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Dated sediment coes from Cayuga Lake, NewYork State, document that biologically
mediated precipitation of calcite has been contiled by environmental change, both natural and
anthropogenic, oveithe past 10000 yr. During the Holocene Hypsithermal (~94 ka [1“C]),
Milankovitch for cing of summerinsolation in the Northern Hemisphere resulted in a boad in-
crease (to 55%), then decrease (to <5%), of calcite content in bottom sedimé&ffarmer sum-
mers resulted in earlieronset of thermal stratification of the watercolumn, which increased the
duration of primar y production as well as the abundance of picoplankton, which in turn
increased the amount of calcite @cipitated. At the end of the Hypsithermal ca. 3500 yago,
global cooling geatly reduced the amount of calcite pecipitated. However sincea.p. 1940,
calcite contents in Cayuga Lake sediments have risen up to ~20%. One hypothesis is that this
recentincrease in calcite is theasult of cultural eutrophication (nutrient loading). However this
rise in calcite also closely tracks the antlupogenic rise of atmospheric carbon dioxide, suggest
ing a possible link to global envionmental change. Futher reseach on hard-waterlake basins
will be needed to test which of these two hypotheses is @mnt.

INTRODUCTION

lake that stratifies thermally only once during theluring summer months that greatly decrease

The recent rise of anthropogenic carbon dioxsummer and mixes continuously from fall water clarity (Efler et al., 1987)Thompson et al.
ide concentrations in the atmosphere (Keelinthrough spring (Ogleshy978).Water residence (1997) convincingly demonstrated that calcite
etal., 1989) has sparked considerable concetimes are on the order of 8-10 yr (Michel angbrecipitated during whiting events in nearby

about future climates and how various EartKraemer1995).
environments might respond to global environ Many of the Finger Lakes now under‘whit-

Fayetteville Green Lake, NeYork, is mediated
by the photosynthetic activity of cyanobacterial

mental change. Mid-latitude lakes may be espéng events” (open-water precipitation of calcitepicoplankton, which create a high pH micro
cially sensitive to environmental change, because

seasonal water stratification and primary produ
tion are both strongly linked to seasonal®f
particular interest is the calcite precipitated fro
the surface of hard-water lakes, becausdetof
a potential high-resolution sediment archive «
biotic and abiotic processes that operate in te
perate lakes (Kelts aff@lbot, 1990).

The purpose of this paper is to report initial r¢
sults from a mid-latitude lake (Cayuga Lake
NewYork Sate) that illustrate links between bio
logically mediated precipitation of calcite an
environmental changes, both natural and anth
pogenic, during the pasdDD00 yr New data
from Cayuga Lake document strong correlatio
between the amount of calcite preserved in b
tom sediments and the natural warming-coolir
trend of the Holocene Hypsithermal, as well ¢
the rise of anthropogenic atmospheric carb
dioxide since at leastp. 1940.

SETTING

Cayuga Lake is the seconddast of the
Finger Lakes of central NeYork Sate (Fig. 1);
it has a length of 60 km and a maximum wat
depth of 132 m (Oglesh$978).The lake formed
as a glacial rock basin (tunnel valley?) coincide
with Heinrich event H-1, ca. 14.4-13.9 R&Q)

Cayuga Lake is a mesotrophic, warm monomicticore locations; bathymetry is fr om Mullins et al. (1996).
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TABLE 1. RADIOCARBON DATA records were digitized at 500 yr intervals over the
past 10000 yr, whereas data sets covering the

Sample no. Depth Material Lab* Corrected “C 8¢ -

(cm) age Cloo) past 200 yr were digitized at an average of 4.4 yr
Piston Core CL-1
CL-1 430 Wood AA-19536 5954+ 75 -25.6 RESULTS .
CL-1 45 Wood USGS 1056 £ 53 277 Shallow-Water Site CLI-2
CL-2" 230 Wood USGS 2473 £ 56 293 The 15-m-long sediment core recovered from
CL-2" 376 Pine Cone USGS 4324 + 60 26.5 the southern terminus of Cayuga Lake (Fig. 1)
Hand Core CLI-2 consists of an 8-m-thick sequence of light gray
CLI-2 340 Wood TX-8493 1110+ 80 27.1 marl (>30% calcium carbonate) overlain by 6 m,
CLI-2 994 Wood ~  AA-19537 5988466 -21.7 and underlain by 1 m, of dark-gray mud (Pig).
CLI-2 1490 Bulk organics ~ AA-21303 10958 £ 94 -25.5 Oogonia (reproductive gans of the aquatic

