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HIGHLIGHTS

e We provide a new paleoenvironmental record of lead concentrations and lead isotopic compositions from southern Greenland.
e The geological background is not favorable to the direct determination of anthropogenic fluxes.

e We used inverse modeling to estimate anthropogenic lead deposition through time.

o The model is validated by the coherence of the results obtained from two independent records.
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The aim of this study is to model atmospheric lead fluxes in two different paleoenvironmental records
located in southern Greenland. Fifty five sediment samples collected from the Lake Igaliku sedimentary
sequence were analyzed for lead and aluminum concentrations, and lead isotopic compositions. The
second archive consists in a previously published dataset, obtained from a minerogenic peat deposit,
located at Tasiusaq, 16 km northwest from Lake Igaliku. A flux model fitted to both dataset produces

similar results, allowing past anthropogenic atmospheric deposition to be reconstructed. This original
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pogenic inputs.

method can be easily adapted for other studies where natural inputs dominate over discrete anthro-
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1. Introduction

Long considered as a pristine remote region, the Arctic is now
regarded as impacted by landscape degradation (Massa et al.,
2012a; Sandgren and Fredskild, 1991), long range atmospheric
deposition of anthropogenic nitrogen (Holtgrieve et al., 2011),
persistent organic pollutants (Malmquist et al., 2003), and by toxic
trace metals (Bindler et al., 2001a, 2001b; Candelone et al., 1995;
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Liu et al.,, 2012; Michelutti et al., 2009; Murozumi et al., 1969;
Rosman et al., 1997; Shotyk et al., 2005b; Zheng et al., 2007). The
Arctic region is also undergoing major human impacts through the
effects of the rapid current warming (Screen and Simmonds, 2010),
which is attributed to anthropogenic greenhouse gas emission
(Gillett et al., 2008). The combination of these anthropogenic global
change processes (climate change, pollution, and land-use) is pre-
dicted to have profound ecological, socioeconomic, and cultural
consequences (Callaghan et al., 2010; Post et al., 2009). Thereby, any
long term records of anthropogenic contaminants are welcome to
model future environmental changes in this vulnerable and sensi-
ble region.

Numerous studies have demonstrated that, at least since the
Industrial Revolution, Arctic environments have been notably
affected by anthropogenic Pb inputs (Candelone et al., 1995;
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Michelutti et al., 2009). Only a few studies have unambiguously and
precisely documented periods antecedent to the 19th century (Liu
et al.,, 2012; Marshall et al., 2009; Rosman et al., 1997; Zheng et al.,
2007). Indeed, the Arctic region is far from any mining and
metallurgical centers that operated in the past (Bindler, 2011), and
their impacts were low by comparison with those from modern
emissions. As a consequence, it is difficult to detect and to distin-
guish former inputs unequivocally from the natural background.
Lead isotopic geochemistry has been recognized as a powerful tool,
able to palliate, at least partly, the limitations mentioned above
(Komadrek et al., 2008; Renberg et al., 2002). The discriminating
power of the isotopic tool is known to depend on three main fac-
tors: (i) the natural Pb content should be low, and as steady as
possible in terms of concentrations and isotopic signature, (ii) the
isotopic compositions of the potential sources must be known and
constrained, and (iii) the isotopic signatures of the anthropogenic
and natural contributions should be as contrasted as possible. As an
example, although Sweden is distant from past emissions, evi-
dences of lead pollution can be clearly recognized as early as
3500—3000 BP, because of high 2°6Pb/2°7Pb ratios (1.52 + 0.18) and
low Pb concentrations (7 + 3 ug g~!) in pristine lake sediments
(Brannvall et al., 1997).

Because they are featured by favorable reduced natural back-
ground, the only studies that provided compelling evidences of
pre-industrial metal pollution in Greenland have been undertaken
on ice cores (Hong et al., 1994, 1996; Rosman et al., 1997). In a study
focusing on lake sediments from West Greenland, no significant

changes in lead concentrations could be identified before the 18th
century (Bindler et al., 2001b). However, as 2°°Pb/29’Pb background
ratio was extremely contrasted (1.365 + 0.084) in respect to past
anthropogenic inputs (*°°Pb/?°’Pb < 1.18), noticeable shifts of
206pp, 297pp ratios, indicating the influence of exogenous lead, could
be seen during pre-industrial times.

