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Abstract. Here, we review different attempts made since
the early 1990s to reconstruct past forest fire activity us-
ing chemical signals recorded in ice cores extracted from
the Greenland ice sheet and a few mid-northern latitude,
high-elevation glaciers. We first examined the quality of var-
ious inorganic (ammonium, nitrate, potassium) and organic
(black carbon, various organic carbon compounds includ-
ing levoglucosan and numerous carboxylic acids) species
proposed as fire proxies in ice, particularly in Greenland.
We discuss limitations in their use during recent vs. pre-
industrial times, atmospheric lifetimes, and the relative im-
portance of other non-biomass-burning sources. Different
high-resolution records from several Greenland drill sites and
covering various timescales, including the last century and
Holocene, are discussed. We explore the extent to which at-
mospheric transport can modulate the record of boreal fires
from Canada as recorded in Greenland ice. Ammonium, or-
ganic fractions (black and organic carbon), and specific or-
ganic compounds such as formate and vanillic acid are found
to be good proxies for tracing past boreal fires in Greenland
ice. We show that use of other species — potassium, nitrate,
and carboxylates (except formate) — is complicated by either
post-depositional effects or existence of large non-biomass-
burning sources. The quality of levoglucosan with respect to
other proxies is not addressed here because of a lack of high-
resolution profiles for this species, preventing a fair compar-

ison. Several Greenland ice records of ammonium consis-
tently indicate changing fire activity in Canada in response
to past climatic conditions that occurred during the last mil-
lennium and since the last large climatic transition. Based on
this review, we make recommendations for further study to
increase reliability of the reconstructed history of forest fires
occurring in a given region.

1 Introduction

Biomass burning is a major source of gases and aerosols (An-
dreae and Merlet, 2001; Akagi et al., 2011) that strongly in-
fluence chemical composition of the atmosphere and the ra-
diation balance. In turn, climate changes directly disturb the
fire regime — for instance, through the frequency of light-
ning ignition following enhanced summer convective activ-
ity (Romps et al., 2014) — including the occurrence and du-
ration of fire weather (Soja et al., 2007). Climate-induced
changes in vegetation (e.g., changing vegetation type, species
flammability, fuel mass) also may influence the fire regime
(Hély et al., 2001). In this context, the boreal forest — a key
carbon reservoir — is of particular interest because natural
fires dominate in this region where future warming likely will
significantly modify summer weather conditions. Whereas
the mean burned forest area is expected to increase in the
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future in boreal regions (Flannigan et al., 2005), the change
will not be spatially uniform and may differ from western to
eastern North America and from North America to Siberia
(Flannigan et al., 2001; Girardin et al., 2009). The availabil-
ity of satellite data has strongly increased the accuracy of es-
timated burned areas (particularly for Siberian fires; Conard
et al., 2002). Examination of present-day climate, fire con-
ditions, and vegetation interactions, however, is complicated
by the fact that, in addition to natural fires, many recent fires
also are caused by human activities. Humans manage and ex-
tinguish fires, further complicating the spatial and temporal
record of fire activity. Thus, we need to examine climate, fire
conditions, and vegetation interactions through time prior to
the appearance of human-origin fires at high northern lati-
tudes to understand both natural and human impacts on past
and present burning and improve predictions of future fire
activity.

Charcoal deposited in lake and peat sediments is a gener-
ally accepted proxy for reconstructing fire occurrence in the
past (Clark et al., 1996). Fire signals derived from charcoal
analysis are dependent on the applied technique that either
measures microscopic charcoal (< 100 um) in pollen slides or
macroscopic charcoal (>200 pm) by sieving sediments (Car-
caillet et al., 2002 and references therein). Whereas sieved
macro-charcoal is representative of local-scale fire (typi-
cally a few hundred meters from the sampling site), micro-
charcoal from pollen slides is a proxy of regional burning his-
tory (up to 1km? around the sampling site; Carcaillet et al.,
2001). Because of this limited spatial representativeness of
charcoal records, several individual records must be assem-
bled to derive a regional reconstruction of fire activity. In this
way, paleo-fire records have been obtained at regional, conti-
nental, and global scales and can be compiled from the paleo-
fire database for specific regions (Blarquez et al., 2014). Pub-
lished North American paleo-fire compilations covering the
Holocene, for example, already are available for four distinct
regions (northwestern boreal, St. Lawrence, western US, and
central North America) (Marlon et al., 2013).

