Middle Holocene dry climate caused by change in atmospheric
circulation patterns: Evidence from lake levels and stable isotopes
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ABSTRACT

Sediment hiatuses, detrituslayers, and inwashed terrestrial mosslayersin fivecoresat Craw-
ford Lake, Ontario, Canada, show that thelakelevel waslow between ca. 4.8 and 2 ka (1 ka= 1000
1Cyr B.P). Thislow level isattributed toadry and war m climate, which hasalso been documented
at other sitesin southern Ontario, southern Michigan, and southern Wisconsin. Oxygen isotope
(8'80) values from authigenic mar| show a negative shift of 2.4%o from —9%o to —11.4%o (Vienna
Peedeebelemnite) between ca. 5and 2 ka. Enhanced evapor ation under dry and likely closed-basin
conditionswould lead to more enrichment in 180, so we suggest that thetrend to depleted 180 in-
dicates a significant change in the 380 value of the source meteoric water. The major moisture
sourcefor the Great L akesregion isthe Gulf of M exico, from which theamount and seasonality of
precipitation areaffected by theinter play of air massesfrom the Gulf of Mexico and North Pacific,
probably controlled by jet stream positionsand storm tracks. In thelate middie Holocene, theiso-
topically heavy moisture from the gulf might have contributed less precipitation and/or a higher
proportion in winter months, probably caused by morefrequent eastwar d extension of dry Pacific
air depleted in 180. Thishypothesisimpliesthat the 380 valuesof paleoprecipitation in themiddle
Holocener eflected moisture-sour ce history more strongly than paleotemper ature.

INTRODUCTION

Paleoclimatic studies with multiple proxy data
have increasingly improved our understanding of
Holocene climate. A dry and warm climatein the
early and middle Holocene has been documented
by numerous studies in eastern North America
(T.Webbetd., 1983, 1993; COHMAP Members,
1988; Baker et a., 1992; R. Webb et d., 1993).
Recent studies show that the classic dry and warm
prairie period in midwestern North Americawas
time transgressive (Baker et al., 1992; Wright,
1992); it occurred between ca. 8 and 5 kain Min-

-
-

Figure 1. Map showing contours of &80 values
(relative to SMOW, standard mean ocean wa-
ter) of average precipitation in January (same
pattern for July but with gentle gradient; from
Lawrence and White, 1991; based on
IAEA/WMO database) and surface streamlines
(wind directions) for February with dashed
lines showing average extent of each circula-
tion path (Bryson and Hare, 1974, Fig. 8) for
North America. February (and January) wind
patterns represent maximum extension of Pa-
cific flow. Millennial time-transgressive trend
of Holocene prairie-forest border is indicated
by thick lines (Webb et al., 1983; Baker et al.,
1992). Note location of Crawford Lake (large
circle), Simcoe isotope station (square; inset)
and other sites (small circles) relevant to this
study: R—Rice Lake, S—Sunfish Lake, D—
Decoy Lake (Yu, 1995), W—Wintergreen Lake
(Manny et al., 1978), L—Lima Bog, DI—Devils
Lake, Rc—Roberts Creek (Baker et al., 1992),
M—Lake Mendota (Winkler et al., 1986).

nesota(McAndrews, 1966; Webb et d ., 1983) and
from 5.5 to 3 kain eastern lowa, southern Wis-
consin (Winkler et a., 1986; Baker et a., 1992),
and southern Michigan (Manny et d., 1978).

In southern Ontario, severa sites show that
lakelevelswerelow during thelate middle Holo-
cene (ca. 6-2 ka), as interpreted from deposi-

tional hiatuses, low sedimentation rates, litho-
logic changes, and diatom species distribution
(seeYu, 1995). The low lake levels reflect de-
creased effective moisture caused by adry and
warm climate (Yu and McAndrews, 1994; Yu,
1995). In contrast, stable isotopes from fossil
wood and marl sediment indicateadry and warm
early middle Holocene climate at 7.4-5.8 kaand
avery moist climate at 5.8-1.5 ka (Edwards and
Fritz, 1988). Therefore, thereisasignificant dis-
crepancy in timing for the middle Holocene dry
period in southern Ontario, as interpreted from
lake levels and stable isotope data.

