichment. Atmospheric lead pollution was recandbd peat after/AD
1845, and peak values occurred in the 1970s. There is indirect sigr@opredominantly
North American lead source, but further Pb isotopic analysidd be needed to confirm this

hypothesis.

Keywords: Greenland, Norse, soil erosion, Little Ice Age, lead (Rigtal pollution, FTIR,

pollen, geochemistry
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Introduction

Ombrotrophic peatlands, receiving their inputs (precipitation anig)deslely from the
atmosphere, are widely recognised as important environmeaoltdes. The stratified
records of chemical elements and biological proxies contaiitethwaised mires and
blanket bogs can be used, for example, to provide information ebaunges in climate or
land use, and levels of atmospheric pollution, during prehistory thrmugost-industrial
times (e.g. Chambers et al., 2012; Meharg et al., 2012jidarCortizas et al., 2013;
Pontevedra-Pombal et al., 2013). Peat geochemical studiesadabdle for locations across
the major continental land masses and peripheries of North Aaaerat Western Europe, yet
relatively few Holocene records exist from mid to hightlate North Atlantic islands.
Evidence from Greenland, Iceland and the Faroes would enhaated dpta coverage for
sites influenced by related atmospheric systems. The Nddhtitislands have relatively
short and frequently interrupted histories of human occupation catitinuous recent
(European) settlement dating back only to Norse colonisdéadr{an) during the period
~AD 800-1000 (Fitzhugh and Ward, 2000). Where environmental arabiieesficient
continuity and antiquity present themselves, these potentidély @bportunities to establish
a geochemical baseline for ‘pristine’ North Atlantic envir@mts during periods when

people were absent from the landscape (cf. Dugmore et al., 2005).

Few peat geochemical investigations have been conduct&e@émland (Fig. 1a). Apart from
cost and logistics, this is because peatlands are not extemgivaised bogs are absent
(Feilberg, 1984). Some data are available from minerotropluandwater-fed fens which
demonstrate that such wetlands may preserve a record of agriogi#position, even

though the identification of regional atmospheric signals camimplicated by mineral
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inputs from local sources (e.g. slopewash). Shotyk et al. (2008)ausae developed between
two small lakes near Tasiusaq (Fig. 1b), southern Greertane;onstruct fluxes of selected
elements, notably mercury (Hg), lead (Pb) and arsenic éhslrelated these to atmospheric
deposition of anthropogenic origins after ~AD 1950. Their profitereded back ~2500 cal
yr BP, but at reduced temporal resolution through the older ptré sequence. Schofield et
al. (2010) presented a geochemical record from the nearlof €iengua (Fig. 1b),
concentrating on the behaviour of lithogenic elements and halogehknlking this to
patterns of soil erosion and storminess over the$000 cal yr, albeit noting a significant

hiatus in the profile (~AD 1380-1950).

An investigation by Golding et al. (2011) at the Norse farndsté&andhavn (Fig. 1b), near
the southern tip of Greenland, revealed a small péed-ilepression set within a rock
platform (Figs 1c and 1d). The basin appears isolatedtiiergroundwater table and
radiometric dating indicates that peat growth has appareedly continuous since the mid-
13" century AD. This provided a rare opportunity to characterisg&ochemical signal
contained within a predominantly rain-fed peat from a Gregindasetting. The main
objectives of the research reported here are: (i) telsdéar geochemical signatures that are
representative of changes in climate and of possibledtmaising from past human activity
at the site (e.g. soil erosion); (ii) to study the relatméetween climate, vegetation and
peat decomposition in a subarctic environment; (iii) to establginresolution records for
atmospheric metal pollution and to discuss likely sources foe tidhough the peat profile
from Sandhavn spans a relatively short timeframe (~AD 1250-20@0yannot provide
baseline environmental information for the period before theadwi Norse settlers, the
research is important because: (a) it provides data encangassgnificant climatic

perturbation — the Little Ice Age (LIA; Grove, 1988); (bgtbasin is adjacent to the
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homefields (i.e. the hay-producing areas) of a Norse faamgtg. 1d) that was in use from
~AD 1000-1400, and the sampling location was anticipated patieularly sensitive to the
environmental impacts arising during the past human occupation emd the site; (c) the
results presented on peat decomposition may prove informatigeufties with a focus on

long-term carbon sequestration by peatlands.

Site background and context

Sandhavn (59°59'N, 44°46’W; Fig. 1) is located on the Ikigaiirseita on the outer coast of
Greenland, approximately 50 km northwest of Cape Farewell (thesoaiherly point in
Greenland). The prevailing climate is subarctic, with coldteys and cool summers and a
notable feature of the climate regime is frequent strong wiffus seas here are regarded as
the windiest in the world ocean with speeds exceeding 2qegsivalent to a strong gale)
around 20% of the time (Sampe and Shang-Ping, 2007). Wind direcbhonadal, with a
strong probability of observing both westerly and easterly highdsnd events (Moore et
al., 2008; Renfrew et al., 2008), which might have implicationshie sourcing of

atmospheric dusts deposited across the area.

The solid geology of south Greenland comprises granites and gneigke Ketilidian

mobile belt, with basic and intermediate intrusions (AllaB®76). This creates a rugged
alpine topography characterised by steep slopes and peakssesnetceeding 1000 m a.s.l.
The soils can be broadly classified as cryosols, with maowisg evidence for
podsolization (Golding et al., 201 Bmpetrum nigrunfcrowberry) oceanic heath is the
dominant vegetation in the coastal zone. This is replacedby subcontinental plant

communities — primarilBetula-Salix(birch-willow) dwarf heath — within the warmer and
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drier interior (Bocher et al., 1968; Feilberg, 1984). The basitufed in this investigation
(Fig. 1c) supports nutrient-poor mire dominated by sedgarek rarifloraandC. bigelowi),
interspersed with small pools fringed by mare’s-tdippuris vulgarig. There are no
inflowing streams entering the basin, which is set withiack outcrop that is elevated
slightly above the general level of the land around it (Fig. @dhsequently any minerogenic
inputs reaching the basin via runoff from the surrounding aréavike been restricted to an
extremely localised radius (~10-20 m) defined by the roakyariound the basin. Thus,
whilst the setting cannot be defined as strictly ombrotrophiantijerity of inputs to the
basin must come from the atmosphere. This supposition is fstpported by high organic
LOI values, high C contents and low concentrations of lithogdements in the peat

(discussed below).