Studies of the chemical composition of snow and ice al-
low examination of natural variability of the chemical com-
position of the past atmosphere; see Legrand and Mayewski
(1997) for a review. Numerous chemical species emitted
or produced in combustion plumes are trapped in glacial
archives. Thus, ice cores can be used to reconstruct past fire
activity, providing a tool complementary to charcoal records
but with unrivalled dating precision in examining the link be-
tween climate and fire activity. We also emphasize that in
high northern latitudes, charcoal records do not extend prior
to 12 kyr BP since most of these regions were covered by ice.
Potential fire proxies in ice are inorganic species (i.e., am-
monium, nitrate, and potassium), as well as black carbon and
numerous organic carbon species (or groups of species) that
also are produced during combustion. These latter species
include carbohydrates such as monosaccharide anhydrides
(levoglucosan), aldehydes, short-chain (C1-CS5) mono- and
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di-carboxylic acids, and acidic oligomers (humic-like sub-
stances). In addition, other organic molecules are specifically
emitted during combustion of certain types of fuel: dehy-
droabietic acid produced by pyrolysis of conifer resin (Si-
moneit et al., 1993) and phenolic acids produced during in-
complete combustion of conifers (vanillic acid) and grass (p-
hydroxybenzoic acid) (Simoneit et al., 2002).

Legrand et al. (1992) found that ice cores archive for-
est fire plumes by showing that the concentration of am-
monium, formate, and oxalate (measured by ion chromatog-
raphy, IC) in some summer layers deposited at Summit
(central Greenland) greatly exceed their background levels.
The authors attributed these ammonium/carboxylate events
— mainly constituted by ammonium formate salt (ammonium
to formate mass ratio of 0.4) — to transport of forest fire
plumes from North America to the Greenland ice cap. Al-
though the mechanism leading to formation of ammonium
formate in biomass-burning plumes was not elucidated at
that time, the presence of micro-soot particles identified by
electron microscopy in one of these events confirmed the
biomass-burning origin of these ammonium events (Legrand
et al., 1995). Others confirmed the biomass-burning origin
of ammonium formate events by atmospheric studies con-
ducted at Summit showing a sudden increase in these chem-
ical species in August 1994 and June 1993, when biomass-
burning plumes were transported to the site from northern
Canada (Dibb et al., 1996; Jaffrezo et al., 1998). Finally,
Kehrwald et al. (2012) showed that Summit snow layers cor-
responding to August 1994 Canadian forest fires exhibited, in
addition to an oxalate peak, a large increase in levoglucosan,
a carbohydrate specifically produced by cellulose burning.

Following these pioneering investigations, numerous stud-
ies have reported on past frequency of forest fires. Most
of them were conducted in Greenland snow and ice, and
often used different chemical proxies measured at differ-
ent time resolution (sub-annual to multiple years). To date,
using high-resolution (sub-annual) ammonium records ob-
tained at central Greenland sites through the continuous
flow analysis (CFA) technique, Fuhrer et al. (1996) inves-
tigated biomass burning for part of the Holocene (from 7.9
to 11.6kyr BP and from 2.8 kyr BP to present) at Summit
and Fischer et al. (2015) during the last glacial cycle (from
10 to 110kyr BP) at North GRIP. Because ammonium (but
not formate) can be measured with CFA, high-resolution
records of both ammonium and formate are few in number
and limited to the last millennium since IC measurements
and sub-annual sampling are required (Legrand and De An-
gelis, 1996; Savarino and Legrand, 1998).

