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Abstract
Black carbon (BC) is aamservative tracer fandustrial combustion anopenbiomass
burning that has a significaoto nt r i but i on t o BecausdBECsadakdi at i ve
light-absorbing particle, B& estimatedy the htergovernmental Panel on Climate Change
(IPCC)to have a forcing of 0.7 watts/metathe third largest radiative forcing behind only
carbon dioxide and methankne radiative effects of BC are particularly notable when deposited
on bright surfacesuch asnowand ice andduring atmospheric transpoHistorical records of
BC, such as those measured in ice cores, can be used to reconstruct forest fire history over past
millennia. Thus, quantifying BCb6s role in the
fire history amgkt Thia studhpdesents ceandw naethdd yoe mehsuring BC in
lake sediment cores using a labased instrument that has snsimple requirements ahdyh
sample throughpufthe method has low detection limits and is higtelgroducible with proper
samplepreparation. This method is then applied to a lake sonthern Greenland and, in
conjunction with BC data from seven Greenland ice cores, used to evdtutdtiern Hemisphere
BC deposition and fire histoisince 300 CEDepositionof BC in Greenland parkdls Northern

Hemisphere temperature, witigherBC flux during the warmeeras of the past 1700 years.
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Chapter 1. General Introduction



1. Introduction to Black Carbon

Black carbon (BC) is emitted from natural wildfires and from domestic and industrial
combustion of fossil fuels. BC specifically is a remnant of incomplete combustion of biomass or
fossil fuels(McConnell et al., 200Preston and Schmidt, 2008hus, BC is a traar for
wildfires during the priedustrial and a tracer for biomass, coal, andberhingsince
industrialization(McConnell et al., 2007BC records from ice cores and snow have been used
extensively as proxies for preindustrial wildfires as well as industrial emig¥eegan et al.,
2014;McConnellet al., 2007McConnell and Edwards, 200Bainter et al., 201 3Bterle et al.,
2013;Zennaro et al., 2014The BC aerosol is not only important as an historical, conservative
tracer of forest fires, which are strong climate forcers responsibté&b@86 of all greenhouse gas
emissions, but the aerosol itself has a direct link to climate via its radiative forcing when
deposited on bright surfaces such as s(@ond et al., 2013-lanner et al., 2003jao et al.,
2014;Painter et al., 2013yVith a forcingsmaller only thar€O, and CH (Figure 1) BC is
thought to be one of thmost important forcers of climate change, as dark BC patrticles can
absorb large amounts of solar radiat{Boend et al., 2013PCC, 2013) BC records are
extremely valuable constraints for global climate modetifigoth past and future climate
reconstructiongBauer et al., 201Bond et al., 2013jiao et al., 2014;amarque et al., 2010;

Lee et al., 201Fennaro etl., 2014;Zhou et al., 2012)
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Figure 1: IPCC estimates of radiative forcing from various compounds. BC is estimated to have the third
highest climate forcing after G@nd CH (IPCC, 2013)

The radiative forcing of BC emitted naturally from forest fia@sl depositedn snow and
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Proxies for forest fire activity other than black carbon exist, though mesioa source
specific to combustion processes. Potassium and ammonium have been used as indicators of fires
in ice coreqEichler et al., 2011McConnell et al., 2007 alcin et al., 2006)but also are emitted
from a variety of other sources. Levoglucosan is a tracer of combustion of biomass at high
temperatures that is preserved in ice, though is subject to oxidatiymtiyxyl radicalduring

transport and so is nobnservativdHennigan et al., 201&offmann et al., 2010)

2. Historical ice core and lake sediment core records of BC
Ice cores provide thiengestand highestesolution records of BC. Most ice core records
of BC span recent millennia, with two records extending back tky6@VAIS Divide,
Antarctica) and ~130 kyr (NEEM, Greenland). Modern day BC deposition coincides with
increased concentratis of heavy metals and pollution sulfur, indicating industrial fossil fuel
burning as the primary source of BC to Greenland since @88Connell et al., 2007)
Anthropogenic effects on BC concentrati@hsoareevident in Antarctica, but less conclusive
(Bisiauxet al., 2012aBisiaux et al., 2012b)Before the industrial revolution, midtitude boreal
wildfires were the primary sources of BC to Greenl@WdConnell et al., 2007and low and
mid-latitude grassland and forest fires dominated the BC record in AntgiBtitaux et al.,
2012x; Bisiaux et al., 2012bBecause ice cores are far removed from BC sources, transgort an
modification processgg.g. aging and precipitation scavengiagg not fully understood
(Zennaro et a) 2014) Also, ice core records are limited in age to the past glacial/interglacial
cycle, limiting their capacity to provide BC records to the most recent part of the Pleistocene.
Lake sediment cores, conversely, can extend for millions of yeargprasentozensof
glacial/interglacial climate cycles. BC (commonly referred to as elemental carbon (EC) in lake
cores) has been measured in a limited number of lake sediment cores using various methods and

over different time scalg$ustafsson et al., 200Han et al., 2011Khan et al., 2009;



Louchouarn et al., 200Ruri et al., 2002) Muri et al. (2002) examined B@ofiles in four
glacial lakes in the Julian Alps in Slovenia. BC was analyzed using an elemental BC analyzer
after removing organic carbon via thermal oxidation and removing inorganic carbon via
acidification. The BC signal in these lakes was attributdddal fires and fossil fuel combustion
depending on the geographic setting of the lake. Louchouarn et al. (2007) reconstructed BC
emissions in the New York City area using sediment cores from intercity parks and found a
dramatic increase in black carbstarting ~1900 associated with fossil fuel and waste
combustion. This study used a similar method to Muri et al. (2002), called the thermal oxidation
method. Khan et al. (2009) developed a theropdical transmittance method that involved
complex samplerngtreatment to reduce the required sample from 10 g t2Q80ng to allow for
higher resolution analysis. Han et al. (2013) compared various BC analysis methods on a lake
core from China and found that temporal patterns were similar among methods, but the
magnitude of concentration varied.

In the Arctic, recent work in the Fennoscardarea in northern Finlamgiantified lake
BC flux from five lakes for the first time usirgchemothermal oxidation meth@Ruppel et al.,
2015) Depositional fluxes at the five lakes had differing temporal trends over the past 150 years,
with three lakes recording increasing B@x over the past 75 years while two lakes showed
declining BC flux over the same time period. This work pointed to the need for more Arctic BC
flux records to understand how changing industrial and natural emissions are affecting BC

forcing.

3. ThesisOverview
This thesis contains four chapters. This chapter is a general introduction to black carbon,
with a summary of the climate significance of BC and a review of BC research in ice and

sediment cores. Chapter two is a manuscript detailing a new nfethméasuring BC in lake



sediment cores using a ladgmsed instrument. In the past three years, this method has been

devel oped through coll aboration between Dr. Jo
the Desert Research Institute and Dr. Boasniere atJMR ChroneEnvironnement, Besancgon,

France Based on Dr . Mc Connell s devel opment of a
reduced sample requirements by 4 orders of magnfidd€onnell et al., 2007the new method

for measuring BC in sediment cores ordguires 50 mg of sediment, and through comparisons to

nearby ice core BC records and model simulati@sshown promiseith an initial analysis of

Lake Igaliku from Southern Greenland.