The ruins of a Viking/Norse farmstead and Thule Inuit dwelloays be found at Sandhavn.
These, together with landscape, soils and pollen-basddr®a from the site (Raahauge et
al., 2003; Golding et al., 2011, 2014) attest to a local hunesepce between ~AD 1000-
1400, i.e. throughout most of the period conventionally ascribed tcthgation of the
Norse Eastern Settlement of Greenland (Krogh, 1967). Tigabwuring farm and port of
Herjolfsnes, ~3.5 km east-southeast of Sandhavn, was penhages until slightly later (~AD
1450) before also being abandoned (Arneborg et al., 1999). The Royaldacke Trading
Company had a trading station here from AD 1834-1877. Sheemtaoccurred briefly on
the Ikigait peninsula from 1959-1972 (Arneborg, 2006), although pastpralure has
been in continuous operation more widely across southern GreemaadL924 (Fredskild,
1988). The area immediately around Sandhavn has otherwise bekahitgd, with the
possible exception of occasional Thule maritime hunters whose timpaice landscape

would probably have been negligible.
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Methods

Fieldwork

In August 2008, a short (40cm) peat monolith was recovered fenmmal (~30 m diameter)
basin (59°59.875'N, 44°46.637'W) adjacent to the former homefalddNorse ruins at
Sandhavn (Fig. 1c). Samples were collected by inserting a nfotinlinto the open face of a
pit dug into the mire. The field stratigraphy comprisedsebof saturated coarse grey-brown
sands overlain byB6 cm of orange-browturfa (rootlet) peat containing abundant
bryophytes. The peat was visibly darker above 17 cm. The tibye @irofile (5-0 cm)
contained the (living) root mat. The monolith was wrapped igtbehe and returned to the
University of Aberdeen, where it was kept refrigerate®¥prior to sub-sampling in the

laboratory.

Radiocarbon dating and age-modelling

Four AMS (accelerator mass spectrometf@) measurements were taken on bryophytes
selected from the peat (Table 1). These were first regpamtGolding et al. (2011) where they
were used to produce an age-depth model based upon a polyndsedahtiough the median
probabilities of the calibrated radiocarbon dates. The additi6fiRi§-dating to the profile

(as outlined below) and developments in software now allownaroved age-depth model

to be produced. The revised model uses ‘classical’ age-deyutblimg Clam Blaauw,

2010) to apply a smoothed spline through the dates. The ‘besttesfifinam this model
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have been used to provide calendar dates for events iedbbamical and biological records

through the organic (peat) section of the profile.

1%p-dating

The unsupportet°Ph,, activity within samples towards the peat surface wesrtained by
subtraction of the supported component (measurédris at 295.22 and 351.93 keV) from
the total”'°Pb activity measured at 46.54 keV (Wallbrink et al., 2082pb and*“Pb
activities were measured using EG&G ORTEC hyper-pure Geumadetectors in a well
configuration (11 mm diameter, 40 mm depth) housed at Coventwetdity. The method
for calculating the age-depth relationship follows proceduresides by Appleby and
Oldfield (1978), Appleby (2001) and Walling et al. (2002). Accumulataias varied down
core and the CRS dating model was used to calculate agpkel et al., 1988; Appleby,

2001).

Pollen analysis

Full details of the methods are described in Golding e2@lL1). Pollen samples were
prepared using NaOH, HF and acetolysis techniques with sasmlesdded in silicone oil of
12,500 cSt viscosity (Moore et al., 1991). Palynomorphs were counted sotih in excess
of 500 TLP (total land pollen, excluding aquatics and sporespaeldsved. Percentage data
were calculated using TILIA (Grimm, 1992) and the pollen diagraselected taxa
constructed using TGView (Grimm, 2004). Coprophilous fungal sporesGeahet al.,

2003) were also counted and these are expressed as a peroétitage P sum. These
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spores are given the type numbers assigned by the Hugo dd_&biesatory, Amsterdam,

and are prefixetidV-.

Loss-on-ignition (LOI) and Dry Bulk Density

The organic content of samples was measured through LOI. Thisalcasated following
the combustion of dried and milled samples in a muffle furf@cg hours at 550 °C. Dry
weights were also used to calculate dry bulk density of thevgeich, in turn, allowed the

determination of peat carbon accumulation rates (PCAR).

Elemental analysis and isotopic ratio mass spectroscopy

Laboratory sub-sampling for elemental analysis was doneratcbotiguous intervals. Prior
to measurement, samples were dried and milled to a fine povittieain agate mill.
Concentrations of major and minor elements (Si, Al, FeCaj,K, P and S), trace lithogenic
elements (Rb, Sr, Zr, Nb, Y, Ga), trace metallicredats (Mn, Cr, Ni, Cu, Zn and Pb),
halogens (Cl and Br) and selenium (Se) were determinedray Ruorescence (XRF) using
an EMMA-XRF (Cheburkin and Shotyk, 1996) hosted at the XRD-XRiftiaof RIAIDT
(Red de Infraestructuras de Apoyo a la Investigacion y abmk Tecnoldgico) at the
University of Santiago de Compostela. Peat and minerallsawere calibrated using a
calibration for organic and inorganic matrices respectid@gtection limits (DL) were as
follows: Si (0.05%), Ti and Fe (0.002%), Al (0.002% for organi2®@for inorganic
matrices), Ca (0.002%; 0.01%), K (0.002%; 0.05%), P (0.009%; 0,33%8)009%:; 0.03%),
Rb (0.5 ng &; 5 ug ¢), Sr (0.5 ug §; 5 ug &), Mn (5 ug §; 30 ug §), Pb (0.5 ug g), Se

(0.5pg ¢ 2uggh),Br (0.5 pgd; 2 pggh) and Cl (40 pg G 350 pg ). Calibrations for Zr
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were not provided, thus we used normalized intensities witloz dransformation for

comparison with other elements.

The elemental analyses of C and N, andtfie ands*>N isotopic ratio analyses, were
carried out using a gas chromatography-combustion elementgsanéEC/C; EA1108
CarboErba Instruments) coupled by a Conflowll interphase (Thermggmnivith an
isotope ratio mass spectrometer (IRMS; MAT253 ThermoFinnigaample isotopic
composition is expressed as unit$B ands™N using Pee Dee Belemnite (PDB) and air

atmosphere as the standards for C and N respectively.

Fourier Transform Infrared Spectroscopy (FTIR)

Spectral characterization of peat samples was made IRtRAMAN unit of RIAIDT, and
performed by FTIR spectroscopy using a Bruker IFS-66V FTIR speeter. The resolution
was set to 4 cthand 32 scans per sample were recorded. The operating rang@@va000
cm™. One mg of homogenised (milled) sample was mixed thoroughlyl®@hmg of KBr
(FTIR grade) and a pellet was prepared using a press.ola differences in absorbance
related to sample preparation and detection, various procederespplied to transform the
baseline corrected spectra (Solomon et al., 2007; Smidt 20@8). The main FTIR bands

used in this study and their meaning are shown in Table SI1.