Note: All ages, with the exception of CLI-2/340, are AMS (acceleration mass macrophyteCharg) are present throughout the

spectrometer) dates. length of the core, indicating that this site has

* Transferred to CL-1 via CaCO; correlation.
+ AA—University of Arizona Radiocarbon Facility; TX—University of Texas Radiocarbon
Facility; USGS—Date provided by U.S. Geological Survey, Reston, Virginia (T. Kraemer).

remained within the shallow photic zone for at
least the pastIDO0C yr. Accumulation rates in
the core vary from ~100 to 300 cm/1000 yr

When plotted against a radiocarbon time scale,
results from core CLI-2 (Fig. 2A) indicate that
environment around their cells, leading to-epideveloped by linear extrapolation between radianarl deposition occurred from ca. 10.3 ka (end of
cellular precipitation of calcite. Hodell et al.carbon data points, which were then converted the Younger Dryas cold interval) to ca. 3.5 ka
(1998) documented that calcite precipitation ilwalendar years following Bartlein et al. (1995)(end of the Holocene Hypsithermal warm inter
nearby Lake Ontario is highly correlated to laké\ge control for the box core is based on identifival). Maximum calcite content of 55% in the
temperature, but is also dependent upon primaggtion of a bomb spike iH*’Cs profile data marl at ca. 7.2 kd4C) drop to values of <5% in
productivity and the abundance of picoplankton(a.p. 1963) at 17-18 cm below the lake floas the overlying dark gray mu@he overall curve

well as?1%p data. (®m KraemerU.S. Gee for calcite in core CL-2 displays a broad in
METHODS logical Survey1996, written commun.). crease then decrease throughout the marl, al

Sediment cores were collected from two local- The 1-m-long box core from site €. was though smaller scale anomalies are also apparent
ities in Cayuga Lake: (1) near the area of maxsampled at 1 cm intervals (average ~2 yrfFig. 2A). Howevertotal oganic matter (DM)
mum water depth in the southern half of the lakeyhereas the 5:th-long piston core from this site values are relatively invariant.
and (2) at the southern terminus of the lake nearas sampled every 10 cm (average ~135¥.

Ithaca (Fig. 1)At the deep-water site (CL-1), a 15-m-long core from site CE2 was sampled at a Deep-Water Site CL-1

5.4-m-long piston core and an-long box core 25 cm interval, or approximately every 180 yr Sediments recovered in the Smlong pis-
were collected from surface vesseM.the Subsamples(=214) were then analyzed for dryton core at this deep-water (108 m) site consist
southern end of the lake (GR), a 15-m-long weight percent total ganic matter and total car of laminated, gray-brown to gray-black muds.
sediment core was collected by hand usingl@nate content by loss on ignition at 3&0and Radiocarbon data indicate that the sediments
3-cm-diameter soil sampler 1000°C, respectively (Dean, 1974); based oin this core extend back to ca. 7.3 R&Q)

Age control for the two long cores was estatreplicate analyses, error is <0.5%. (Fig. 2B) at an essentially linear accumulation
lished by radiocarbon dating of terrestriajamic Correlation codfcients were calculated rate of ~80 cm/1000 yr
material (with the exception of one bullganic  (Pearsorsr) that produce a standardized statistic From ca. 7.3 to 3.4 k&4C), calcite content
date;Table 1).Age models for the cores were(+1 to —1) that is not scale dependent. Holocenaries from a maximum of 40% at 6.6 ka to a-min

imum of 8% at 3.4 ka (Fig. 2B). Howeyduring

the past 3400 yri{C), calcite contents have
0P eC0s o FTOM oL % CaCO; % TOM always been less than a background level of 5%.
) L o 9 20 90 & 8 19 This drop in calcite accumulation in core CL-1 at
i - ot 3.4 ka {C) (Fig. 2B) coincides with the cessation
A 4 of marl deposition at site CLI-2 at &5 ka {*C)
(Fig. 2A). TOM values in core Cl1 display an
T . up-core increase from ~6% to 10%.

Results from the box core recovered at site
CL-1 indicate that between 100 and 70 cm below
the lake floor calcite values are always <5%
(Fig. 3), as they have been since ca. 3.4%).(

- - However between 70 and 28 cm, calcite contents
increase to 10%, and in the upper 28 cm of box
core CL-1, calcite contents rise rapidly from 8%
to 20% (Fig. 3)TOM values similarly show an
up-core increase.

