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Magnitude and significance of carbon burial
in lakes, reservoirs, and peatlands

Walter E. Dean
U.S. Geological Survey, M.S. 980, Federal Center, Denver, Colorado 80225
Eville Gorham
Department of Ecology, Evolution, and Behavior, University of Minnesota, St. Paul, Minnesota 55108

ABSTRACT

Globally, lakes ae currently accumulating organic carbon (OC) at an estimated annual
rate of about 42Tg -yr~. Most of the OC in all but the most oligotophic of these lakes is autoch-
thonous, produced by primary production in the lakesThe sediments of eservoirs accumulate
an additional 160Tg annually, and peatlands contribute 96Tg annually. These three carbon
pools collectively covetess than 2% of the Earths surface and constitute a carbon sink of about
300 Tg-yr~1. Although the oceans cove?1% of the Earth’s surface, they accumulate OC at a
rate of only about 100Tg -yr 1,

INTRODUCTION terrestrial oganic matter make a significant con->1%, and C/N ratios of 7-9 (Kemp et al., 1977;
Considerable coverage has been devoted tiibution to sedimentary ganic matterAutoch- Meyers and Ishiwatari, 1993). Glacial sediments
terrestrial carbon sequestration in soils, forestthonous oganic matter is enriched in protein-in the Great Lakes with little ganic matter have
and grasslands. Little attention has been given é@eous, low-moleculaweight compounds high OC/N ratios >16 (Kemp et al., 1977).
carbon burial in peatlands, and even less attentionH and N, with low C/N ratios (typically <10;  From all these considerations, we conclude
has been paid to carbon burial in lakes and resddeyers and Ishiwatari, 1993llochthonous ter- that most of the gianic matter in most lakes is
voirs. Lakes are generally discounted as signifrestrial oganic matter has more abundant highautochthonous, with OC/N ratios mostly <10.
cant sinks for carbon, and some evidence evemolecularweight, humic compounds rich in C, This conclusion is contrary to a common percep-
suggests that they may be net sources oft6O with much higher C/N ratios, typically 20-30tion that the gganic matter in most temperate
the atmosphere (e.g., Cole et al., 1994; Molot ariteyers and Ishiwatari, 1993lhe average OC lakes is derived from terrestrial sources (e.g.,
Dillon, 1997). Nevertheless, the sediments afoncentration in surface profundal sediments dflackereth, 1966; Brunskill et al., 1971; Molot
lakes and reservoirs constitute agkasink of 46 representative lakes throughout Minnesota @nd Dillon, 1996).
organic carbon when compared with carboi2% (range, 3%—-29%; Dean et al., 1993)e If the OC in lakes of the glaciated regions of the
burial in ocean sediments. average OC/N ratio in the sediments of thosNorthern Hemisphere, like that in the Minnesota
lakes is 9.0 (range, 7.6—1Zhe only sediments lakes, Experimental Lakésea, English lakes,
CARBON BURIAL IN LAKES reported by Dean et al. (1993) with OC/N ratiosnd Great Lakes, comes from carbon that is fixed
Moderately to highly productive (mesotrophic>11 are from 5 of 10 relatively unproductiveby photosynthesis, the carbon pool buried over
to eutrophic) temperate zone lakes typically corlakes in northeastern Minnesota. the past 1000 yr must be tremendou® esti-
tain olive-green sediments rich irganic matter ~ Analyses of plant pigments in surface sedimate the rates of OC burial in lakes, we shall start
(>20% oganic matter by loss on ignition atments from lakes in the English Lake Districtvith Minnesota, a region with a particularly dense
550 °C, >10% oganic carbon) callegyttjia. demonstrated that, as in Minnesota lakes, muchadncentration of lakes, and one where we have a
Many of these lakes are underlain by calcareotise oganic matter in the more productive lakes igreat deal of information and experience.
glacial drift and contain waters rich in calcium-autochthonous (Gorham et al., 1974)e average  To calculate accumulation rates of carbon we
magnesium bicarbonaf€hose lakes precipitate OC concentration in the English lakes is 7.0%eed measurements of dry bulk density (DBD), a
calcium carbonate (CaGp mostly as low- (range 4.0%-13%) and the average OC/N ratio good chronologyand measurements of OC.
magnesium calcite producing a calcareous sedi2.2 (range 9.4—14.1) with little variation betweeMeasured values of DBD for lake sediments are
ment callednarl. For reasons discussed belowlake productivity groups (Gorham et al., 1974)rare. One of the few examples of a lake for which
most of the aganic matter in gyttja and marl is The average OC content and OC/N ratio irll of these measurements have been made is Elk
autochthonous, that is, produced by phytossediments of 23Visconsin lakes compiled by Lake, in Clearwater Countivlinnesota (Dean,
plankton and aquatic macrophytes in the [@ke. Brunskill et al. (1971) are 20% and,ITespec- 1993).The Holocene sediments in Elk Lake con-
largest pool of aganic carbon (OC) in a lake is tively. High concentrations of ganic matter inthe sist of a continuous sequence of annual layers
dissolved aganic carbon (DOC), which is usually surface sediments of 16 lakes in the Experimentétarves) providing annual time resolutidrhe
about 10 times greater than particulatgamic LakesArea on the Precambrian shield of northeombination of varve-calibrated sedimentation
carbon (POCWetzel, 1975). POC, howeveés western Ontario (OC = 20% * 7%) are due to laciate and bulk density measured every 50 yr was
the dominant source of OC in the sediments.  of clastic and carbonate dilution rather than highsed to calculate mass accumulation rates
Studies of fossilized plant pigments in the surproductivity but this oganic matter still has OC/N (MARs) of bulk sediment, which, when multi-
face sediments of Minnesota lakes (Sanger amdtios (average = 9.7) typical ofganic matter in plied by the fraction of OC and carbonate carbon
Gorham, 1970; Gorham and Sang&®75) more southerly lakes situated on glaciated sedi€C), give MARs for these components (Fig. 1;
showed that (1) most of thegamic matter in an mentary strata (Brunskill et al., 1971). Dean, 1993). Figure 1shows that carbon accu-
average Minnesota lake is autochthonous, and Most of the aganic matter in sediments in themulation rates over the past 4000 yr have been
(2) only in the least productive of the lakes irdepositional basins of the Great Lakes is autocFairly constant but were generally higher and
northeastern Minnesota does allochthonoukonous (from plankton), has OC concentrationsiuch more variable during the mid-Holocene
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(8000 to 4000 yr B.P The average MARs for carbon MARs in these two lakes are within thef bulk density to OC content (Fig. 2A) indicates