Degree of peat humification (DPH)

Peat humification was measured following the method of dxktgahumic acids from dried

and milled peat samples using 8% NaOH and assessing thatatioas of solutions

10
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colorimetrically using a spectrophotometer (Blackford and Chesnth®93). Results are

expressed as percentage transmittance.

Statistics

The use of multivariate statistical approaches helps to sugem@mmon patterns of
variation within datasets and to gain insights into the uyidgrenvironmental factors that
control these. For elemental composition data and LOI (ciokggtPCe), and organic matter
properties — FTIR, C/N§**C, 8*°N and DPH — (collectively PCo), principal components
analyses (PCA) were applied using SPSS 20 in correlation ammtlby applying a varimax

rotation. Prior to analysis, the dataset was standardsied m-scores (Eriksson et al., 1999).

Results and interpretation

Chronology

Radiocarbon dates are shown in Table 1 and an age-depthforatie profile is presented
in Figure 2. This pertains to the organic part of the sequémedasal sands, which are of
unknown age, were not considered. The model shows that the pemigeation rate has
varied considerably over the last ~750 cal yr. The rateimigelly very low, ~0.025-0.033
cm yr*from ~AD 1250-1400 (equivalent to a deposition time [DT] of ~3@#6m*). The
rate of peat growth reduced further during the pecenAD 1400-1800 (~0.020-0.025 cm yr
L DT ~40-50 yrcrt). The accumulation of organic matter accelerated rapliaiing the last

two centuries, especially during the second half of tl’ﬂa:éﬁtury when peat accumulation

11
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increased to ~0.2 cmy(DT ~5 yr cm’). This pattern translates into a low temporal

resolution for the bottom half of the peat monolith, but a highlylves archive above this.

Pollen analysis

Full details of the pollen analysis have already been present&ulding et al. (2011).
Selected taxa appropriate to the discussion of the nevhgercal data are presented in

Figure 3.

Elemental composition and LOI

The transition from basal sand to peat (36-35 cm) is thetkatygsaphic change in the
monolith. This is reflected by sharp differences in LOI aleinent concentrations across the
sediment contact (Fig. SI.1). In order to optimise the vigitilf changes through the peat
section (Fig. 4), PCA was applied only to those samples aheueansition (Fig. 5). Three
principal components (PCe), which explain 77.1% of the tot@ne®, were extracted

(Table SI12).

The first principal component (PC1le) explains 38.9% of the megiaVost lithogenic
elements and some trace metals (Ti, Si, Zr, Al and Bggther with N, P and S, show high
positive loadings for PC1le, whilst LOI displays a large nggdtiading. The record of factor
scores can be divided into three main sections. From 35-3Becstores are positive but
decreasing; from 32-16 cm the scores fluctuate betweeh sagaltive and positive values;

and the scores decrease steadily to large negative valoe46 cm to the surface. The large

12
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contribution of lithogenic elements and their opposition with li@idate that this

component mainly reflects the mineral content of the peat.

The second principal component (PC2e) explains 20.2% of the varieoteBr, Pb and Cl
have high positive loadings for PC2e whilst S shows a modezgtgine loading. Factor
scores for PC2e (Fig. 5) are negative except for a bro&dfimea 22-9 cm. Iron
accumulation in peat is largely controlled by redox conditionsg®beh et al., 2006), with
the concentration of Fe increasing under oxidisation (e.g. duriteg tedole drawdown). The
halogens (Br and CI) are likely to be of marine origin arelmostly preserved in peat as
organohalogenated compounds formed by oxygen-dependent enzymatic pradesses
their concentrations in peat, although also dependent on atmodiners; are mainly
controlled by biotic halogenation and dehalogenation (Myneni, 20@2jdiet al., 2004;
Leri and Myneni, 2012). Lead may have both geogenic and pollsiorces, but its increase
here seems to be linked to atmospheric pollution as it doesvetlsirong association with

the major and minor lithogenic elements.

The third principal component (PC3e) explains 18% of the variandés most strongly
related to K, Mn, Ca (high positive loadings), and to a lessieint Sr (moderate positive
loadings) and C (moderate negative loadings). PC3e scores similaa record to PCle
scores below 16 cm, suggesting that in this peat sectiovinkand Ca are mainly of
geogenic origin. Contrary to PCle, PC3e scores increasedarthee of the peat, most

probably due to biocycling.

Characterization of peat organic matter: FTIR bands, GARC, §*°N and DPH

13



321 Trends in organic matter properties (CA¥C, 8°N and DPH) and selected FTIR bands are
322 shown in Figure 6.Three principal components (PCo), which explainoB@&é total

323 variance, were extracted from these data (Table SI3)fifBh@rincipal component (PC10)
324 accounts for 48% of the total variance. Bands representdtreeaicitrant compounds such
325 as aliphatics (2852 cfnand 2922 ci), lignins (1514 cnf), aromatics (3051 ci), amides
326 (1660 cm' and 1550 cib), ands*®N — the enrichment of which has been associated with pea
327 decomposition (Létolle, 1980; Macko et al., 1993; Hogber, 1997) — shyhwpbkitive factor
328 loadings. C/N ratio has a high negative loading, wéiit€ and DPH show moderate negative
329 loadings. Decomposition via residual enrichment of N relatve {Malmer and Holm,

330 1984; Kuhry and Vitt, 1996) is associated with a decrease @/theatio. The large

331 contribution of recalcitrant compoundg&®N and C/N ratios in this component indicates that
332 the factor is heavily related to the decomposition of pegtroc matter. Even variables with
333 moderate loadings support this interpretation, as decread€€iim peatlands have been
334 associated with enrichment of recalcitrant moieties\@&leet al., 2011; Broder et al., 2012;
335 Biester et al., 2013). Recalcitrant plant fractions appebe tmore depleted iiC compared
336 to the bulk plant material; for exampt>C in Spartinadetritus gradually decreases during
337 biogeochemical processimyie to the preservation of substances like lignin which contain
338 less™C (Benner et al., 1987). Similarly, studies performed om@4ses indicate that lignin-
339 Cis up to 4.7%o lower in®C compared with the bulk plant material (Schweizer el8bg).
340 As decomposition leads to an increase in solubilized humic,d2Rl4 has been widely used
341 as a measure of the degree of peat decomposition (Blackfodramlbers, 1993, 1995;

342 Borgmark, 2005; Borgmark and Schoning, 2006). From 35-15 cm, positiee $aores (Fig.
343 7) indicate a relatively high degree of decomposition compartaetest of the core,

344  although a generally decreasing pattern of values is déteetéecting the depth-time

