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Abstract 

 
 Black carbon (BC) is a conservative tracer for industrial combustion and open biomass 

burning that has a significant contribution to Earthôs radiative budget. Because BC is a dark, 

light-absorbing particle, BC is estimated by the Intergovernmental Panel on Climate Change 

(IPCC) to have a forcing of 0.7 watts/meter2, the third largest radiative forcing behind only 

carbon dioxide and methane. The radiative effects of BC are particularly notable when deposited 

on bright surfaces, such as snow and ice, and during atmospheric transport. Historical records of 

BC, such as those measured in ice cores, can be used to reconstruct forest fire history over past 

millennia. Thus, quantifying BCôs role in the climate system is important for understanding both 

fire history and Earthôs radiative budget. This study presents a new method for measuring BC in 

lake sediment cores using a laser-based instrument that has small sample requirements and high 

sample throughput. The method has low detection limits and is highly reproducible with proper 

sample preparation. This method is then applied to a lake from southern Greenland and, in 

conjunction with BC data from seven Greenland ice cores, used to evaluate Northern Hemisphere 

BC deposition and fire history since 300 CE. Deposition of BC in Greenland parallels Northern 

Hemisphere temperature, with higher BC flux during the warmer eras of the past 1700 years. 
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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., 2007; Preston and Schmidt, 2006). Thus, BC is a tracer for 

wildfires during the preindustrial and a tracer for biomass, coal, and oil burning since 

industrialization (McConnell et al., 2007). BC records from ice cores and snow have been used 

extensively as proxies for preindustrial wildfires as well as industrial emissions (Keegan et al., 

2014; McConnell et al., 2007; McConnell and Edwards, 2008; Painter et al., 2013; Sterle et al., 

2013; Zennaro et al., 2014). The BC aerosol is not only important as an historical, conservative 

tracer of forest fires, which are strong climate forcers responsible for ~50% 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 snow (Bond et al., 2013; Flanner et al., 2007; Jiao et al., 

2014; Painter et al., 2013). With a forcing smaller only than CO2 and CH4 (Figure 1), BC is 

thought to be one of the most important forcers of climate change, as dark BC particles can 

absorb large amounts of solar radiation (Bond et al., 2013; IPCC, 2013). BC records are 

extremely valuable constraints for global climate modeling of both past and future climate 

reconstructions (Bauer et al., 2013; Bond et al., 2013; Jiao et al., 2014; Lamarque et al., 2010; 

Lee et al., 2013; Zennaro et al., 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 CO2 and CH4 (IPCC, 2013). 

 

 

 The radiative forcing of BC emitted naturally from forest fires and deposited on snow and 

ice is estimated by the IPCC to have an overall global forcing 0.04 watts/meter2 at the earthôs 

surface (IPCC, 2013). However, BC not only affects the albedo at the surface (Cess, 1983; Clarke 

and Noone, 1985; Ramanathan and Carmichael, 2008), but also in the atmosphere where BC 

absorbs incoming solar radiation and radiation reflected by earth (Ramanathan and Carmichael, 

2008). Furthermore, BC decreases the albedo of clouds and droplets by enhancing absorption of 

radiation (Jacobson, 2006; Mikhailov et al., 2006). When accounting for all BC-related processes, 

the forcing of BC increases to 0.9 W/m2 (with a range of 0.4 to 1.2 W/m2) at present, which is 

more than half the magnitude of the forcing from CO2 (Ramanathan and Carmichael, 2008). 

General circulation models (GCMs) generally estimate forcing to be 0.2 to 0.4 W/m2, stressing 

the need to improve such models to incorporate BCôs full forcing. In modern times, BC is thought 

of as a driver of climate change via its radiative forcing, but conversely, long-term climate 

variations controlled wildfires and in turn, BC. 
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 Proxies for forest fire activity other than black carbon exist, though most are not source-

specific to combustion processes. Potassium and ammonium have been used as indicators of fires 

in ice cores (Eichler et al., 2011; McConnell et al., 2007; Yalcin 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 oxidation by hydroxyl radicals during 

transport and so is not conservative (Hennigan et al., 2010; Hoffmann et al., 2010).  

 

2. Historical ice core and lake sediment core records of BC 

 Ice cores provide the longest and highest-resolution records of BC. Most ice core records 

of BC span recent millennia, with two records extending back to ~68 kyr (WAIS Divide, 

Antarctica) and ~130 kyr (NEEM, Greenland). Modern day BC deposition coincides with 

increased concentrations of heavy metals and pollution sulfur, indicating industrial fossil fuel 

burning as the primary source of BC to Greenland since 1850 (McConnell et al., 2007). 

Anthropogenic effects on BC concentrations also are evident in Antarctica, but less conclusive 

(Bisiaux et al., 2012a; Bisiaux et al., 2012b). Before the industrial revolution, mid-latitude boreal 

wildfires were the primary sources of BC to Greenland (McConnell et al., 2007) and low- and 

mid-latitude grassland and forest fires dominated the BC record in Antarctica (Bisiaux et al., 

2012a; Bisiaux et al., 2012b). Because ice cores are far removed from BC sources, transport and 

modification processes (e.g. aging and precipitation scavenging) are not fully understood 

(Zennaro et al., 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 years and represent dozens of 

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 scales (Gustafsson et al., 2001; Han et al., 2011; Khan et al., 2009; 
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Louchouarn et al., 2007; Muri et al., 2002). Muri et al. (2002) examined BC profiles 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 attributed to local 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 carbon starting ~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 thermal-optical transmittance method that involved 

complex sample pretreatment to reduce the required sample from 10 g to 150-200 mg 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 Fennoscandian area in northern Finland quantified lake 

BC flux from five lakes for the first time using a chemothermal oxidation method (Ruppel et al., 

2015). Depositional fluxes at the five lakes had differing temporal trends over the past 150 years, 

with three lakes recording increasing BC flux 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. Thesis Overview 

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 method for measuring BC in lake 
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sediment cores using a laser-based instrument.  In the past three years, this method has been 

developed through collaboration between Dr. Joe McConnellôs and Dr. Alan Heyvaertôs groups at 

the Desert Research Institute and Dr. Boris Vannière at UMR Chrono-Environnement, Besançon, 

France. Based on Dr. McConnellôs development of a method for measuring BC in ice cores that 

reduced sample requirements by 4 orders of magnitude (McConnell et al., 2007), the new method 

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

nearby ice core BC records and model simulations has shown promise with an initial analysis of 

Lake Igaliku from Southern Greenland.  