& - GRAY MUD - MARL E-sanoeo []-MASSIVE  @=wo00D On the basis 0f’Cs anc?1%b data, calcite

B values increased above 5% for the first time prior

Figure 2. Lithostratigraph y and dr y weight per cent calcium carbonate and total or ganic matter to the 20th century and then rose rapidly begin-

(TOM) content ver sus radiocarbona ge for (A) 15-m-long core CLI-2 and (B) 5.4-m-long core CL-1 ning caA.D. 194_0 (Fig. 3)The only significant _
(see Fig. 1). anomaly in calcium carbonate content over this
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Figure 3. Dry weight per cent calcium car-
bonate and total or ganic matter (T OM) content
versus depth f or box core CL-1 (see Fig. 1).
Date of A.D. 1963 is based on direct 13’Cs and
210pp data, whereas date of A.D. 1940 is based
on linear e xtrapolation fr om A.n. 1963.
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Renlandd80 values is 0.93This correlation, &C values for calcite during the Holocene
plus the relationship between Cayuga calcite arfdnderson et al., 1997), which would be expected
insolation (Fig. 4), suggest a causal link betweedturing extended photosynthesis because of the
the precipitation of calcite in Cayuga Lake angbreferential removal of2C by phytoplankton
hemispherical temperature change during HolgHollander and McKenzie, 1991).
cene time.

Schleske and Hodell (1991) and Hodell et aPast 200 yr
(1998) documented (via stable isotope studies) aOver the past ~3500 ythe first time that
strong relationship between higher historical suntalcite contents in Cayuga Lake sediments rose
mer temperatures and increased calcite precipiabove the background value of 5% was prior to
tion for Lake Ontario (~50 km north of Cayugaa.p. 1900, which was followed in ca.p. 1940
Lake). Howeverthey agued that temperature is by an exponential increase of calcite to today’
only part of the explanation, and further suggestadhlue of ~20% (Fig. 3)This unprecedented
that the amount of calcite precipitated is conincrease of biologically mediated calcite precipi
trolled by the onset of stable thermal stratificatiotation in Cayuga Lake during the past ~3500 yr
of the water column. During warmer summers;ould be due to a number of factors. One poten
thermal stratification of temperate lakes occural explanation is that it is a simple diagenetic
earlier (and lasts longer), which extends primarirend. Howeverthis seems unlikely because

interval occurred during the middle to late 1960groduction and the abundance of picoplanktocalcite contents deeper in the sediment column in

a time of cool and dry (shorter) summer cond
tions (Yarnal and Leathers, 1988).

DISCUSSION
Holocene Hypsithermal

The broad rise and fall of calcite conten
recorded in shallow-water core GRI(Fig. 2A)

while decreasing the solubility of calcite. Com Cayuga Lake are twice as high (40%) as they are

bined, these factors result in greater production at the lake floor (Figs. 2B and 3).

calcite from hard-water lakes. Another possible explanation is anthropogeni
In Cayuga Lake, the broad warming-coolingcally linked environmental change. Schleske and

trend of the Holocene Hypsithermal may havélodell (1991) and Hodell et al. (1998) found a

first increased, then decreased, the length of trery similar rise in calcite content in sediments

summer photosynthetic period, which in turn infrom nearby Lake OntariGhey agued that this

occurred during the mid-Holocene Hypsithermatreased and then decreased the amount of calegeent increase in calcite precipitation was the
(ca. 9-4 ka'f'C]). The Hypsithermal is a well- precipitatedThis interpretation for Cayuga Lakeresult of cultural eutrophication (phosphorous
known climatic interval (Pielou, 1991) whenis supported by stable isotope data from Senelading), which began aftarp. 1850 due to de
mean summer surface temperatures in the Northake (immediately west of Cayuga Lake; Fig. 1jorestation and agricultural practices, and then
ern Hemisphere were 228 warmer than today that have documented a positive relationshimcreased exponentially aftem. 1940 due to
because of an increase in solar radiation (~8% la¢tween increased calcite contents and enricherbanization (sewage and detent loads).

43°N) driven by Milankovitch orbital elements

(COHMAPR, 1988).This association between the

broad warming-cooling trend of the Hypsi 360

thermal and calcite precipitation in Cayuga La} == 'A CT EM gggﬁEg?g co

.. . . . 1 o= 2 -20
is illustrated by comparing calcite contents i sa0.| 7 CaYUGA cacoy

core CLI-2 (in calendar years) with a smoothe

ice cored®0 (temperature proxy) record fror

the Renland site in Greenland (Larsen et ¢ co,
1995), as well as an insolation curve for the la (ppm) 3
tude (43°N) of the Finger Lakes (Ber, 1978).
Both the Cayuga and Greenland curves displa
broad increase between ca. 10 and 7 ka (caler
years), followed by a broad decrease betwe
ca.7 and 3.5 ka (Fig. 4). For the past ~3500 ci

Figure 5. Comparison of
atmospheric carbon dio  x-
ide concentrations (Neftle
et al., 1985; Keeling et al.,
1989) over the past 200 yr
with calcite data fr om
Cayuga Lake bo x core
CL-1 (see Fig. 1) versus
calendary ears.