345 dependent nature of decomposition. Lower scores from 29-25 cm andcBf-<kncide with

14
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smaller amounts of recalcitrant compounds. From 15cm to thecsyudcores become

negative, indicating a trend to less decomposed/fresh plaatmem

PC20 accounts for 23% of the total variance. Bands at 127119 cn, 1450 crifand
1720 cmt', show high positive loadings. These bands are indicative of ligitimthe
exception of that at 1720 émwhich represents carboxylic group&’C shows a moderate
negative loading. The fractionation of commonalities (Tal33 Suggests that lignin and
carboxylic acids are related, although with different magnittedepth PC1lo and PC20. This
implies that there are at least two factors affectigigiti and carboxylic groups in the peat.
Decomposition (as outlined above) is one of the factors aitgttie distribution of lignin,

but a more complex behaviour (in addition to that of depth engaob)s indicated by PC2o0.
Factor scores (Fig. 7) show an alternating distribution betwesitive and negative values,
except for the section between 20-14 cm, where they are areumdractor scores are

positive (i.e. the lignin content is higher) at 33-29 cm, 22@%nd 8-5 cm.

The third principal component (PC30) accounts for 15% of theuata&nce. Bands of
polysaccharides (1070 ¢hand 1030 cm) show high positive loadings (Table SI3) while the
band at 3051 cih(aromatics) shows moderate negative loadings. Peat decoimpdesitds to
an enrichment in recalcitrant compounds (e.g. aliphatics amaatics) of the organic matter
as reflected by PClo. PC30 seems to denote reduced decompodainiieafompounds (i.e.
polysaccharides). Changes in vegetation type may alscdfi@ated the character of organic
matter comprising the peat, and consequently the distributipalggaccharides. PC3o factor
scores indicate heavy enrichment in polysaccharides betwesmmd2® cm (Fig. 7). Smaller

increases are found at 35-32 cm, 30.5 cm, 27-25 cm and 12-5 cm.
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Discussion

Mineral content of the peat: a link with induced soil erosion

Although it is possible that some of the lithogenic component migkbhrced over long
distances, our results suggest that local dusts dominatigtia¢ af major and trace
lithogenic elements. The geochemical composition of the grdtthe association of
chemical elements in PCle, is consistent with the charaictiee local geology (which is
composed mostly of granites and gneises). Furthermore, tinechrenical ratios (Ti/Zr,
K/Rb; Fig. 8), which are commonly applied to determinengea in lithogenic sources, are
near-constant through the profile, just increasing after the 198@isating a quite constant
composition of the mineral matter until last decades. Isetaoil instability linked to
human activity may be evidenced at Sandhavn by the enhangedhhtontent of the peat
and a suite of lithogenic elements (indicated by PCle8Figd.his would seem to reflect
aeolian inputs which are highest (albeit steadily declimngpncentration) through a period
which is coincident with the end of the Norse settlemetiteasite. A caveat is required,
however, as the peat geochemical record from Sandhavn comndemicesthe settlement
phase, which means there are no baseline environmental meastsranalable prior to the
arrival of people. Moreover, this enrichment is registémadediately from above the contact
with the mineral (sand) base, where sediment mixing naigbbunt for a part of the
variation. Pllen and coprophilous fungi evidence intimate that land-use-induosie may
have still played a role in the enrichment of mineraltenaturing the earliest stage of peat
developmenthe decline in the mineral content of the peat (PCles, Bignd 5) to lower
values after ~AD 1400 coincides with reduced frequenciesngfai spores and Poaceae

pollen (Figs. 3 and 8). This pattern reflects the Nommdonment at Sandhavn (Golding et
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al., 2011), occurring at approximately the same time as nthey farms across the Eastern
Settlement were also falling into disuse (Edwards et al., 2G4dger et al., 2014). A number
of other studies from the Eastern Settlement of Greenlavel produced convincing
evidence for an increase in soil erosion following Ndaselnamon the basis of rising
mineral content in peat or lake sediments (e.g. Sandgrenradskifd, 1991; Fredskild,
1992; Edwards et al., 2008; Massa et al., 2012). At Sandhavn, trentations of

lithogenic elements remain low throughout the LIA and show ltdigation until ~AD 1900.

Massa et al. (2012) noted that Ti remained elevated (14% abelandnambaseline
concentrations) at Lake Igaliku for more than four centuries thigefarmstead abardar
(modern Igaliku) was abandoned. They suggest that Norse occupsty have altered the
physicochemistry of the catchment soils, or that a chandariate at the onset of the LIA
led to enhanced aeolian deposition (and hence Ti influx) takecbecause of increased
wind speeds and storminess that were characteristiréseof the climate after ~AD 1425
(cf. Dugmore et al., 2007). For the period available for ematian, this pattern does not
seem to be repeated at Sandhavn. The lack of a clear ingrdits@genics during the LIA at
Sandhavn suggests that soil disturbance and exposure to wind erogibavadeen
spatially limited. Changes in vegetation took place imitedy after the abandonment of the
farm (zone SAN-3; Fig. 3). The increase in Cyperaceaerpabendance reflects the likely
spread of steppe-like vegetation communities (cf. Bochalr,e1968) across disused home-
field areas and the local extension of mire communitieesponse to cooler and possibly
damper conditions. This change in vegetation cover, following theval of direct human

influence from the landscape, may have restricted theadnldyf of erodible material.
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The next simultaneous increase in most lithogenic elements (IF{@1&) occurred in the
early 20'century (~AD 1900-1940) and is broadly synchronous with the retutmeeps
farming to southern Greenland (Jacobsen, 1987; Fredskild, 1988).

A number of studies have shown the benefits of integrating chédata with more
traditional proxies such as pollen to reconstruct soil erosiotaadduse changes (e.g. Holzer
and Holzer, 1998; Lomas-Clarke and Barber, 2004; Martinez Codtzal., 2005; Silva-
Sanchez et al., 2014). Most of these studies were conducteshind relatively intense
human activity and show that both proxies — the pollen and trehegeical record —
responded to changing land use and were in good agreement wathategichaeological
records. The current study also demonstrates the sensitiigochemical proxies to
environmental change in a more remote landscape. In such stenoes, human activity
was on a relatively reduced scale compared with the gigntflandscape transformations
that have taken place in temperate environments (westeopd;dor example). In spite of
this, the data from Sandhavn not only clearly discriminatedd®at periods of human
activity and abandonment, but also recorded human impactspedr to closely match the

known historical record.