Chapter three is a manuscript presenting and discussing an array of historical BC records 

from seven ice cores and a lake sediment core from Lake Igaliku, Greenland.  The Lake Igaliku 

record extends over the past two millennia, and compares well to BC records from the Greenland 

ice core array, which serve to validate the lake dataset. The BC trends observed in Lake Igaliku 

and the Greenland cores show increased BC flux during the Medieval Climate Anomaly (950 to 

1250 CE), decreasing BC flux during the Little Ice Age (1500 to 1800 CE), and a sharp increase 

during the Industrial Revolution (1850 CE). The BC records also closely follow Northern 

Hemisphere temperature reconstructions (Moberg et al., 2005) until 1800 CE, when the signals 

decouple because of industrial emissions. The close relationship between BC and temperature 

from 300 to 1800 CE implies a first order relationship between temperature, fires, and BC 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 summarizes a second 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 Lake Peters was comparatively inconsistent with the BC record from nearby McCall 

Glacier. The differences can be attributed to the characteristics of Lake Peters, which has a large 
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drainage system dominated by fluvial input whereas Lake Igaliku has a small catchment 

dominated by atmospheric deposition on the lake surface.  

 

4. References  

Bauer, S. E., A. Bausch, L. Nazarenko, K. Tsigaridis, B. Xu, R. Edwards, M. Bisiaux and J. 

McConnell,  Historical and future black carbon deposition on the three ice caps: Ice core 

measurements and model simulations from 1850 to 2100, Journal of Geophysical 

Research-Atmospheres, 118(14), 7948-7961, 2013. 

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, 1800-2000 AD, Atmospheric Chemistry and Physics, 12(8), 3799-3808, 2012a. 

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 high-resolution ice core records, 1850-2000 AD, 

Atmospheric Chemistry and Physics, 12(9), 4107-4115, 2012b. 

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 black carbon in the climate system: A scientific assessment, Journal of 

Geophysical Research-Atmospheres, 118(11), 5380-5552, 2013. 

Cess, R. D.,  Arctic aerosols- model estimates of interactive influences upon the surface 

atmosphere clear sky radiation budget, Atmospheric Environment, 17(12), 2555-2564, 

1983. 

Clarke, A. D. and K. J. Noone,  Soot in the Arctic snowpack- a cause for perturbations in 

radiative transfer, Atmospheric Environment, 19(12), 2045-2053, 1985. 

Eichler, A., W. Tinner, S. Bruetsch, S. Olivier, T. Papina and M. Schwikowski,  An ice-core 

based history of Siberian forest fires since AD 1250, Quaternary Science Reviews, 30(9-

10), 1027-1034, 2011. 

Flanner, M. G., C. S. Zender, J. T. Randerson and P. J. Rasch,  Present-day climate forcing and 

response from black carbon in snow, Journal of Geophysical Research-Atmospheres, 

112(D11), 2007. 

Gustafsson, O., T. D. Bucheli, Z. Kukulska, M. Andersson, C. Largeau, J. N. Rouzaud, C. M. 

Reddy and T. I. Eglinton,  Evaluation of a protocol for the quantification of black carbon 

in sediments, Global Biogeochemical Cycles, 15(4), 881-890, 2001. 



8 

 

Han, Y. M., J. J. Cao, 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 150-Year Pollution History in Eastern China, Environmental Science & 

Technology, 45(12), 5287-5293, 2011. 

Hennigan, C. J., A. P. Sullivan, J. L. Collett, Jr. and A. L. Robinson,  Levoglucosan stability in 

biomass burning particles exposed to hydroxyl radicals, Geophysical Research Letters, 

37, 2010. 

Hoffmann, D., A. Tilgner, Y. Iinuma and H. Herrmann,  Atmospheric Stability of Levoglucosan: 

A Detailed Laboratory and Modeling Study, Environmental Science & Technology, 

44(2), 694-699, 2010. 

IPCC, Climate Change 2013: The Physical Science Basis. Contribution of working Group I to the 

Fifth Assessment Report on the Intergovernmental Panel on Climate Change, edited by T. 

F. Stocker, D. Qin, G.-K. Plattner, M. Tignor, S. K. Allen, J. Boschung, A. Nauels, Y. 

Zia, V. Bex and P. M. Midgley, Cambridge University Press, Cambridge, United 

Kingdom and New York, NY, USA, 2013. 

Jacobson, M. Z.,  Effects of externally-through-internally-mixed soot inclusions within clouds 

and precipitation on global climate, Journal of Physical Chemistry A, 110(21), 6860-

6873, 2006. 

Jiao, C., M. G. Flanner, Y. Balkanski, S. E. Bauer, N. Bellouin, T. K. Berntsen, H. Bian, K. S. 

Carslaw, M. Chin, N. De Luca, T. Diehl, S. J. Ghan, T. Iversen, A. Kirkevag, D. Koch, 

X. Liu, G. W. Mann, J. E. Penner, G. Pitari, M. Schulz, O. Seland, R. B. Skeie, S. D. 

Steenrod, P. Stier, T. Takemura, K. Tsigaridis, T. van Noije, Y. Yun and K. Zhang,  An 

AeroCom assessment of black carbon in Arctic snow and sea ice, Atmospheric Chemistry 

and Physics, 14(5), 2399-2417, 2014. 

Keegan, K. M., M. R. Albert, J. R. McConnell and I. Baker,  Climate change and forest fires 

synergistically drive widespread melt events of the Greenland Ice Sheet, Proceedings of 

the National Academy of Sciences of the United States of America, 111(22), 7964-7967, 

2014. 