Development of continuous black carbon (BC) measure-
ment methods in ice cores (McConnell et al., 2007) based on
new BC analyzers (SP2; Droplet Measurement Technologies,
Boulder, Colorado) enabled precise, high-resolution mea-
surements of BC in ice cores for the first time, adding an
important new ice core indicator of biomass burning. The
first high-resolution historical record of BC was developed
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from an ice core located at the western central Greenland
site D4 and spanned the period 1788 to 2002. Complemented
by high-resolution non-sea-salt sulfur determinations and the
first high-resolution measurements of vanillic acid in ice
cores, this initial BC record permitted evaluation of the con-
tribution of biomass burning and fossil fuel combustion in
Greenland snow deposited during the last two centuries, as
well as related impacts on radiative forcing (McConnell et
al., 2007). Alternatively, a low-resolution (5- to 50-year av-
erage) profile of levoglucosan covering the last 15 kyr at the
NEEM site in northwestern Greenland was used by Zen-
naro et al. (2015) to investigate boreal fire activity across
millennial timescales. None of these studies, however, ad-
dressed three critical questions. First, how consistent are the
fire records obtained at different Greenland sites (northern
vs. central)? Second, did atmospheric transport between the
source regions and drill site influence the record? Third, how
reliable are different fire proxies given that they have dif-
ferent emission factors depending on combustion conditions
and fuel nature, different atmospheric lifetimes, and some
proxies which are not exclusively emitted by combustion? Fi-
nally, biomass-burning ice records were obtained at sites lo-
cated in mid-latitude northern regions but they remain sparse
and limited to the recent centuries; see Eichler et al. (2011)
for a Siberian Altai glacier (the last 750 years), Kawamura et
al. (2012) for a Kamchatka glacier (the last 300 years), and
Miiller-Tautges et al. (2016) in the Swiss Alps (the last 40
years).

In this paper, we first review available ice core chemi-
cal records of biomass burning focusing mainly on Green-
land cores, exploring the quality of different proposed prox-
ies, considering the intensity of their emission factor dur-
ing combustion and their atmospheric behavior (lifetimes
and budgets). We then compare several high-resolution (sub-
annual) records extracted at different sites and scrutinize re-
cent decades (1950-1990) during which meteorological data
are available for backward air mass trajectory calculations
and burned boreal forest area more accurately known. This
comparison permits exploration of boreal source regions in-
fluencing the Greenland ice core records of forest fires and
evaluation of the extent to which atmospheric transport influ-
ences these records. Although not recorded in all Greenland
ice cores, the origin of the 1908 event (the year of the Tun-
guska phenomenon) is discussed. Some conflicting conclu-
sions on long-term trends in boreal forest fires, in particular
for the last millennium and last glacial-interglacial change,
are discussed. Based on this review, we make recommenda-
tions for further studies to strengthen the quality of ice core
records required to examine the relation between climate,
vegetation, and fires in the past.
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2 Previously published and unpublished data