Chapter three is a manuscript presenting and discussing an faniatpdcal BC records
from seven ice cores amdake sediment core from Lake Igaliku, Greenland. The Lake Igaliku
record extendsverthe past two millennia, and compares well to BC rexfmaim the Greenland
ice core arraywhich serve to validate theke dataset. The BC tremdbserved in Lake Igaliku
and the Greenland cores show increased BC flux during the Medieval Climate An8&taty (
1250CE), decreasing BC flux during the Little Ice Age (130A800CE), and a sharp increase
during the Indusial Revolution (1850 CE). The BC records also closely follow Northern
Hemisphere temperature reconstructiieberg et al., 2005)ntil 1800 CE, when the signals
decouple because widustrial emissionsThe close relationship between BC and temperature
from 300 to 1800 CE implies a first order relationship between temperatureafiteBC that
would allow extrapolation of BC emissions and thus BC climate forcing for different future
climate scenarios.

Chapter four is a conclusion with recommendations for future work and potential
applications of the new method. Appendix A summarieecond pilot study for the new BC
method at Lake Peters, Alaska that was not as successful as the Lake Igaliku record. The BC
record at Lakd’eters wasomparatively igonsistent with the BC cerd from nearby McCall

Glacier. The differences can bemiuted to the characteristics of LaReters, which has a large



drainage system dominated by fluvial input whereas Lake Igaliku has a small catchment

dominated by atmospheric deposition on the lake surface.
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Abstract

Understanding past and present black carbon (BC) emissions and transport is critical for
guantifying and modeling climate change, as BC is an important contributor to radiative forcing.
BC, formed during incomplete combustion of fossil or-hiels, is emitted to the atmosphere
from large wildfires and industrial sources, where it can bepmatedd and deposited globally.
Thus, ice cores and other archives of BC can be used as proxies for historical changes in biomass
burning and industrial emissions. Lake sediment cores potentially provide an alternative to ice
cores to obtain lonterm glokal BC records with the possibility to extend B&tordsand
thereforebiomass burningecords back millions of years through dozens of global climate
cycles. Here, a new method is presented for measuring BC in lake sediment cores using a laser
based instiment, the Single Particle Soot Photometer (SP2). This method minimizes sample
requirement and preparation time compareeiistingfilter-nased methods. Dried and
homogenized sediment samples are resuspended in water, shaken and sonicated to mobilize BC
allowed to settle to remove large sediment particles, and analyzed on the ne&fRHzrstem.
BC concentration and mass measurements are highly reproducible with this method, particularly
with samples homogenized using a planetary mill. Sample recgritamapproximately 50 mg of

sediment, though the method has been tested successfully with as little as 15 mg of sample.

1. Introduction

Black carbon (BC) results from incomplete combustion and is emitted from natural,
agricultural, and domestic fires avell as combustion of fossil fuels. Thus, BC is an unambiguous
tracer for open burning during the preindustrial and a tracer for biomass, coal, and oil combustion
since industrialization. BC records from ice cores and snow have been used extensively as
proxies for historical burning emissio(Bisiaux et al., 2012&isiaux et al., 2012lKeegan et

al., 2014;McConnell et al., 200M1cConnell and Edwards, 2008ennaro et al., 2014The BC
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aerosol igmportant not only as a conservative tracer of forest fires, but the aerosol itself has a
direct link to climate via its radiative forcing in the atmosphere and when deposited on bright
surfaces such as snd@gond et al., 2013 cConnell et al., 2007 However, ice core records of
BC are limited to the past 130 kyr in the Arctic (the age of the oldest ice recovered from
Greenlan) and 800 kyr in the Antarctic (the Dome Fuji ice cpoasd such records can only be
recovered from the polar regions generally far removed from likely source regions of BC
aerosols. As an alternative to ice cores, lake sediment cores potentially\ade prach longer

BC records that are not geographically limited to patat alpineegions.

Previous methods to measure BC in lake sediment corémadeel to filter-based
thermalopticaland chemical thermalpticalmethods, which are restricted bethlarge sample
requirement, measurement artifacts, and tmesuming analytical metho@Gustafsson etla
2001;Han et al., 2011Khan et al., 2009;.ouchouarn et al., 200R4uri et al., 2002Ruppel et
al., 2015) These filterbased methods require chemical pretreatment steps and have uncertainties
associated with carbon volatility.

We present a new rtieod for measuring BC in lake sediment cores using the Single
Particle Soot Photometer (SP2, Droplet Measurement Technologies). Sample preparation times
are short leading to high sample throughput with the ability &yae up to 70 samples per day.

The method requires small samples, as littlddasng sedimentalthough 50 mg is preferredhe

SP2 returns not only BC concentration, but also BC particle mass, a parameter that cannot be
guantified with filterbased method$Vith proper sample preparationeasurements of BC mass

and concentration are highly reproducible using this method. Because the SP2 directly measures
BC mass, we report BC particle mass rather than BC patrticle size since reporting BC size requires
the assumption of an effective densitbdapherical shape for BC particles. The effective density

of the BClike material Aquadag, which is used as a calibration material for the SP2, has been
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characterized thoroughly. 8Wse the relationship published by Gysel et al. (2011) to calculate

size fom mass when necessary to compare to other studies.

2. Method description

This method for BC determination in lake sediments uses the Single Particle Soot
Photometer (SP2, Droplet Measurement Technologies), abdased instrument that has been
used etensively for aerosol BC measurements in(fdioteki et al., 2007Subramanian et al.,
2010)and more recently in ice coréBisiaux et al., 2012 Bisiaux et al., 2012tKeegan et al.,
2014;McConnell et al., 2007Painter et al., 201Zennaro et al., 2014This method, based on
the ice core mébd first established by McConnell et al. (2007), uses a nebulizer to transform an
agueous sample into a dry aerosol which is then analyzed by the SP2. Preparation of each lake
sediment sample involves multiple steps of weighing, sonicating, and shatindake
sediment cores were sampled in this analysis. Details of core location and BC measurements are
presented in Tablefbr the lakes used in the studBulk samples were dried and homogenized
using either a planetary m{iRetsch Planetary Ball Milpr by agatemortar and pestle. Samples
were stored in plastic vials or baggies until analysis. For sampling, approximataty &0dried
and homogenized lake sediment is suspended iml & ultrapure water in a preleaned and dry
polypropylene vial. ie weight of both the sediment and the water is used to determine the exact
ratio of sediment mass to water volume in units of milligrams of sediment per milliliters of water.
This ratio allows for normalization of the measured BC concentration to oldiaed a
determination of nanograms of BC per milligram sedim@nplicate samples are prepared for
samples both from the current and previous day
to-day measurements.

After a batch of samples has been sudpdrin water, the samples are sonicated for 7.5

minutes(Branson, B8510MT Ultrasonic Cleaner), shaken vigorously by hand to remobilize
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settled sediment, and immediately sonicated for another 7.5 minutes. The samples are then placed

on a platform shaker (NeBrunswick Scientific, Innova 2100) for 16 hours. Following the

shaker table, the samples are sonicated for 30 minutes and again shaken vigorously by hand
halfway through sonication. Prior to analysis, samples are stored in a refrigerator at 10°C for 24

hours before analysis to allow large particles to settle, primarily to avoid contaminating and

clogging the nebulizer and SP2 optics.