Here we present multiple proxy evidence for
low lakelevelsfrom five cores at Crawford Lake,
southern Ontario.! The combined records of in-
terpreted lake levels and carbonate isotopic data
are linked to moisture regime and atmospheric
circulation. We show that (1) low lake level was
caused by decreased effective moisture, (2) the

1GSA Data Repository item 9713, Appendices 1
and 2, Crawford Lake data, isavailable on request from
Documents Secretary, GSA, PO. Box 9140, Boulder,
CO 80301. E-mail: editing@geosociety.org.
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Data Repository item 9713 contains additional material related to thisarticle.
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Figure 2. Correlation diagram for sediment stratigraphy in cores DC, IC, SC, BC, and MC from
Crawford Lake showing lithology, 14C ages (bold values), regional pollen assemblage zones
(PAZ), and age estimates. Inset shows bathymetry of lake and coring locations.

880 record dominantly reflected moisture-
source history, and (3) the dry climate resulted
from changesin air-mass distribution.

CRAWFORD LAKE

Crawford Lake (lat 43028'N, long 79057'W) is
situated atop the Niagara escarpment at an alti-
tudeof 279 m (Fig. 1). Thelakehasasurface area
of 2.4 haand amaximum depth of 24 m (Fig. 2).
A small inlet drains an isolated catchment of
~80 ha. The lake is in a bedrock basin and is
partly surrounded by dolomite cliffs. The deep
north part of the lake containsannualy laminated
sediments because of the absence of both water
circulation and bioturbation below 15 m water.

LAKE LEVELSAND
MOISTURE CONDITIONS

Postglacial lake levels were reconstructed by
using multiple paleoecologica data from five
cores (Fig. 2). Thelake was formed shortly after
glecial iceretreat at ca. 13 ka. Chronology was
based on six 14C dates from this site and regional
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pollen zonation. At ca. 13-12 ka, lake level was
at least 1.5 m lower than today, as shown by the
missing basal herb and shrub pollen zone (1a)
and a thin Picea zone (1b) in basal clay of the
shallowest core (MC). During the Picea zone (ca.
12-10 ka), the lake rose to the present level and
deposited marl. Marl continued to be deposited
during the Pinus zone (2) and early Tsuga sub-
zone (3a). In the middle of Tsuga subzone at ca.
6 ka, laminated marl formed in the deep basin.

The Tsuga decline ca. 4.8 kacorrespondswith
basinwide lithologic changes (Fig. 2): (1) lami-
nated marl in the deep basin (core DC) was re-
placed by massive organic-rich marl, (2) two
shallow cores (SC, IC) contained alayer of in-
washed terrestrial mosses Fissidens grandifrons
and Fontinalis sp., and (3) two wetland cores
(BC, MC) showed sediment hiatuses from ca. 5
and 8 to 2 ka, indicating nondeposition and/or
erosion dueto lowered lake levels of at least 2 m
(core BC). From 4.8 to 2 ka, detritus layers were
deposited in core SC (Figs. 2 and 3), dsoindicat-
ing lowered and fluctuating water level. Lamina

tionsin core DC disappeared from 3.5t0 2.1 ka.
Rising lake level in the past 2 karenewed lamina
sedimentation (core DC), homogeneous marl
deposition (cores SC, 1C), and peat accumulation
(cores BC, MC). During the low-level phase, the
lake likely had no surface outflow, because a
bedrock outlet sill isat 1-1.5 m below the present
lake level. A water-budget model suggests that
the precipitation was probably at least 10% lower
thantoday at thisinterval, assuming no changein
rates of evaporation and seepage discharge.

Lower and fluctuating lake level at 4.8-2 ka
was caused by decreased effective moisture un-
der adry and warm climate. Thisdry period in
the late middle Holocene appears at other sitesin
southern Ontario, including Rice Lake (Yu and
McAndrews, 1994; Yu et d., 1996), Decoy Lake
(Szeicz and MacDonald, 1991; Yu, 1995), and
Sunfish Lake (Sreenivasa and Duthie, 1973). It
correlatesintimewith thedry period in midwest-
ern North America (Webb et a., 1983; Baker et
a., 1992), which shows a time-transgressive
trend from 8-5 kain Minnesotato 5.5-3 kain
southeastern Wisconsin and southern Michigan;
the latter is closer to southern Ontario. This pat-
tern contrasts with moisture reconstructions for
northeastern North America (R. S. Webb et a.,
1993; T. Webb et al., 1993), where dry and warm
climates occurred earlier ca. 96 ka. Thisresult
implies that the Holocene moisture regime in
southern Ontario was probably connected with
the midwest rather than the northeast.