Peat growth, carbon accumulation, organic matter decomposition and brolmlke with

climate change

Changes in the rate of peat accumulation at Sandhavn (Figp8jently reflect broad-scale
patterns in the prevailing climate (Barlow, 1994; Dahl-Jensah,e1998; Box, 2002), with
the cooler temperatures of the LIA coinciding with, and segiyaccounting for, the period
of extremely slow peat growth witnessed from ~AD 1400-1800, anergky rising

temperatures after this leading to the more rapid buildfygeat over the last ~100-150 cal
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yr. Autocompaction of the peat, whereby deeper layers becomgressed relative to the
surface, is likely to have acted to reinforce this pattaithough controls over the rate of

peat accumulation seem clear, the factors leading to pakiitfn are less obvious.

Organic matter began to accumulate in the basin at Samdiwaw ~AD 1240, suggesting an
environmental threshold (climatic or otherwise) had been drckén the basis of the
synthesis of various climate proxies, Ogilvie and Jénsson (2001) stipgootion of it

being slightly colder across the North Atlantic region freAD 1250-1900 in comparison to
the 20" century. A chironomid record from a lake near Igaliku in seut Greenland also
suggests a shift towards cooler conditions from ~AD 1280-1460 (Miliet 2014), a
timeframe encapsulating the dentury, the period of lowest temperature in central
Greenland during the last 700 years (Barlow et al. 1997). Fuatsgnce to suggest that the
regional climate was beginning to deteriorate from the Iﬁiﬁeentury onwards can perhaps
be seen in the archaeological record from the EasternrBettleThere appears to have been
a shift in Norse subsistence away from farming towardsr@nerbased diet (Arneborg et al.,
1999; Dugmore et al., 2012), although the timing for this is not grecid there are many
caveats (Arneborg et al., 2012). There are also indicaticaisasfdonment at some Norse
farms (Ledger et al., 2014) but an intensification at othexdder et al., 2013). Yet all the
above should be viewed against the baseline offered by Kawnan(2009), in which a
synthesis of terrestrial climate proxies (lakes sedimelasieg ice and tree rings) for
latitudes above 60° N demonstrates a long-term cooling trehd ilarctic spanning the last
two millennia, albeit punctuated by centennial-scale periodseaiter relative warmth (e.g.

AD 900-1060) and more severe cold (e.g. AD 1600-1860).
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The very slow rate of peat growth observed at Sandhavn durimgidheecond millennium is
mirrored at some other sites across the region. For exaragiecarbon dates from the fen
near Tasiusag (Shotyk et al., 2003), approximately 100 km northw8andhavn,
demonstrate very rapid accumulation (~0.3 ci) Jor the period after ~AD 1950 but
extremely slow peat growth (~0.015 cm'yduring the preceding ~950 cal yr. At the nearby
site of Qinngua, a hiatus spanning ~AD 1400-1900 has been recor@eean profile
(Schofield et al., 2010). This probably represents a periodofpsat growth, although a
hiatus resulting from peat cutting should not be discounted. Thegaftpeat may have
played a part in creating gaps within late Holocene envirataharchives drawn from mires
across the region (cf. Schofield et al., 2008), although tperi@ance of its role over any
climatically-forced slowdown in peat accumulation due to l@ddgemperatures is difficult to
ascertain. It does seem that high-resolution peat archovesicg the mid-second
millennium AD may be rare in this region, although someptons can be found (cf.

Ledger et al., 2014).

Associated with extremely slow peat growth at Sandhavnirscagase irHippuris vulgaris
pollen (Figs. 3 and 9), which is probably indicative of shalbpen water (pools) at the bog
surface, at least seasonally. Flooding during milder seaseris thcreased ice/snow melt,
combined with low spring-summer evaporation rates from |le@reperatures between ~AD
1400 and1800, may have increased the habitat suitable for this Bawamne concentrations
in the Sandhavn record also seem to be strongly affectedhimtelas concentrations remain
below 150 pgg until ~AD 1865, although values do begin to increase graduadly -a#D
1780 (Fig. 9). Research at Qinngua (Schofield et al., 2010) sadgepossible link between
variation in the concentrations of halogens and storminassirag amounts of Br and Cl in

the peat appeared to be correlated with increased lefvilis+ (sea salt sodium) in the GISP2
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ice core (a hiatus in the peat profile at Qinngua, spanhagédriod~AD 1380-1950,
hindered attempts to directly compare the two records)ullo link was found at Sandhavn.
The incorporation of bromine into peat is a biological oxygen-deperdegmatic processes
(Myneni, 2002; Biester et al., 2004; Leri and Myneni, 2012) andpibssible that cooling
would have slowed down the biological activity of micro-orgasisnvolved in the process.
Flooding of the mire during milder seasons, most favourable for tallcactivity, could
have also limited the incorporation of Br to the peat, aga®evhich in oceanic areas is
mostly dependent on oxygen availability rather than atmospherisitiepdMartinez-
Cortizas et al., 2007). Organo-bromine compounds can be dehalaendé reducing
conditions (Mohn and Tiedje, 1992; Monserrate and Haggblom, 1997; Baudulort,
1998), but at Sandhavn anoxic environmental conditions were seemingliablestor
halogenation of organic compounds, and so this appears lesddiledglain the patterns in

Br as depicted in the data presented here.

Some of the variations in the proxies analyzed might havebatso affected by solar forcing
(Fig. 9), a factor that is considered to be a major inflaemcLIA cooling (Wigley and Kelly,
1990; Lean et al., 1995; Mann et al., 1998; van Geel et al., 1999;d8aih¢i2001).
Increased PC30 values at ~AD 1480 and ~AD 1645-1740 broadly coimtidne Sporer
and Maunder minima. It is necessary to be circumspect dlisLirmise given the dating
and sample resolution constraints, but if correct, this coulddtedthat enrichment in
polyssacharides (i.e. low degradation of labile organic compourighj be associated with
periods of decreased solar activity. The Br record, whickvs systematic low
concentrations during the whole LIA, has very low values at 4A80 and ~AD 1645-1740,
suggesting that cooler conditions during solar minima may alse teangly limited

halogenation in the bog. These patterns indicate a possible limkdesunspot minima and
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reduced microbial activity in the Sandhavn bog. Declines in R&bomight have occured
during solar minima (Fig. 9), indicating that cooling may hawitéd the decomposition of
organic matter during such intervals. Clearly the data couphioxgy records with minima in
solar activity during the last millennium at Sandhavn are @mtative, but such associations
have been reported from other studies. Mauquoy et al. (2007) iddniifireases in
Sphagnum tenelluandS. cuspidatunfindicative of cool, moist climatic conditions) in
northwestern European bogs that appear linked to LIA solanmairin their study of Lake
Lehmilampi, Finland, Haltia-Hovi et al. (2007) noted a relatigm®etween varve thickness
and solar forcing, although the physical mechanism linking thest#l i® be established.
Blackford and Chambers (1995b) also found an apparent correspondeveerbetat