Khan, A. J., K. Swami, T. Ahmed, A. Bari, A. Shareef and L. Husain,  Determination of 

elemental carbon in lake sediments using a thermal-optical transmittance (TOT) method, 

Atmospheric Environment, 43(38), 5989-5995, 2009. 

Lamarque, J. F., T. C. Bond, V. Eyring, C. Granier, A. Heil, Z. Klimont, D. Lee, C. Liousse, A. 

Mieville, B. Owen, M. G. Schultz, D. Shindell, S. J. Smith, E. Stehfest, J. Van Aardenne, 

O. R. Cooper, M. Kainuma, N. Mahowald, J. R. McConnell, V. Naik, K. Riahi and D. P. 

van Vuuren,  Historical (1850-2000) gridded anthropogenic and biomass burning 

emissions of reactive gases and aerosols: methodology and application, Atmospheric 

Chemistry and Physics, 10(15), 7017-7039, 2010. 

Lee, Y. H., J. F. Lamarque, M. G. Flanner, C. Jiao, D. T. Shindell, T. Berntsen, M. M. Bisiaux, J. 

Cao, W. J. Collins, M. Curran, R. Edwards, G. Faluvegi, S. Ghan, L. W. Horowitz, J. R. 

McConnell, J. Ming, G. Myhre, T. Nagashima, V. Naik, S. T. Rumbold, R. B. Skeie, K. 

Sudo, T. Takemura, F. Thevenon, B. Xu and J. H. Yoon,  Evaluation of preindustrial to 



9 

 

present-day black carbon and its albedo forcing from Atmospheric Chemistry and 

Climate Model Intercomparison Project (ACCMIP), Atmospheric Chemistry and Physics, 

13(13), 6553-6554, 2013. 

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 of soot- and char-derived 

black carbon inputs to New York City's atmosphere during the 20th century, 

Environmental Science & Technology, 41(1), 82-87, 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), 12140-12144, 2008. 

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,  20th-century industrial black 

carbon emissions altered arctic climate forcing, Science, 317(5843), 1381-1384, 2007. 

Mikhailov, E. F., S. S. Vlasenko, I. A. Podgorny, V. Ramanathan and C. E. Corrigan,  Optical 

properties of soot-water drop agglomerates: An experimental study, Journal of 

Geophysical Research-Atmospheres, 111(D7), 2006. 

Moberg, A., D. M. Sonechkin, K. Holmgren, N. M. Datsenko and W. Karlen,  Highly variable 

Northern Hemisphere temperatures reconstructed from low- and high-resolution proxy 

data, Nature, 433, 613-617, 2005. 

Muri, G., B. Cermelj, J. Faganeli and J. Holc,  Determination of black carbon in lacustrine and 

coastal marine sediments by thermal oxidation, Acta Chimica Slovenica, 49(1), 29-42, 

2002. 

Painter, T. H., M. G. Flanner, G. Kaser, B. Marzeion, R. A. VanCuren and W. Abdalati,  End of 

the Little Ice Age in the Alps forced by industrial black carbon, Proceedings of the 

National Academy of Sciences of the United States of America, 110(38), 15216-15221, 

2013. 

Preston, C. M. and M. W. I. Schmidt,  Black (pyrogenic) carbon: a synthesis of current 

knowledge and uncertainties with special consideration of boreal regions, 

Biogeosciences, 3(4), 397-420, 2006. 

Ramanathan, V. and G. Carmichael,  Global and regional climate changes due to black carbon, 

Nature Geoscience, 1(4), 221-227, 2008. 

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 2010, Environmental 

Science & Technology, 49(24), 13954-13963, 2015. 

Sterle, K. M., J. R. McConnell, J. Dozier, R. Edwards and M. G. Flanner,  Retention and radiative 

forcing of black carbon in eastern Sierra Nevada snow, Cryosphere, 7(1), 365-374, 2013. 



10 

 

Yalcin, K., C. R. Wake, K. J. Kreutz and S. I. Whitlow,  A 1000-yr record of forest fire activity 

from Eclipse Icefield, Yukon, Canada, Holocene, 16(2), 200-209, 2006. 

Zennaro, P., N. Kehrwald, J. R. McConnell, S. Schupbach, O. Maselli, J. Marlon, P. Vallelonga, 

D. Leuenberger, R. Zangrando, A. Spolaor, M. Borrotti, E. Barbaro, A. Gamgaro and C. 

Barbante,  Fire in ice: two millenia of Northern Hemisphere fire history from the 

Greenland NEEM ice core, Climate of the Past Discussions, 10, 809-857, 2014. 

Zhou, C., J. E. Penner, M. G. Flanner, M. M. Bisiaux, R. Edwards and J. R. McConnell,  

Transport of black carbon to polar regions: Sensitivity and forcing by black carbon, 

Geophysical Research Letters, 39, 2012. 

 

 
 



11 

 

 

 

 

 

 

 

 

Chapter 2: Laser-based method for black carbon 

determination in lake sediment cores 

 

 
Nathan J. Chellman1,2, Joseph R. McConnell1, Alan Heyvaert1, Boris Vannière3,  

Volker Wennrich4 

 

 
1Desert Research Institute, Department of Hydrologic Sciences, Reno, NV 

2Graduate Program of Hydrologic Sciences, University of Nevada, Reno 
3UMR Chrono-Environnement, Besançon, France 

4University of Cologne, Köln, Germany 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



12 

 

Abstract 

Understanding past and present black carbon (BC) emissions and transport is critical for 

quantifying and modeling climate change, as BC is an important contributor to radiative forcing. 

BC, formed during incomplete combustion of fossil or bio-fuels, is emitted to the atmosphere 

from large wildfires and industrial sources, where it can be transported 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 long-term global BC records with the possibility to extend BC records, and 

therefore biomass burning records, 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 instrument, the Single Particle Soot Photometer (SP2). This method minimizes sample 

requirement and preparation time compared to existing filter-based 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 nebulizer-SP2 system. 

