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Roughly 10% of the carbon that enters inland aquatic
ecosystems from the land is permanently buried (Cole et al.
2007), which yields rates of organic carbon (OC) sequestration
comparable with or even higher than in marine sediments and
terrestrial soils (Gudasz et al. 2010). The spatial extent, rates,
and efficiencies at which inland waters bury OC are therefore
relevant to the discussion of the global C-cycle. Indeed, there
has been considerable attention paid to estimating long-term
rates of OC burial and storage in lakes (Dean and Gorham
1998; Einsele et al. 2001; Cole et al. 2007; Downing et al. 2008;

Sobek et al. 2009; Anderson et al. 2009; Heathcote and Down-
ing 2012; Mackay et al. 2012). However, considerable spatial
heterogeneity exists among lakes and geographic regions, and
improvements that refine the rate and magnitude of OC burial
across lake types and regions are needed.

Previous estimates of OC burial in aquatic ecosystems have
generally relied upon 210Pb-dated lake-sediment cores (e.g.,
Sobek et al. 2009 and Heathcote and Downing 2012). As a
result, the characterization of OC burial in inland waters is
limited by the number of lake cores that are reliably dated,
constraining large spatial surveys of lakes. In addition to the
effort and cost required to date individual sediment cores,
accurately assessing the lake-wide rate of OC burial is limited
by sediment focusing—the spatial redistribution of fine-
grained sediments by wave and current action. Focusing con-
tributes a great deal of spatial heterogeneity to the accumula-
tion of geochemical constituents across the depositional basin
(Likens and Davis 1975; Lehman 1975; Blais and Kalff 1995;
Mackay et al. 2012). As a result, proper estimation of whole-
lake sedimentation rates generally requires multiple sediment
cores covering the entire depositional basin (Swain et al. 1992;
Rippey et al. 2008; Engstrom and Rose 2013) or the adjust-
ment of a single central core based on the atmospheric flux of

Estimating modern carbon burial rates in lakes using a single
sediment sample
William O. Hobbs1*, Daniel R. Engstrom1, Shawn P. Scottler1, Kyle D. Zimmer2, and James B. Cotner3
1St. Croix Watershed Research Station, Science Museum of Minnesota, 16910 152 St. North, Marine on St. Croix, MN 55047, USA
2Department of Biology, University of St. Thomas, 2115 Summit Ave., Saint Paul, MN 55105, USA
3Department of Ecology, Evolution and Behavior, University of Minnesota, 100 Ecology Building, 1987 Upper Buford Circle,
Saint Paul, MN 55108, USA

Abstract
The rate of organic carbon (OC) burial in inland waters is an important flux in the global C-cycle. Here we

provide methodological improvements that offer a rapid and accurate assessment of modern OC burial rates in
lakes from a single surface-sediment sample. Using a 93 lake dataset of reliably dated sediment cores (OC bur-
ial of 9 to 318 g m–2 y–1), we demonstrate the applicability of this approach in a variety of lake types. We vali-
date our estimated rates of OC burial against (1) measured whole-lake accumulation from the sum of multiple
area-weighted sediment cores, (2) single central-basin cores adjusted for sediment focusing, and (3) duplicate
sediment cores taken in multiple locations and at different times (4-10 years apart) in 9 lakes. Our single-sam-
ple estimates, which were in good agreement with measured values, suggest a within-lake variability of 4 g m–2

y–1 and have a small inter-lake error of only 6.5%. The applicability of this approach to other lakes and regions
requires knowledge of (1) atmospheric 210Pb flux, (2) an estimate of supported 210Pb activity, and (3) some under-
standing of typical sedimentation rates in the study lakes. This approach provides an accurate assessment of OC
burial, with increased potential for greater spatial coverage in inland waters and improved ability to address
questions focused on terrestrial–aquatic exchanges of organic carbon.

*Corresponding author: E-mail: whobbs@smm.org, 
Tel: +1 651 433-5953

Acknowledgments
The authors wish to acknowledge the laboratory and field assistance

of Erin Mortenson, Elizabeth Droessler, Joy Ramstack Hobbs, Charles
Bruchu, Dan Probst, Tom Langer, Rachel Rockwell, Ben Czeck, and Sean
Hagen. John Downing and Adam Heathcote shared their global dataset
of carbon burial rates and provided constructive comments, in addition
to an anonymous reviewer. Funding was provided by the National
Science Foundation (DEB-0919095; DEB-0919070; DEB-0918753) and
the Minnesota Environment and Natural Resources Trust Fund (Award
ML 2010, Chap 362, Sec. 2, Subd. 3 g).

DOI 10.4319/lom.2013.11.316

Limnol. Oceanogr.: Methods 11, 2013, 316–326
© 2013, by the American Society of Limnology and Oceanography, Inc.

LIMNOLOGY
and

OCEANOGRAPHY: METHODS



210Pb (Rippey and Douglas 2004; Engstrom 2005). Methods
that improve our ability to rapidly and accurately estimate OC
burial rates over large spatial scales therefore are particularly
important to understanding the role inland waters play in the
global C-cycle.

Here, we present a method that allows for the rapid and
accurate assessment of modern (last ~ 10 y) whole-lake OC-
burial rates using a single sediment sample from the near-cen-
ter of a lake basin and which accounts for sediment focusing
to the sample site. We incorporate the earlier work of Binford
and Brenner (1986), who formulated an approach to estimate
the trophic state of a lake based similarly on the degree of 210Pb
dilution in the surface sediments. We demonstrate—by vali-

dation against conventional measures of whole-lake OC bur-
ial—the applicability of this method in a variety of lake types
covering a large range of size and depth, and show how this
approach furthers our understanding of the transport, focus-
ing, and burial of OC and atmospheric 210Pb.

Materials and procedures
Study sites

This method was developed using sediment cores from 93
lakes located throughout Minnesota and northern Wisconsin
and upper Michigan, USA over the period of 1996–2010
(Table 1). The lakes are situated across several ecoregions as
defined by land use, soil type, landforms, and natural vegeta-
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Table 1. Study sites across Minnesota and northern Wisconsin and Michigan used in the analysis. Ecoregions are WCBP–Western Corn
Belt Plains, NGP–Northern Glaciated Plains, NCHF–North Central Hardwood Forest, and NLF– Northern Lakes and Forests. 

Lake Cumulative % Lake Measured Predicted 
maximum Lake dry 210Pb organic sediment whole-lake single-sample
depth area mass activity matter focus OC burial OC burial 

Lake Ecoregion County Latitude Longitude (m) (km2) (g/cm2)* (Bq g–1)† (10 y mean) factor (g C m–2 y–1) (gC m–2 yr–1)