There is often an additional difficulty in working with lake
sediments: the isotopic signature of natural lead is generally not
steady along sedimentary records. This is especially true in
Greenland because the wide geological heterogeneity of sediment
sources, ranging from Archaean basement to Quaternary glacial
deposits, could cause large natural fluctuations of 2°°Pb/2%7Pb ratios
(Lindeberg et al., 2005). Such a situation is expected to cause un-
certainties when calculating airborne lead pollution, or worst, to
hamper its detection (Renberg et al., 2002).

In the present study, Pb concentrations and isotopic composi-
tions were measured in sediments from Lake Igaliku, located in
southern Greenland, to estimate the atmospheric input of anthro-
pogenic lead and its origin through time. As lead background
concentrations are high, with rather noisy 2°°Pb/2%’Pb ratios, an
inverse model based on some assumptions about past lead inputs
was applied. These results are treated together with previously
published data from a minerotrophic mire located nearby (Shotyk
et al, 2003). Such an approach recently succeeded in a well-
constrained experimental soil plot archive for Pb concentration
and isotopic ratios, and *’Cs (Monna et al., 2009; Semlali et al.,
2004).
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Fig. 1. A. Map of Greenland showing the location of the study area (boxed). B. Simplified geological map with the localization of Lake Igaliku and Tasiusaq peat of southern
Greenland. 1- Inland ice; 2- Gardar intrusive rocks (a-syenite and nepheline—syenite complex; b-gabbro); 3- Eriksfjord formation (a-sandstone; b-basalt); 4- Julianehab batholith

(granite).
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2. The site

The first archive is a sedimentary column sampled in Lake Iga-
liku (61°00.403'N, 45°26.494'W, Fig. 1). The lake occupies a low
valley between the head of Igalikup Kangerlua (Igaliku Fjord) and
Tunulliarfik (Erik's Fjord). The catchment area is 3.1 km? with
relatively low relief. To the northeast, the slope ascends rather
steeply to about 300 m a.s.l. The lake has a surface of 34 ha, a
maximum depth of 26 m with one outflow but no major inflow. The
second sequence is a peat deposit, located near the village of
Tasiusaq (61°08.314'N, 45°33.703'W, Fig. 1), in an area character-
ized by rounded mountain topography, 16 km northwest from Lake
Igaliku. It consists of a small circumneutral minerotrophic fen,
probably formed through the terrestrialization of a shallow lake
basin (Goodsite et al., 2002; Shotyk et al., 2003).

A wide variety of rocks, which may account for many natural Pb
sources, can be found in the study region (Fig. 1). At Igaliku, the
basement geology is mainly composed of the ~1.8 Ga old Julianehab
granite (Garde et al., 2002), unconformably overlain by sandstones
interlayered with lavas, all forming the Eriksfjord formation. The
catchment of the Tasiusaq peat consists exclusively in rocks
belonging to the Eriksfjord formation (Andersen, 1997; Poulsen,
1964).