- 280 r =0.95
endar years, both curves are relatively conste r220.90 +0
with the exception of the past ~200 yr when the L B o s S B B TR e e
are rapid increase$he correlation coéitient 1800 1850 1900 1950 2000
(r) between Cayuga Lake calcite content al YEAR (A.D)
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Cultural eutrophication is also a potentiathe sediment record for phosphorous loading and  data,in Peterson, D. H., edAspects of climate
hypothesis for the recent rise in calcite content isompare it with historical records of cultural VWa”aht?'“t)t’ in tgeciac'f'F a”“(’sveSter:mmelrl'j’a,S:
Cayuga Lake sedimentEhe initial rise prior to activity on a lake by lake basis. If the cultural D alsﬁérlggg’ “-Hmerican teopnysical nion,
A.D. 1900 could have been due to deforestatiogutrophication hypothesis is correct, we Woulgetts, K., andralbot, M., 1990, Lacustrine carbonates
and agricultural activities, which began caexpectto see considerable temporal variabilityin  as geochemical archives of environmental
A.D. 1810 and peaked by the late 1880s (Oglesiiie sediment record of eleven fdient lake change and biotic/abiotic interactioms Tilzer,
1978). Cayuga Lake also became more eutroptbasins which have independent watershed his M- M-, and Serruya, C., eds., igarlakes: Eco-

ing th | | heiri it the al | ch h hesi logical structure and function: Nework,
during the 1940s. Oglesby (1978) speculated thairies. Howeverif the global change hypothesis  gpringerverlag, p. 288-315.
this was a response to phosphate deterload- is correct, we would expect to see a more or legsmball, B. A., Mauney J. R., Nakayama, 5., and
ing because there was no coincident increase gjinchronous regional response as a consequence ldso, S. B., 1993, Edcts of elevated Cfand
either population growth or agricultural activityof broad-scale environmental changso wg:s:%‘éﬁgzmgzoon” f;?\”téégogrga'lzf Soil and
in the Cayuga_ Lak_e watershédthough phos _qeedgd will be _d_ata_on carbon dioxide concentr@arsen’ E., Sejrup, H_’Ho’hnsen’ S"J” and Knudsen,
phorous loading is a reasonable hypothesitipns in the epilimnion of hard-water lakes and k. | 1995 Do Greenland ice cores reflect NW
New York Sate banned the use of phosphatthe overlying atmosphere at times of intense  European intglacial climate variations?: Quater-
detegents ina.p. 1973 (Oglesby1978), yet picoplankton blooms and whiting events. nary Research, 43, p. 125-132.

calcite precipitation has continued to increase Michel, R. L., and KraemeF. ., 1995, Use of isotopic

. . ACKNOWLEDGMENTS data to estimate water residence times of the
from A.D. 1973 10 1996 (Fig. 3), (?Iesplte the Fela™ i ank DickYager at the U.S. Geological Suryey Finger Lakes, Nework: Journal of Hydrology
tively short (8-10 yr) water residence time foliyaca Newvork, for sediment cores from site CL-1, V. 164, p. 1-18.

Cayuga Lake. Calcite contents in sedimenind Tom Kraemer at the U.S. Geological SurveyMullins, H.T., and HincheyE. J., 1989, Erosion and
deposited ca.n. 1973 were 14.5% versus 19.6%RestonVirginia, for three radiocarbon daté¥/Cs infill of New York Finger Lakes: Implications for
for A.D. 1996 (Fig. 3). data, and discussion. Binderson, now at ETH in Laurentide ice sheet deglaciation: Geolagy7,
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BOtamStS_ have known for de_cades _that plan%ndersonw. T., Mullins, H.T., and Ito, E., 1997 table  OglesbyR.T., 1978, Limnology of Cayuga Laki,
grow faster in carbon dioxide—rich environments  isotope record from Seneca Lake, Néswk: Evi- Bloomfield, JA., ed., Lakes of Nework Sate,
due to increased rates of photosynthesis (Kimball ~ dence for a cold paleoclimate following the ~ Volume 1, Ecology of the Finger Lakes: New
et al., 1993)Although most hard-water lakes ~ Younger Dryas: Geology. 25, p. 135-138. biel Yoék’éci%%m'fct Prtehss_, p- 2_11_2}?' wrn of I

. . . i lelou, . C., er the ice agel ne return ofr lire
typically have higher concentrations of totaPartiein. P J., Edwards, M. E., Schaje8. L., and B 9

S . Barker E. D., 1995, Calibration of radiocarbon to glaciated Nortmerica: Chicago, lllinois,
carbon dioxide than the overlying atmosphere  ;ges and the interpretation of paleoenvironmental  University of Chicago Press, 366 p.