BC concentration and mass measurements are highly reproducible with this method, particularly 

with samples homogenized using a planetary mill. Sample requirement is approximately 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 as well 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 emissions (Bisiaux et al., 2012a; Bisiaux et al., 2012b; Keegan et 

al., 2014; McConnell et al., 2007; McConnell and Edwards, 2008; Zennaro et al., 2014). The BC 
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aerosol is important 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 snow (Bond et al., 2013; McConnell 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 

Greenland) and 800 kyr in the Antarctic (the Dome Fuji ice core), and 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 can provide much longer 

BC records that are not geographically limited to polar and alpine regions.  

Previous methods to measure BC in lake sediment cores are limited to filter-based 

thermal-optical and chemical thermal-optical methods, which are restricted by their large sample 

requirement, measurement artifacts, and time-consuming analytical methods (Gustafsson et al., 

2001; Han et al., 2011; Khan et al., 2009; Louchouarn et al., 2007; Muri et al., 2002; Ruppel et 

al., 2015). These filter-based methods require chemical pretreatment steps and have uncertainties 

associated with carbon volatility. 

We present a new method 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 to analyze up to 70 samples per day. 

The method requires small samples, as little as 15 mg sediment, although 50 mg is preferred. The 

SP2 returns not only BC concentration, but also BC particle mass, a parameter that cannot be 

quantified with filter-based methods. With proper sample preparation, measurements 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 particle size since reporting BC size requires 

the assumption of an effective density and spherical shape for BC particles. The effective density 

of the BC-like material Aquadag, which is used as a calibration material for the SP2, has been 
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characterized thoroughly. We use the relationship published by Gysel et al. (2011) to calculate 

size from 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), a laser-based instrument that has been 

used extensively for aerosol BC measurements in air (Moteki et al., 2007; Subramanian et al., 

2010) and more recently in ice cores (Bisiaux et al., 2012a; Bisiaux et al., 2012b; Keegan et al., 

2014; McConnell et al., 2007; Painter et al., 2013; Zennaro et al., 2014). This method, based on 

the ice core method first established by McConnell et al. (2007), uses a nebulizer to transform an 

aqueous 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 shaking. Four lake 

sediment cores were sampled in this analysis. Details of core location and BC measurements are 

presented in Table 1 for the lakes used in the study. Bulk samples were dried and homogenized 

using either a planetary mill (Retsch Planetary Ball Mill) or by agate mortar and pestle. Samples 

were stored in plastic vials or baggies until analysis. For sampling, approximately 50 mg of dried 

and homogenized lake sediment is suspended in 50 ml of ultrapure water in a pre-cleaned and dry 

polypropylene vial. The 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 obtain a final 

determination of nanograms of BC per milligram sediment. Duplicate samples are prepared for 

samples both from the current and previous dayôs batch to ensure consistent overlap between day-

to-day measurements. 

After a batch of samples has been suspended in 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 (New Brunswick 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 # 

Samples 
Homogenization 

Method 

Avg. BC Conc 

Ñ1ů 

(ng BC/ mg 

sediment) 

Avg. BC 

Mass 

MeanÑ1ů 

(fg) 

Lake A Lake Igaliku Greenland 175 Mortar and 

pestle 

52±44 4.6±1.8 

Lake B Lake Bastani Corsica 100 Mortar and 

pestle 

169±104 1.7±0.24 

Lake C Lake 

ElôGygytgyn 

Russia 660 Planetary mill 67±47 11±1.8 

Lake D Lake Tahoe USA 1 (bulk) Mortar and 

pestle 

42 3.8 

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

 
 

Samples are introduced to the analysis system using an autosampler (Cetac ASX510, 

Cetac Technologies) and peristaltic pump. A schematic of the 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 filters (20 ɛm and 10 ɛm, 

respectively) remove all particles larger than 10 ɛm, and 2) ultrapure water is continuously 

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 

flows ranging from 5 nl/min to 5 ml/min. With a total flow of 600 ɛl/min required for BC 

determination, to dilute the sample across a range of ratios from 1:1 and 1:5 M6 pump rates range 

from 300 ɛl/min to 500 ɛl/min, respectively. The M6 pump rate, once determined by the average 

BC concentration of a batch of samples, is set at the start of the run and the entire run, including 
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calibrations and quality control standards, is analyzed with the same dilution to correct for any 

potential drift in flow rates. If there 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 is used to 

ensure complete mixing with the sample flow.  

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

 

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 (CETAC U5000 AT, CETAC Technologies) and jet (Apex Q, Elemental Scientific 

Inc.) nebulizers. Inside the SP2, the aerosol stream passes through a 1064 nm Nd:YAG laser, 

which causes the BC to incandesce. The SP2 measures this incandescence on two channels, 

narrowband 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 start of each day for both 

concentration and mass using a suite of standards including Cabojet 200, Regal Black, and 

Aquadag. Quality control standards and blanks are run periodically throughout the experiment to 

control for any drift in nebulization and pumping efficiency. For a run, blanks typically have an 

average BC concentration of 0.96Ñ0.70 ng/g (Ñ1ů, n=12) for a detection limit of 2.1 ng/g (3ů). 

 

3. Sample Reproducibility 

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

factors. The first is the reproducibility 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 same homogenized 

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 

Understanding how the samples change with time is critical for making reliable 

measurements. Following the final sonication, the BC within the sample can be altered by 

numerous factors including, but not limited to, settling out with sediment, agglomeration, or 

sticking to the walls of the polypropylene vial. Thus, quantifying the sampleôs stability with time 

is critical to ensure consistent and repeatable results.  

To test the stability of the samples with time, four groups of three samples each were 

prepared as described above from a bulk sediment sample from Lake A. BC was measured after 

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 were sonicated for 10 minutes immediately prior to 

each analysis. Studentôs t-test was used to determine if the mean of each group was significantly 

different than the original measurement at the 90% confidence interval.  

As seen in Figure 3, the BC concentration of the unsonicated groups 1 and 2 was not 

different than the original measurement until 148 and 72 hours, respectively. The BC 

concentration of the sonicated groups 3 and 4 was not significantly different until 220 and 172 

hours, respectively, though the p-value for the 48 hour measurement of group 4 is close to the 

significance cutoff.  For the first 48 hours, BC concentration changed an average change of less 

than 2% across all groups. After 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 be accentuated 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 steps.  