3. Material and methods
3.1. Sampling and geochemical analysis

Lake Igaliku. Details about fieldwork, sample preparation, mea-
surements of water and organic carbon contents can be found in
Massa et al. (2012a; 2012b). Briefly, the sediment core was
sectioned into 0.5 cm intervals for the 10 uppermost cm and 1 cm
intervals thereafter. Dry bulk density (DBD) was calculated from
water content and wet bulk density measurements. For half of the
samples, about 70 mg of powdered sediment were totally dissolved
in Savillex® PTFE beakers on hot plate, using a tri-acid mixture of
HCl, HNO3 and HF of suprapure grade (Merck, Germany). The
digested solutions were evaporated, retaken with HNOs3, diluted,
and measured by a High Resolution Inductively Coupled Plasma —
Mass Spectrometer (HR-ICP-MS) Thermo Element 2 for Pb, and by
ICP-AES Spectro ARCOS, axial view, assisted by a CETAC ultrasonic
nebulization for Al Blanks and certified reference materials
(CRMs): peach leaves NIST 1547, harbor sediment PACS-1, marine
sediment BCSS-1, and basalt BCR-2, were systematically processed.
Blanks were negligible with respect to the elemental composition
of sediments, whereas values measured for CRMs did not differ
from certified values by more than 10—15% for all elements
considered. Three duplicates yielded similar concentrations, all
within +10%. Lead isotopic ratios (?°°Pb/2°’Pb and 2°8Pb/2°6Pb)
were measured on selected samples using the same HR-ICP-MS.
Mass bias was corrected by bracketing using a NBS 981 lead solu-
tion (Monna et al., 2000b, 1998). Accuracy was checked by
measuring the BCR-2 certified reference material twice. Results
(2%pb/207ph = 1198 + 0.003 and 1200 =+ 0.005;
208pp206pp — 2.063 + 0.006 and 2.067 + 0.007; at 95% confidence
level) are in good agreement with values previously measured
using  MC-ICPMS:  296pb/207ph 1.2002-1.2007 and
208pp206ph — 2.0644—2.0651 (Baker et al., 2004; Woodhead and
Hergt, 2000).

Tasiusaq peat. Sampling, analytical procedures and results can be
found in Goodsite et al. (2002) and Shotyk et al. (2003). Briefly, two
replicate peat columns were contiguously analyzed for dry bulk
density and 20 elemental concentrations including Pb, and for lead
isotopic compositions on eight selected samples. Results were
merged into a single master core.

3.2. Cores chronology

Lake Igaliku. The core chronology (Fig. 2a, Massa et al., 2012a) is
based on 18 terrestrial macrofossil radiocarbon dates, and for the
last 150 years, a 20-sample 3’Cs profile pointing out the maximum
fallout consecutive to atmospheric nuclear weapon tests (1963 AD),
and 14 2?'%Pb measurements processed with a constant rate of
supply model (Appleby and Oldfield, 1978). Radiocarbon mea-
surements were calibrated using the northern hemisphere '4C
calibration dataset, Intcal09 (Reimer et al., 2009). The age—depth
model was built using a cubic smooth spline function according to
Blaauw (2010).

Tasiusaq peat. The post-1950 peat horizons have been accurately
dated with 13 closely-spaced radiocarbon dates by using the at-
mospheric bomb pulse curve (Goodsite et al., 2002). Seven older
samples were dated and calibrated in a classical way. The chrono-
logical data, initially reported in Shotyk et al. (2003), were retreated
as for Igaliku. A sample at 36.5 cm depth was discarded because of
its apparent incompatibility with the surrounding dates (Fig. 2b).

4. Results
4.1. Age-depth models

Lake Igaliku. The upper 120 cm of the core cover approximately
the last 2700 years. The age-depth model is almost linear between
~700 BC and ~1000 AD (Fig. 2a) with an average sediment accu-
mulation rate of 0.4 mm yr—'. Then, the accumulation rate
continuously rises to a maximum of ca. 0.8 mm yr~!, around 1150
AD, and returns to its initial value, except during the 20th century
where a sharp increase up to 1.9 mm yr~! is noticed. The average
uncertainty of the ¥C part of the model (below 15 cm) is =100 yr,
whereas the 2'°Pb—'37Cs part of the model, corresponding to the
20th century when most of the lead pollution did occur, is very
accurate with an error ranging between + 25 yr in 1900 AD to +
1.5 yr in 2000 AD.

Tasiusaq peat. The upper 90 cm of the peat column encompass
approximately the last 3000 years. The peat growing rate tends to
increase from the basis to the top (Fig. 2b): ~0.1 mm yr~! before
1000 AD, ~0.3 mm yr~! from 1000 AD, and 2.8 mm yr~! for the 20th
century. For the samples more recent than 1950 AD (above 20 cm),
the high resolution ages obtained from the “atmospheric bomb
pulse” calibration method are + 3 yr. For the deeper layers, dated by
the usual C calibration method, the uncertainties are much
greater (+110 yr).