Ice core studies from different Greenland sites that in-
vestigated past boreal forest fires are summarized in Ta-
ble 1. From north to south, the documented sites include
NEEM (77°26'N, 51°03’ W), North GRIP (75° N, 42° W),
Summit (72°36'N, 38°18' W), D4 (71°24'N, 43°54'W),
and 20D (65° N, 44°52’ W). In addition to these published
data, we used several unpublished seasonally resolved CFA
records obtained by the Desert Research Institute (DRI)
on firn and ice cores from some of the sites shown in
Table 1 (NEEM-2011-S1, SUMMIT-2010, SUMMIT-2015-
Place, North GRIP2, and D4), and from the Humboldt
site located in northwest Greenland (78°31'N, 56°49’' W;
1985 ma.s.l.; accumulation of 14.4 gcm™2 yr~!). Other un-
published data used in this study were obtained in the field
during the GRIP campaigns at Summit, including CFA mea-
surements of ammonium and formaldehyde (Physics Insti-
tute and Oeschger Center for Climate Change Research at
Bern), and IC investigations of short-chain mono- and di-
carboxylates (Laboratory of Glaciologie et Géophysique de
I’Environnement at Grenoble). Finally, recent and new chem-
ical investigations, including ammonium (not shown), doc-
ument biomass-burning fallout in ice cores extracted at the
NEGIS (Vallelonga et al., 2014) and Tunu-2013 sites (Sigl
et al., 2015). Ongoing studies conducted on northeast Green-
land ice cores will complement results discussed here.
Details on sampling and methods generally can be found
in publications referenced in Table 1. Following the very
first investigations made by Hagler et al. (2007) in snow-
pit samples collected at Summit, new investigations have re-
cently addressed the amount of organic carbon (OC) present
in Greenland ice. Quantification of the dissolved organic car-
bon (DOC) content of ice on discrete samples was developed
at LGGE using an ultraviolet (UV) oxidation and infrared
(IR) quantification of CO; with a commercial Phoenix 8000
system (Teledyne Tekmar Company, OH, USA). To remove
contamination present on the outer portion of ice samples, a
glass device was designed in which ice samples are washed
with ultrapure water and melted afterward (Preunkert et al.,
2011). During sample melting, an inert gas atmosphere is
maintained inside the glass device to prevent contact of the
ice sample with ambient air in the laboratory. These working
conditions allow analysis of small (5 mL) samples contain-
ing less than 10ppb C (Preunkert et al., 2011). They are,
however, tedious (15 min required for cleaning and analy-
sis of one sample) and difficult to apply for high-resolution
Greenland ice records. Recent improvements in sample han-
dling and other techniques in the CFA system at DRI en-
able arguably the first reliable high-resolution measurements
of total organic carbon (TOC). In this new method, a Siev-
ers 900 TOC analyzer is coupled to an ice core melter. The
constantly flowing sample stream (isolated from any interac-
tion with laboratory air and after minimal contact with plas-
tics and other sources of contamination in the flow lines) is
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Table 1. Various Greenland ice records that were used to investigate past forest fire changes. Bold species were chosen by the authors of these previous studies as good fire proxies in

ice (others were found to be influenced by fires but not enough to be considered as good proxies; Sect. 3.2).

Sites (snow accumula- Locations Time period Resolution Proxies References
tion) (elevation)
Summit (GISP2) Central Greenland 1750-1980 Mostly biannual ZE+, Whitlow et al. (1994)
(~22¢g cm™2 yr— 1 (3240ma.s.l.) (subsampling) K+, NO3
Summit (GRIP 93) Central Greenland 1767-1993 Seasonally resolved ZEH and HCOO™, Legrand and De Angelis (1996)
(~22¢g cm™2 yro J (3240ma.s.l.) (subsampling) K+, CH3COO0™,

C,03~

24

Summit (Eurocore) Central Greenland 1193-1767 Seasonally resolved Zm.ﬂ. and HCOO™, Savarino and Legrand (1998)

(~ Nwmnalw vql_v (3240ma.s.l.) (subsampling) ONOM\‘ NOj

Summit (GRIP) Central Greenland 0-3kyrBP, 8-12kyr BP  Seasonally resolved NH M__. Fuhrer et al. (1996)
(~22gem~2yr 1 (3240mas.l) (CFA)

North GRIP Central Greenland 10-110kyr BP Yearly averaged NH “. Fischer et al. (2015)
(~19gem™Zyr 1) (2917 ma.s.l.) CFA values

D20 SE Greenland 1750-1980 Seasonally resolved Z—.ﬂ. Whitlow et al. (1994)
(~41g cm—2 v:,\_v (2625ma.s.l.) (subsampling) K+, NO3

D4 West central Greenland ~ 1788-2002 Monthly (BC) (CFA), Black carbon (BC) McConnell et al. (2007)
(~41g cm™2 vq\_ ) (1985ma.s.l.) annual (VA) (CFA) and vanillic acid (VA)

NEEM (deep core, NW Greenland 0-2kyr BP 5 years, Levoglucosan, ZIH Zennaro et al. (2014)
2011-S1) (2454 ma.s.l.) monthly (BC) (CFA) BC

(~20g cm™2 vq\_ )