BC mass for all four groups declined steadily with time, losing 4% per day, with no 

significant difference between sonicated and unsonicated groups. The decline of BC mass 

suggests larger BC particles are being lost, perhaps via settling out of solution or sticking to the 

walls of the vials. For 72 hours after preparation, none of the four groups are significantly 

different than the original measurement, though by 148 hours, confidence in the BC mass 

measurement is diminished. In light of the deviation of groups from 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 close to the 24 hours mark as possible for the 

most confident measurements. 

 
Figure 3: Stability of lake sediment samples with time. Error bars represent Ñ1ů. Groups 1 and 2 were 

allowed to settle continuously over course of experiment. Groups 3 and 4 were sonicated for 10 minutes 

prior to each analysis. Bottom panel is p-value from Studentôs t-test used to compare mean of each group to 

first measurement. P-values in the red shaded area represent a significant difference at the 90% confidence 

interval for corresponding measurement in upper panel. BC concentration is not significantly different in 

unsonicated and sonicated groups until 72 and 170 hours, respectively. BC mass is not significantly 

different for unsonicated and sonicated groups until 172 and 148 hours, respectively. 
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Figure 4: Replicate measurements of samples from Lake B (a) and Lake C (b) made within 32 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 (Figure 4). Replicate measurements are made on samples prepared in the 

same batch on the same day to allow for measurements while samples are still stable. From Lake 

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 52±5 hours. The replicate measurements show 

strong correlation to the original measurements,  although the samples analyzed twice within 32 

hours of preparation had slightly better reproducibility for both concentration (y=0.93x+15.4, 

r2=0.98, p<0.01) and mass (y=0.97x+0.03, r2=0.98, p<0.01; Figure 4a) than the replicate 

measurements made at 52 hours (concentration: y=0.92x+2.57, r2=0.94, p<0.01; mass: 

y=0.66x+0.58, r2=0.90, p<0.01). 

From Lake C, 52 samples were analyzed twice within 31 hours of preparation and twenty 

one samples were analyzed twice within 55 hours of preparation, once at 28±2 hours and again at 

52±3 hours. Similar to the results from Lake B, the samples from Lake C analyzed twice within 
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31 hours were more reproducible for both BC concentration (y=1.0x+1.2, r2=0.94, p<0.01) and 

mass (y=0.97x+0.21, r2=0.94, p<0.01; Figure 4b) compared to those reanalyzed within 55 hours 

(BC concentration: y=0.79x-0.7, r2=0.82, p<0.01; BC mass: y=0.73x+1.6, r2=0.77, p<0.01). 

Reproducibility was excellent on the samples analyzed within 31 hours, with highly significant 

correlation between original and replicate measurements. 

We conclude that this method for preparing lake sediment samples yields samples that 

are stable for BC concentration and mass for up to 48 hours without the need for sonication. 

However, to maximize the reproducibility of BC mass measurements, it is best to analyze 

samples at a consistent time, preferably as close to the 24 hr settling mark as possible. Provided 

samples are consistently analyzed within this time window, BC measurements of both 

concentration and mass are highly reproducible. Between 24 and 48 hours, BC measurements are 

still reproducible, though not to the same degree as if measured earlier. After 48 hours, 

measurements are much less robust. Practically speaking, the stability of the samples allows for 

large batches of samples of up to 70 samples to be prepared concurrently and then analyzed over 

the course of a workday 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 sediment. Three to four duplicate samples are 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 runs. The critical factor in obtaining repeatable 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 Figure 5. Analysis of Lake A (n=24; Figure 5a) and Lake B (n=202; Figure 5b) were 

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

Reproducibility for BC mass was excellent for both lakes (r2>0.85, p<0.01) but less so for BC 

concentration (r2=0.29, p<0.01 for Lake B), especially at Lake A where there was no significant 

relationship between original and duplicate measurements. Samples from Lake C (n=69; Figure 

5c) were homogenized using a planetary mill and repeatability for BC concentration is greatly 

improved (r2=0.86, p<0.01), suggesting superior homogenization by the mechanical mill. 

Duplicate mass measurements at Lake C were still highly correlated and significant (r2=0.75, 

p<0.01). 

 
Figure 5: Duplicate samples vs. original samples for 3 lakes. Lakes A and B (a, b) were homogenized with 

mortar and pestle while Lake C (c) was homogenized with a planetary ball mill. BC mass is highly 

reproducible for all samples. BC concentration reproducibility is greatly improved with use 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, or subject to a ñnuggetò effect. Though 

the intrinsic character (i.e. mass) of the BC within a sample is relatively homogenous and 

therefore highly reproducible, the BC particles likely are distributed heterogeneously throughout 

the sample so that the arbitrarily 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 homogenization of 

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 concentration of BC 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. The 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 concentration since BC mass is an inherent characteristic of each 

individual BC particle and should therefore be 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 50 mg sediment per 50 ml 

water (or 1 mg sediment per 1 ml of water, simplified). We tested dilutions ranging from 0.3 mg 

sediment per ml water to 4 mg sediment per ml water. All dilutions were prepared in 50 ml water 

by varying amount of sediment from 15 to 200 mg. Two bulk sediment samples were tested, one 
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from Lake A and one from Lake D. To conserve sample, the most concentrated sample using 200 

mg sediment was prepared from only Lake D. For both sets of samples, BC concentration showed 

no significant difference to the standard dilution of 1 mg sediment/ml water at the 90% 

confidence interval using Studentôs t-test (Figure 6). Thus, it is possible to get a reliable 

concentration measurement with as little as 15 mg of sediment. For the samples from Lake A, the 

dilution did not have any significant effect on BC mean mass (Figure 6a). However, for bulk 

samples from Lake D, the BC mass also scaled linearly with dilution, showing significant 

deviations from the standard dilution (Figure 6b). BC mean mass increased 35% from the most 

dilute to most concentrated samples for unknown reasons. 