4.2. Geochemical profiles

Lake Igaliku. The DBD is relatively steady with depth:
~0.33 g cm~3, while Pb and Al concentrations oscillate around
13 pg g ! and 6%, respectively (Fig. 2a). A common approach to
identify anthropogenic contribution consists in normalizing Pb
contents to those of a lithophilic element (Shotyk et al., 2001). Here,
the normalized-Pb ratios were computed using Al (note that other
lithophilic elements such as Zr, Ti or Sc could also be used in place).
The Pb x 10,000/Al ratio profile appears to be smoother than those
of Al or Pb taken separately, and rather stable around 2.2 + 0.3
below 20 cm. The coefficient 10,000 is arbitrary here; it just makes
more readable the ratio values. The 2°6Pb/2°7Pb ratios vary slightly
around 1.276 + 0.005 below 25 cm depth, and decrease upward to
reach 1230 at 6.75 cm, which is a turning point. Then, the
206pp207pp ratios return sharply to the bottom values.

Tasiusaq peat. The DBD decreases upward: from 0.20 to
0.05 g cm 3 (Fig. 2b), as expected in such an organic-dominated
environment. Pb concentrations vary smoothly between 1 and
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Fig. 2. Age-depth models with their 95% confidence limits (dashed lines), based on '*’Cs 2!°Pb, C and bomb pulse C dates (arrow and grey, black or white filled circles
respectively), dry bulk densities (DBD), lead, aluminium or zirconium concentrations, Pb x 10,000/Al or Pb x 1000/Zr ratios, 2°Pb/2°7Pb ratios, and ages versus depth (left axis) and
age (right axis) for the sequences of Lake Igaliku (this study) and Tasiusaq (data from Shotyk et al., 2003). The error bars represent a 95% confidence level. ERF (vertical hatched
band) and ]G (dashed line) refer to the compositions of the Eriksfjord and the Julianehdb rocks, respectively.

10 pg g, with maximum concentrations found at approximately
20 cm depth. Below that depth, they are roughly correlated to those
of Zr, which is used as normalizing element because Al was not
measured by the authors of the study. Pb x 1000/Zr ratios are
steady around 20 below 28 cm. Above, they consistently increase to
reach a maximum value of 120 at ~16 cm depth. Only eight lead
isotopic compositions are available for the Tasiusaq peat. They can
be divided into two groups: the highest 2°6Pb/2%’Pb ratios beneath
20 cm, and a clear minimum value at 15—17 cm depth.

5. Discussion
5.1. Classical modeling

Basically, total lead concentration of the dry sample i, Pbpy(i)
expressed in pug g, can be expressed as the sum of two compo-
nents: (i) the natural one, Pbpqdi), and that (ii) the anthropogenic
one, which results here from atmospheric deposition after long-
range transport, Pbgnh(i):

Pbbulk(i) = anat(i) + Pbanthr(i) (1)

Natural lead contribution in the i sediment sample can be esti-
mated, assuming that natural lead is proportional to, say, aluminum
content, as mentioned above:

O composite sandstone
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Fig. 3. 2°8Pb/205pb vs. 206Pb/2°7Ph diagram. The Igaliku Lake sediment samples (open
diamonds) and the Tasiusaq peat samples (open triangles) are represented together
with the isotopic composition of endogenous lead: grey crosses, black dots, and grey
filled circles correspond to samples from the Julianehab granite, and from lavas and
sandstones of the Eriksfjord formation respectively.
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Pbnat (i) = Alpyii (i) - (Pb/Al) e (2)

where Al (i) represents Al bulk concentration of the sample i and
(Pb/Al)pack is the background ratio, assumed to be constant. Isoto-
pically, the measured bulk 2°6Pb/?°7Pb ratio of any sample i can be
approximated using a linear combination which involves two end-
members: the isotopic composition of the natural component,
supposed to be constant, (2°°Pb/2%’Pb)p., and the overall
anthropogenic component (2°Pb/2%7Pb)antn(i):