STABLE ISOTOPESAND
INTERPRETATION

Stable isotopes were done on a shallow core
(SC) that showed continuous marl deposition.
M easurement methods of 180/160 and 13C/12C ra-
tios of authigenic marl (cacite) followed Siegen-
thaler and Eicher (1986), and results were ex-
pressed in delta (8) notation relative to the
Vienna—PDB (Peedee belemnite) standard. The
analytical precision is better than 0.02%o. for both
3180 and &13C. Isotope results from the late gla-
cia and lower Holocene sediments will be dis-
cussed elsewhere in detail. For core SC, 3180
ranges from —11.77%o to —8.64%o, and &13C
rangesfrom—7.84%. to—1.77%. (Fig. 3). From ca.
10to 5ka, 380 valueswererelatively constant at
about —9%o. The 380 val ues showed a negative
shift of 2.4%o (from —9%o to —11.4%o) starting ca.
5 ka, but fluctuated between —9.7%. and —11.8%o
from 3.5 to 0.6 ka, and increased by 2%. near the
surface. The 8'3C values decreased from —1.8%o
to —-6.9%o0 from >12 to 5 ka, and fluctuated at
4-2 ka. The relatively strong covariance of 8180
and 3'3C between 4.8 and 2 ka (see Fig. 3) sug-
gests closure of the lake basin (Talbot, 1990; see
aso Drummond et al., 1995), especially during
thelate part of this period, which shows stronger
covariance and higher 180 and 313C values.

The 380 in carbonateisafunction of the 3180
of the lake water and water temperature, assum-
ing that authigenic calcite precipitated in isotopic
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Figure 3. Lithology, isotope, and summary pollen diagrams of core SC at Crawford Lake. Chronology was based on 4C dates from this site and
pollen correlation with nearby dated pollen sequences. Isotopic covariance of 380 and &'3C shows Spearman correlation coefficients of 0.15 for
interval from 378to 240 cm (ca. 12 to 5 ka), 0.40 for that from 230 to 130 cm (5 to 2 ka), and —0.30 for that from 120 to 0 cm (2 to O ka).V-PDB =Vienna

Peedee belemnite.

equilibrium. The 380 of |ake water is controlled
by the isotopic composition of inflowing water
(temperature-dependent 3180 val uesin precipita-
tion and continental effects related to moisture-
source history) and hydrologica effectsinclud-
ing evaporative enrichment. The mechanisms
that could cause the 2.4%o depletionin 3180 at ca.
5-3.5kainclude changesin air and/or water tem-
peratures, disequilibrium of marl precipitation,
hydrological change, and change in moisture
sources. A positive correlation occurs between
8180 in precipitation and air temperature at high
and middle |atitudes (Dansgaard, 1964); in the
Great Lakes region it is 0.65%o per degree Cel-
sius (Edwards and Fritz, 1988). However, ade-
crease of 3.7 °C in mean annual temperatureis
required to account for the observed isotopic de-
pletion, which is unlikely and not supported by
any proxy records from this region. The temper-
ature-dependent fractionation between calcite
and water has a negative coefficient of —0.24%o
per degree Celsius (see Edwards and Fritz, 1988).
However, enhanced evaporation caused by in-
creased water temperature could neutralize this
temperature-dependent effect (cf. McKenzie and
Hollander, 1993). Therefore, the 2.4%o decrease
in 3180 was unlikely to be caused by changesin
air and water temperatures. Disequilibrium
precipitation of calcite could exist in eutrophic
conditions, which could cause depletion in 380,
asproposed by Fronval et a. (1995). However, it
is unlikely that the presently alkaline, olig-
otrophic Crawford Lake became eutrophic
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enough in the Hol ocene to account for thisisoto-
pic depletion. An increase in organic matter and
diatoms from core DC suggests only adight in-
crease in trophic state during the Tsuga decline
(J. P. Smol, Queen’s University, 1995, written
commun.). Moisture derived from evaporation of
the Great Lakes could contribute to the atmos-
pheric vapor load in the region that is downwind
(Gat et al., 1994), but our site would not be
greatly affected owing to the orographic effect of
the highland westward (seeinsetin Fig. 1) and to
its distant location from snow belts (Bryson and
Hare, 1974). If thislake effect played aroleinthe
isotopic depletion, it would likely be superim-
posed on change in distribution of air masses
(see below). If dl these other effects are minor,
then the depleted 180 during the dry period most
likely reflected achangein the 8180 of inflowing
water. Changes in the seasonal distribution of
precipitation would change the i sotopic compo-
sition of lake water because snow and rainfall in
cold monthsisisotopicaly lighter (Fig. 4).