OC, CC, andrC (total carbon) over the pastsame orders of magnitude as those for Elk Lakbat a lake sediment with 12% OC should have a
4000yr are 46, 36, and 82-m2.yr 1, respec- (10-100 gm=2.yrL; see Fig. 1). DBD of about 0.2 gcnt3. At an average post-
tively. For comparison, OC MARs for the top How typical are these above-mentionedettlement sedimentation rate of 3 mm? (the
10cm of eutrophic Lake Greifen, Switzerland, areccumulation ratesPhe mean sediment accu-average midlatitude rate d¥ebb andwebb,
50-60 gm2.yr-tand were about 1§-m2.yrt  mulation rate in 164 midlatitude, Holocene lakel988), this average sediment should have a bulk-
prior to the 1880s (Hollander et al., 1992). sites in eastern NortAmerica (including sediment MAR of 600 gn2.yr%, and OC and
We calculated carbon MARs for cores fromMinnesota) reported bBivebb andVebb (1988) CC MARs of 72 and 12 gn2.yr1, respec-
two other Minnesota lakes (Fig. 1, B and C) fois 81cm-1073-yr~1(i.e.,an average of about 8 mtively. The mean OC MARs for small (<100 Rm
which there are bulk density and carborf Holocene sediments). In contrast, profunddbkes compiled by Mulholland and Elwood
measurements, but much lower age resolutiondolocene sediments in lakes of central Europ@ 982) are 27 gn-2-yr-1 for oligotrophic lakes
Williams Lake is hydrologically closed, and hagdypically are 5-6 m thick (KKelts, 1997, per- and 8t g-m2.yr-for meso-eutrophic lakes.
a residence time of about 4 yr (LaBaugh et alsonal commun.)The mean sediment accumula- How much carbon sequestration is occurring
1995). For the past 4000, Williams Lake has tion rate for the historic period (postsettiementin Minnesota lakes alon@here are 18391 lakes
been accumulating high concentrations of O@ the midlatitude lake sites reported Webb  in Minnesota that have an area of >10 acres (4 ha
(30%-35%), and, although CaG® precipi- andWebb (1988) is 298m-10-3-yr-! (about or 40 x 18 m?), and these 1891 lakes have a
tated, it is dissolved in the G@haged bottom 3 mm-yr2), or about four times Holocene ratestotal area of 3.4 x flacres = 1.4 x 0 m?
waters (Schwalb et al., 1995). InitiaMyilliams Dry bulk densities of sediment are dependerfMinnesota Conservation Department, 1968).
Lake did accumulate CaGQup to 75% dry mainly on the OC content and vary considerablyf these lakes are accumulating OC at the aver-
weight of sediment) but that amount decreased the DBDs of Holocene sediments in Elk,age Minnesota lake rate of 72ng2.yr-1, the
zero over the first half of the Holocene as the lake/illiams, and Shingobee Lakes decrease rapidtgtal OC accumulation is about #@y-yr-1 or
evolved into a closed lake and high concentravith increasing OC (Fig. 2A), emphasizing thel Tg-yrL. This value does not include lakes with
tions of OC accumulated in the sedimentgmportance of bulk density measurements. Howareas <10 acres nor the extensive wetlands
(Schwalb et al., 1995). Nearby Shingobee Lake &ver because DBD and OC contents are inversetiiroughout Minnesota.
hydrologically open, with a residence time ofelated, the content of OC per unit volume of sed- Sediments in the depositional basins of the
about 7 months, and has always accumulatéuient is relatively constant at about 204013 lower Great Lakes (Michigan, Huron, Erie, and
high concentrations of CaG@60%-80%) and except for the least ganic sediments (Fig. 2B). Ontario) usually contain more than 2% OC of
relatively low concentrations of OC (2%—6%).Thus, if the sedimentation rate (eym)) is predominantly algal origin (Kemp et al., 1977,
The average MARs for OC, CC, ai€ for known, the OC MAR can be estimated withouMeyers and Ishiwatari, 1993). Linear sedimenta-
Shingobee Lake over the past 4000 yr are 1ieasuring the OC content or the DBD. tion rates and measured values of DBD, how-
38,and 55 gm2.yr1, respectivelyNo CC accu-  The average OC and CC concentrations in sugvet are more dffcult to come byData for Lake
mulated in the sediments \Wfilliams Lake over face sediments of 46 lakes chosen as a represbfichigan (Rea et al., 1980; Colman et al., 1990,
the past 4000 ybut the average MARs for OC tative sample for Minnesota are 12% and 2%4,994) suggest that the youngest sediments with
andTC are both 21 gn=2.yr L. Thereforethe respectively (Dean et al., 199F)e relationship an average DBD of about 0.250gm3 were
deposited at an average rate of about 0.yich
for a bulk-sediment MAR of 250-gr2.yr-L At
2% OC, this bulk-sediment MAR vyields an OC
MAR of about 5 gm2.yr1(Rea et al., 1980). If
we assume that the depositional basins of Lake
Michigan where this OC MAR applies constitute
about 75% of the area of Lake Michigan
(5.8 10* km?), then the present OC accumula-
tion rate in Lake Michigan is about 0.2g-yr 1
or about 22% of the rate for all Minnesota lakes.
Most people would agree that the continental
marins of the oceans, particularly rgars
under upwelling areas, are significant sinks of
organic carboriThe continental magin off Cali-
fornia under the California Current upwelling
system covers an area of 4 ¥A®2. Theaver-
age Holocene OC MAR based on radiocarbon-
dated cores with measured bulk densities from
within this area was 0.06y-yr-* (Gardner et al.,
1997). In other words, the area of the California
continental magin is almost three times the total
area of all lakes in Minnesota ¢gar than 10
acres, but the OC burial rate along that continen-
tal magin is only about 6% of that in Minnesota
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Figure 1. Mass accum ulation rates of total carbon (TC), inorganic carbon (IC), and
organic carbon (OC) in Holocene sediments of Elk Lake (A), Williams Lake (B), and
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The point that we want to make is that lake sedihis would be an additionalBy-yr?, for a total States, Canada, and the former Soviet Union
ments are sequesteringdaramounts of carbon of 34 Tg-yr1for all freshwater lakes and saline(Shiklomanoy 1993).The volume of water in
fixed mostly by aquatic primary productivityhis  inland seas @ble 1). Mulholland and Elwood reservoirs increased by a factor of 10 between
is emphasized by the fact that the OC burial rate {1982) estimated the OC burial in all lakes and951 and 1980 and is projected to increase to
Minnesota lakes is 17 times that on the Californimland seas (excluding the Black Sea) to bmore than 7000 kéby the year 2000 (Shiklo-
maigins. Togetherthe sediments of lakes in the60 Tg-yr today (Bble 1), and an average ofmanoy 1993).The total area of reservoirs in the
glaciated regions of the northern hemisphere muad Tg-yrfor the HoloceneAnother approach is world (0.4 x 162 m% Shiklomanoy 1993) is
constitute an important carbon sink. to use Likens{1975) estimate of 200-gi2-yr1  smaller than that of lakes, and the average per-