Bass WCBP Faribault, Minn. 43.81666667 –94.08083333 6.1 0.80 1.80 0.24 13.3 1.99 48 44
Dunns NCHF Meeker, Minn. 45.15555556 –94.42944444 6.1 0.63 2.99 0.15 19.2 3.73 86 105
Fish NCHF Dakota, Minn. 44.82222222 –93.16416667 10.2 0.13 3.26 0.28 13.2 2.70 56 38
Hook WCBP McLeod, Minn. 44.95465 –94.340176 5.5 1.33 3.18 0.20 26.7 4.04 133 107
Bean NLF Lake, Minn. 44.0713241 –95.37360592 7.9 0.13 1.49 0.14 17.0 1.54 75 98
Emily WCBP McLeod, Minn. 44.957383 –94.325687 1.6 0.40 1.00 0.23 31.3 1.16 114 101
Emily Peter NCHF Le Sueur, Minn. 44.311021 –93.922272 11.3 1.21 4.54 0.19 21.5 5.27 85 94
Fox NGP Martin, Minn. 43.67549896 –94.6989975 6.1 2.11 2.77 0.13 14.4 1.47 98 90
Greenleaf NCHF Le Sueur, Minn. 44.3972 –93.6267 5.8 1.22 6.30 0.15 19.7 4.78 110 106
Luce NCHF Carver, Minn. 44.964807 –93.781129 2.0 0.09 0.83 0.26 21.0 1.19 55 58
Lady Slipper WCBP Lyon, Minn. 44.5714 –95.629 3.4 1.16 1.48 0.16 14.5 1.59 55 71
Round NLF Itasca, Minn. 47.213207 –93.35848 4.9 0.40 5.36 0.22 20.2 5.21 102 77
Smith NCHF Wright, Minn. 45.079034 –94.126167 1.3 0.91 0.90 0.22 37.8 1.01 132 127
E.Bah NGP Douglas, Minn. 46.00365 –95.7635 3.0 0.16 0.93 0.25 20.8 1.17 59 59
Little Turtle NGP Grant, Minn. 45.88441667 –95.84591667 5.2 0.10 1.09 0.40 28.4 2.54 51 53
Beaver WCBP Steele, Minn. 43.89194444 –93.34911111 8.2 0.39 2.68 0.28 14.9 3.14 45 43
Diamond NCHF Kandiyohi, Minn. 45.18333 –94.8389 8.2 6.50 0.71 0.38 20.5 1.81 21 34
Duck NCHF Blue Earth, Minn. 44.21805556 –93.81555556 7.6 1.18 1.18 0.18 18.7 1.05 101 81
George B.E. NCHF Blue Earth, Minn. 44.98472222 –92.88361111 8.5 0.35 1.50 0.27 18.2 2.35 48 53
George Kandi NCHF Kandiyohi, Minn. 45.23333333 –94.98361111 9.8 0.92 0.80 0.41 18.8 1.99 28 32
Henderson NCHF Kandiyohi, Minn. 45.2307 –94.9929 17.4 0.30 0.40 0.76 30.0 2.11 27 25
Kreighle NCHF Stearns, Minn. 45.57916667 –94.47802778 20.1 0.51 0.21 0.60 47.1 1.03 36 33
Long NCHF Kandiyohi, Minn. 45.32583333 –94.87 13.7 1.33 0.38 0.53 20.6 1.60 21 23
Richardson NCHF Meeker, Minn. 45.15888889 –94.43941667 14.3 0.48 4.85 0.16 12.6 3.96 81 67
Stahls NCHF McLeod, Minn. 44.95416667 –94.41833333 11.3 0.55 1.58 0.30 26.3 2.33 71 68
Clear WCBP Sibley, Minn. 44.455292 –94.514751 2.4 2.00 0.63 0.11 18.8 0.30 109 109
Lura WCBP Blue Earth, Minn. 43.875687 –94.015914 2.8 5.26 1.85 0.20 16.0 1.58 65 64
Buffalo WCBP Murray, Minn. 44.07741667 –95.57903333 2.7 0.50 1.93 0.11 15.2 1.17 108 112
Edwards NCHF Pope, Minn. 45.50948333 –95.46865 2.8 0.57 0.89 0.27 23.0 1.27 73 63
Gil-Bret NCHF Pope, Minn. 45.42958333 –95.35815 2.2 0.10 1.18 0.24 21.4 2.12 49 67
Island NGP Lyon, Minn. 44.38283333 –96.00991667 2.3 0.65 1.56 0.20 19.9 1.81 62 76
Little Lower Elk NCHF Grant, Minn. 45.93336667 –95.80955 4.0 0.52 0.83 0.29 21.4 1.45 47 52
Lone Tree WCBP Yellow Medicine, Minn. 44.68958333 –95.44535 2.7 0.33 1.40 0.16 16.7 1.12 85 83
Malachy NGP Swift, Minn. 45.36806667 –95.67901667 1.1 0.13 1.15 0.20 16.4 1.27 62 61
Nelson NCHF Pope, Minn. 45.52386667 –95.4443 3.9 1.10 0.95 0.24 19.4 1.46 61 60
Ohsrund NGP Grant, Minn. 45.79721667 –96.04708333 2.0 0.76 1.13 0.23 18.3 1.44 63 61
Oak NGP Lincoln, Minn. 44.5367 –96.24246667 3.0 0.40 0.82 0.19 16.1 1.13 59 62
Round - Pope NCHF Pope, Minn. 45.5571 –95.27426667 3.5 0.79 1.19 0.22 16.0 1.96 70 57
Steep Bank NGP Lincoln, Minn. 44.53901667 –96.32761667 1.7 0.76 2.10 0.12 12.7 1.58 81 85
Slotseye NCHF Grant, Minn. 46.06308333 –95.84256667 3.8 0.10 1.04 0.28 19.4 1.73 50 52
Solem NCHF Douglas, Minn. 45.80981667 –95.63943333 3.7 0.15 0.69 0.40 26.7 1.54 41 45
Turtle A NGP Grant, Minn. 45.8859 –95.83581667 4.9 0.25 3.23 0.13 12.8 2.47 68 80
Turtle B NGP Grant, Minn. 45.88355 –95.83758333 8.5 1.78 3.82 0.16 14.3 3.38 65 74
Wolf NLF Lake, Minn. 43.85691667 –95.08986111 0.7 0.48 3.33 0.08 15.3 1.63 132 162
Hjermsted A NGP Murray, Minn. 44.17258333 –95.97130556 0.9 0.28 2.24 0.11 13.8 1.20 106 96
Skunk NCHF Grant, Minn. 45.15908 –95.05273 1.2 0.07 0.20 0.21 39.4 0.57 71 93
Murk NCHF Douglas, Minn. 45.1201 –95.07285 2.5 0.16 0.66 0.24 22.2 0.92 68 65
Mavis West NCHF Otter Tail, Minn. 46.26367 –96.0516 4.3 0.14 0.50 0.29 19.2 1.16 68 52
Mavis East NCHF Otter Tail, Minn. 46.0956 –96.04243 3.8 0.22 0.31 0.26 28.5 0.95 63 75
Leverson NGP Grant, Minn. 45.01778 –95.06203 1.3 0.08 3.68 0.12 17.2 2.04 120 114
Continued…



tion (Omernik 1987). From south to north, the lakes are in the
Western Corn Belt Plains (WCBP), Northern Glaciated Plains
(NGP), North Central Hardwood Forest (NCHF), and Northern
Lakes and Forests (NLF). The WCBP and NGP are cultivated,
heavily agricultural landscapes with NGP having marginally
more pasture. The NCHF is a transitional landscape with culti-
vated, pasture, urban, and forested regions, whereas NLF is
overwhelmingly forested with coniferous and deciduous vege-
tation. The region’s many glacial lakes follow a gradient of
nutrient enrichment from north to south, because of differ-
ences in land use, vegetation, soil conditions, and lake size
(Heiskary and Wilson 2008). In general, lakes in the south
(WCBP and NGP) are shallower and eutrophic to hypereu-
trophic, whereas lakes in NLF are deep and oligotrophic to
mesotrophic. In our study, maximum lake depths ranged from
0.65 m to 51.2 m, and lake surface-areas range from 0.02 km2

to 234 km2. Two additional lakes, Dunnigan and Kjostad, were

cored at multiple locations (12 and 14 sites, respectively) as
part of an earlier study of atmospheric mercury deposition to
northern Minnesota (Swain et al. 1992; Engstrom et al. 1994).
The latter two lakes were chosen for analysis of carbon burial
based on their contrasting morphometry and size (Fig. 1).
Given the range of lakes used in validating this method, we feel
it is broadly applicable to many temperate lake types and sizes.
Sediment core collection