Abbr. Lake name Location | Total# | Homogenization| Avg. BC Conc | Avg. BC
Samples | Method N1d Mass
(ng BC/ mg MeanN 1 ¢
sediment) (fg)
Lake A | Lake Igaliku | Greenland| 175 Mortar and 52+44 46+1.8
pestle
Lake B | Lake Bastani | Corsica 100 Mortar and 169+104 1.7+£0.24
pestle
Lake C | Lake Russia 660 Planetary mill 67+47 11+1.8
EI 6Gyg)
Lake D | Lake Tahoe | USA 1 (bulk) | Mortar and 42 3.8
pestle

Table 1: Summary of lake information and sample statistics from each study site.

Samples are introduced to thealysis systemasing an autosampler (Cetac ASX510

Cetac Technagieg and peristaltic pump. A schematictbé analysis system is presented in

Figure 2. All sample delivery lines are Teflon. Two steps prevent clogging of the sample delivery

lines and contamination of the SP2 optics: 1) two inline stainless steel filtewsni20a nedm, 1 0

respectively) remove lkal

pumped into the sample stream using an M6 pump (VICI M6 pump, Valco Instruments Co.) to

dilute the sample. The M6 is a piston pump that delivers a precise, constant flow of liquid at
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calibrations and quality control standaridsanalyzed with theamedilution to correct for any
potential drift in flow rates. Ifitere are enough samples to require more than one day of analyses,
the dilution is kept constant for the entire analytical campaign. An inline mixing loop isaused t
ensure complete mixingith the sample flow.

Waste

Dilution from
M6 Pump Nebulizer SP2

Debubbler

Figure 2: Schemat diagram of sample flow through the analytical system.

20 pm SS Filter
10 um SS Filter

The diluted sample is then delivered by a peristaltic pump to the nebulizer to transform
the aqueous flow into a dry aerosol which is then analyzed by the SP2. We have tested both
ultrasonic (CETAQJ5000 AT, CETAC Technologies) and jet (Apex Q, Elemental Scientific
Inc.) nebulizers. Inside the SP2, the aerosol stream passes throughnan1lR84Y AG laser,
which causes the BC to incandesce. The SP2 measures this incandescence on two channels,
narrowbad and broadband, and determines a BC mass for every BC particle that is detected. The
SP2 used in this study was calibrated up to a BC mass of 60 fg using Aquadag provided by
Droplet Measurement Technologies (DMT). The SP2 is calibrated at the stachafagafor both
concentration and mass using a suite of standards including Cabojet 200, Regal Black, and
Aquadag. Quality control standards and blanks are run periodically throughexptrénento
control for any drift in nebulization and pumping ei@ncy. For a run, blanks typically have an

average BC concentration of 0.96N0.70 ng/g (N1

3. Sample Reproducibility

The reproducibility of the BC measurement with this method is determined by two

factors. e first is the reprodudility of multiple measurements made on a single sample. The
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second is the reproducibility of the measurement made on multiple samples prepared from the
same original sediment. We refer to multiple samples prepared from the sauogenized
sediment as duplicate samples, while we will refer to multiple measurements of the same sample

as replicate measurements.

3.1 Replicate measurements and sample stability

Undesstanding how the samples changéh time is critical for making redible
measurements. Following the final sonication, the BC within the sample can be altered by
numerous factors including, but not limited to, settling out with sediraggtpmerationor
sticking to the walls of the polypropylene vial. Thus, quantifyinggt s ampl ebdés st abi | it
is critical to ensure consistent and repeatable results.

To test the stability of the samples with tirfeyr groups ofthreesamples each were
prepared as described above from a bulk sediment sample from Lake A. BC \wascahedter
various settling intervals to determine the stability of the samples with time up to a maximum
settling time of 220 hours. Groups 1 and 2 were allowed to sit undisturbed for the duration of the
experiment while samples in groups 3 and 4 wenicated for 10 minutes immediately prior to
each analysisSt u d etest wasusdd to determine if the mean of each group was significantly
different than the original measurement at the 90% confidence interval.

As seen in Figur8, the BC concentratioof theunsonicated groups 1 and 2 was not
different than the original measurement until 148 and 72 hours, respectivel B
concentration of theonicated groups 3 and 4 was not significantly different until 220 and 172
hours, respectively, though tpevalue for the 48 hour measurement of group 4 is close to the
significancecutoff. For the first 48 hour&C concentration changeoh average change of less
than 2%across all group#\fter 48 hours, the concentration in groups 1 and 2, the unsonicated

samples, began to decrease resulting in a loss of 40% of original BC after 150 hours. Sonication
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maintained the BC concentration in groups 3 and 4 for up to 150 hours, resulting in a 12%
increase in concentration after 150 hours. The increase could Imtuated by BC concentrating
in the samples as water is used for analysis and the ratio of remaining water to sediment in the
vial decreases. This implies that some fraction of BC is adsorbed to the sediment and desorbed
slowly with repeated sonication sgep

BC mass for all four groups declined steadily with time, losing 4% per day, with no
significant difference between sonicated and unsonicated grblogslecline of BC mass
suggests larger BC patrticles are being lost, perhaps via settling out ofrsotusticking to the
walls of the vialsFor 72 hours after preparation, none of the four groups are significantly
different than the original measurement, though by 148 hoardidence in the BC mass
measurement is diminishelth light of the deviatiomf groupsfrom the original measurement
beginning at 72 hours after sample preparation, we recommend analysis of the samples within the
first 48 hours of preparation at minimum, ideally as closke®? hours mark as possible floe

most confident measements.
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Figure 3: Stability of lake sediment samples withtinier r or b ar s Groepgtand2were N1 G .
allowed to settle continuously over course of experiment. Groups 3 and 4 were sonicated for 10 minutes
prior to each malysis.Bottom panelisfr al ue f r o festideditd @mparé smean of each group to
first measuremenk-values in theed staded area represeasignificant difference at the 90% confidence
intervalfor corresponding measurement in upper pa®€l concentratioris not significantly different in
unsonicated and sonicated groups until 72 and 170 hours, respectively. BC mass is not significantly
different for unsonicated and sonicatgdupsuntil 172 and 148 hours, respectively.
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Figure 4: Replicate measurements of samples from Lake B (a) and Lake C (b)itiide32 hours of
sample preparation. Both BC concentration (left) and mass (right) show excellent repeatability.

This finding is corroborated by a number of replicate measurements made during two
analysis campaigns (Figud®. Replicate measurements are made on samples prepared in the
same batch on the same day to allow for measurements while samples are stifstableake
B, 37 samples were analyzed twice within 32 hours of preparation. An additional 16 samples
were measured once at 28+2 hours and again at 525 hours. The replicate measurements show
strong correlation to the original measurements, althougsetingles analyzed twice within 32
hours of preprationhadslightly betterreproducibility for both concentration (y=9Bx+15.4
r’=0.98 p<0.0) and mass (y=07x+0.03 r’=0.98 p<0.01 Figure4a) than the replicate
measurements made at 52 hdi@gancentration: y=02+2.57, r’=0.94, p<0.01mass:
y=0.66x+0.58 r>=0.90, p<0.0}.