Shiklomanov (1993) estimated that freshwatefior average net primary production of carbon irtentage of OC in their sediments (about 2%; Mul-
lakes in the world have a total area of abouworld lakes. If 5%—10% of that carbon productiorholland and Elwood, 1982; Richie, 1989) is much
1.5 x 1012 m? (Table 1). Including saline inland is buried, then the 2.5 x 10m? area of world less than in most lake sediments. Howgler
seas in this total would add another 1 #2162 lakes and saline inland seas are burying OC atause the average sedimentation rate in reservoirs
The 28 lagest (area > 5000 Kyfreshwater lakes rate of 25-50rg-yr (Table 1).Thus, the global (about 2 crayr%; Mulholland and Elwood, 1982)
in the world have a total area of 1.18 *24i@2or  annual OC burial rate in lakes is between 34 arisl much higher than that in lakes, bulk-sediment
about 79% of the total area of freshwater lake$0 Tg-yr-1, with our estimate being the lowest.MARs are higherand OC MARs are highekt
If the 28 lage lakes bury OC, on average, at th&e will use an average of 42-yr-! (Table 1, an average sedimentation rate ah2yr1, an
same rate as Lake Michigan (G1g2-yrY), then footnoted)The closeness of these estimates, cakverage bulk density of 1.g3, and an average
the annual rate of OC burial in these 28 lakes @ilated by diferent methods, suggests that thi©C content of 2%, the average OC accumulation
about 6Tg-yr1 (Table 1). If the smaller lakes value is not in error by more than a factor of tworate in reservoirs is 4apm2.yr-%, and the total
bury OC, on average, at the same rate as an aver- of world reservoirs is burying OC at a total
age Minnesota lake (72-g2-yr), then the CARBON BURIAL IN RESERVOIRS annual rate of 160g-yr-t(Table 1) This is close
annual rate of OC accumulation in these smaller Reservoirs throughout the world currentlyto the 200Tg-yr* estimated by Mulholland and
lakes is about 23g-yrL; Table 1). If saline hold about 5000 kfof water and more than half Elwood (1982) for the annual accumulation of
inland seas bury OC at the Lake Michigan rat@f that volume is in reservoirs in the Unitedcarbon in reservoirs.