This method relies on the retrieval of undisturbed lake sed-
iment cores with an intact sediment-water interface. In our
validation of the method, we use a piston-type corer (Wright
1991) with a 2.75-cm polycarbonate core barrel operated from
the lake surface by Mg-alloy drive rods. Cores were sectioned
vertically in the field at 0.5 or 1 cm increments for the upper-
most sediments (and more coarsely at depth), and stored in
polypropylene jars for subsequent analysis of water and
organic content and 210Pb dating.
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Table 1. Continued

Lake Cumulative % Lake Measured Predicted 
maximum Lake dry 210Pb organic sediment whole-lake single-sample
depth area mass activity matter focus OC burial OC burial 

Lake Ecoregion County Latitude Longitude (m) (km2) (g/cm2)* (Bq g–1)† (10 y mean) factor (g C m–2 y–1) (gC m–2 yr–1)
Grandokken NCHF Douglas, Minn. 46.027 –95.14308 1.9 0.02 0.23 0.37 40.4 0.87 59 59
Frolund NCHF Pope, Minn. 45.08212 –95.53333 1.9 0.06 0.91 0.30 27.9 1.66 63 67
Blakesley NCHF Grant, Minn. 45.14057 –95.04053 2.0 0.03 1.11 0.27 38.8 1.42 110 108
Morrison NCHF Otter Tail, Minn. 46.131115 –95.892983 2.5 0.20 0.95 0.20 25.7 1.12 93 95
Org NCHF Douglas, Minn. 45.05857 –95.09078 3.3 0.03 1.43 0.21 24.4 1.76 67 87
Pisa NGP Stevens, Minn. 45.04808 –95.05515 1.3 0.10 0.80 0.31 28.5 0.96 83 64
Bellevue NCHF Grant, Minn. 45.09948 –95.02497 3.0 0.12 0.44 0.33 19.9 1.25 43 41
Christina E NCHF Douglas, Minn. 46.084006 –95.690649 4.3 2.00 0.87 0.40 27.0 1.61 46 51
Christina W NCHF Douglas, Minn. 46.098365 –95.742881 1.3 16.19 0.28 0.25 21.2 0.49 54 45
Tettegouche NLF Lake, Minn. 47.3449135 –91.2686615 4.6 0.27 0.25 2.04 44.8 2.25 19 19
Siskiwit NLF Keweenaw, Mich. 48.0005271 –88.7956283 45.1 16.35 0.27 2.06 23.4 1.89 13 10
Rainy NLF St. Louis/Koochiching, Minn. 48.539183 –92.8291833 49.1 233.80 0.34 0.82 13.3 1.15 14 15
Kabetogama NLF St. Louis, Minn. 48.4557667 –92.95295 24.4 97.26 0.33 0.85 24.7 1.27 29 26
Lac La Croix NLF St. Louis, Minn. 48.3611226 –92.1751029 51.2 55.47 0.14 1.50 20.6 1.14 13 11
Namakan NLF St. Louis, Minn. 48.4338 –92.702267 45.7 48.24 0.60 0.78 15.3 2.49 15 18
Moskey Basin, Lake Superior NLF Keweenaw, Mich. 48.068972 –88.5663986 NA NA 0.84 0.98 13.8 2.40 19 13
Ahmik NLF Keweenaw, Mich. 48.14787 –88.54153 2.6 0.10 0.45 0.90 43.3 1.96 44 45
Harvey NLF Keweenaw, Mich. 48.05067 –88.79602 4.3 0.55 0.21 0.46 39.7 0.50 79 76
Richie NLF Keweenaw, Mich. 48.04092 –88.70236 10.5 2.16 0.32 1.21 24.1 1.76 19 18
Outer NLF Ashland, Wisc. 47.004173 –90.4597519 0.8 0.22 0.51 2.47 49.4 3.62 24 18
Beaver NLF Alger 46.56524 –86.34362 9.2 3.10 0.23 1.93 45.6 1.73 23 20
Grand Sable NLF Alger 46.641305 –86.0357166 19.2 2.55 0.52 1.27 11.6 2.51 12 9
Florence NCHF Leelanau, Mich. 45.010527 –86.1198853 7.3 0.26 0.09 2.15 56.5 1.60 21 21
Manitou NCHF Leelanau, Mich. 45.12693 –86.0237 13.1 1.04 0.46 1.25 34.5 2.05 30 25
Shell NCHF Leelanau, Mich. 44.9477137 –85.9000603 4.0 0.41 0.12 0.86 47.2 1.65 30 48
Bass NCHF Leelanau, Mich. 44.9231008 –85.884445 7.9 0.35 0.55 2.26 66.8 5.83 25 28
Peary NLF St. Louis, Minn. 48.52423 –92.77164 4.6 0.45 0.16 0.60 28.3 0.48 29 36
Ek NLF St. Louis, Minn. 48.46975 –92.836 5.8 0.37 0.17 1.62 45.1 1.21 25 23
Cruiser NLF St. Louis, Minn. 48.49753 –92.80225 27.7 0.47 0.24 1.28 31.8 1.16 26 22
Swamp NLF St. Louis, Minn. 47.951333 –89.858083 5.8 1.44 0.12 1.07 52.7 0.88 38 40
Speckled Trout NLF Cook, Minn. 47.95 –89.8463 6.4 0.26 0.24 1.89 51.7 2.39 22 24
August NLF Lake, Minn. 47.762531 –91.608573 5.8 0.90 0.23 0.89 29.5 1.06 31 29
Intermediate NLF Keweenaw, Mich. 48.0304239 –88.7283577 6.7 70.80 0.44 0.97 26.8 1.22 32 25
Whittlesey NLF Keweenaw, Mich. 48.0058915 –88.707158 7.6 65.00 0.32 1.09 27.8 1.45 26 23
Little Trout NLF St. Louis, Minn. 48.396615 –92.522264 29.0 1.10 0.19 1.84 24.2 1.52 9 11
Locator NLF St. Louis, Minn. 48.540272 –93.005386 15.8 0.54 0.06 2.91 44.9 1.41 9 10
Nipisiquit NLF Lake, Minn. 47.355569 –91.247845 5.5 0.24 0.12 1.57 38.1 1.33 21 20
Tooth NLF St. Louis, Minn. 48.397123 –92.642813 13.1 0.24 0.08 2.71 49.2 1.45 12 12
Wallace NLF Keweenaw, Mich. 48.057148 –88.627924 3.0 0.05 0.18 0.63 39.9 0.64 47 53
Mukooda NLF St. Louis, Minn. 48.334024 –92.488719 23.8 3.13 0.15 2.31 32.4 1.55 11 11
Ryan NLF St. Louis, Minn. 48.518566 –92.706795 5.2 0.15 0.20 1.24 43.6 1.24 29 30
Kjostad NLF St. Louis, Minn. 48.109206 –92.606389 15.2 1.68 0.13 2.37 41.6 1.97 14 15
Dunnigan NLF Lake, Minn. 47.70722 –91.630521 4.3 0.33 0.25 2.02 58.3 1.01 24 24

*Cumulative dry mass of lake sediment equivalent to ~ 10 years accumulation.
†Total unsupported decay corrected 210Pb activity corresponding to regional cumulative dry mass values (0.2 g cm–2, northern Minn. Lakes, and 0.9
g cm–2, southern Minn. lakes).



Gravity coring methods (Glew et al. 2001; Renberg and Hans-
son 2008) would be equally suitable for retrieval of short cores
with an intact sediment-water interface, and operationally supe-
rior to piston coring if only surface sediments are needed. If the
study goal is solely to quantify recent OC burial, an integrated
surface interval representing ~10 years can be homogenized in
the field (see methods below). However, we recommend sub-
sampling at 0.5-1.0 cm, in the eventuality that greater temporal
resolution or further analysis may be warranted in the future.