From Lake C, 52 samples were analyzed twice within 31 hours of preparatidmenty
one samples were analyzed twice within 55 hours of preparation, once at 28+2 doagaiarat

52+3 hours. Similar to the results from Lake B, the samples from Lake C analyzed twice within
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31 hourswvere more reproducibler both BC concentration (Yi=0x+1.2, r’=0.94, p<0.0}land

mass (y9.9%+0.21, r’=0.%4, p<0.01;Figure4b) compared tthose reanalyzed within 55 hours
(BC concentration: y8.7%-0.7, r’=0.82, p<0.01 BC mass: y8.73+1.6, r’=0.77, p<0.0}.
Reproducibility was excellent on the samples analyzed within 31 hours, with highly significant
correlation between original and rejalte measurements.

We conclude that this method for preparing lake sediment samples yields samples that
are stable foBC concentratiomnd mas$or up to48 hours without the need for sonication.
However, to maximize the reproducibility of BC mass meanarts, it is best to analyze
samples at a consistent time, preferably as close to thesdtlingmark as possible. Provided
samples are consistently analyzed within this time window, BC measurements of both
concentration and mass are highly reprodeciBetweer24 and 4&hours, BC measurements are
still reproducible, though not to the same degree as if measured earlied3ftaurs,
measurements are much less robust. Practically speaking, the stability of the samples allows for
large batches of sargs of upto 70 samples to be prepared concurresmigthen analyzedver

the course chworkday with high confidence in the results.

3.2 Duplicate Samples

The previous section discussed the reproducibility of multiple measurements made on
one sample, but of equal importance is the repeatability of measurements on multiple samples
prepared from the same original lake sedim€&htee to four duplicate samplage typically
prepared for samples within the current sample batch and two to three duplicate samples are
prepared from samples from the previous batch to ensure measurement consistency both within
and between run3he critical factor in obtaining repeéta duplicate measurements is sediment
homogenization, either by hand with a mortar and pestle or mechanically with a planetary or

swing mill. The consistency of duplicate measurements for three lake sediment cores is presented
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in Figure5. Analysis of Lale A (n=24;Figure5a) and Lake B (n=20Zigure 5b) were

performed on samples that had been homogenized by hand using a mortar and pestle.

Reproducibility for BC mass was excelldéat both lakes ¢>0.85, p<0.01put less so for BC

concentratior{r’=0.29,p<0.01 for Lake B), especially at Lake A where there was no significant

relationship between original and duplicate measurem8ataples from Lake C (n=6Bigure

5¢) were homogenized using a planetary mill and repeatability for BC concentration lig great

improved(r’=0.86, p<0.01)suggesting superior homogeaiion by the mechanical mill.

Duplicate mass measurements at Lake C were still highly correlated and signific@ums(r

p<0.01).
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Figure 5: Duplicate samples vsriginal samples for 3 lakes. Lakes A and B (a, b) were homogenized with
mortar and pestle while Lake C (c) was homogenized with a plarsbfmill. BC mass is highly
reproducible for all samples. BC concentration reproducibility is greatly improveadugat of planetary

mill.
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The combination of high reproducibility of the BC mass measurements and lower
reproducibility of the BC concentration measurements for samples homogenized by hand suggest
the BC distribution within the sample is heterogeneous,orb j ect t o a fAnhugget o
theintrinsic character (i.e. mass) of the BC within a samplelativelyhomogenous and
therefore highly reproducible, the Bfarticles likely aralistributed heterogeneously throughout
the sample so that the arbiiha selected 50 mg of sediment used to prepare the sample for BC
measurements is not fully representative of the BC concentration of the original sediment sample
as a whole. There are two possible solutions to this problem: 1) more thorough homogewiization
the original sample, such as that achieved by a mechanical mill, or 2) multiple measurements of

the same sample that can be averaged to get a more representative result for BC concentration.

4. Dilutions

The high sediment load and high concentratibB® in lake sediment cores, compared
to similar analysis in ice and snow, require filtering and dilution to prevent contamination of the
SP2 optics and nebulizer and clogging of sample delivery lines. There are two steps of dilution
used in this method.HE first dilution is the amount of sediment initially suspended in water, and
the second is the direct dilution of the sample as it is being pumped to the nebulizer. Dilutions are
expected only to affect BC concentratginceBC mass i@ninherent charaeristic of each
individual BC particleand shouldhereforebe independent of concentration.

The amount of sediment initially used to prepare the samples needs to be large enough to
be representative of the sample yet small enough to minimize sediment load and conserve sample.
We have chosen the standard dilution at DRI for this method to be §8dimgent per 50 ml
water (or 1 mg sediment per 1 ml of water, simplifiéle tested dilutios ranging from 0.3 mg
sediment peml water to 4 mg sediment peil water. All dilutions were prepared in 50 ml water

by varying amount of sediment from 15 to 266. Two bulk sediment samples were tested, one
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from Lake A and one from Lake. To conserve sample, the most concentrated sample using 200
mg sediment was prepared from only L&keFor both sets of samples, BC concentrasioowed

no significant differeneto the standard dilution of 1 mg sediment/ml| watethe 90%
confidence i nt e-test(Bigure®). ghus iis ssiblelte get adeliable
concentration measurement with as little asntpof sediment. Fahe samples from Lake A, the
dilution did not have angignificanteffect on BC mean mass (Figué&). However, for bulk

samples from Lak®, the BC mass also scaled linearly with dilutishowing significant

deviations from the standard diluti¢ligure6b). BC mean mass increasg®lo from the most

dilute to most concentrated samples for unknown reasons.
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Figure 6: BC concentration and mass vs. dilutions for two bulk sediment samples, Lake A (a) and Lake D
(b).Error bars r epr-®esesedto ddidriine if roupsdvera digdificantly different than
the dilution of 1 mg sediment per 1 ml water chosen for the standard dilution at-D&ud3 shown in

bottom panel with red shadimgdicatingsignificant difference at the 90% confidence intervialr

corresponding measurement in upper pa@ely BC mass from Lake D shows significant differences
across dilutions for unknownaesons. However, the small standard deviatigitates consistent

measuremes for a given dilution.

Though it is possible to get reliable measurements with as little as 15 mg of sediment,
50 mg minimizes errors from the weighing process and is more representative of the larger

sample yet minimizes the need for further dowsstralilution. Larger samples of 100 and



24

200 mg are impractical as they limit duplicate sample availability, quickly clog filters, and require
more downstream dilution. The second stage of dilution is via water pumped in by the M6 pump
(Valco Instrument Cd.into the sample stream after debubbling. BC concentration for both
standards and samples scale lineagexpectedith this dilution and BC mean mass is

unaffected.

5. Nebulizer: Cetacvs. Apex Q

The average size of BC particles for lake sediment samples analyzed at DRI range from
2-14 fg (175375 nm mass equivalent diameter). Thus, it is crucial to use a nebulizer that can
perform efficiently across a wide spectrum of particle sizes. Two nelmitipenmonly used in
conjunction vith the SP2 are the Cetac U5@0Q an ultrasonic nebulizer, and the Apex Q, a jet
nebulizer. Previous research has shown that the Cetac is more efficient at nebulizing particles
smaller than 30 fg (500 nm) whereas the Apdg Gonsistently efficient for BC particles ranging
from 0.2:100 fg (1001000 nm)Wendl et al., 2014)We havedested both nebulizers and found
that the particle distribution for the Cetac differs from that of the Apex Q at BC masses as low as
1 fg (140 nm).