1.6
] A o Williams TABLE 1. ORGANIC CARBON BURIAL RATES
144} A Shingobee 4 :
P 1 1° + Elk Area Burial rate  Burial
= 9 Sediment carbon sink (10"m*)  (gm*yr') (Tgyr)
%3 Q
2 Lakes
.‘? Large (28, >5000 km?) 1.18 5 6
mal R
g o Small 0.32 72 23
a Inland seas 1.00 5 5
E . Total 2.50 23"
B, 25-50°
a 0.4 41
0.2 Reservoirs 0.40 400 160°
4 o 200b
Peatlands (present) 4.19 23 96
Total (lakes, reservoirs, peatlands) 7.09 2988
40
iB Oceans
35.] o ° ° Margins 42:
P ] ° ° Bagins 320
g ° 0% ° Total 362" 60-130"
:':) e ©° ° 82;
E o s
g ’ °
illi o
5 2. Willame P o %63: 5 Inland/ocean quotient 0.02 3.1
o
% av. Elk o 8 oqu, o -
2 “This paper.
§ av. Shingobee "Mulholland and Elwood. (1982)
5 °Assuming burial of 5%-10% of average net primary production
o Williams estimated by (Likens, 1975).
A Shingobee 9Mean of four burial estimates above.
+ Ek “This paper; area estimate of Shiklomanov (1993).
7 7 7 7 7 World peatland area from Kivinen and Pakarinen (1981),