Organic carbon
The organic fraction of the lake sediments (%OM) was

quantified through combustion at 550°C (Heiri et al. 2001)
and the percent OC calculated using the equation, %OC =
%OM • (12/30) from Rosén et al. (2010). Sediment organic car-
bon can also be measured directly with a dedicated carbon
analyzer, which avoids interferences from other hydrated sed-
imentary materials (e.g., clays) and is more accurate.
Lead-210 dating

This method, for use on surface sediments, was developed
using fully detailed chronologies from 93 sediment cores,
established by conventional 210Pb dating. Selected sediment
samples (15-25 per core) were analyzed for 210Po, the grand-
daughter product of 210Pb, by α spectrometry and isotope dilu-
tion with 209Po. Samples were pretreated with concentrated
HCl and the Po isotopes distilled at high temperature (500°C)
and plated directly onto silver planchets (Eakins and Morrison
1978). Activity was measured for 1-7 days with an Ortec α
spectrometry system. The mean supported (background) activ-
ity for each core was derived from the asymptotic activity at
depth and subtracted from total activity to calculated unsup-
ported (excess) 210Pb. Dates and sediment accumulation rates
were established for each core using the constant rate of sup-
ply (c.r.s.) model (Appleby and Oldfield 1978).

For validation of the surface-sample method, we numeri-
cally integrated data representing the most recent ~10 years of
accumulation post hoc based on the full-core dating and
cumulative sediment dry mass. The decay-corrected 210Pb
activity of this integrated interval (210Pbsite’) was calculated
according to

(Eq. 1)

where 210Pbsite is the measured unsupported 210Pb, k is the 210Pb
decay constant (0.03114 y–1), and t is the estimated age at the
base of the integrated sediment interval, calculated using
modeled sediment accumulation rates. We chose a 10-year
integration period in part to overcome short-term variability
in burial rates and an undue influence of early diagenetic
alteration of recently deposited sediments (OC mineraliza-
tion). This diagenetic loss of OC occurs largely within the first
5 years of deposition (Gälman et al. 2008). Conversely, the 10-
year integration period is short enough that the lakes have
likely not experienced dramatic changes affecting OC produc-
tion (e.g., eutrophication; Heathcote and Downing 2012). It
also necessitates a relatively small decay correction (17%),
which limits the error associated with estimating sediment age
for undated surface cores.

Our use of fully dated cores to validate the surface-sample
method provided information that would not normally be
available in any subsequent study applying this method to
undated lakes. In particular, we knew a priori sediment cumu-
lative dry mass corresponding to 10 years as well as supported
210Pb established from core depths > 150 years of age. In the
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Fig. 1. The probability density functions of northern forested (gray) and
southern agricultural (black) Minnesota lakes for (A) the cumulative dry
mass of sediment, which corresponds to ~10-years accumulation, and (B)
the supported 210Pb activity in the lakes used in our dataset. Dashed lines
represent the most probable values for northern and southern lakes,
respectively: 0.2 g cm–2 and 0.9 g cm–2 cumulative dry mass, and 0.019
Bq g–1 and 0.028 Bq g–1 supported 210Pb. Data are also summarized below
each density plot with a boxplot showing the median and quartiles. 



absence of sedimentation rates for the lakes under investiga-
tion, dating from a small number of similar lakes from the
same region could be used to estimate a suitable cumulative
dry mass corresponding to ~ 10 years. We emulate this
approach in our validation of the method by establishing a
representative 10-year cumulative dry mass for northern Min-
nesota lakes (Northern Lakes and Forest ecoregion) and south-
ern lakes (Northern Great Plains, Western Corn Belt Plains,
and North Central Hardwood Forest ecoregions). Using a
probability density function to describe the cumulative dry
mass for the two regions yielded a value of 0.2 g cm–2 for
northern lakes and 0.9 g cm–2 for southern lakes (Fig. 1). In
doing so, the resulting error associated with 210Pb decay cor-
rection for 90% of the lakes in our dataset was < 23% for
northern lakes and < 14% for southern lakes. We suggest that
this information can be used for small glacially formed lakes
in similar ecoregions.

Regional estimates of supported 210Pb can also come from
other lakes if 210Pb is measured by α spectrometry. Supported
210Pb is typically a small portion of total 210Pb in recently
deposited sediments, 3 ± 2% for northern lakes and 14 ± 6%
for southern lakes in our dataset. Using the probability density
function to describe regional supported 210Pb gave activities of
0.02 Bq g–1 for northern lakes and 0.03 Bq g–1 for southern
lakes (Fig. 1). Alternatively, supported 210Pb (as well as total
210Pb) can be measured directly by γ spectrometry (as 214Pb or
214Bi) (Appleby 2001).
Calculations

The mean lake-wide burial (flux) of organic carbon in the
sediments of a lake, F(OC)L (g m–2 y–1) is equal to the concen-
tration of organic carbon in the surface sediments [OCS] (g •
g–1) multiplied by the sediment mass accumulation rate at the
sampling site RS (g m–2 y–1) and a correction term for sediment
focusing (1/ffOC):

(Eq. 2)

Focusing is defined here as the ratio of the site-specific rate
of OC burial to the rate for the lake as a whole and can be
approximated by the focusing factor for 210Pb,

(Eq. 3)

where F(210Pbsite) is the site-specific flux of unsupported
(excess) 210Pb and F(210Pbatm) is the atmospheric flux of excess
210Pb (both Bq m–2 y–1). Combining Eqs. 2 and 3, and decay-
correcting for 10 years of accumulation using Eq. 1, then rear-
ranging terms,

(Eq. 4)

we note that F(210Pbsite’)/RS equals the decay-corrected activity
(concentration) of excess 210Pb in surface sediments at the
sample site [210PbS] (Bq g–1), and thus

(Eq. 5)

In this derivation, the mean lake-wide burial of organic car-
bon is simply the ratio of organic carbon to 210Pb measured in
a surface sediment sample multiplied by the atmospheric flux
of 210Pb for the region in which the lake is located.

The same equation (Eq. 5) was originally proposed by Bin-
ford and Brenner (1986) to estimate the trophic state of a lake
based on the degree of 210Pb dilution by organic matter in sur-
face sediments. What these authors did not highlight at the
time is that this simple model actually accounts for sediment
focusing and that the resulting flux approximates a lake-wide
average, rather than a core-specific value. This outcome is
incredibly powerful because it removes a major impediment
to comparing sediment fluxes among lakes based on the
analysis of a single-core—that is, the spatial variation in sedi-
ment deposition across a lake basin.

There are several critical assumptions inherent in this
model, which are discussed at length in a subsequent critique
(Benoit and Hemond 1988) and response (Binford and Bren-
ner 1988) to the original publication. Most important among
these are that (1) the atmospheric flux of 210Pb is known with
some level of certainty, (2) organic matter (or any sediment
constituent of interest) is focused to about the same degree as
210Pb, and (3) direct atmospheric deposition is the primary
source of 210Pb to the lake. We review these assumptions in
detail, and present study results supporting them elsewhere in
the paper.