We analyzed al/l 167 samples from Lake A on
nebulize large parties resulted in underestimation of BC mass by an average of 41+17% (n=167,
N1G) and underestimation of BC conc dmetateat i on b
results from substantial differences in BC particles size between the calibrationaaigthe
lake sediment sampleBhe Apex Q is a more suitable nebulizer for analysis of lake sediment
samples, as there is a significant amount of BC too large for the Cetac to effewivelize
Thisis generally not the case for BC measuremenp®lar ice cores where particles sizes are
much smallerFigure7 shows the fitted lognormal distributions of BC mass from both nebulizers

for the same sample. The mode of the BC mass, vidgrhall enough to be in the efficient range
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of the Cetac, is ideital between the two nebulizers but the BC mass mean, which is more
sensitive to larger particles, is 10x higher when measured with the Apex Q. The sample in Figure
7 is an extreme example chosen to illustrate one of the largest observed differences tiewe

two nebulizers.
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Figure 7: Fitted lognormal distributions to BC mean mass of lake sediment sample from Lake A measured
with Cetac (black) and Apex Q (red). Solid vertical bar indicates mean mass for sample. Dashed bar
indicates mode for sample. Distributions normalized to samelpgkt. Apex Q is more efficient at
nebulizing large patrticles, leading to a higher BC mass mean despite identical mode.

6. Dispersant

We tested the use of a pigment dispersant, Zetasperse 3100 (Air Products and Chemicals
Inc.), specifically designed fsolutions containing carbon black, to test how the dispersant
would affect BC mobilization during sample preparation. To avoid any potential contamination o
measurement artifagtsamples were prepared with a minimal amount of dispersant. We added
0.05%Zetasperse 3100 by volume before beginning the sonication and shaking steps of sample
preparation. Samples prepared from a bulk sample from Lake A with dispersant showed no
significant difference from those prepared normally. BC concentration with dispensd
without dispersant wa3st14 ppb (n=8) and23t6 ppb (n=3, respectively, and BC mass was

4.4+0.1 fg (n=3) and 4.8+ fg (n=3), respectivelyNeither difference is significant using a
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St u d etest t@dtsst far differences between the means (Guriz31; mass p=0.48yor Lake

D, BC concentration with and without dispersant ®@as3 ppb (n=) and44+11 ppb (n5),
respectivelyand BC mass was130.1 fg (n=) and 36+0.3 fg (n=5), respectivelyThe

difference between concentration at Lake D is insignificant (p=0.21) while difference between
mass is significant (p=0.02)hese findings are inconclusive and will require further
investigation. However, for simplicity and consistency, we have whtded dispersant as part of

standard sample preparation procedures.

7.Conclusion

We have developed a new method for ldsesed determination of BC in lake sediment
samples using the SP2. Thigtimod has been tested on a varadtiake sediment sampavith a
range of BC concentration from 5 to 300 ng/g and BC mean mass from 1.5 to 13 fg. Sample
preparation is crucial for making reproducible measurer@etite most reproducible results are
obtained using sediment that has been homogenized using aplanét The use of a
dispersant during sample preparation did not consistently improve measurement reproducibility
or yield. Samples must be diluted and filtered to protect the SP2, nebulizer, and sample delivery
lines. The Cetac nebulizer has highlyesiependent nebulization efficiency and so was less
effective at nebulizing the large BC patrticles found in the lake sediment samples, while the Apex
Q, which has a relatively sizadependent nebulization efficiency, was more effective. Thus, the
Apex Q B a more suitable nebulizer for use with lake sediment samples. Using this method, it is
possible to quickly develop BC flux and concentration records from lakes around the globe which
can be used to constrain climate models, understand BC depositiarend,fand reconstruct

long-term historical burning trends.



27

8. Acknowledgements
We would like to acknowledge the Maki Endowment at DRelping fundthis research.
9. References

Bisiaux, M. M., R. Edwards, J. R. McConnell, M. R. Albert, H. Anschutz, T. A. Neumann, E.
Isaksson and J. E. Penner, Variability of black carbon deposition to the East Antarctic
Plateau, 1802000 AD,Atmospheric Chemistry and Physit&(8), 37993808, D12a.

Bisiaux, M. M., R. Edwards, J. R. McConnell, M. A. J. Curran, T. D. Van Ommen, A. M. Smith,
T. A. Neumann, D. R. Pasteris, J. E. Penner and K. Taylor, Changes in black carbon
deposition to Antarctica from two higlesolution ice core records, 183000 AD,
Atmospheric Chemistry and Physitg(9), 41074115, 201B.

Bond, T. C., S. J. Doherty, D. W. Fahey, P. M. Forster, T. Berntsen, B. J. DeAngelo, M. G.
Flanner, S. Ghan, B. Kaercher, D. Koch, S. Kinne, Y. Kondo, P. K. Quinn, M. C.
Sarofim, M. G.Schultz, M. Schulz, C. Venkataraman, H. Zhang, S. Zhang, N. Bellouin,
S. K. Guttikunda, P. K. Hopke, M. Z. Jacobson, J. W. Kaiser, Z. Klimont, U. Lohmann, J.
P. Schwarz, D. Shindell, T. Storelvmo, S. G. Warren and C. S. Zender, Bounding the
role of blackcarbon in the climate system: A scientific assessndentnal of
Geophysical Researetmospheres]1§11), 53805552, 2013.

Gustafsson, O., T. D. Bucheli, Z. Kukulska, M. Andersson, C. Largeau, J. N. Rouzaud, C. M.
Reddy and T. I. Eglinton, Evaluatiaf a protocol for the quantification of black carbon
in sedimentsGlobal Biogeochemical Cycle$5(4), 881890, 2001.

Gysel, M., M. Laborde, J. S. Olfert, R. Subramanian and A. J. Groehn, Effective density of
Aquadag and fullerene soot black carbon reference materials used for SP2 calibration,
Atmospheric Measurement Techniquis2), 28512858, 2011.

Han, Y. M., J. JCao, B. Z. Yan, T. C. Kenna, Z. D. Jin, Y. Cheng, J. C. Chow and Z. S. An,
Comparison of Elemental Carbon in Lake Sediments Measured by Three Different
Methods and 15 ear Pollution History in Eastern Chiranvironmental Science &
Technology45(12), 2875293, 2011.

Keegan, K. M., M. R. Albert, J. R. McConnell and |. Baker, Climate change and forest fires
synergistically drive widespread melt events of the Greenland Ice $neetedings of
the National Academy of Sciences of the United Statesaridan111(22), 79647967,
2014.

Khan, A. J., K. Swami, T. Ahmed, A. Bari, A. Shareef and L. Husain, Determination of
elemental carbon in lake sediments using a theoptital transmittance (TOT) method,
Atmospheric Environmen3(38), 59895995, 2009.

Louchouarn, P., S. N. Chillrud, S. Houel, B. Yan, D. Chaky, C. Rumpel, C. largeau, G. Bardoux,
D. Walsh and R. F. Bopp, Elemental and molecular evidence ofssabthaiderived



28

black carbon inputs to New York City's atmosphere during the 20th century,
Environmental Science & Technologyi(1), 8287, 2007.