[ 296pp 206 pp .
206ppy Pbnac (i) (W) + Pbanthr i) (W) (i)
i) = back _ anthr
207Pb ) pyik Pbpy (i)

(3)

The overall anthropogenic contribution and its isotopic signa-
ture are straightforwardly drawn by combining eqgs. (1)—(3):

Pbanthr (1) = anat(i) - Albulk(i) : (Pb/Al)back (4)
.. [ 206pp . . [ 206pp
(Zospb) i szbulk(l) (m) bulk(l) ~ Pbna (1) (m) back
207Pb anthr Pbanthr(i)
(5)

At Igaliku, the anthropogenic contribution, although present, is
so low that it does not affect drastically the Pb x 10,000/Al ratios,
except perhaps within the uppermost 20 cm (Fig. 2a). Shifts of
isotopic compositions from the background values seem to be
detected above ca. 25 cm depth, suggesting the presence of
anthropogenic inputs. Such a sensitivity of isotopic compositions
intrinsically ensues from the hyperbolic nature of the curve linking
isotopic compositions to concentrations in case of binary mixing
(see Faure, 1986 for theory and Monna et al., 2000a for an example).

[ 206pp 206 p
QP () (s + SEF [FPbana (1) (375
"\ ~ ack

) )

seek parameter -, but in terms of shape), and (ii) the overall isotopic
composition of the anthropogenic emissions through time. Using
these new constrains, a wide range of anthropogenic fluxes are
considered, modeled concentrations and isotopic compositions are
computed for each of them, and compared to what is really
observed in natural archives. The best Pb flux history is reached
when both Pb concentrations and isotopic compositions for
modeled and observed values match.

5.2. New model formulation

Inside a1 x 1 x 1 cm® of wet sediment the amount of lead of
natural origin, QPbng(i), is:

Qpbnat(i) = Pbnae (i) 'msol(i) (6)

where mg (i) is the mass of solid contained in the sample i, which is
equivalent, in that case, to the DBD. On the other hand, the amount
of lead of anthropogenic origin, QPbgn(i), is:

T+n

QPbanthr (l) = Z pranthr (t) (7

t=T

where Tand T + n are the ages of the lower and upper limits of the
sub-sample i, respectively, corresponding to a sediment accumu-
lation during n years, and FPbanm(t) is the anthropogenic lead flux
during the year t, expressed in pg cm 2 y~ L. The modeled bulk lead
concentration of the sample i, Pbpogeled(i), is calculated as follows:

- Qanat(i) + QPb tl (l)
Ph i) = — “anthr (8)
modeled( ) msol(l)
Considering a conventional binary mixing, the modeled
206pp207pp ratio of the sample i becomes:

(ZOGPb

SAT=T 1 - :
207Pb) modeled Qanat(l) + QPbanthr(l)

The peat environment of Tasiusaq, even minerotrophic, is
anticipated to be much more favorable than a lake sequence for
calculating both Pban¢hr and (2°6Pb/2%7Pb)anthr, because the material
mainly consists in autochthonous organic matter and not in min-
eral matter naturally containing Pb, as in lake sediments. The
signal-to-noise ratios, i.e. the anthropogenic over natural contri-
butions, are therefore expected to be much higher when pollution
did occur. Indeed, the rise of Pb x 1000/Zr from ~28 cm depth,
concomitant with the sharp fall of the 2°6Pb/?%’Pb ratio (Fig. 2b),
indicates a significant anthropogenic Pb fallout. Shotyk et al. (2003)
considered this enrichment as low in comparison with a highly
contaminated peat column from Denmark covering the same
period.

In any case, the human-derived inputs are too low to calculate
with a good precision the anthropogenic contributions and their
isotopic compositions using eqs. (4) and (5). As an alternative, we
propose in the following a new formulation to better constrain the
model. Two new terms are introduced, and assumed to be
reasonably known from the existing literature data: (i) the tem-
poral evolution of Pb fallouts (not in terms of flux values, — it is the

(9)

where the (?°°Pb/2%’Pb)qun(t) corresponds to the isotopic
composition of the anthropogenic contribution alone deposited
during the year t.