Assessment and discussion
Multiple-core validation, whole-lake accumulation

Whole-lake OC burial rates were assessed in detail for two
lakes (Dunnigan and Kjostad; Fig. 2) using an area-weighted
approach based on multiple sediment cores (12 and 14 cores,
respectively). The cores, collected as part of an earlier study on
mercury loading to northern Minnesota lakes (Swain et al.
1992; Engstrom et al 1994), were assigned depositional areas
of the lake basin based on nearest-neighbor topology and
summed to the OC accumulation (the product of OC concen-
tration and sedimentation rate) for the whole lake (Fig. 2). The
resulting OC burial rates were significantly different between
the lakes (P = 0.01; Fig. 2C), with Dunnigan showing higher
lake-wide values than Kjostad, but lower within-lake variabil-
ity. These differences were largely explicable in terms of basin
size and morphometry. Dunnigan Lake occupies a small (0.33
km2), shallow, flat-bottomed basin with a single area of sedi-
ment deposition and a proportionally small catchment (0.46
km2). The sediment focus factors for the core sites range from
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0.62 to 1.24, whereas the range of OC accumulation rates was
16 to 34 g m–2 y–1. In contrast, Kjostad Lake has a more com-
plex morphology, with two depositional basins separated by
an island, and a large catchment (9.85 km2). The sediment
focus factors range from 0.28 to 1.98, and the range of OC
accumulation for the core sites was 1.8 to 33 g m–2 y–1. The
whole-lake accumulation of OC was 20 g m–2 y–1 for Dunnigan
and 12 g m–2 y–1 for Kjostad (Fig. 2D).

These whole lake, multiple-core rates can be used to assess
the accuracy of OC burial rates determined from a single dated
core in the center of the main depositional basin corrected for
sediment focusing to the core site. As discussed previously, the
focusing correction for each lake is calculated as the ratio of
unsupported 210Pb flux measured at the core site to the mea-
sured atmospheric fallout for the region. In the case of Min-
nesota lakes, there are two National Atmospheric Deposition
Program (NADP) sites where the annual atmospheric 210Pb flux
is known for a 27-month period (2003-2005), one in the
northeastern part of the state (MN16, Marcell Experimental
Forest; 211 Bq m–2 y–1; 47.531°N, 93.469°W) and another in
the southwest (MN27, Lamberton; 181 Bq m–2 y–1; 44.237°N,
95.301°W) (Lamborg et al. 2012). Using a single core from the
central location, the resulting OC burial rates were very com-
parable to the whole-lake rates calculated using multiple cores
(Fig. 2D; Dunnigan, 24 g m–2 y–1; Kjostad, 14 g m–2 y–1). Thus a
single, well-dated sediment core from the central area of the
lake basin can, when focusing-corrected, provide a reliable
measure of whole-lake OC accumulation.

Finally, the OC burial data from the multiple-core lakes
provided a first-order appraisal of the accuracy of calculating
modern OC burial rates from single surface samples. Using the
same core locations as the focus-corrected single-core sites and
integrating surface samples representing a cumulative dry
mass of 0.2 g cm–2 (Minn. northern lakes) or approximately 10
years of sediment accumulation, we found very similar OC
burial rates compared with the measured whole-lake values
(Fig. 2D; Dunnigan, 24 g m–2 y–1; Kjostad, 15 g m–2 y–1). This
result is also encouraging as it supports our assumption that
sediment focusing is accounted for, because of the fact that
OC and 210Pb are focused in a similar manner. Indeed, there
was a similar ratio of OC : 210Pb (g Bq–1) at multiple sites across
the main depositional area of the two lake basins. We found
that this ratio varied (expressed as 2 standard errors relative to
the mean) by 9% in Dunnigan Lake and by 26% in Kjostad
Lake, the latter being higher as it reflects two depositional
basins.
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Fig. 2. Multiple sediment-core locations in two morphologically distinct lake basins in the Superior National Forest, Minnesota: (A) Dunnigan Lake with
a simple, single basin and (B) Kjostad Lake, Minnesota, with two depositional basins and an island. In both (A) and (B), black circles show the locations
of cores dated in detail, gray circles are coarsely dated cores, and white circles are cores not included as they fall in the erosional zone of the lake (gray
shaded area) (from Engstrom et al. 1994). Bathymetry contours are in meters. (C) A box plot of OC burial rates for each lake showing the median (black
line), quartiles, and a significant difference in mean (black circle) burial rates between the lakes. (D) A bar plot of whole lake OC burial rates calculated
by area-weighted accumulation of multiple cores (black), a single sediment core from the central part of the basin, dated in detail and adjusted for sed-
iment focusing (gray), and the predicted burial using the surface-sample approach (white). 



Single core validation, whole-core accumulation
Using our dataset of 93 lakes, we compared OC burial rates

in fully dated single cores with burial rates estimated by the
surface-sample approach. The modern OC burial rate across
the lakes, adjusted by 210Pb flux for sediment focusing, varied
from 9 to 318 g m–2 y–1 (Fig. 3A). Regional estimates of cumu-
lative dry mass for northern and southern lakes, surface 210Pb
activities (decay-corrected to 10 y) and OC concentrations
were used to calculate modern OC burial rates according to Eq.
5 (Fig. 3A). These single-sample estimates do a very reliable job
of describing whole-core OC burial measured for each lake.
This validation step relies on common parameters between
the predicted and observed values, however the derivation of
both 210Pbatm and 210Pbsite is sufficiently different so as not to
consider the comparison of OC burial rates a circular relation-
ship. The observed whole-core values of modern OC burial
rely on (1) a measured whole-core 210Pb inventory to derive
210Pb flux, which is used to explicitly correct for sediment
focusing; (2) a site-specific sediment accumulation derived
from the c.r.s model; (3) a 210Pbsite which is decay-corrected
using site-specific accumulation. The predicted single-sample
estimates rely on (1) a regional 210Pbatm and make no assump-
tions about site-specific 210Pb flux to the core site; (2) a
regional estimate of modern (~10 y) cumulative dry mass
accumulation; (3) a regional decay correction 210Pbsite. We
therefore feel that there are sufficient differences between how
the OC burial values are derived that this validation step
demonstrates single-samples can reliably estimate whole-core
OC burial. Based on the residuals of the estimated values from
the 1:1 line as a percentage of the measured OC burial, we esti-
mated a % error for OC burial from the surface-sample
approach. The probability density distribution of the residuals
suggested that 6.5% is a suitable inter-lake predictive error,
where the 75th percentile was 24% error (Fig. 3c).

As an additional validation of the surface-sample approach,
we re-cored and independently analyzed nine of the original
study lakes (Fig. 3). The sediments from the additional lakes
were collected in the vicinity of the original core site, some-
where near the center of the depositional basin, as is common
practice. The OC burial rates for the repeat cores were calcu-
lated using our Eq. 5 (Fig. 3). This cross-validation of the esti-
mated OC burial values yielded a root mean square error of
prediction of 1.9 g m–2 y–1. We therefore conclude that single
surface-sediment samples can be used to provide reliable esti-
mates of whole-core OC burial.
Method assumptions and applicability

Our surface-sample approach, originally proposed by Bin-
ford and Brenner (1986) to assess trophic state, requires the
acceptance of a number of assumptions (Benoit and Hemond
1988). Whereas some concerns have been addressed (Binford
and Brenner 1988), a lack of data at the time prevented
explicit validation for the main assumptions. Here, we revisit
some of these original concerns and defend the assumptions
made in using a single sediment sample.
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Fig. 3. (A) A scatterplot of the estimated OC burial rates using the sur-
face-sample approach against the measured values based on fully dated
cores over a 10-y period, adjusted for sediment focusing. (B) The density
probability of the residuals from the 1:1 line of plot (A), expressed as a
percentage of the measured value with the highest probable error shown
as a dashed line. A boxplot of the data are shown below the probability
plot, where the 75th percentile is 24% error (C). Repeat sediment cores
were collected and independently analyzed in 9 of the lakes (4 to 10 years
apart); OC burial rates of the repeat samples (gray bars) are calculated
using the surface-sample approach. 