McConnell, J. R. and R. Edwards, Coal burning leaves toxic heavy metal legacy in the Arctic,
Proceedings of the National Academy of Sciences of the United States of America,
105(34), 1214012144, D08.

McConnell, J. R., R. Edwards, G. L. Kok, M. G. Flanner, C. S. Zender, E. S. Saltzman, J. R.
Banta, D. R. Pasteris, M. M. Carter and J. D. W. Kahl, -26étitury industrial black
carbon emissions altered arctic climate forclgence3175843), 138-1384, 2007.

Moteki, N., Y. Kondo, Y. Miyazaki, N. Takegawa, Y. Komazaki, G. Kurata, T. Shirai, D. R.
Blake, T. Miyakawa and M. Koike, Evolution of mixing state of black carbon particles:
Aircraft measurements over the western Pacific in March 2B8dphysical Research
Letters,34(11), 2007.

Muri, G., B. Cermelj, J. Faganeli and J. Holc, Determination of black carbon in lacustrine and
coastal marine sediments by thermal oxidatAeta Chimica Slovenic#9(1), 2942,
2002.

Painter, T. H., M. G. lanner, G. Kaser, B. Marzeion, R. A. VanCuren and W. Abdalati, End of
the Little Ice Age in the Alps forced by industrial black carbdermceedings of the
National Academy of Sciences of the United States of Am1id@8), 1521615221,
2013.

Ruppel, M M., O. Gustafsson, N. L. Rose, A. Pesonen, H. Yang, J. Weckstrom, V. Palonen, M.
J. Oinonen and A. Korhola, Spatial and Temporal Patterns in Black Carbon Deposition
to Dated Fennoscandian Arctic Lake Sediments from 1830 to Eolirpnmental
Science &Technology49(24), 1395413963, 2015.

Subramanian, R., G. L. Kok, D. Baumgardner, A. Clarke, Y. Shinozuka, T. L. Campos, C. G.
Heizer, B. B. Stephens, B. de Foy, P. B. Voss and R. A. Zaveri, Black carbon over
Mexico: the effect of atmospheric transpont mixing state, mass absorption cross
section, and BC/CO ratio8tmospheric Chemistry and Physit&(1), 219237, 2010.

Wend|, I. A., J. A. Menking, R. Faerber, M. Gysel, S. D. Kaspari, M. J. G. Laborde and M.
Schwikowski, Optimized method for blackrbon analysis in ice and snow using the
Single Particle Soot Photomet&tmospheric Measurement Techniqu&s), 2667
2681, 2014.

Zennaro, P., N. Kehrwald, J. R. McConnell, S. Schupbach, O. Maselli, J. Marlon, P. Vallelonga,
D. Leuenberger, R. ZangramdA. Spolaor, M. Borrotti, E. Barbaro, A. Gamgaro and C.
Barbante, Fire inice: two millenia of Northern Hemisphere fire histom tie
Greenland NEEM ice coy€limate of the Past Discussioris), 803857, 2014.



29

Chapter 3: Black carbon depositionin Greenland from 300 CE
to presentevaluated with paired ice core and sediment core
records

Nathan J. Chellmarf, Joseph R. McConné|IMonica Arienzd, Alan Heyvaert, Boris
Vanniéré, Darrell Kaufmaf, Sepp Kipfstul, Philip Placé

IDesert Research Institute, Nevada System of Higher Education, Reno, NV
2Graduate Program of Hydrologic Sciences, Universitjlevada, Reno
SUMR-ChroneEnvironnement, Besancon, France
“Northern Arizona University, Flagstaff, AZ
SAlfred-Wegenetinstitut, HelmholtzZentrum fur Polarund Meeresforschung
SUniversity of Rochester, Rochester, NY



30

Abstract

Historical black carbon (BC) records obtained from Arctic ice cores have been used to
reconstruct Northern Hemisphere forest fire history over the past 2000 years. As an unambiguous
ice core tracer of burnin@C potentiallyis an ideal proxy founderstading past fire history and
constraining global climate models. As an aerosol, BC is estimated to have a radiative forcing of
up to half that of carbon dioxide. Here we present an array of BC rdcomiSreenland
including seven ice cores and one lakarsedt core. The BC record from the lake sediment
core, measured with a new lagmrsed method, is consistent with the magnitude and temporal
variability of the ice core array. Spatially, BC deposition decreases exponentially with latitude in
Greenlandandare in agreement with atmospheric model simulatidemporally, BC deposition
in the ice and lake sediment core records parallels Northern Hemisphere temperature changes,
with the largest fluxes duringdustrialization (posi850 CE) and the Medieval WarPeriod
(950 to 1250 CEandlow deposition during the Little Ice Age (1500 to 1800 GE)nsistency
between the lake sediment core and ice core array indicates that lake sediment cores analyzed
with the new SP-based method provide reliable records daftfurning emissions that are not
limited to polar or high alpine regions and are thus much closer to likelyamitlowlatitude

source regions.

1. Introduction

Black carbona remnant of incomplete combustion, is emitted to the atmosphere by
natural ad domestic fires as well as burning of fossil fuels. BC records from ice cores and snow
have been used extensively as proxies for both preindustrial wildfire activity and industrial
emissiongBisiaux et al., 2012 Bisiaux et al., 2012, Keegan et al., 20141cConnell et al.,
2007;McConrell and Edwards, 200®8ainter et al., 2013Bterle et al., 201Zennaro et al.,

2014) ThedarkBC aerosohlso has a significant radiative forcing, as it can lower albedo and
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absorb large amounts of solar radiation while being transported through the atmosphere and when
deposited on bright surfaces such as s(@ond et al., 2013lanner et al., 2003jao et al.,
2014;Painter et al., 2013BC is thought to be one of the most important forcers of climate
change, with anagnitude oforcing just behinadtarbon dioxide and methafond et al., 2013;
IPCC, 2013)BC records also provide valuable constraints for global climate modelbaih
past and future climate reconstructighse ¢ al., 2013;Zhou et al., 2012)

Ice cores provide thiengestand highestesolution records of BC, though they are
geographically and temporally limited. Ice cores can only be retrigmgdrom polar regions
and alpine glaciers, areas typically famoved from the primamnid- and lowlatitudesources of
BC aerosols. In the preindustrial, BC aerosols transported to Greenland originate primarily from
burning of boreal forests in North America and Siberia, roughly in equal propgfttlegg et al.,
2009;Kahl et al., 1997McConnell et al., 2007Zennaro et al., 2014Anthropogenic influence
of BC is evident beginning in 1850 CE, ttherewe consider the preindustrial to end in 1850 CE
after which BC can no longer be interpreted strictly as a tracer of natural b(ividGgnnell et
al., 2007)

Ice cores B0 ae limited by their lengtfh the oldest Arctic iceorerecovered is 130 kyr
old (DahkJensen et al2013) long enough to span less than telinate cycles. Lake sediment
cores, conversely, are much less geographically limited and can extend for millions of years,
representing dozens of glacial/interglacial climate cy@eghamGrette et al., 2013Vielles et
al., 2012) Furthermore, lake sediment cores could offer a wider scope of geographic constraints
for BC deposition modeling. Chellman et al. (2016, in prepgntlyhave developed a laser
based method for measuring BC in lake sediment cores that has minimal sample requirement and
efficientsample preparatiotiere, we have applied thnew method to a lake sediment core from
Lake Igaliku,located in souther@reenland, andvaluatethe resulting BC recordith published

and new records fromn array of 7 ice cores from across Greenland.
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2. Methods