 
Figure 6: BC concentration and mass vs. dilutions for two bulk sediment samples, Lake A (a) and Lake D 

(b). Error bars represent Ñ1ů. Studentôs t-test used to determine if groups were significantly different than 

the dilution of 1 mg sediment per 1 ml water chosen for the standard dilution at DRI. P-values shown in 

bottom panel with red shading indicating significant differences at the 90% confidence interval for 

corresponding measurement in upper panel. Only BC mass from Lake D shows significant differences 

across dilutions for unknown reasons. However, the small standard deviation indicates consistent 

measurements 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 downstream dilution. Larger samples of 100 and  
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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 Co.) into the sample stream after debubbling. BC concentration for both 

standards and samples scale linearly as expected with this dilution and BC mean mass is 

unaffected. 

 

5. Nebulizer: Cetac vs. Apex Q 

The average size of BC particles for lake sediment samples analyzed at DRI range from 

2-14 fg (175-375 nm mass equivalent diameter). Thus, it is crucial to use a nebulizer that can 

perform efficiently across a wide spectrum of particle sizes. Two nebulizers commonly used in 

conjunction with the SP2 are the Cetac U5000AT, 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 Apex Q is consistently efficient for BC particles ranging 

from 0.1-100 fg (100-1000 nm) (Wendl et al., 2014). We have tested 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 all 167 samples from Lake A on both nebulizers. The Cetacôs inability to 

nebulize large particles resulted in underestimation of BC mass by an average of 41±17% (n=167, 

Ñ1ů) and underestimation of BC concentration by an average of 79Ñ17% (n=167, Ñ1ů). The latter 

results from substantial differences in BC particles size between the calibration material and the 

lake sediment samples. The 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 effectively nebulize. 

This is generally not the case for BC measurements in polar ice cores where particles sizes are 

much smaller. Figure 7 shows the fitted lognormal distributions of BC mass from both nebulizers 

for the same sample. The mode of the BC mass, which is small enough to be in the efficient range 
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of the Cetac, is identical 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 between the 

two nebulizers. 

 
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 same peak height. Apex Q is more efficient at 

nebulizing large particles, 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 for solutions containing carbon black, to test how the dispersant 

would affect BC mobilization during sample preparation. To avoid any potential contamination or 

measurement artifacts, samples 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 dispersant and 

without dispersant was 35±14 ppb (n=3) and 23±6 ppb (n=3), respectively, and BC mass was 

4.4±0.1 fg (n=3) and 4.8±0.8 fg (n=3), respectively. Neither difference is significant using a 
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Studentôs t-test to test for differences between the means (Conc: p=0.31; mass p=0.48). For Lake 

D, BC concentration with and without dispersant was 35±8 ppb (n=4) and 44±11 ppb (n=5), 

respectively, and BC mass was 3.1±0.1 fg (n=4) and 3.6±0.3 fg (n=5), respectively. The 

difference between concentration at Lake D is insignificant (p=0.21) while difference between 

mass is significant (p=0.02).  These findings are inconclusive and will require further 

investigation. However, for simplicity and consistency, we have not included dispersant as part of 

standard sample preparation procedures. 

 

7. Conclusion 

 We have developed a new method for laser-based determination of BC in lake sediment 

samples using the SP2. This method has been tested on a variety of lake sediment samples with 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 measurementsð the most reproducible results are 

obtained using sediment that has been homogenized using a planetary mill. 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 highly size-dependent nebulization efficiency and so was less 

effective at nebulizing the large BC particles found in the lake sediment samples, while the Apex 

Q, which has a relatively size-independent nebulization efficiency, was more effective. Thus, the 

Apex Q is 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 deposition and forcing, and reconstruct 

long-term historical burning trends. 
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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 burning, BC potentially is an ideal proxy for understanding 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 records from Greenland 

including seven ice cores and one lake sediment core. The BC record from the lake sediment 

core, measured with a new laser-based method, is consistent with the magnitude and temporal 

variability of the ice core array. Spatially, BC deposition decreases exponentially with latitude in 

Greenland and are in agreement with atmospheric model simulations. Temporally, BC deposition 

in the ice and lake sediment core records parallels Northern Hemisphere temperature changes, 

with the largest fluxes during industrialization (post-1850 CE) and the Medieval Warm Period 

(950 to 1250 CE) and low deposition during the Little Ice Age (1500 to 1800 CE). Consistency 

between the lake sediment core and ice core array indicates that lake sediment cores analyzed 

with the new SP2-based method provide reliable records of past burning emissions that are not 

limited to polar or high alpine regions and are thus much closer to likely mid- and low-latitude 

source regions. 

 

1.  Introduction  

Black carbon, a remnant of incomplete combustion, is emitted to the atmosphere by 

natural and 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 

emissions (Bisiaux et al., 2012a; Bisiaux et al., 2012b; Keegan et al., 2014; McConnell et al., 

2007; McConnell and Edwards, 2008; Painter et al., 2013; Sterle et al., 2013; Zennaro et al., 

2014). The dark BC aerosol also 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 snow (Bond et al., 2013; Flanner et al., 2007; Jiao et al., 

2014; Painter et al., 2013). BC is thought to be one of the most important forcers of climate 

change, with a magnitude of forcing just behind carbon dioxide and methane (Bond et al., 2013; 

IPCC, 2013). BC records also provide valuable constraints for global climate modeling in both 

past and future climate reconstructions (Lee et al., 2013; Zhou et al., 2012).  

Ice cores provide the longest and highest-resolution records of BC, though they are 

geographically and temporally limited. Ice cores can only be retrieved only from polar regions 

and alpine glaciers, areas typically far removed from the primary mid- and low-latitude sources 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 proportions (Hegg et al., 

2009; Kahl et al., 1997; McConnell et al., 2007; Zennaro et al., 2014). Anthropogenic influence 

of BC is evident beginning in 1850 CE, thus here we consider the preindustrial to end in 1850 CE 

after which BC can no longer be interpreted strictly as a tracer of natural burning (McConnell et 

al., 2007). 