10 15 20 25 30 35 40
% Organic Carbon

Figure 2. Plots of per cent or ganic carbon ver sus (A) dr y bulk
density and (B) or ganic carbon content of Holocene sediments of
Elk, Williams, and Shingobee Lakes, Minnesota. The curve
through data in Ais an e xponential regression based on dataf or
Williams Lake onl .
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modified by a correction for Canada by Gorham (1991);
burial rate from Gorham (1991).
ETotal uses lake burial of 42 Tgyr? (footnote d).
%’Emerson and Hedges (1988).
'Sundquist (1985).
JArthur et al. (1985).
¥Mean of four estimates above.
'Using the means of burial estimated (footnotes d and k).
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CARBON BURIAL IN PEATLANDS dence and sedimentation rates from a core ibnikens, G E., 1975, Primary production of inland
Wetlands that accumulate more than 30 cm  Southwestern Lake Michigan: Journal of Paleo-  aquatic ecosystemis, Lieth, H., andwhittaker

: : limnology; v. 4, p.269-284. R. H., eds., Primary productivity of the bio-
of highly oganic peat are called peatland%olman, SMQ?/Keigvr\J/in, L.D., and ForesteR. M., sphere: Nework, Sp¥inpge{\/er|ag,);).185—202.
(Gorham, 1991). In Europe, they are calle 1994, Two episodes of meltwater influx from Mackereth, FJ.M., 1966, Some chemical observations
mires. Peatlands are concentrated in northern glacial LakeAgassiz into the Lake Michigan on postglacial lake sediments: Royal Society of
Russia, the Baltic states, Fennoscandia, Canada, basin and their climatic contrasts: Geolog?2, London Philosophicalransactions, seB, v. 250,

p. 547-550. p.165-213.

and the northern United&es (particularly in

Alaska) where they make up 9.7% of the tO,[al?ean,w. E., 1993, Physical properties, mineralpgyMeyers, PA., and Ishiwatari, R., 1993, Lacustrine or-

and geochemistry of Holocene varved sediments  ganic geochemistry—An overview of indicators of