Table2 summarizes pertinent information about each study site, including coordinates,
averagesnowaccumulation, elevation, and length of record. The ice core array spans from 66°N
to 78°N and represents a large geographic distribution across Greenland §Figake Igaliku
(61.0°N 45.4°W; 15 m asl), located on a valley between two fjords at thtbesm tip of
Greenland, has a surface area of 0.35(kfiassa et al., 2012Yhe lake has ndefinedinlet and a
catchment area of 3.55 KifMassa et al., 2012Becaise Lake Igalikuacks any defined
inflowing streams, we assume thia¢ BC entering the lake directly deposited on the lakes
surfacefrom the atmospherd&he area surrounding the lake was first settled by the Norse in the
10" century AD, abandoned in the"f1&entury, and resettled by a small Danish population in the

18" century(Massa et al., 2012)

{80°N

3 D4* 70°N
Bpig
Lake% ; |
40°W

Figure 8: Map showing bcations of seven ice cores sites and Lake lgaliku in Greenland
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Site Symbol | Latitude | Longitude | Elevation | Annual Snow | Start of
in Fig. 9 (°N) (°E) (meters) | Accumulation record
(kg/mélyr)* (year CE)
Lake Igaliku [ ] 61.0 -45.4 15 n.a? 284
Act2 * 66.0 -45.2 2408 372 1773
Actlld | 66.5 -46.3 2296 339 1157
D4 A 71.4 -43.9 2766 414 1733
Summit v 72.6 -38.7 3036 222 1448
NEEM 2011 S1 X 77.5 -51.1 2454 204 86
Tunw2013 ©® 78.0 -33.9 2105 112 268
B19 * 78.0 -36.4 2270 103 747

"Accumulation averagiom 1750present for ice core sites
AAnnual pecipitationis 615mm/yr. Average mineral accumulation rate is 18.6 mghmmiMassaet
al.,2012)

Table 2: Summary of location, elevation, accumulation, and record length for sites ubéesisiudy.

All analyses of BC in ice cores wemdnducted on the continuous flow analysis system at
the Desert Research Institute following the protocol established by hme@et al. (2007). Ice
cores were cut into longitudinal samplé€)3 m by 0.03 m in cross sectiand ~1m long. The
samples were melted from bottom to tegsentially As the samples were melting, meltwater
was pumped continuously ta altrasonic netlizer (Cetac US000AT, Cetdlechnologies) and
the dried aerosol sent to the Single Particle Soot Photometer (SP2, Droplet Measurement
Technologies) for BC measurements. The SP2 was calibrated daily for concentration using
standards ranging from 0.1 to plpmade from Cabojet 200 diluted with ultrapure water. To
calculate BC flux, BC concentration wamlltiplied by the annual snoaccumulation as
calculated from seasonal tracers also measured in the cdreO@a H.O,). Cores were dated
using annual layrecounting constrained with volcanic tie poig8igl et al., 2015)

The upper 87 cm of the Lake Igaliku sediment core was analyzed for BC at the Desert
Research Institute using the metla@scribedy Chellman et al. (2016, in prep). The lake
sediment car was drilled using a gravity coresampled at 0.5 cm resolution, and dried at 60°C

(Massa et al., 2012pamples were homogenized using mortar and pestle, resuspended in
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ultrapure water, and sonicated and shakendbilize BC into suspension. After a settling period
between28 1 hour s, samples were filtered to remove
with ultrapure water to protect instrumentatiand pumped to the Apex Q (Elemental Scientific

Inc.) nebulizr before BC determination using the SP2. The SP2 was calibrated daily for BC
concentration and mass with standards made from Cabojet 200, Regal Black, and Aquadag. BC

flux was calculated using the mineral accumulation rate. The core was datetf@Qsit¥b, and

137Cs measuremengsd modelingMassa et al., 2012)

3. Results and Discussion

The array of BC flux records presented in this study spans from Lake Igaliku, a sediment
core at the southernmost tip of Greenlandhe Tunu2013 and B1%ce core sites at the nbeast
corner of Greenland (Figu®. The seven ice core records in this study can be used to examine
the efficacy of the new method used measure BC in Lake Igaliku, and thehefabdlity of lake
sediment corew provide accurate historical Bhd buning records. The potential to
incorporate lake sediment records into the current understanding of global BC deposition and
emissions could be invaluable for climate modeling and reconstructing past fire history, as
existing longtermrecords of BC are liited to polar and@lpineice core records.

At ice core sites, average preindustrial BC flux ranges 6@t g F/ymat the
northernmost sites to 100 ¢ #y¥ abthesouthernmost sites witlvarage preidustrial BC
concentration ranginfyjom 0.61 to 2 ngy. Lake Igaliku has an average preindustrial BC flux of
7 8 0 0 ?%ygr gnd oonentration of 49.6 ng/g. Figureshiows preindustrial averages of both BC
flux and BC concentration for all records in the study plotted against latitude, elevation, and
longitude Solid lines are regressions fitted to both ice and sediment core data and dashed lines
are regressions fittemhly to ice core datawith regressiodinesplotted only if significanat the

95% confidence level or greater.
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The natural log of BC flux coelates significantly at the 95% confidence levebndy
latitudefor regressions when considering BC flux for all datd for ice core data alone
(Figure9a). The natural log of BC concentration significantly correlates to latitude and elevation
for all sites (Fig9d, 9e) and to longitude at ice core sites only (Bigy, however he correlation
between BC flux and BC concentration to site elevation isilydaiased by Lake Igaliku and is

not representative of the data as a whole.
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Figure 9: Prandustrial BC flux (top) and concentration (bottom) from ice core sites (black) and Lake
Igaliku (red) plotted against site latituddevation, and longitudéverages from 1700 to 1800 CE.
Regression shown if significant at greater than 95% significance level for fit to all data (solid line) or ice
core data only (dashed line).

The only relationship that demonstrates a significarretation between all study sites
and ice cores alone is the correlation between the natural log of BC flux and |&tftisde.
relationshipsuggests that latitude, a proxy for transport distance fnanand highlatitude
source regions1 North Americais the strongest control on BC deposition in Greenland.
Deposition rates would be expected to decline exponentially with distance from source due to

transport and removal processes, which is consistent with our data. The observed exponential
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decline in BCflux from south to north observed in our data also is consistent with modeled BC
transport and depositiqhee et al., 2013Zhou et al., 2012)There is correlation beeen the

natural log of BC concentration to latitude when considering all sites but there is no significant
trend for ice cores sites alone.