humification records and solar oscillations in Irish blanket.pea

Beginning ~AD 1870, a major change in vegetation occurr8aiadhavn witlEmpetrum
nigrumoceanic heath replacing Cyperaceae-dominated steppe comm(iige8 and 9).
This, plus a more rapid build-up of peat and PCAR over the-18X3-150 cal yr BP,
provides evidence of generally rising temperatures followhegend of the LIA. At the same
time, PC3o variations indicate enrichment of the pedt palysaccharides; this is despite
warmer climatic conditions being more conducive to the de€ayganic matter (i.e.
polysaccharide degradation). The process appears heavilyncgldi®y peat composition,
particularly the increased abundancé&ofpetrum nigrunnremains which are more resistant
to decomposition than the sedge-dominated vegetation teataced. The next simultaneous
shift in the organic matter indicators (PC1o and Br), peatithh and PCAR, occurred during
the last 50 years and seems to reflect the presenessofiécomposed peat, typical of the

superficial layers of an active mire.
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Atmospheric deposition of lead: links with anthropogenic emissionp@ssible sources

Murozumi et al. (1969) first demonstrated that a record of pedlution, dating back to the
mid-18hcentury and coinciding with European Pb production, was recordeckanland ice
(at Camp Century, Fig.1). Their findings attest to tmgtrange transport of pollutants to
Greenland from sources in industrialized countries. Subsequeatate$ms extended the
onset of Pb pollution, as recorded in Greenland ice, toathg leistoric period. Studies by
Hong et al. (1994) and Rosman et al. (1997) show that GreekamdrRead and silver
mining, and smelting, polluted the middle troposphere of the BiortHemisphere around
two millennia ago. In contrast to the investigations enciares, studies of lead contamination
using minerotrophic peatlands in southern Greenland (Shotyk 20@68; Schofield et al.,
2010) have up until this point failed to reveal any significantcenment in Pb, although
Shotyk et al. (2003) suggest that a decrease iff#b°’Pb ratio noted in minerotrophic

peat from Tasiusaq relates to lead pollution originating fiteerlJSA in the 20th century.

The lead record from Sandhavn covers a period of around 700 getsding back from the
present to ~AD 1300 (Fig. 10). Lead concentrations rema@wb2l5 pgd throughout most
of the sequence and then progressively increase after ~AD #&&bEmum Pb levels (16.4-
19.6 pgd) were reached in the 1960s and 1970s, while later decadetsaaaeterized by a
progressive decrease. Low loadings of Pb on PCle indicateltddes not share a
significant common variation with the lithogenic component alongéuggience, intimating
that in the majority of the record, Pb appears to be stiielyesult of atmospheric pollution.
In order to normalise for any possible contribution of geogenio e bog at Sandhavn, we
have calculated the Pb/Ti ratio (Fig. 10). Notwithstandome minor differences,

particularly between ~AD 1900 and AD 1940 where some of theePms to be linked with
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increased soil erosion caused by the return of sheep fatthg region in the early 20
century, the pattern for Pb/Ti is almost the same aftRib concentrations: values above
the baseline occur only after ~AD 1845, and from there they alymagressive increase
which is more pronounced after ~AD 1940, peaking at the etiee D 1970s, after which
values steadily decrease. Recent research on atmosaerituxes modelling in southern
Greenland has estimated a maximum value for lead fluxes dbentP60s of 2400 + 330 ug

m? yr!(Massa et al., 2015).

The onset of lead pollution in the Sandhavn monolith occurstleerin records from the
Greenland ice core (Murozumi et al., 1969) and lake sedim@imdlé¢r et al., 2001b), where
the highest levels of Pb pollution are recorded from ~AD 1750-1800rdawEhe pattern at
Sandhavn is thus in closer agreement with the chronology of evemt$\iorth America (i.e.
the onset of the American industrial revolution) rather thanftben Europe. Increased Pb
deposition just after ~AD 1850 has been found in several Nartlrigan records including
the Great Lakes region (Graney et al., (1995), Maine (BajiHand Sargent Mountain
Pond), and Massachusetts (Plow Shop and Grove ponds), northea@ilar®h et al., 1997,
2004), Hudson Bay (Imitavik and Far Lakes; Outridge et al., 2802jhern Quebec (Lake
Tantaré; Gallon et al., (2005) and Point d’Escuminac, Eastmada (Kylander et al., 2009).
High levels of Pb pollution at Sandhavn during th& 2éntury are also in good agreement
with the Greenland ice core-based reconstructions made by Muoret al. (1969), who
ascribed Pb pollution to lead smelting (for the period prietAD 1940) and to the massive
use of lead alkyls in gasoline (after ~AD 1940). Given tmatdating uncertainty of
sediment/peat records is often high for th8 &Ontury, caution obviously needs to be

exercised, and some comparable lead records also existopeHg.g. Weiss et al, 1999).
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A North American source for the lead is also indirectly suigaboy the presence of
Ambrosiatype (ragweed) in the Sandhavn pollen record (Fig. 3). AfteD-4885,Ambrosia
type pollen is consistently present at trace values (typiedflbo). Ambrosiais a common
weed of cultivated land and a prolific pollen producer. Tlaatak not native to Greenland
(Bocher et al., 1968) and, although morphologically-similar pollgmaduced by plants
present throughout central Europe from the Iron Age forwards, thelikegtsource for this
pollen type is North America. Studies from eastern-cehtoalh America (Bassett and
Terasmae, 1962; Gordon, 1966; Brugam, 1978; McAndrews, 1988; McAndre\B® gkt
Diakonow, 1989; Baker et al., 1993; Ireland et al. 2014) have deratatsa rise in
Ambrosiapollen coinciding with the arrival and expansion of Europedtesetit seems that
the introduction of intensive agricultural practices linkechvidrest clearance promoted the
increase imMAmbrosiatype pollen. This pattern has been dated to tH&cehtury, with only
one paper (Brugam, 1978) suggesting an earlier date. The tiinihg Ambrosiarise’ in
North America closely matches the presencarobrosiatype pollen in the Sandhavn
monolith. Bassett and Terasmae (1962) showed that ragweend patfide transported
through the atmosphere at least 600 km from any known source. Obseroatmrgs
distance pollen transport to southern Greenland similarlgatelithat northeastern North
American source areas are typical (Rousseau, 2003; Rowts#Hg?006; Jessen et al.
2011). A source outside North America seems improbable; forggafmbrosiais a recent
introduction to Europe, first appearing after ~AD 1920 (Comtois, 1888)spreading after

the 1980s (Couturier, 1992; Dechamp and Dechamp, 1992; Thibaudon, 1992).