NEEM (deep core) NW Greenland 0-15kyr BP 5-50 years Levoglucosan Zennaro et al. (2015)
(~20gem~2yr 1 (2454mas.l)

www.clim-past.net/12/2033/2016/

Clim. Past, 12, 2033-2059, 2016



M. Legrand et al.: Boreal fire records in Northern Hemisphere ice cores: a review

analyzed within a few minutes of initial melting. Total OC
is determined in the Sievers 900 analyzer as the difference
in total carbon and inorganic carbon. UV radiation and am-
monium persulfate are used to oxidize organic compounds
to CO,, and the CO; is measured with a patented selective
membrane-based conductometric detection method (details
available in the Sievers 900 series total organic carbon ana-
lyzers, operation and maintenance manual, GE Analytical In-
struments, 2011). We emphasize that for both DOC (Legrand
et al., 2013) and TOC, measurements are most reliable in
ice cores drilled without use of organic drilling fluids and in
samples from below the pore close-off depth where potential
contamination from circulating modern air through the core
is eliminated.

3 Chemical species emitted by combustion and
fingerprint of forest fires in ice

3.1 Chemical composition of biomass-burning plumes

For species identified in biomass-burning plumes, we sum-
marize their origin in the plant biomass and their different
chemical formation pathways (Fig. 1). Typically, the plant
biomass contains C (45 %), O (45 %), H (6 %), N (1.5 %),
K (1%), Ca (0.5%), S (0.1 %), and CI (0.01 %) (Raven et
al., 2007). At any time, a vegetation fire may proceed un-
der both flaming and smoldering conditions. During flaming
(around 1100 °C) that dominates in the earlier phase of the
fire, C, H, and N present in fuel are converted into highly
oxidized simple molecules (HyO, CO», N>, and NO). Most
BC also is produced at this stage. Later, smoldering condi-
tions (below 230 to 430 °C) tend to become dominant, lead-
ing to emission of most of the CO, non-methane hydrocar-
bons (NMHC:s), and primary OC aerosol. Concerning the OC
fraction, identification of individual species in many studies
often is limited to short-chain mono- and di-carboxylates that
represent less than 10 % of total OC mass (e.g., Ruellan et al.,
1999). Following Simoneit et al. (1999) who identified lev-
oglucosan as a tracer of cellulose in biomass burning, several
studies conducted in combustion plumes extended OC spe-
ciation to this carbohydrate. To our knowledge, the most ex-
tended OC speciation was obtained for savannah fires (Gao
et al., 2003) where, in addition to carbohydrates like levoglu-
cosan and glucose, gluconic acid was tentatively identified
as the most important carboxylate. At temperatures higher
than 400 °C, levoglucosan can be thermally destroyed into
either smaller compounds producing various aldehydes and
carboxylic acids or repolymerized into polysaccharides to
then form high molecular organic-containing bonds and car-
bonyl groups (i.e., similar to humic-like substances; Fig. 1)
(Kawamoto et al., 2003; Abella et al., 2007). Finally, in addi-
tion to these primary emissions, numerous NMHCs and oxy-
genated volatile organic compounds (OVOCs) emitted dur-
ing combustion will be oxidized into small carboxylic acids
(Fig. 1). In contrast to combustion of fossil fuels, the rela-
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tively low temperature of biomass burning compared to fos-
sil fuel combustion leads to emission of nitrogen (mostly NO
and NH3) mainly originating as nitrogen present in fuel (not
as atmospheric N»). Potassium, a major electrolyte in plant
cytoplasm, is easily volatilized during combustion (boiling
point of 760 °C against 1484 °C for calcium, for instance).
As discussed, emission of many species often depends on
combustion conditions, particularly for organic compounds.
The content of burned matter is another important parameter
for many inorganic compounds. Quantification of emission
factors, defined as the mass of species emitted per kilogram
of dry matter (DM) burned, during combustion of different
types of vegetation highlights some specific characteristics
of boreal fires. For most species reported in Fig. 1, emis-
sion factors for savannah as well as tropical and extratropical
forests (including boreal and temperate fires) can be found
in Andreae and Merlet (2001). More recently, data have be-
come available for some species distinguishing between tem-
perate and boreal fires (Akagi et al., 2011). The case of ni-
trogen emissions is a good example of the need to get data
distinguishing temperate from boreal fires. Indeed, whereas
Andreae and Merlet (2001) reported an emission factor 2-
fold higher for NO than for NH3 (3 g of NO against 1.4 g of
NH3 per kilogram of DM) for extratropical fires, Akagi et
al. (2001) reported emission factors of 2.7 g for NH3 against
0.9 g for NO per kilogram of DM for boreal fires (0.8 g of
NH3 against 2.5 g for NO per kilogram of DM for temper-
ate fires). Thus, one of the most important emission features
from boreal fires lies in nitrogen emissions dominated by am-
monia but not NO, emissions. For potassium, although no
data are available for boreal fires, Andreae and Merlet (2001)
reported emission factors ranging between 0.1 and 0.4 g of
potassium per kilogram of DM for extratropical fires. Potas-
sium emission factors are not expected to be strongly de-
pendent on fire combustion (McMeeking et al., 2009) but
more on potassium content of the fuel. For organic com-
pounds (NMHCs, OVOCs, and OC primary aerosol), smol-
dering conditions that are predominant in boreal fires can
generally lead to higher emission factors than other vegeta-
tion fires. Only available for boreal fires are emission factors
for NMHCs and OVOCs (a total of 59 g vs. 24 gkg~! of DM
for temperate fires; Akagi et al., 2011). These emissions of
NMHCs and OVOCs play a key role as precursors of short-
chain carboxylates, representing a large source of secondary
OC aerosol (Fig. 1). For carbonaceous aerosol (BC and OC),
laboratory experiments by McMeeking et al. (2009) show
that, as expected, twice more BC is emitted under flaming
conditions than under mixed conditions (flaming and smol-
dering) (1.0g of BC per kilogram of DM for flaming and
0.5 g of BC per kilogram of DM for mixed conditions). Al-
ternatively, far less OC is emitted under flaming conditions
(1.6 g of OC per kilogram of DM for flaming and 16 g of
OC per kilogram of DM for mixed conditions). Finally for
levoglucosan, although less data are available, Andreae and
Merlet (2001) reported emission factors of 0.75 g of levoglu-
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Figure 1. Proposed chemical pathways for formation of various chemical species identified in smoke aerosols. Adapted from Gao et
al. (2003) and references therein, Kawamoto et al. (2003), and Abella et al. (2007).