Ice cores also are limited by their lengthð the oldest Arctic ice core recovered is 130 kyr 

old (Dahl-Jensen et al., 2013), long enough to span less than two climate cycles. Lake sediment 

cores, conversely, are much less geographically limited and can extend for millions of years, 

representing dozens of glacial/interglacial climate cycles (Brigham-Grette et al., 2013; Melles et 

al., 2012). Furthermore, lake sediment cores could offer a wider scope of geographic constraints 

for BC deposition modeling. Chellman et al. (2016, in prep) recently have developed a laser-

based method for measuring BC in lake sediment cores that has minimal sample requirement and 

efficient sample preparation. Here, we have applied this new method to a lake sediment core from 

Lake Igaliku, located in southern Greenland, and evaluate the resulting BC record with published 

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

Table 2 summarizes pertinent information about each study site, including coordinates, 

average snow accumulation, elevation, and length of record. The ice core array spans from 66°N 

to 78°N and represents a large geographic distribution across Greenland (Figure 8). Lake Igaliku 

(61.0°N, 45.4°W; 15 m asl), located on a valley between two fjords at the southern tip of 

Greenland, has a surface area of 0.35 km2 (Massa et al., 2012). The lake has no defined inlet and a 

catchment area of 3.55 km2 (Massa et al., 2012). Because Lake Igaliku lacks any defined 

inflowing streams, we assume that the BC entering the lake is directly deposited on the lakeôs 

surface from the atmosphere. The area surrounding the lake was first settled by the Norse in the 

10th century AD, abandoned in the 15th century, and resettled by a small Danish population in the 

18th century (Massa et al., 2012).  

 
Figure 8: Map showing locations of seven ice cores sites and Lake Igaliku in Greenland. 
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Site Symbol 

in Fig. 9 

Latitude  

(°N) 
Longitude 

(°E) 
Elevation 
(meters) 

Annual Snow 

Accumulation 
(kg/m2/yr)*  

Start of 

record 

(year CE) 

Lake Igaliku  61.0 -45.4 15 n.a.À 284 

Act2  66.0 -45.2 2408 372 1773 

Act11d  66.5 -46.3 2296 339 1157 

D4  71.4 -43.9 2766 414 1733 

Summit  72.6 -38.7 3036 222 1448 

NEEM_2011_S1  77.5 -51.1 2454 204 86 

Tunu2013  78.0 -33.9 2105 112 268 

B19  78.0 -36.4 2270 103 747 
*Accumulation average from 1750-present for ice core sites 
ÀAnnual precipitation is 615 mm/yr. Average mineral accumulation rate is 18.6 mg/cm2/yr (Massa et 

al., 2012). 

 
Table 2: Summary of location, elevation, accumulation, and record length for sites used in this study. 

 

All analyses of BC in ice cores were conducted on the continuous flow analysis system at 

the Desert Research Institute following the protocol established by McConnell et al. (2007). Ice 

cores were cut into longitudinal samples, 0.03 m by 0.03 m in cross section and ~1 m long. The 

samples were melted from bottom to top sequentially. As the samples were melting, meltwater 

was pumped continuously to an ultrasonic nebulizer (Cetac U5000AT, Cetac Technologies) 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 6 ppb made from Cabojet 200 diluted with ultrapure water. To 

calculate BC flux, BC concentration was multiplied by the annual snow accumulation as 

calculated from seasonal tracers also measured in the core (Na+, Ca2+, H2O2). Cores were dated 

using annual layer counting constrained with volcanic tie points (Sigl et al., 2015). 

The upper 87 cm of the Lake Igaliku sediment core was analyzed for BC at the Desert 

Research Institute using the method described by Chellman et al. (2016, in prep). The lake 

sediment core was drilled using a gravity corer, sampled at 0.5 cm resolution, and dried at 60°C 

(Massa et al., 2012). Samples were homogenized using mortar and pestle, resuspended in 
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ultrapure water, and sonicated and shaken to mobilize BC into suspension. After a settling period 

between 24-31 hours, samples were filtered to remove particles larger than 10 ɛm, diluted 2:1 

with ultrapure water to protect instrumentation, and pumped to the Apex Q (Elemental Scientific 

Inc.) nebulizer 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 dated using 14C, 210Pb, and 

137Cs measurements and modeling (Massa 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 Greenland, to the Tunu2013 and B19 ice core sites at the northeast 

corner of Greenland (Figure 8). 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 therefore the ability of lake 

sediment cores to provide accurate historical BC and burning 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 long-term records of BC are limited to polar and alpine ice core records. 

At ice core sites, average preindustrial BC flux ranges from 150 ɛg/m2/yr at the 

northernmost sites to 1000 ɛg/m2/yr at the southernmost sites with average preindustrial BC 

concentration ranging from 0.61 to 2 ng/g. Lake Igaliku has an average preindustrial BC flux of 

7800 ɛg/m2/yr and concentration of 49.6 ng/g. Figure 9 shows 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 fitted only to ice core data, with regression lines plotted only if significant at the 

95% confidence level or greater.  
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The natural log of BC flux correlates significantly at the 95% confidence level to only 

latitude for regressions when considering BC flux for all data and for ice core data alone  

(Figure 9a). The natural log of BC concentration significantly correlates to latitude and elevation 

for all sites (Fig. 9d, 9e) and to longitude at ice core sites only (Fig. 9f), however the correlation 

between BC flux and BC concentration to site elevation is heavily biased by Lake Igaliku and is 

not representative of the data as a whole. 