A key condition of Binford and Brenner’s (1986) formula-
tion was the use of an estimated global average for the atmos-
pheric 210Pb flux, a value of 185 Bq m–2 y–1 (Turekian et al.
1977; Appleby and Oldfield 1983; Binford and Brenner 1988;
Preiss et al. 1996). The range of published atmospheric 210Pb
fluxes spans almost an order of magnitude (30–200 Bq m–2 y–1)
and is a function of available landmass, climatic factors, and
orographic influence. Whereas we now have a better under-
standing of the spatial variation of atmospheric 210Pb flux in
the Northern Hemisphere (Graustein and Turekian 1986; Bin-
ford and Brenner 1988; Preiss et al. 1996; Appleby 2008;
Baskaran 2011; Lamborg et al. 2012), these data remain
incomplete for many other parts of the world. Specific to our
study, we have atmospheric 210Pb flux measured from two sites
in northeastern and southwestern Minnesota (Lamborg et al.
2012). In the absence of site-specific deposition data, an edu-
cated estimate based on published values is defendable in the
Northern Hemisphere, acknowledging that there appears to be
a west to east increase in fallout over the mid-latitudes of the
major continents (Appleby 2008). Studies in polar and South-
ern Hemisphere regions should employ published values for
these areas; because the smaller available land mass and high-
latitude aridity will limit 222Rn emanation and 210Pb fallout
(Appleby et al. 1995; Appleby 2008; Ribeiro Guevara et al.
2003). In the absence of published deposition data, 210Pb-
dated cores on a lake (or multiple lakes) in the region of inter-
est can provide a robust estimate of the regional atmospheric
210Pb flux (Fitzgerald et al. 2005). We caution against estab-
lishing 210Pb flux from multiple soil profiles (Nozaki et al.
1978; Benoit and Hemond 1988), as it introduces uncertainty
associated with local 210Pb scavenging by terrestrial vegetation
(Stankwitz et al. 2012) as well as down-slope redistribution of
210Pb within the catchment.

A second assumption is that 210Pb sedimentation should be
linearly proportional to atmospheric deposition in order for
the method to accurately describe sedimentation. This con-
cern is based primarily on the understanding that sediment is
focused within a lake basin, which affects the total 210Pb
inventory at the core site. We discussed earlier our contention
that no additional correction is needed for focusing because it
is explicitly included in the calculation (Eq. 5). Furthermore,
results from our two multiple-core lakes demonstrated that
the OC : 210Pb ratio across the depositional basin remains rel-
atively uniform because OC and 210Pb are focused in a similar
manner. Similar focusing likely results from the association of
210Pb with fine-grained sediment particles, including organic
seston. However, OC from littoral production and particulate
carbon from terrestrial sources might focus differently than
210Pb because of spatially non-uniform loading, especially in
complex lake basins with multiple embayments (Bindler et al.
2001; Engstrom and Rose 2013). Nonetheless, the relative uni-
formity of OC:210Pb ratios noted above suggests that both con-
stituents are redistributed to the depositional region of a lake
in roughly the same proportions.

A final assumption is that nonatmospheric inputs of 210Pb to
the lake are negligible. This condition is generally true except in
cases where catchment erosion rates are very high and the soil
residence time of 210Pb is short relative to its half-life (22 y). It is
evident to us from studies within Minnesota and elsewhere that
the overwhelming input of 210Pb to lakes is atmospheric (Bin-
ford and Brenner 1988; Engstrom et al. 1994; Schottler et al.
2010). We do acknowledge that in lake systems with significant
fluvial inputs the delivery of 210Pb from the catchment may be
significant and the retention of 210Pb inputs may be incomplete
(Cornett et al. 1984; Benoit and Hemond 1987). However, none
of the lakes in our dataset represent systems that we would con-
sider to have significant fluvial inputs, nor do they have very
short hydraulic residence times (e.g., Dunnigan and Kjostad
lakes have a residence time of 5 years; Swain et al. 1992). As the
dataset of lakes used in this study covers a broad range of mor-
phometric and trophic conditions over several biogeoclimatic
zones (Table 1), we conclude that the surface-sample approach
is broadly applicable to many temperate lake types and sizes.

Comments and recommendations
The obvious appeal of estimating modern OC burial using

a single sediment sample is the increased efficiency and
decreased cost of sample collection and analysis with greater
potential spatial coverage. Applying this technique to large
datasets provides a clearer picture of the spatial trends of OC
burial in inland waters, whereas single-lake studies are more
susceptible to the spatial variability that exists from lake to
lake. This approach also allows a more accurate definition of
spatial variability and the error associated with measuring OC
burial in lakes. The within-lake variability (standard deviation)
from our multiple core studies was ~4 g m–2 y–1, while region-
ally an estimate of error for the method was 6.5%.

This method is broadly applicable to different lake types and
offers a more accurate assessment of the role inland waters play
in the global carbon cycle (sensu Cole et al. 2007; Tranvik et al
2009). As an example, there is a growing global dataset on OC
burial as a function of lake area, which suggests smaller lakes
bury more OC (Fig. 4). We find that this relationship holds
when this dataset is populated with our results, providing con-
fidence on the applicability of this method to large regional
studies. The broader application of this method requires (1)
measured or published data of atmospheric 210Pb flux, (2) analy-
sis of supported 210 Pb by γ spectrometry or a regional estimate
of supported 210Pb from cores previously dated by α spectrome-
try, and (3) an understanding of typical sedimentation rates in
lakes from the study region to establish a realistic cumulative
dry mass over which to integrate the sample (representing ~ 10
y). For many regions, these ancillary data already exist in the lit-
erature. In addition to clarifying the role of inland waters in the
global C-cycle, this technique applied over large spatial gradi-
ents of land-use and water quality will allow us to address ques-
tions on the role that terrestrial–aquatic linkages play in the
sequestration of OC by inland waters.

Hobbs et al. Single sample whole-lake C-burial rates

323



References

Anderson, N. J., W. D’andrea, and S. C. Fritz. 2009. Holocene
carbon burial by lakes in SW Greenland. Glob. Change Biol.
15:2590-2598 [doi:10.1111/j.1365-2486.2009.01942.x].

Appleby, P., V. Jones, and J. Ellis-Evans. 1995. Radiometric dat-
ing of lake sediments from Signy Island (maritime Antarc-
tic): evidence of recent climatic change. J. Paleolimnol.
13:179-191 [doi:10.1007/BF00678106].

———. 2001. Chronostratigraphic techniques in recent sedi-
ments, p. 171-203. In W. M. Last and J. P. Smol [Eds.], Track-
ing environmental change using lake sediments. Volume 1:
Basin analysis, coring, and chronological techniques.
Kluwer Academic Publ.

———. 2008. Three decades of dating recent sediments by fall-
out radionuclides: a review. The Holocene 18:83-93 [doi:10.
1177/0959683607085598].

Appleby, P. G., and F. Oldfield. 1978. The calculation of lead-
210 dates assuming a constant rate of supply of unsup-
ported 210Pb to the sediment. Catena 5:1-8 [doi:10.1016/
S0341-8162(78)80002-2].

———, and ———. 1983. The assessment of 210Pb data from
sites with varying sediment accumulation rates. Hydrobi-
ologia 103:29-35 [doi:10.1007/BF00028424].

Baskaran, M. 2011. Po-210 and Pb-210 as atmospheric tracers
and global atmospheric Pb-210 fallout: a review. J. Environ.
Radioactiv. 102:500–513 [doi:10.1016/j.jenvrad.2010.10.
007].

Benoit, G., and H. F. Hemond. 1987. A biogeochemical mass

balance of 210Po and 210Pb in an oligotrophic lake with
seasonally anoxic hypolimnion. Geochim. Cosmochim.
Acta 51:1445-1456 [doi:10.1016/0016-7037(87)90327-9].