cosan per kilogram of DM for extratropical fires vs. 0.28 for
savannah. The expected dependency of emission factors of
levoglucosan with combustion conditions characterized by a
quasi-zero emission during flaming, as observed by Gao et
al. (2003) for savannah fires, was confirmed by laboratory
experiments (Dhammapala et al., 2007; Kuo et al., 2008).

3.2 Fingerprint of forest fires in Greenland ice

With the goal to reconstruct past forest fire activity, ammo-
nium has been used extensively to document fires in numer-
ous Greenland ice cores at sub-annual resolution (Table 1).
Many of these studies also documented nitrate and occa-
sionally soluble potassium deposition. These high-resolution
studies sometimes documented BC and some organic acids
(particularly C1-C2 carboxylic and vanillic acid). Other

Clim. Past, 12, 2033-2059, 2016

Greenland records exist for levoglucosan but only at low
resolution (Table 1). Since fires are episodic in nature, we
first focus our discussion on ammonium, short-chain car-
boxylates, BC, nitrate, and potassium for which several high-
resolution Greenland profiles are available. The case of lev-
oglucosan is discussed in Sect. 4.2 and 4.3.

High-resolution chemical profiles were obtained in Green-
land ice cores by employing either IC analysis on discrete
samples or CFA techniques (Table 1). The first records were
achieved by subsampling pieces of firn and ice (several sam-
ples per year) with subsequent analysis by IC permitting in-
vestigations of potentially relevant species (e.g., ammonium,
potassium, nitrate, and several light carboxylates including
formate, acetate, glycolate, and oxalate). A second set of
profiles was achieved using CFA — permitting investigation
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of high-resolution records of ammonium, nitrate, formalde-
hyde, BC, and sometimes vanillic acid.