land surface (Gorham, 199%)ke estimate the from Elk Lake, Minnesotan Bradbury J.P, and organic matter sources and diagenesis in lake sedi-
total area of world peatlands to be 4.19 ¥1f? Dean,W. E., eds., Elk Lake, Minnesota: Evi- ments: Oganic Geochemistyy. 20, p.867—-900.
(Kivinen and Pakarinen, 1981, modified by dencelfor ra%id climate c?angelin the nortfhMinnesotafConservatioInl?epartment, 1968jnven-
. central United fates: Geological Society o tory of Minnesota lakes: Minnesota Conservation
Gorham, 1991)The es,tlmatEd present averagg America Special Paper 276,185-158. Department Division oiVaters, Soils, and Min-
rate of OC accumulation in boreal peatlands iseanw. E., Gorham, E., and Swaine, D, 1993, Geo- erals Bulletin 25, 498.
23g-m2.yr1(Gorham, 1991). Using this rate chemistry of surface sediments of Minnesotaviolot, L. A., and Dillon, PJ., 1996, ®rage of terres-
for peatlands globallytheir total OC burial Ialllies‘iIT qudbury J.P, aEd Deafnvv. E:(,je?s., trial ﬁarbon in bohreal Ialge| stt)edlime‘nts andheva_sioln
vl Elk Lake, Minnesota: Evidence for rapid climate to the atmosphere: Global Biogeochemica
amounts to 9§g-yr= (Table 1). change in the north-central Unitethf&s: Geo- Cycles, v10, p.483-492.
logical Society oAmerica Special Paper 276, Molot, L. A., and Dillon, PJ., 1997, Photolytic regula-
CONCLUSIONS p.115-134. tion of dissolved aganic carbon in northern
The total annual OC MAR in lakes (43), Emerson, S., and Hedges|.,J1988, Processes con- lakes: Global Biogeochemical Cycles, 1,
reservoirs (160g), and boreal peatlands (96) tro:jli_ng the o'galnic carbon cor;;esnt of(-:\ozp:)Ler;3 gieanM " p|.|355—?£>6:>]5. . 4. 1982 The ol
: - sediments: Paleoceanograpiyg, p.621-634. ulholland, PJ., and Elwood, J\V., ,The role
is 298Tg (Table 1). Despite the total area of thes%ardnerJ.% DeanW. E., and Dartnell,.P1997, Bio- of lake and reservoir sediments as sinks in the

three carbon sinks being only about 2% of the " genjc sedimentation beneath the California Cur-  perturbed global carbon cycl@ellus, v 34,
world ocears surface area, they bury three times  rent system for the past 30 kyr and its paleoceano-  p.490-499.
more carbon than the oceans dal(€ 1; inland/ graphic significance: Paleoceanographyl2, Rea, D.K., Bourbonniere, RA., and Meyers, FA.,
ocean quotient). p.207-225. ‘ 1980, Squthern Lakg Michigan sediments:
hould b ted that the drai f t gorham, E., 1991, Northern peatlands: Role inthe carbon  Changes in accumulation rate, mineralaayd

It should be no e_ atthe drainage or peatiands cycle and probable responses to climatic warming:  organic content: Journal of Great Lakes Research,
for forestry and agriculture, and use of peatas fuel,  Ecologicalipplications, v1, p.182—195. v. 6, p. 321-330.
is releasing carbon to the atmosphere. Gorha@orham, E., 1995The biogeochemistry of northern Richie, J.C., 1989, Carbon content of sediments of
(1991) estimated that such processes release about peatlands and its possible responses to global  small reservoirsiVater Resources Bulletin, 25,

-l _ warming,in Woodwell, GM., and MacKenzie, p.301-308.
35 Tgryr"from boreal peatlands, and more south F.T., eds., Biotic feedbacks in the global climaticSangerJ.E., and Gorham, E., 1970he diversity of

erly regions may actually be releas_ing_ more  systemwill the warming speed the warming?: pigments in lake sediments and its ecological sig-
carbon from drained peatlands than is fixed in  Oxford, Oxford University Press, p69—186. nificance: Limnology and Oceanography15,
undrained sites (Armentano and Menges, 1986Jorham, E., and SangérE., 1975, Fossil pigments in p.59-69.

On the other hand, cultural eutrophication may Minnesota lake sediments and their bearing upoBchwalb A., Locke, S.M., and DeanW. E., 1995,

. . . the balance between terrestrial and aquatic inputs ~ Ostracodeé>!80 andd'3C evidence of Holocene
have increased lake sedimentation of OC-ftaur d P

. - to sedimentary ganic matterVerhandlungen environmental changes in the sediments of two
fivefold in small lakes (\bb andVebb, 1988), an InternationaMereinigung fur Limnologie, .\19, Minnesota lakes: Journal of Paleolimnolpgy
increase of 23-3Pg-yr L. p.2267-2273. V. 14, p.281-296.
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