  
 

Figure 9: Preindustrial BC flux (top) and concentration (bottom) from ice core sites (black) and Lake 

Igaliku (red) plotted against site latitude, elevation, and longitude. Averages 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 significant correlation between all study sites 

and ice cores alone is the correlation between the natural log of BC flux and latitude. This 

relationship suggests that latitude, a proxy for transport distance from mid- and high-latitude 

source regions in North America, is 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 



36 

 

decline in BC flux from south to north observed in our data also is consistent with modeled BC 

transport and deposition (Lee et al., 2013; Zhou et al., 2012). There is correlation between 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 have primarily used BC concentration as an indicator of fire 

activity. Most ice core sites do not see dramatic changes in accumulation rate over time so 

temporal variability of flux and concentration are nearly identical (Bisiaux et al., 2012a; Bisiaux 

et al., 2012b; Keegan et al., 2014; McConnell et al., 2007; McConnell and Edwards, 2008; Painter 

et al., 2013; Sterle et al., 2013; Zennaro et al., 2014). However, BC flux is a more appropriate 

measurement to use for comparisons between lake and ice core data because flux accounts for 

differences in BC concentration resulting from accumulation variation. Because ice sheets and 

lakes are such different depositional environments, it is critical to normalize for accumulation 

differences to have comparable records. Lake Igaliku is a small lake with a limited catchment and 

no defined inflowing streams, so we assume that BC is deposited onto the lake directly from the 

atmosphere and 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 

quantifying BC flux in five northern Finland lakes at a latitude of ~68°N analyzed using the 

chemothermal oxidation method for measuring BC in sediments (Ruppel et al., 2015). The BC 

flux data reported by Ruppel et al. (2015) is to our knowledge the only data for BC flux in Arctic 

lake sediments published at 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 mg/m2/yr over the past 150 years. Average BC flux at Lake Igaliku since 

1850 CE is 16.8 mg/m2/yr with a maximum of 50 mg/m2/yr in 1942 CE. The overall higher 
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values from the Finland lakes are consistent with their close proximity to centers 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 ice cores 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) (Figure 10). This link between temperature and fire as recorded by Arctic 

ice core proxies over the past 2000 years was studied in depth using the NEEM_2011_S1 core by 

Zennaro et al. (2014), who associated the MWP with increased fire activity and the LIA with 

decreased fire activity. The MWP was a global warm period between 950 and 1250 CE (Mann et 

al., 2009), with peak Northern Hemisphere temperatures reached at slightly different times 

depending on reconstructions, either between 1000 and 1100 CE (Moberg et al., 2005) or 1000 to 

1300 CE (Crowley and Lowery, 2000). The LIA was more regionally variable lasting anywhere 

from 1350 CE to 1850 CE (Christiansen and Ljungqvist, 2012; Pages 2k Consortium, 2013; 

Mann et al., 2009; Wanner et al., 2008). Here, 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, 

Tunu2013, NEEM_2011_S1, and Lake Igaliku) extend prior to 950 CE, capturing the full scope 

of the MWP to LIA transition. Act11d extends to 1157 CE, enough to capture the final century of 

the MWP and the complete LIA. The record from Summit extends to 1448 CE, only capturing the 

LIA, while the remaining 2 ice cores (Act2 and D4) date to the mid-1700ôs and therefore do not 

record LIA or MWP variability. 
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Figure 10: Greenland array of BC flux from ice and sediment cores compared to Northern Hemisphere 

temperature anomaly (red, b) reconstructed from tree rings (Moburg et al., 2005). BC flux in units of 

ɛg/m2/yr. 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 Warm Period (950 to1250 CE), though maximum flux at NEEM is delayed. Ice core 

and temperature data filtered with 21 year Lowess filter. Some NEEM_2011_S1 data removed because of 

contamination from drilling fluid. 

 

The records from Tunu2013, B19, and Act11d are consistent with the narrow MWP as 

posited by the temperature reconstruction from Moberg et al. (2005) (Figure 10b-e). B19 and 

Tunu2013 both show BC flux declines of ~50% beginning around 1100 CE from a maximum BC 

flux of 210 ɛg/m2/yr between 1000 and 1100 CE to a minimum of 115 ɛg/m2/yr between 1700 
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and 1800 CE (Figure 10c,d). Act11d shows a decline from the start of its record in 1157 CE, 

decreasing ~30% from a flux of 960 ɛg/m2/yr (1157 to 1200 CE) to 615 ɛg/m2/yr (1650 to 1750 

CE) (Figure 10e). Summit BC flux remains constant from 1450 to 1800 CE at 240 ɛg/m2/yr 

(Figure 10f). The NEEM_2011_S1 ice core, on the other hand, exhibits a broad BC flux 

maximum averaging 390 ɛg/m2/yr from 1000 to 1600 CE, with a distinct minimum at  

250 ɛg/m2/yr from 1630 to 1750 CE, more consistent with broad MWP proposed by Mann et al. 

(2009) and Crowley and Lowery (2000) and narrow LIA by Christiansen and Lundquist (2012) 

(Figure 10a). The differences in the NEEM_2011_S1 BC record may result from different 

transport patterns to NEEM which lies on the other side of the Greenland ice divide compared to 

the other cores in the array and therefore has more influence from air masses within the polar 

dome. Lake Igaliku BC flux is high between 750 and 1250 CE, averaging 13000 ɛg/m2/yr 

followed by a sudden decrease in BC deposition in 1300 CE, remaining low at 3600 ɛg/m2/yr 

until industrialization (Figure 10g).  

 

 
 

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 definitive difference between higher BC flux during 

MWP and lower flux during LIA. Act11d and NEEM_2011_S1 have likely difference in flux between 

MWP and LIA. Act11d only records final 100 years of MWP (1157 to 1250 CE) so it does not capture 

warmest time of MWP. 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 (Figure 11). Lake Igaliku, B19, and Tunu2013 all confirm a significant decrease in 
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BC flux between the MWP and LIA while Act11d and NEEM_2011_S1 have likely decreases. 

The lower degree of confidence for the changes in BC flux at Act11d results from its short record 

which does not capture the peak of the MWP. The lower confidence for NEEM_2011_S1 results 

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

time range (1630 to 1750 CE) and our longer definition of the LIA (1500 to 1800 CE). 

 

Figure 12: Modeled BC flux from Lee et al. (2013) compared to BC flux data from ice and lake sediment 

core data. Ice core data represents 5 year average centered around model time slice. Model agrees well with 

observed data, especially in southern Greenland. 

BC flux data from this array can be compared to modeled BC deposition (Figure 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) modeled modern 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, especially at Lake Igaliku and Act2 (Table 3). Though the model over 

predicts BC flux at northern sites, an error that Lee et al. attribute to issues with modeling 

deposition, the modeled BC is still accurate within a factor of 2-3. Lee 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 observed BC flux, but only by a factor of 2-3. Again, 

model evaluation was limited to comparison at 6 Arctic sites and 8 Antarctic sites. Lake sediment 






