(Wetzel, 1975), this may not always be true for records: Quaternary Researchd4, p. 417—424. Riebesell, U.Wolf-Gladrow D.A., and Smetlacek,

the lakes$ surface at times of maximum producBemer, A., 1978, Long-term variations of caloric inso- V., 1993, Carbon dioxide limitation of marine
tivity (blooms). For the marine environment lation resulting from the Earthbrbital elements: phytoplankton growth rates: Nature, 361,
' Quaternary Research,9; p. 139-167. p.249-251.

Riebesell et al. (1993) showed that carbon-diox. o ap 1988, Climate changes of the last 18,00chleske, C. L., and Hodell, ., 1991, Recent
ide can be a ||m|t|ng nutrient for pl’lmal’y pI‘OdUC years: Observations and model simulations: Sci- Changes n prOdUCtI\{Ity an-d C||matFT' of Lake
tion, particularly during intense blooms. Inthe  ence, v241, p. 1043-1052. Ontario detected by isotopic analysis of sedi-
lacustrine environmen’flhompson et al. (1997) Dean,W. E., 1974, Determination of carbonate and ments: Limnology and Oceanography 36,

: P : organic matter in calcareous sediments and rocks ~ P-961-975. _
demonstrated that calcite precipitation is a direct by 10sS on ignition: Comparison with other Thompson, J. B., Schultze-Lam, S., Beveridgd.,

consequence of the photosynthetic activity of | Jothods: Journal of Sedimentary Petrology ~ and Des Marais, D. J., 1997, Whiting events: Bio
cyanobacterial picoplankton, which is reflected V. 44, p.242-248. genic origin due to the photosynthetic activity of
in the parallel increases of both calcite ZMM  Effler, S.W., Perkins, M. G Greer H., and Johnson, cyanobacterial picoplankton: Limnology and

; ; D. L., 1987, Efect of “whiting” on optical prop- Oceanography. 42, p. 133-141. )
in the Cayuga box coré.question that needs to erties and turbidity in Owasco Lake, Nfark: ~ Wetzel, R. G 1975, Limnology: Philadelphia, Penn

be resolved is whether or not anthropogenic ;.0 Resources Bulletin, 23, p. 189-196. sylvania, Saunders College Publishing, 767 p.
inputs of carbon dioxide to the atmosphere singgydell, D.A., Schelske, C. L., Fahnenstill, G, and  Yarnal, B., and Leathers, D. J., 1988, Relationships
A.D. 1940 have stimulated picoplankton produc  Robbins, L. L., 1998, Biologically induced eal between interdecadal and interannual climate
tion (and thus calcite precipitation) during times ~ Cite and its isotopic composition in Lake Ontario: ~ Variations and their &ct on Pennsylvania
Limnology and Oceanography (in press). climate:Annals of theAssociation ofAmerican

of intense sprlnglto summer blﬁorgs. o (Ij-|ollanderD. J., and McKenzie, A., 1991, CQcontrol Geographers, 78, p. 624—641.
Weare currently examining the detailed recor of carbon-isotope fractionation during aqueous

of calcite precipitation over the past 150 yrinthe  photosynthesis: fpaleo-pCQ barometer: Geel Manuscript received November 10, 1997
remaining ten Finger Lakes in an attempt to  ogy, v. 19, p. 929-932. Revised manuscript received February 23, 1998
determine if the Cayuga Lake record is a regionélee”ng' C. D., BacastravR.B., CarterA. F., Piper  Manuscript accepted March 2, 1998
or local responsés part of this studylinkages S.C., Whorf, T. P, Heimann, M., MookW. G,
. p P . o _g and Roeldizen, H., 1989A three-dimensional
will be tested between calcite precipitation and  model of atmospheric CQransport based on
regional historical climate (temperature and observed winds. lAnalysis of observational
seasonality) data, as well as the record of pale
productivity via stable isotope analyses of botl

calcite and ayanic mattetWe will also examine

446 Printed in U.S.A. GEOLOGY, May 1998