———, and ———. 1988. Comment on “Dilution of 210Pb by
organic sedimentation in lakes of different trophic states,
and application to studies of sediment-water interaction”
(Binford and Brenner). Limnol. Oceanogr. 33:299-304
[doi:10.4319/lo.1988.33.2.0299].

Bindler, R., I. Renberg, M. L. Brannvall, O. Emteryd, and F. El-
Daoushy. 2001. A whole-basin study of sediment accumu-
lation using stable lead isotopes and flyash particles in an
acidified lake, Sweden. Limnol. Oceanogr. 46:178-188
[doi:10.4319/lo.2001.46.1.0178].

Binford, M., and M. Brenner. 1986. Dilution of 210Pb by
organic sedimentation in lakes of different trophic states,
and application to studies of sediment-water interactions.
Limnol. Oceanogr. 31:584-595 [doi:10.4319/lo.1986.31.3.
0584].

———, and ———. 1988. Reply to comment by Benoit and
Hemond. Limnol. Oceanogr. 33:304-310 [doi:10.4319/lo.
1988.33.2.0304].

Cole, J., and others. 2007. Plumbing the global carbon cycle:
integrating inland waters into the terrestrial carbon budget.
Ecosystems 10:172-185 [doi:10.1007/s10021-006-9013-8].

Blais, J. M., and J. Kalff. 1995. The influence of lake mor-
phometry on sediment focusing. Limnol. Oceanogr.
40:582-588 [doi:10.4319/lo.1995.40.3.0582].

Cornett, R. J., L. Chant, and D. Link. 1984. Sedimentation of
Pb-210 in Laurentian shield lakes. Wat. Pollut. Res. J. Can.
19:97-107.

Dean, W., and E. Gorham. 1998. Magnitude and significance
of carbon burial in lakes, reservoirs, and peatlands. Geology
26:535 [doi:10.1130/0091-7613(1998)026<0535:MASOCB>
2.3.CO;2].

Downing, J. A., and others. 2008. Sediment organic carbon
burial in agriculturally eutrophic impoundments over the
last century. Glob. Biogeochem. Cycles 22:GB1018.

Eakins, J. D., and R. T. Morrison. 1978. A new procedure for
the determination of lead-210 in lake and marine sedi-
ments. Int. J. Appl. Radiat. Isot. 29:531-536 [doi:10.1016/
0020-708X(78)90161-8].

Einsele, G., J. Yan, and M. Hinderer. 2001. Atmospheric carbon
burial in modern lake basins and its significance for the
global carbon budget. Global Planet. Change 30:167-195
[doi:10.1016/S0921-8181(01)00105-9].

Engstrom, D. R. 2005. Long-term changes in iron and phos-
phorus sedimentation in Vadnais Lake, Minnesota, result-
ing from ferric chloride addition and hypolimnetic aera-
tion. Lake Reserv. Manage. 21:95-105 [doi:10.1080/
07438140509354417].

———, E. Swain, T. A. Henning, M. E. Brigham, and P. L. Bre-
zonik. 1994. Atmospheric mercury deposition to lakes and
watersheds: A quantitative reconstruction from multiple
sediment cores, p. 33–66. In L. A. Baker [Ed.], Environmen-

Hobbs et al. Single sample whole-lake C-burial rates

324

Fig. 4. A scatterplot of OC burial as a function of lake area for n = 193
lakes and reservoirs throughout the globe, including those from this study
(solid circles) (Mulholland and Elwood 1982; Sobek et al. 2009; Downing
et al. 2008; Heathcote and Downing 2012). A statistically significant lin-
ear model fit is shown with an adjusted r2 of 0.33 and df = 189. 

http://dx.doi.org/10.1080/07438140509354417
http://dx.doi.org/10.1080/07438140509354417
http://dx.doi.org/10.1016/S0921-8181(01)00105-9
http://dx.doi.org/10.1016/0020-708X(78)90161-8
http://dx.doi.org/10.1016/0020-708X(78)90161-8
http://dx.doi.org/10.1130/0091-7613(1998)026<0535:MASOCB>2.3.CO;2
http://dx.doi.org/10.1130/0091-7613(1998)026<0535:MASOCB>2.3.CO;2
http://dx.doi.org/10.4319/lo.1995.40.3.0582
http://dx.doi.org/10.1007/s10021-006-9013-8
http://dx.doi.org/10.4319/lo.1988.33.2.0304
http://dx.doi.org/10.4319/lo.1988.33.2.0304
http://dx.doi.org/10.4319/lo.1986.31.3.0584
http://dx.doi.org/10.4319/lo.1986.31.3.0584
http://dx.doi.org/10.4319/lo.2001.46.1.0178
http://dx.doi.org/10.4319/lo.1988.33.2.0299
http://dx.doi.org/10.1016/0016-7037(87)90327-9
http://dx.doi.org/10.1016/j.jenvrad.2010.10.007
http://dx.doi.org/10.1016/j.jenvrad.2010.10.007
http://dx.doi.org/10.1007/BF00028424
http://dx.doi.org/10.1016/S0341-8162(78)80002-2
http://dx.doi.org/10.1016/S0341-8162(78)80002-2
http://dx.doi.org/10.1177/0959683607085598
http://dx.doi.org/10.1177/0959683607085598
http://dx.doi.org/10.1007/BF00678106
http://dx.doi.org/10.1111/j.1365-2486.2009.01942.x


tal chemistry of lakes and reservoirs. American Chemical
Society.

———, and N. L. Rose. 2013. A whole-basin, mass-balance
approach to paleolimnology. J Paleolimnol [doi:10.1007/
s10933-012-9675-5].

Fitzgerald, W. F., D. R. Engstrom, C. H. Lamborg, C. M. Tseng,
and P. H. Balcom. 2005. Modern and historic atmospheric
mercury fluxes in northern Alaska: global sources and Arc-
tic depletion. Environ. Sci. Technol. 39:557-568 [doi:10.
1021/es049128x].

Gälman, V., J. Rydberg, S. S. de-Luna, R. Bindler, and I. Ren-
berg. 2008. Carbon and nitrogen loss rates during aging of
lake sediment: Changes over 27 years studied in varved lake
sediment. Limnol. Oceanogr. 53:1076-1082 [doi:10.4319/
lo.2008.53.3.1076].

Glew, J., J. P. Smol, and W. M. Last. 2001. Sediment core col-
lection and extrusion, p.73-105. In W. M. Last and J. P. Smol
[Eds.], Tracking environmental change using lake sedi-
ments. Volume 1: Basin analysis, coring, and chronological
techniques. Kluwer Academic Publ.

Graustein, W. C., and K. K. Turekian. 1986. 210Pb and 137Cs
in air and soils measure the rate and vertical profile of
aerosol scavenging. J. Geophys. Res. 91(D13): 14355-14366
[doi:10.1029/JD091iD13p14355].

Gudasz, C., D. Bastviken, K. Steger, K. Premke, S. Sobek, and L.
J. Tranvik. 2010. Temperature-controlled organic carbon
mineralization in lake sediments. Nature 466:478-481
[doi:10.1038/nature09186].

Heathcote, A. J., and J. A. Downing. 2012. Impacts of eutroph-
ication on carbon burial in freshwater lakes in an inten-
sively agricultural landscape. Ecosystems 15:60-70
[doi:10.1007/s10021-011-9488-9].

Heiri, O., A. Lotter, and G. Lemcke. 2001. Loss on ignition as
a method for estimating organic and carbonate content in
sediments. J. Paleolimnol. 25:101-110 [doi:10.1023/A:1008
119611481].

Heiskary, S., and B. Wilson. 2008. Minnesota’s approach to
lake nutrient criteria development. Lake Reserv. Manage.
24:282-297 [doi:10.1080/07438140809354068].