The 313C in carbonate is primarily controlled
by that of the dissolved inorganic carbon (DIC)
of lakewater. The 313C in DIC can mainly be ex-
plained by exchange with the atmospheric CO,
reservoir, theinflowing ground water containing
dissolved carbonate, photosynthesis of aquatic
plants (Iake productivity), and decomposition of
organic matter (for which 813C is <-20%o) (Stu-
iver, 1970). The decrease in &'3C from before
12 kato 5 ka at our site suggests that decompo-
sition of organic matter was mainly responsible,

Simcoe, Ontario
(42.85 N, 80.27 W; 240 m)
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Figure 4. Seasonal changes of precipitation
and &'0 in precipitation at Simcoe climate
station, closest isotope station to Crawford
Lake. Simcoe has annual mean precipitation
of 941 mm and weighted mean &80 of —9.27%.
relative to SMOW.

which was probably controlled by changein the
catchment’s organic supply from tundra, ever-
green Picea and Pinus forests, to mixed Tsuga-
deciduous hardwood forests. The dight increase
and fluctuation in 3'3C after 5 ka suggest
changes in evaporative enrichment and/or lake
productivity, because there was little vegetation
change then. Exchange with atmospheric CO,
was unlikely to be an important factor, consider-
ing that this small and deep lake isin a cliff-
sheltered setting.
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CHANGING AIR-MASS
DISTRIBUTIONSAND DRY CLIMATE

Themost likely mechanism that could ater the
3180 values of inflowing water is change in
atmospheric circulation patterns. Circulation
changes affect therdative importance of different
moisture sources and thus the isotopic composi-
tion of local precipitation. Two major air masses
(moist and warm maritime tropica air from the
Gulf of Mexico and dry and mild North Pecific
air from the continental west) predominantly
control moisture conditions in the Great L akes
region (Fig. 1; Bryson and Hare, 1974; Gat et dl.,
1994). Moisture from the North Pacific source ar-
rivesin this region with amuch lower 8180 value
than that of moisture from the Gulf of Mexico
(Fig. 1; Charleset a., 1994). An isotope study of
present precipitation in central lowa shows that
the 5!80 values from the Gulf of Mexico—Pacific
mixed moisture source (—10.80%o0) are more de-
pleted than those ascribed solely to a gulf mois-
ture source (—7.24%o) (Simpkins, 1995).

Changein circulation patternshhas been used to
interpret asimilar depletion of 8180 in a Swiss
lake (McKenzie and Hollander, 1993), and its
importance has been emphasized in the interpre-
tation of Greenland ice-core isotope records
(Charles et al., 1994). During the late middle
Holocene, the gulf air mass, as the magjor mois-
ture source for this region, might have contrib-
uted less precipitation enriched in 180. Greater
contribution might derive from winter and spring
storms, the summer precipitation being limited to
major storms having a strong effect. At the same
time, Pacific air might have extended eastward
more frequently, possibly as far as eastern On-
tario, and blocked the gulf air and contributed
isotopically lighter precipitation, although the
amount waslimited. Changesin air-massdistrib-
utions and precipitation seasonality were likely
controlled by latitudinal shifts of the jet stream
and storm tracks in the upper atmosphere (Rodi-
onov, 1994). This hypothesis explainsthetiming
and magnitude of the middle Holocene dry pe-
riod in the midwest and southern Ontario, which
shows that the prairie-forest border moved east-
ward in Minnesota from ca. 8 to 5 ka and in
southern Wisconsin from 5.5to 3ka(Baker et d.,
1992); in southern Ontario, the lower lake levels
lacked obvious upland vegetation responsesfrom
5to 3 ka(McAndrews, 1981; Yu, 1995). Recent
paleoclimate investigations in the northern Great
Plains also show atime-transgressive dry period
from 7.3-4.4 ka in southern Albertato 4-2.7 ka
in southern Saskatchewan (Vance et al., 1992,
1995). This pattern suggests that there could be a
teleconnection between these regions linked by
changing air-mass distributions controlled by at-
mospheric circulation.

CONCLUSIONSAND IMPLICATION

1. Stratigraphic data from five cores at Craw-
ford Lake show that lake levels were low in the
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late middle Holocene, and the regional correla-
tion with other sitesindicates that the low levels
were caused by decreased effective moisture un-
der adry climate.

2. The 8180 in the middle Holocene lake sedi-
ments recorded mostly moisture-source history,
probably linked with changing distributions of air
masses controlled by atmospheric circulation.

3. Because warm climate is probably linked
with the continental hydrological cycle and re-
gional drought in middle latitudes (Overpeck,
1996), paleoclimate studies areimportant for un-
derstanding future climate warming and potential
responses of natural systems.
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