Previous ice core studies hgwemarily used BC concentration as an indicator of fire
activity. Most ice core sitedo not see dramatic changes in accumulation rate over time so
temporal variability of flux and concentration are nearly iden{Badiaux et al., 202a; Bisiaux
et al., 201P; Keegan et al., 20141cConnell et al., 200McConnell and Edwards, 200Bainter
et al., 2013Sterle et al., 201Zennaro et al., 2014However, BC fluxs amore appropriate
measurement to use for comparisons betweendak ice core datsecause fluaccounts for
differences in BC concentration resulting from accumulation variaienause ice sheets and
lakes are such different depositional environmenis critical to normalize for accumulation
differences to haveomparable recordkake Igaliku is a small lake with a limited catchment and
no defined inflowing streamspwe assume that BC is deposited onto the lake directly from the
atmospherand that no BC is transported into the lake from the surrounding catchment

The measurements of BC flux at Lake Igaliku can be compared to recent work
guantifying BC flux in five northern Finland lakes at a latitude of ~68°N analyzed using the
chemotherral oxidation method for measuring BC in sediméRisppel et al., 2015)he BC
flux data reported by Ruppel et al. (2015) is to our knowledge the only data for BC flux in Arctic
lake sediments published this time. Despite the significant differences between analysis
methods and lake settings, reported values for these five lakes and our results from Lake Igaliku
are encouragingly similar. The research by Ruppel et al. (2015) reports BC flux magnitudes
ranging from 20 to 200 mghfyr over the past 150 years. Average BC flux at Lake Igaliku since

1850 CE is 16.8 mg/ffyr with a maximum of 50 mg/ffyr in 1942 CE. The overall higher
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values from the Finland lakes are consistent with their close proximignters of European
industrial emissions.

Not only is the magnitude of BC flux in Lake Igaliku consistent with the latitudinal
gradient established by the ice cores, the records also exhibit similar historical trends over the
past 1700 years. Both the iceres and Lake Igaliku parallel Northern Hemisphere temperature
with increased BC flux during the Medieval Warm Period (MWP) and decreased BC flux during
the Little Ice Age (LIA) (Figurel0). This link between temperature and fire as recorded by Arctic
ice core proxies over the past 2000 yeeas studied in depth using the NEEM_2011 S1 core by
Zennaro et al. (2014), who associated the MWR increased fire activitgnd the LIA with
decreased fire activityrhe MWP was a global warperiod between 950 drii250 CHMann et
al., 2009) with peak Northar Hemisphere temperatures reached at slightly different times
depending on reconstructiongther between 1000 and 1100 @#oberg et al., 2005)r 1000 to
1300 CE(Crowley and Lowery, 2000 he LIA was more regionally variable lasting anywhere
from 1350 CE to 1850 CEhristiansen and Ljungqvist, 201Rages 2IiConsortium, 203;

Mann et al., 2009Vanner et al., 2008Here, we define the LIA from 1500 to 1800 CE, an
average of current estimates. Of the eight records presented in this BC flux array, four (B19,
Tunw013 NEEM _2011_S1, and Lake Igaliku) extend prio®&0 CE, capturing the full scope

of the MWP to LIA transitionActlld extends to 1157 CE, enough to capture the final century of

the MWP andhecomplete LIA. The record from Summit extendd#8CE, only capturing the

LIA, while the remaining 2 ice cores (Act2 and D4) datetotheimil0 0 6 s and t heref or

record LIA or MWP variability.



Figure 10: Greenland array of BC flux from ice and sediment cores compared to Northern Hemisphere
temperature anomaly (red, b) reconstructed from tree rings (Mebatg2005). BC flux in units of
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£ g Aym All records capture industrial peak in BC flux and minimum during Little Ice Age (1500 to 1800

CE). Longer records (NEEM_2011 S1 (a), Tunu2013 (c), B19 (d), Lake Igaliku (g)) have increased BC

flux during Medieval WarnPeriod (950 t01250 CEjhough maximum flux at NEEM is delayede core
and temperature data filtered with 21 year Lowess filieme NEEM_2011 S1 data removstause of
contamination from drilling fluid.

posited by the temperature reconstruction from Moberg et al. (2005) (Rigue). B19 and
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and 1800 CE (Figre 10c,d). Actl1d shows a decline from the start of its record 7 CEq

decreasing30%f r om a f | u%yr(d%t 6 6026 @/ GE jyr (1660t617 € g/ m
CE) (Figure10e). SummitE f | ux remains constant Fyrom 1450 t
(Figure 10f). The NEEM 2011 Sice core, on the other hand, exhibits a broad BC flux

maxi mum aver &ygiframgl008 & 0600eCH /with a distinct minimum at

250 ?%ygfflorm1630 to 130 CE, more consistent with broad MWP proposeilayin et al.

(2009) and @wley and Lowery (2000and narrow LIA by ChrisanserandLundquist(2012)

(Figure 10a). The differences in the NEEM_2011 S1 BC record may result from different

transport pattern®tNEEM which lies on the other side of the Greenland ice divide compared to

the other cores in the arrapd therefore has more influee from air masses within the polar

domeLake I galiku BC flux is high betidren 750 an

foll owed by a sudden decrease in BC #eposition

until industrialization (Figre 10g).

Lake Igaliku Act11d NEEM_2011_S1 B19 Tunu2013
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Figure 11: Box and whisker plots for five cores to compare average MWP and LIA BC flux. Ice core data
filtered with 21 year Lowess filter to remove high frequency variation and to obtain similar time resolution
as sediment core. Lake Igaliku, B19, and Tunu have itleérdifference between higher BC flux during
MWP and lower flux during LIA. Actlld and NEEM_2011_S1 have likely difference in flux between
MWP and LIA. Actl1d only records final 100 years of MWP (1157 to 1250 CE) so it does not capture
warmest time of MVP. NEEM_2011_S1 has distinct LIA from 1630 to 1750 CE that is diminished by

defined range of LIA (1500 to 1800 CE).

The difference in BC flux between the MWP and LIA can be better visualized by box and

whisker plots (Figurd 1). Lake Igaliku, B19, andunw2013all confirm a significant decrease in
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BC flux between the MWP and LIA while Actlld and NEERDO11 Save likely decreases.

The lower degree of confidence for the changes in BC flux at Act11d results from its short record
which does not capture tipeak of the MWPThe lower confidenceof NEEM 2011 Slesults

from a conflict between the observed decrease in BC flux at this site duefagively narrow

time rangg1630 to 150 CE)andour longer definion of the LIA (1500 to 1800 CE).

Figure 12 Modeled BC flux from Lee et al. (2013) compared to BC flux data fiarand lake sediment
core data. Ice core data represénygar averageetitered around model time sliddodel agrees well with
observed data, especiallysouthern Greenland.

BC flux data from this array can be compared to modeled BC depd$itgure 12;
Table 3) Lee et al. (2013) recently modeled global BC flux and forcing over the preindustrial to
industrial transition, and Zhou et al. (2012) modeledieno BC transport to the poles. The
modeled BC flux from Lee et al. (2013) for the year 2000 CE showed excellent agreement to the
BC flux in our array, esmially at Lake Igaliku and ActgTable3). Though the model over
predicts BC flux at northern sitesm error that Lee et al. attribute to issues with modeling
deposition, the modeled BC is still accurate within a factor®fl2ee et al. (2013) were only
able to evaluate their model using ice core data from four Greenland sites, six Tibetan sites, two
Antarctic sites, and one European site, for a total of 13 records. The polar transport model by
Zhou et al. (2012) also over predicts our obseB€dlux, but only by a factor d?-3. Again,

model evaluation was limited to comparison at 6 Arctic sitesBafwdtarctic sites. Lake sediment

