Lamborg, C. H., D. R. Engstrom, W. F. Fitzgerald, and P. H. Bal-
com. 2012. Apportioning global and non-global compo-
nents of mercury deposition through 210Pb indexing. Sci.
Tot. Environ. 448:132-140 [doi:10.1016/j.scitotenv.2012.
10.065].

Lehman, J. T. 1975. Reconstructing the rate of accumulation
of lake sediment: the effect of sediment focusing. Quat. Res.
5:541-550 [doi:10.1016/0033-5894(75)90015-0].

Likens, G. E., and M. B. Davis. 1975. Post-glacial history of
mirror lake and its watershed in New Hampshire, U. S. A.:
An initial report. Verh. Int. Verein. Limnol. 19:982-993.

Mackay, E. B., I. D. Jones, A. M. Folkard, and P. Barker. 2011.
Contribution of sediment focusing to heterogeneity of
organic carbon and phosphorus burial in small lakes.
Freshwat. Biol. 57:290-304 [doi:10.1111/j.1365-2427.2011.

02616.x].
Mulholland, P. J., and J. W. Elwood. 1982. The role of lake and

reservoir sediments as sinks in the perturbed global carbon-
cycle. Tellus 34:490-499 [doi:10.1111/j.2153-3490.1982.
tb01837.x].

Nozaki, Y., D. J. Demaster, D. M. Lewis, and K. K. Turekian.
1978. Atmospheric Pb-210 fluxes determined from soil pro-
files. J. Geophys. Res. 83:4047-4051.

Omernik, J. M. 1987. Ecoregions of the conterminous United
States. Annals Assoc. Am. Geogr. 77:118-125 [doi:10.1111/
j.1467-8306.1987.tb00149.x].

Preiss, N., M. -A. Mélières, and M. Pourchet. 1996. A compila-
tion of data on lead 210 concentration in surface air and
fluxes at the air-surface and water-sediment interfaces. J.
Geophys. Res. 101(D22):28847-28862 [doi:10.1029/96JD
01836].

Renberg, I., and H. Hansson. 2008. The HTH sediment corer. J.
Paleolimnol. 40:655-659 [doi:10.1007/s10933-007-9188-9].

Ribeiro Guevara, S., A Rizzo, R. Sánchez, and M. Arribére.
2003. 210Pb fluxes in sediment layers sampled from North-
ern Patagonia lakes. J Radioanal. Nucl. Ch. 258:583-595.

Rippey, B., and R. W. Douglas. 2004. Reconstructing regional-
scale lead contamination of the atmosphere (1850–1980) in
the United Kingdom and Ireland using lake sediments.
Glob. Biogeochem. Cycles 18:GB4026.

———, N. J. Anderson, I. Renberg, and T. Korsman. 2008. The
accuracy of methods used to estimate the whole-lake accu-
mulation rate of organic carbon, major cations, phospho-
rus and heavy metals in sediment. J. Paleolimnol. 39:83-99
[doi:10.1007/s10933-007-9098-x].

Rosén, P., H. Vogel, L. Cunningham, N. Reuss, D. J. Conley,
and P. Persson. 2010. Fourier transform infrared spec-
troscopy, a new method for rapid determination of total
organic and inorganic carbon and biogenic silica concen-
tration in lake sediments. J. Paleolimnol. 43:247-259
[doi:10.1007/s10933-009-9329-4].

Schottler, S.,P., D. R. Engstrom, and D. Blumentritt. 2010. Fin-
gerprinting sources of sediment in large agricultural river
systems, Final Report to Minnesota Pollutions Control
Agency CFMS # A94798. <http://www.smm.org/static/sci-
ence/pdf/scwrs-2010fingerprinting.pdf>.

Sobek, S., E. Durisch-Kaiser, R. Zurbrügg, N. Wongfun, M. Wes-
sels, N. Pasche, and B. Wehrlia. 2009. Organic carbon bur-
ial efficiency in lake sediments controlled by oxygen expo-
sure time and sediment source. Limnol. Oceanogr.
54:2243-2254 [doi:10.4319/lo.2009.54.6.2243].

Stankwitz, C., J. M. Kaste, and A. J. Friedland. 2012. Threshold
increases in lead and mercury from tropospheric deposition
across an elevational gradient. Environ. Sci. Technol.
46:8061-8068 [doi:10.1021/es204208w].

Swain, E., D. Engstrom, M. Brigham, T. Henning, and P. Bre-
zonik. 1992. Increasing rates of atmospheric mercury depo-
sition in midcontinental North America. Science 257:784-
787 [doi:10.1126/science.257.5071.784].

Hobbs et al. Single sample whole-lake C-burial rates

325

http://dx.doi.org/10.1126/science.257.5071.784
http://dx.doi.org/10.1021/es204208w
http://dx.doi.org/10.4319/lo.2009.54.6.2243
http://dx.doi.org/10.1007/s10933-009-9329-4
http://dx.doi.org/10.1007/s10933-007-9098-x
http://dx.doi.org/10.1007/s10933-007-9188-9
http://dx.doi.org/10.1029/96JD01836
http://dx.doi.org/10.1029/96JD01836
http://dx.doi.org/10.1111/j.1467-8306.1987.tb00149.x
http://dx.doi.org/10.1111/j.1467-8306.1987.tb00149.x
http://dx.doi.org/10.1111/j.2153-3490.1982.tb01837.x
http://dx.doi.org/10.1111/j.2153-3490.1982.tb01837.x
http://dx.doi.org/10.1111/j.1365-2427.2011.02616.x
http://dx.doi.org/10.1111/j.1365-2427.2011.02616.x
http://dx.doi.org/10.1016/0033-5894(75)90015-0
http://dx.doi.org/10.1016/j.scitotenv.2012.10.065
http://dx.doi.org/10.1016/j.scitotenv.2012.10.065
http://dx.doi.org/10.1080/07438140809354068
http://dx.doi.org/10.1023/A:1008119611481
http://dx.doi.org/10.1023/A:1008119611481
http://dx.doi.org/10.1007/s10021-011-9488-9
http://dx.doi.org/10.1038/nature09186
http://dx.doi.org/10.1029/JD091iD13p14355
http://dx.doi.org/10.4319/lo.2008.53.3.1076
http://dx.doi.org/10.4319/lo.2008.53.3.1076
http://dx.doi.org/10.1021/es049128x
http://dx.doi.org/10.1021/es049128x
http://dx.doi.org/10.1007/s10933-012-9675-5
http://dx.doi.org/10.1007/s10933-012-9675-5


Hobbs et al. Single sample whole-lake C-burial rates

326

Tranvik, L., and others. 2009. Lakes and reservoirs as regula-
tors of carbon cycling and climate. Limnol. Oceanogr.
54:2298-2314 [doi:10.4319/lo.2009.54.6_part_2.2298].

Turekian, K. Y., Y. Nozaki, and L. K. Benninger. 1977. Geo-
chemistry of atmospheric radon and radon products. Annu.
Rev. Earth Planet Sci. 5:227-255 [doi:10.1146/annurev.

ea.05.050177.001303].
Wright, H. E. 1991. Coring tips. J. Paleolimnol. 6:37-49 [doi:10.

1007/BF00201298].
Submitted 8 March 2013

Revised 22 May 2013
Accepted 1 June 2013

http://dx.doi.org/10.1007/BF00201298
http://dx.doi.org/10.1007/BF00201298
http://dx.doi.org/10.1146/annurev.ea.05.050177.001303
http://dx.doi.org/10.1146/annurev.ea.05.050177.001303
http://dx.doi.org/10.4319/lo.2009.54.6_part_2.2298