Legrand and De Angelis (1996) found that the firn mate-
rial is very sensitive to contamination for carboxylates during
standard storage of cores in sealed plastic bags. To minimize
this problem, a firn core (73 m depth) drilled at Summit in
1993 (Legrand and De Angelis, 1996) was processed in the
field by shaving around 90 % of the outer part of firn core
sections within one or two hours after extraction. Note that
this record still represents the only profile documenting car-
boxylates during recent decades in Greenland snow. In order
to examine the chemical signature of ammonium events with
respect to background levels, data from this firn core were
used to examine the relationship between ammonium and ni-
trate as well as between ammonium and the different car-
boxylates (Fig. 2). Anthropogenic emissions impacting the
budget of nitrate and carboxylates in Summit snow layers
led us to restrict our examination to the pre-1940 time period
(520 samples). Indeed, the level of nitrate between 1250 and
1940 AD (60 =+ 17 ppb; Savarino and Legrand, 1998) was
enhanced to 99 437 ppb during recent decades as a result
of growing NO, emissions (Mayewski et al., 1990; Fischer
et al., 1998). Furthermore, Legrand and De Angelis (1996)
demonstrated that the levels of formate close to 9 &= 3 ppb be-
tween 1750 and 1940 have decreased to 6 &£ 2 ppb as a result
of acidification of the atmosphere following emission of SO,
and NO,. In Fig. 2, we used data obtained along pieces of ice
(660 samples) from the deep GRIP ice core and correspond-
ing to the Holocene period (Legrand and De Angelis, 1995,
1996).

In the following sections, we compare the different po-
tential biomass-burning proxies to ammonium. In addition
to the fact that many more high-resolution records are avail-
able for ammonium than for any other chemical species, the
choice of ammonium as the reference species is legitimate
since its non-biomass-burning background summer level in
Greenland ice is relatively low (less than 18 ppb; Legrand
et al., 1992). Estimates of the non-biomass-burning ammo-
nium level were derived from simultaneous comparisons of
formate and ammonium levels, exploiting the fact that for-
est fire debris reaching Greenland mainly consists of ammo-
nium formate and that formate background levels in Green-
land ice exhibit low temporal variability. These features are
confirmed in Fig. 2a and b.

3.2.1  Ammonium and carboxylates

As shown in Fig. 3, ammonium peaks are accompanied by
a simultaneous increase in formate, oxalate, and sometimes
nitrate and potassium. For glycolate and acetate, the snow
or ice layers located in the vicinity of the ammonium peak
also are disturbed. The presence of these wider peaks for
glycolate and acetate than for ammonium likely are related
to post-depositional processes acting on these two volatile
species. A similar smoothing of formaldehyde (HCHO) fall-
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out related to biomass-burning events also was reported by
Fuhrer et al. (1993), as seen in Fig. 4. Therefore, in examin-
ing the relationship between ammonium and carboxylates in
Fig. 2, we used glycolate and acetate concentrations in sam-
ples corresponding to the background and peak but discarded
those in the neighboring layers of the ammonium peaks (i.e.,
27 values of 524 during the 1773 to 1940 time period and
30 values of 630 during the Holocene). Figure 2 shows that
formate unambiguously increases well above its background
level during ammonium events. The ammonium events also
are accompanied by enhancement above background values
for glycolate, and to a lesser extent oxalate, whereas for ac-
etate the enhancement remains within the range of back-
ground variability (Fig. 2).

To compare deposition of carbon associated along am-
monium events, we calculate enhancement of the different
carboxylates above their respective background values for
different ammonium events (Fig. 5). For species exhibit-
ing broadening with respect to the ammonium peak (ac-
etate and glycolate), we considered total deposition by cal-
culating the total area of the perturbation. The same pro-
cedure was applied to formaldehyde data available along
a few ammonium events, such those reported in Fig. 4.
Using the slope of the linear regression between ammo-
nium and carboxylates (expressed in carbon mass) plot-
ted in Fig. 5 (formate: [HCOO™]=0.65 [NHI] R% =0.86,
acetate: [CH3COO~]1=0.07 [NHZ{] R%?=0.32, glycolate:
[CH,OHCOO~]=0.105 [NH;] R?>=0.69, and oxalate:
[C20571=10.025 [NH] ] R? =0.45), and the one calculated
for formaldehyde ([HCHO]=0.02 [NH;] R*=0.86, not
shown), we estimate that input of formate accounts alone for
74 % of the total mass of identified OC species followed by
glycolic acid (12 %), and acetic acid (8 %), HCHO and ox-
alate each accounting for 3 %. This dominant presence of for-
mate in ammonium-rich Greenland deposits contrasts with
the relatively weak emission factors reported for boreal fires
(0.16 g C for formic acid against 1.8 g C for acetic acid per
kilogram of DM; Akagi et al., 2011). This reflects the impor-
tance of secondary production of formic acid during aging of
the plume (Lefer et al., 1994).