5.3. Feeding the model

Local background. The (Pb/Al)pack and (2°6Pb/?%7Pb)p4¢ ratios are
required to run the model. They can be obtained from the peat or
sedimentary column given that pre-anthropogenic values are
compatible with local catchment rocks. At Igaliku, Pb x 10,000/Al is
2.2 + 0.3 below 20 cm depth (Fig. 2a). This value is consistent with a
mixture of material deriving from the surrounding granites, lavas
and sandstones: i.e. Pb x 10,000/Al = 0.3—0.8 (n = 5) reported for
the Eriksfjord formation (ERF, Fig 2a) (Halama et al., 2003), and
Pb x 10,000/Al = 3.5 (n = 1) found in the Julianehdb granite (JG, Fig
2a) (Kalsbeek and Taylor, 1985). For the Tasiusaq peat, Al was not
reported, but published Zr concentrations can be used in place
(Shotyk et al., 2003). The Pb x 1000/Zr = 20 below 28 cm match
well the composition of the Eriksfjord formations (within 18—42,
Halama et al., 2003) on which the peat developed (ERF, Fig. 2b).
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Mean values calculated from the deepest horizons of the cores
(below 28 cm and 25 cm for Tasiusaq and Igaliku respectively)
appear therefore to be suitable as estimators of the local back-
ground, because the sedimentary processes tend to average natural
inputs. Similar observations can be done for the isotopic compo-
sitions. Plotted in a 2%8Pb/2%6Pb vs. 2°6Pb/207Pb diagram (Fig. 3),
local rocks exhibit a huge dispersion. The 2°6Pb/2%’Pb ratios of the
Julianehab granite vary widely from 1.31 to 1.65 (n = 18) (Andersen,
1997; Colville et al., 2011; Kalsbeek and Taylor, 1985). For the
Eriksfjord formation, the range of variation is even greater:
1.07-147 (n = 30), reflecting its lithological heterogeneity
(Andersen, 1997). Given that the contribution of each lithological
source involved is susceptible to vary with time, the 2°6Pb/2%’Pb
ratios observed in pre-anthropogenic horizons at both Igaliku
(~1.26—1.29) and Tasiusaq (~1.28—1.29) appear to be particularly
stable (Fig. 2a,b).

Anthropogenic lead flux and associated isotopic composition.
Around Greenland, the atmospheric deposition history is expected
to follow approximately the same pattern (Renberg et al., 2002;
Shotyk et al., 1998), except close to eventual point sources. Inter-
estingly, a well-dated salt mash record collected in West Iceland
(Vidarhélmi, Fig. 4a), a little more than 1000 km eastward from
Igaliku was continuously analyzed for Pb, Ti and stable lead iso-
topes (Marshall et al., 2009). Using Ti as a surrogate of the mineral
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matter, anthropogenic lead fluxes, fPbanen(t), were obtained using
the 1-2, 4 set of equations, while its isotopic composition,
(?%Pb/297Pb ) anim{ t), was extracted using eq. (10):

207ph Ti 207ph Ti
Pb (t)= bulk \ "'/ bulk back \ "'/ back
207Pb anthr

') bulk '/ back

where the subscripts back and anthr denote the natural and
anthropogenic fractions, and bulk the total. Our working hypothesis
is that anthropogenic lead fluxes in southern Greenland, FPbgnh(t),
can be assessed by multiplying the fPbgn:h:(t) function by a factor o
(which is sought), representing an intensity adjustment:

FPbanenr (t) = ofPbanen (£)

(10)

(11)

5.4. Model fitting

To sum up, the set of equations modeling the evolution of Pb
content and its isotopic composition in the sediments of Lake
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Table 1
Summary of the known data and unknowns used to run the model.