Cryptotephras have been recorded in peat profiles locatezkatifa Norse sites in the
Eastern Settlement and further demonstrate the potentatinimspheric particulates to reach

southern Greenland from North America. Blockley et al. (20@%g identified tephra shards
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at three sites in the Eastern Settlement (Herjolfsneslskely and Igaliku). These have
geochemical signatures that are compatible with volcamice=in the Aleutian Islands and
Cascade Range, with the Augustine and Mount St Helen volcaniagswe of the likely

sources.

Although a major North American source for the lead at Sandsesms most probable and
is consistent with results from other studies, some qudlditaremain. Rosman et al. (1993,
1994) analysed the Pb isotopic composition of Greenland snow colécseainmit to derive
the relative lead contributions from the USA, Canada, anddtaubetween ~AD 1967 and
1989. They concluded that the United States was a signi§oante of lead during the 1970s
(up to 67% of the measured total) before it declined considerabdyative importance (to
25% in the late 1980s), mirroring reductions in the use of lepeid|, resulting in the
Eurasian and Canadian contribution to the Pb signal becoming predarfieastnal
investigations on the isotopic composition of Pb on snow collettBye 3 in southern
Greenland also suggest that most of the Pb pollution signghnvaarily sourced from

leaded gasoline used in North America, but also that the gz sheet surface received lead
from elsewhere during certain parts of the year: Pb mnamtand winter snow originated in
North America, while that in spring to mid-summer snow Wwas Eurasia (Rosman et al.,
1998). In contrast, a recent isotopic analysis of west Gree(aad Kangerlussuaq) lake
sediments (Bindler et al., 2001a, 2001b) suggests that theelsad @t this location was
derived from west European and Russian sources. The rdtataten/latitude of the sites
(Fig. 1a) possibly accounts for the differences in lead sayuréor example, studies have
shown that high Arctic sites have largely Russian sourdbspwllutants transported over the
North Pole, whereas lakes in southwest Greenland are catsidenave a significant input

from west European sources (Bindler et al., 2001b). The leanpisatignature from aerosol
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and snowpack samples from Devon Island and from the Canadjaritic (Sturges and
Barrie, 1989; Shotyk et al., 2005), and from a lake in Pearylaaiee(G07-10), north
Greenland, favour a Eurasian source (Michelutti et al., 200@) origin of lead deposited in
Lake CF8 near Nunavut, Baffin Island, could not be determined ivoeally, but
investigators suggested an American source to be unlikely)(ibiccontrast, the evidence
from Sandhavn supports atmospheric transfer from North Amerieal. iketopic analysis is
in progress to ascertain more precisely the sources fomehd Sandhavn record, and
clearly more research is required if a full understandingegpatial and temporal variation

in lead isotopic signatures across Greenland is to be achieved

Conclusions

The Norse Age section of the Sandhavn peat profile may be ooriged in its basal
sand/peat interface segment, but variations in the minemédat of the overlying peat may
be partly related to local human activity during the latages of Norse occupation. A
subsequent increase in the lithogenic content during the eéﬂctxerﬂ@ry may reflect soil

erosion resulting from the return of (modern) sheep farminguthern Greenland.

Low concentrations of Br are recorded during the LIA — a clordawnturn which is also
reflected in extremely low peat accumulation rates at Samndinam ~AD 1400-1800. Cold
conditions, possibly combined with flooding of the mire surfacendumilder seasons, which
would have created reducing conditions, appear to have caskegdmwn in halogenation
that affected Br incorporation into the peat. Low Br concéintra and changes in levels of
polysaccharides are possibly in phase with sunspot cycles (Spdrétaunder minima),

though confirmation of a direct link between these parametersaadactivity will require
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further testing. The local expansionErhpetrum nigrunoceanic heath at the end of thé'19
century seems to have caused an attendant enrichment iaqublggdes within the peat,
suggesting that vegetation type was a major influence ovepmgmic matter composition

at this time.

The site at Sandhavn has proven more useful for reconstructingrd of lead pollution in
southern Greenland than the minerotrophic fen peats that hewieusly been investigated
for this purpose. At Sandhavn, atmospheric Pb pollution is recofeied-AD 1845, with
peak concentrations occurring during the AD 1970s. There i®otdividence of a
predominantly North American origin for this signal. Isotopialgses will be required
before the sources for the lead deposited around the southeri@tipesfland can be

identified with greater certainty.
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Figure 1: (a) Map of Greenland and northeast North Americaisgdihe locations of sites
and places mentioned in the text. Key to numbering: (1) Blogp and Grove Ponds; (2) Big
Heath and Sargent Mountain Pond; (3) Lake Tantaré; (4) Pointudttisac; (5) Imitavik
Lake; (6) Far Lake; (7) Lake CF8; (8) Devon Island; (9) Campuentl0) Lake GO7-01;
(11) Summit; (12) Kangerlussuag; (13) Sandhavn and Cape Farewidle @ea around
Sandhavn, southern Greenland, showing sites and places mentidmedeixt; (c) the
sampling location at Sandhavn. The white star marks the posimnwhich the peat
monolith was taken; (d) the landscape around the sampling loeat®@&amdhavn showing the
position of the Norse ruins and former homefields. (Photograph&ifchofield, August

2008).

Figure 2. Age-depth model for Sandhavn (after Golding ¢2@11] with minor changes).
Shaded (greyscale) boxes represent thealibrated ranges of radiocarbon dates used in the
model; clear boxes are tht¥Pb dates (with associated errors). i@ date — depicted here

in black — was considered to be an outlier and has beaveenfrom the model. The solid
black line connecting th€C and**°Pb dates represents the ‘best estimate’ based on the
model, with the grey envelope around this demonstrating tk@maen and minimum (95%)

confidence limits.

Figure 3. Percentage pollen diagram for Sandhavn displagiagted taxa (after Golding et
al. [2011] with minor changes). The SAN-2/3 pollen zone boundary repsabe
replacement of hayfields and pastures (Poaceae-dominatetbésges) with tundra or

steppe vegetation (Cyperaceae-dominated assemblages)itlandhe Norse abandonment
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of the site. This vegetation was to persist until aroundL850 and the development of
Empetrum nigrunoceanic heatbAmbrosiapollen is recorded in SAN-5. This genus is not
native to southern Greenland (Bdcher et al., 1968) and mustthe gfze long-distance
component arriving at the site. Curvesibppuris vulgaris Sporormiellatype
(coprophilous fungi) and C:P (ratio of charcoal to pollen concemtijadct as proxies for the

presence of standing water, grazing by animals, and fires/buaspgctively.

Figure 4: LOI and elemental composition through the peat seaftitve Sandhavn monolith.