Figure 5 includes a few data corresponding to ammonium
events that occurred during the Younger Dryas (11 600-
12600 yr BP); these are shown as triangles. Of the four
events reported in the formate panel, we estimate enhance-
ment above background levels for only one event because
of lack of available ice samples adjacent to the event. This
fully documented Younger Dryas event, with an ammonium
peak reaching 145 ppb, indicates no enhancement of glyco-
late (Fig. 5). In fact, in the deep GRIP ice core, the back-
ground level of this carboxylate gradually decreases through
time, from 1.3 £ 2.6 ppb during the last 5 kyr to 0.3 £ 0.9 ppb
between 5 and 10kyr BP and zero prior to 11kyr BP (not
shown). This decreasing trend is not related to past climate
changes since, even during the preceding warm period (the
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Figure 2. Concentrations of various carboxylates (a—e) and nitrate (NO3y), (f) as a function of ammonium (NHI) in Summit snow and ice

layers. HCOO™ is formate, CH3COO™ is acetate, CHoOHCOO™ is glycolate, and Cin_ is oxalate. For formate, two panels (a and b) are
shown to detail the relationship at ammonium concentrations lower than 200 ppb (a). The red triangles correspond to the layers deposited
between 1773 and 1940 AD (520 values along the GRIP 93 firn core: Table 1); the black circles correspond to the Holocene period along the

GRIP deep ice core (660 values between and 355 and 11 600 yr BP).

Eemian at around 120 000 yr BP), glycolate was still not de-
tected in ice, whereas all other carboxylates are in the range
of values seen during the Holocene. We therefore conclude
that this species slowly degraded in the ice.

Although present at concentrations well below those of or-
ganic compounds (less than 1 ppb) discussed above, vanillic
acid was investigated using CFA in Greenland snow layers
(e.g., at D4; McConnell et al., 2007) with the aim of attribut-
ing the contributions of fossil fuel and biomass burning to
the budget of BC during the last two centuries. We report
annual levels of vanillic acid and ammonium in snow layers
deposited at D4 between 1740 and 1870 (Fig. 6). Although
formate was not measured in D4 snow, comparisons of tem-
poral variability indicate that vanillic acid also can be used
as a surrogate of ammonium (R? = 0.62 for vanillic acid vs.
ammonium, compared to R? =0.87 for formate vs. ammo-
nium at Summit).
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3.2.2 Ammonium vs. formate and nitrate

Whitlow et al. (1994) and Savarino and Legrand (1998)
found that some (but not all) N HI events in the Summit lay-
ers are accompanied by a moderate increase (a few tens of
parts per billion) in nitrate. Figure 3 illustrates this with the
1863 ammonium event showing an increase of nitrate (~ 40—
50 ppb) but not the 1908 event. Figure 2 suggests that, if it ex-
ists, an input of nitrate accompanying ammonium events re-
mains in the range of variability of nitrate background levels.
The variability of nitrate background level in Summit snow
layers is mainly related to the seasonal change with values
close to 50 ppb in winter and 90 ppb in summer. Although
the budget of nitrate in pre-industrial Greenland ice has not
been discussed yet, it is likely that the summer maximum is
related to natural NO sources like soil emissions from sur-
rounding continents and possibly lightning, both being more
active in summer than winter. Figure 2 does not support use
of nitrate in Greenland ice as a proxy of forest fires.
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