Parameter Name Value

Known variables
bulk Al or Zr concentration of Al or Zrp, (i)
sample i

measured (Fig. 2)

bulk Pb concentration Pbpy (i) measured (Fig. 2)
sediment of sample i
mass of solid contained in ~ mg (i) measured (Fig. 2)

1 cm? of sample i
. . L 206pp ;
bulk isotopic composition of (207Pb> i
bulk

measured (Fig. 2)

sample i

age of the lower limit of T computed from the age-depth
sample i models (Fig. 2)

age of the upper limit of T+n
sample i

Input variables

anthropogenic lead flux fPbanenr (t) functions computed on the
during the year t - basis of literature values, using

temporal evolution of (%) (t) egs.(1),(2),(4)and (10) (Fig. 4)
isotopic composition of Anthr
anthropogenic Pb

Constants oy

isotopic composition of (W) Igaliku:1.275 + 0.005°
endogenous Pb back Tasiusaq: 1.285 + 0.005%

Pb/Zr background ratio at (Pb/Zr)pack 20.6 + 6.2°
Tasiusaq

Pb/Al background ratio at (Pb/AD pger 2.14 + 030°
Igaliku

Output values

modeled total lead Pbyodeled (1) eq. 8

concentration in sample i

modeled isotopic
composition of bulk
sediment of sample i

Sought value

coefficient applied to o
fPbanen(t) to obtain annual
fluxes in southern
Greenland

206 ppy A
(W) (1) eq. 9
modeled

eq. 11

2 Deduced from measurements.

Igaliku and the Tasiusaq peat is governed by several variables and
constants which are summarized in Table 1. The aim is (i) to let «
vary within a reasonable range, (ii) to observe changes in terms of
modeled Pb concentrations and isotopic compositions, (iii) to
identify a domain of o which produces the best match between
observed and modeled values and, (iv) to infer on historical lead
deposition in southern Greenland.

For o varying from O to 3, with 0.01 increments, lead concen-
trations and isotopic compositions were computed following egs.
(6)—(9) and 11, by using the R software. Estimated errors on
modeled values were obtained by a Monte Carlo procedure which
generated 1000 samples for each parameter within their proba-
bility distribution. Optimal o values are reached by minimizing the
sum of the squared differences between the observed and the
computed values (fitting errors, FEs):

n

FEpy = > [Pbuik (i) — Pbymodeled ()] (12)
i=1

n_ /206p} _ /206py RE
FEqp — K7> i — (7) z} (13)
B0 = [\207Pb bulk() 207pb modeled()

When o is set to 0.01, the model matches approximately
measured concentrations but clearly diverges for 2°°Pb/2°7Pb ratios
at Igaliku (Fig. 4b), whereas both concentrations and 2°°Pb/2%7Pb
ratios diverge at Tasiusaq (Fig. 4c). This can be explained by the
lower natural lead content in the peat archive which makes it more

sensitive to anthropogenic inputs. When o = 3, simulations diverge
strongly for both measured parameters at each site. If fluxes had
been that high, 2°°Pb/?°’Pb ratios would have been much less
radiogenic than measured, and concentrations would have peaked
much higher. As expected, models deduced from isotopes are much
more sensitive (i.e. clearer optimal o recognition) than those
deriving from elemental concentrations. Given the degree of sim-
plifications involved, the best matches are interestingly reached for
comparable o values: between 0.20 and 0.59 for Tasiusaq,
approximated at ~0.40 and between 0.52 and 0.61 for Igaliku,
approximated at ~0.57 (Fig. 5). Such an overall similitude strongly
pleads for the pertinence of our approach.

5.5. Inferences on historical lead deposition in southern Greenland

Evidences for pre-industrial lead pollution. At Igaliku, notable
206pp, 207pp ratio shifts suggest that the first signs of anthropogenic
inputs occurred in the 15th century (Fig. 4b). Similar observations
were made by Liu et al. (2012) in the Svalbard archipelago (78.5°N).
However, no Pb enrichment is detected in the Tasiusaq peat for the
same period (Fig. 4c). Modeled 2%6Pb/2%7Pb ratios for the Tasiusaq
peat sequence exhibit a clear decrease during the medieval period,
suggesting that deeper and more closely spaced analyses of this
sequence could have potentially allowed the detection, and even
the quantification of a pre-industrial pollution signal.