Note that x-axes scales and units vary between graphs.

Figure 5: Factor scores for the first three principal compen@&t€le, PC2e, and PC3e)
extracted from the PCA performed on LOI and elemental cotiposiata from the peat
section of the Sandhavn monolith. Boxes with dashed outlines iedieations with higher

PCl1le scores (i.e. higher mineral content).

Figure 6. Variations in organic matter indicators throughptted section of the Sandhavn
monolith: (A) C/N ratio, degree of peat humification (DPH)d aariations i5**C ands**N;

(B) Selected FTIR bands (expressed as z-scores).

Figure 7: Factor scores for the first three principal compisn@C1lo, PC20, and PC30)
extracted from the PCA performed on selected FTIR bantls,3£°C, *°N and DPH

through the peat section of the Sandhavn monolith.

Figure 8: PCle factor scores (reflecting the mineralesdrdf the peat), Ti/Zr and K/Rb

plotted against selected pollen types and spores from the Sandbaolith.
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Figure 9: Selected variables through the Sandhavn monolith. teto bottom: peat growth
rate and peat carbon accumulation rate (PCAR: grey liftk)waxis truncated such that very
high values recorded after AD 1950 (shown on the embedded gnaphdt depicted;
percentage dflippuris vulgarispollen; Br concentration; levels of recalcitrant compounds in
the peat (reflected by PC1lo factor scores); levels of palfisaicies in the peat (reflected by
PC3o factor scores); percentageEaipetrum nigrunpollen; variations in B“C (Reimer et

al., 2004). Light grey shading indicates the approximate tirmefraf Little Ice Age climate

and dark grey bands indicate the Spdrer and Maunder minima irastldty.

Figure 10: Pb concentration and Pb/Ti ratio (expressedeasres) through the peat unit of

the Sandhavn monolith.

Figure SI.1. LOI and elemental composition through the fullldepthe monolith (40-0 cm)

from Sandhavn. Note the major changes between the sandtilyeiase and the peat

above this.
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(Dicranium, DrepanocladusHypnum HylocomiumandRacomitriumspp.). Calendar ranges
are those used by th€lam) age-depth model (Fig. 2) following calibration against the
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of the elemental composition (PCe) of Sandhavn (factor scartegin Fig. 5).

Table SI3. Factor loadings from the PCA of the peat orgaattemindicators (PCo)from

Sandhavn (factor scores plotted in Fig. 7). The prefix ‘btesléo FTIR band widths.
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Table SI1

Table SI1. Assignment and characterization of FTIR bands included in the principal components
analysis of the peat organic matter properties from Sandhavn (plotted in Fig. 6).

Wavenumber
(cm™)

3050-3030
(3051)

2922

2852

1720

1660

1550

1514

1450-1371
(1450)
1420-1430
(1419)
1250-1270
(1271)

1080-1030
(1070, 1030)

Assignment and Characterisation

Aromatic CH stretching

Antisymmetric CH2. Fats, wax, lipids

Symmetric CH2; Fats, wax, lipids

C=0 stretch of COOH or COOR,;
Carboxylic acids, aromatic esters

amides coming from preserved
proteinaceous materials

N-H in plane (amide Il); Proteinaceous
origin

Aromatic C=C stretching; Lignin/Phenolic
backbone

C-H deformations; Phenolic (lignin) and

aliphatic structures

Aromatic C=C ring streching; lignin

Aromatic CO- and phenolic -OH stretching;
lignin

Combination of C-O stretching and O-H
deformation; Polysaccharides

References

(Guo and Bustin, 1998)

(Niemeyer et al., 1992;
Cocozza et al., 2003)

(Niemeyer et al., 1992;
Cocozza et al., 2003)

(Niemeyer et al., 1992;
Haberhauer et al., 1998)

(Gonzélez et al., 2003)

(Ibarra et al., 1996; Zaccheo et
al., 2002; Gonzélez et al.,
2003)

(Cocozza et al., 2003)

(Parker, 1971)

(Guo and Bustin, 1998;
Gonzalez et al., 2003)

(Guo and Bustin, 1998;
Gonzalez et al., 2003)

(Gonzalez et al., 2003; Grube
et al., 2006)



Table SI2

Table SI2: Factor loadings from the PCA of the elemental composition from Sandhavn (plotted

in Fig. 5).

PCle PC2e PC3e
Ti 094 -0.09 0.10
Si 093 -0.22 -0.05
Zr 092 0.02 0.08
Al 091 0.02 0.04
Rb 086 0.20 0.33
N 083 -030 -0.39
P 0.78 -0.11 -0.32
Sr 074 0.02 059
S 069 -055 -041
LOI -0.78 0.21 -0.07
Fe 001 094 -0.01
Br -0.01 0.94 -0.09
Pb  -0.14 0.92 0.06
Cl -045 0.71 0.32
K 0.11 0.04 0.87
Mn -0.01 -0.21 0.84
Ca -0.07 0.18 0.81
Se 021 0.00 -0.04

C -0.15 -0.32 -0.54



Table SI3

Table SI3. Factor loadings from the PCA of the peat organic matter indicators from

Sandhavn (plotted in Fig. 7). The prefix ‘b’ relates to FTIR band widths.

PClo PC20 PC30
b2852 0.97 0.18 0.04
b2922 0.94 0.24 0.1
b1514 0.89 0.43 -0.06
b1660 0.88 0.35 -0.21
b1550 0.87 0.30 -0.21
"N 0.84 -0.07 -0.10
b3051 0.76 -0.02 -0.53
C/IN -0.96 -0.05 0.03
8°C -0.65 -0.56 0.24
DPH -0.53 0.07 0.16
b1450 0.18 0.97 0.01
b1271 0.27 0.89 0.22
b1419 -0.39 0.81 0.16
b1720 047 0.72 0.12
b1030 -0.12 0.11 0.97

b1070 -0.10 0.14 0.95
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Table 1

Table 1: Radiocarbon dates from Sandhavn. All measurements are AMS on bryophytes
(Dicranium, Drepanocladus, Hypnum, Hylocomium and Racomitrium spp.). Calendar
ranges are those used by the (Clam) age-depth model (Fig. 2) following calibration
against the Intcal13 calibration curve (Reimer et al., 2013). See Golding et al. (2011) for

a further discussion of the radiocarbon dates.

Depth Lab code ¢ age AD range 813C
(cm) (SUERC-)  (BP) (20) (%o)

15-14 24657 0£35 1698-1955 -23.6
27-26 24866 230+ 90 1484-1953 -25.0
33-32 24658 600 = 35 1297-1408 -25.6

36-35 24659 750 + 35 1219-1290 -24.8