Maximum anthropogenic lead fluxes. Anthropogenic lead fluxes
are finally estimated by multiplying the fPbanh(t) function by the
computed o values. Maximum anthropogenic fluxes of
~2400 + 330 pg m~2 yr~! are recorded in ca. 1965. They represent
only 50% of what was atmospherically-deposited in Iceland
(Marshall et al., 2009), 35% of that recorded in Faroe islands (Shotyk
et al., 2005a), about 15% of the atmospheric fallout sampled in a
Swiss peat bog, far from any direct source of pollution (Shotyk et al.,
1998), and only ~7% of the anthropogenic lead fluxes assessed for
Versailles, close to Paris, approximately at the same period (Semlali
et al., 2004). This pattern is most likely driven by the distance from
the major pollution sources. Similarly, the maximum Pb fallout
decrease toward the North from Igaliku and Tasiusaq:
120-500 pg m~2 yr!' in Western Greenland lakes for the early
1970s (Bindler et al., 2001b), 91 pg m~2 yr~! at the Greenland
PARCA Act2 site (McConnell et al., 2002), ~19 and ~39 pg m 2 yr~!
at Summit (Candelone et al., 1995) and Devon Island (Shotyk et al.,
2005b) respectively. This decreasing pattern is, as above, due to the
increasing distance to industrial sources, but also to the decreasing
precipitation gradient with higher latitude and distance to the
coast, which is known to partially control atmospheric lead fallouts
(Bindler et al., 2001b). However, it cannot be ruled out that other
factors, such as altitude, might have also contributed to that spatial
pattern of atmospheric Pb depositions.

Lead pollution sources. The anthropogenic Pb recorded after the
1950s in Greenland ice is believed to derive mainly from a mixture
of US and western European leaded gasoline, whose proportions
have varied through time (Rosman et al., 1994, 1998). Further back
in time, the situation is also complex because of the multiplicity of
coal sources and lead ore deposits involved. Such an uncertainty
about the primary sources of pollution could be an obstacle because
the model needs proper knowledge of the fPbanm(t) and
(?96Pb2%7Pb)gneni(t) functions to run. These functions are likely
different following the emission areas considered. For instance,
lead in gasoline was banned in US almost 15 years before Europa, so
that atmospheric Pb levels dropped earlier in Northern America
(Rosman et al., 1994). Moreover, in the past, the massive use of lead
deriving from Mississippi Valley Type ore deposits, characterized
by highly radiogenic signatures (2°®Pb/2%’Pb = 1.281-1.396) (Doe
and Delevaux, 1972; Sangster et al., 2000) produced isotopic
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discrepancies between Northern America and Western Europe
(Bindler et al., 2001b). Other major differences have also occurred
before leaded gasoline was introduced as these areas did not
experience the same industrial history. Our approach tends none-
theless to overcome all these difficulties because the fPbgnn(t)
function is built here from a natural archive from Iceland, likely
representative of the North Atlantic anthropogenic Pb fallout,
notwithstanding their origin.

6. Conclusion

To the best of our knowledge, the present study constitutes the
first application of inverse modeling for estimating anthropogenic
lead pollution in paleoenvironmental records. The model is vali-
dated by the coherence of the results obtained from two profiles on
two independent sequences. This method can be efficiently applied
when the circumstances are not favorable to the direct determi-
nation of anthropogenic fluxes; in other terms when the human-
derived inputs are difficult to decipher from the background. The
main difficulty consists in finding reference curves of fluxes and
isotopic compositions. This essential step must be adapted for each

study region. By testing the model on two paleoenvironmental
records in Southern Greenland, we estimated that anthropogenic
lead fluxes did not exceed 2400 + 330 pg m~2 yr~! (a maximum
value recorded during the 1960s).
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