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hydrologically open hardwater lake in northern New Jersey, USA.
The objectives of this study are to reconstruct a detailed climate
history covering the last ~ 12,000 years with a special focus on the
nature of the proposed mid-Holocene climate shift and to identify
and understand the possible forcing factors and how the climate
system responded to those forcings.

2. Study region and site

Lake Grinnell (41°06’N, 74°38'W, 170 m above sea level) is
located in Sussex County in northern New Jersey (Fig. 1A). The lake
sits in a limestone terrain and is situated in the Kittatinny Valley of
the Ridge and Valley physiographic province, which is underlain
by northeast-trending folded and faulted blocks of dolostone,
limestone, slate and siltstone (Witte and Monteverde, 2006). The
Laurentide Ice Sheet retreated from this area around 14,000 years
ago (Witte, 2001). The regional climate has been strongly affected
by the moisture from the Gulf of Mexico and tropical Atlantic Ocean
(Lawrence et al., 1982; Peixoto and Oort, 1983). Based on the
instrumental data (1895—2006) from New Jersey Climate Division 1
(northern New Jersey) (http://www1.ncdc.noaa.gov/pub/data/cirs),
the regional mean annual temperature is 10.4 °C with an average

~— Lake 'y,
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Bottom

summer (June—August) temperature of 21.5°C and an average
winter (December—February) temperature of —1.1 °C (Fig. 2A). The
mean annual precipitation is 1177 mm with almost uniform
monthly distribution (Fig. 2A). The average of monthly weighted
mean precipitation 6'%0 values (collected from 5 stations in the
Global Network of Isotopes in Precipitation (GNIP), including Ste.
Agathe, Quebec; Ottawa, Ontario; Simcoe, Ontario; Coshocton,
Ohio; and Chicago, Illinois (http://isohis.iaea.org/userupdate/
GNIPMonthly.xls)) in eastern North America (see locations in
Fig. 1A) shows a high correlation with the mean monthly temper-
ature in northern New Jersey (Fig. 2A)

Lake Grinnell is a small hardwater lake of ~0.2 km? in surface
area (Fig. 1B) and ~7 km? in catchment area. It has two basins
separated by a ridge where water is <3 m deep. The lake has a short
mean residence time of ~80 days and is mostly recharged by
shallow groundwater and perhaps precipitation on the catchment
basin (Laura Nicholson, personal communication). The water depth
in the basins was raised about 2.4 m artificially by a dam to form the
present impoundment area, with a maximum water depth of about
10.4 m. The date of the first dam construction is not well known
except that it occurred before 1913 (Valgenti et al., 1950). Lake
Grinnell is the headwater lake of a branch of Wallkill River, which

Fig. 1. Location and settings. (A) Map showing the location of our study site Lake Grinnell (red square) in northern New Jersey. Other locations (black dots): 1, Queechy Lake, New

York; 2, Green Lake, New York; 3, Inglesby Lake, Ontario; 4, Crawford Lake, Ontario; and 5, Pretty Lake, Indiana. Also shown the locations of five stations in the Global Network of

Isotopes in Precipitation (GNIP) in eastern North America (blue triangles): a, Ste. Agathe, Quebec; b, Ottawa, Ontario; ¢, Simcoe, Ontario; d, Coshocton, Ohio; and e, Chicago, Illinois.
(B) Air photo of the Lake Grinnell area. White dot represents the coring location of core GL05-1. White squares indicate the locations of water samples collected: a, Lake center;
b, Boat deck; ¢, Travis’ and Naby’s wells; d, Sincaglia’s well; e, Lake outlet (see Table 1 for detail). The water depth contours are in meters. (C) Core photo of core GL05-1. The first
drive is from 660 to 760 cm below the lake surface, and the last drive (Drive 9) is from 1460 to 1560 cm.
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Ao - 25 4 monitoring around White Lake from fall 1992 through spring 1994
0] ?fnf;?:ra;tf:a e | o 6 showed that water table responded quickly to precipitation events,
—2— §'°0 & ] s suggesting local recharge of shallow aquifer located in the lime-
E 160 7 15 8 [ 8 g stone (Nicholson, 1995). Given the high permeability of limestone
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 aMwL (Table 1). Several domestic wells around the lake were sampled in
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& From 5 GNIP stations 2006 and 2008 by first pumping out about 1.5 L of water before
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= 60 were sealed in 20 ml high density polyethylene plastic bottles with
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g 70 | scintillation caps right after collection. Samples for dissolved inor-
S 04 ganic carbon (DIC) were filtered through a 0.45-micron filter paper
and ‘poisoned’ by adding two drops of CuSO4 solution to kill
90 -
h organisms and sealed in Amber DIC glass bottles. All water and DIC
-100
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Fig. 2. Regional climate and water isotope data. (A) Mean monthly temperature and
precipitation between 1895 and 2006 from New Jersey Climate Division 1 (northern
New Jersey), showing a large seasonal temperature change but almost uniform
monthly precipitation. The monthly averages of weighted precipitation ¢'%0 values
from the five GNIP stations (average of 5 stations) in eastern North America. (B) Stable
isotope values of lake water and nearby wells at Lake Grinnell from different seasons,
plotting close to the global meteoric water line (GMWL; 3D=85'%0 + 10). The annual
weighted mean precipitation isotope data from 5 GNIP stations in eastern North
America were also included.

flows northeastward to Hudson River. The water chemistry
measurements made in 2002 show a pH of 8.9, an electrical
conductivity of 503.6 uS/cm, and total dissolved solids of 0.4 g/L.
The alkalinity of the lake water was 0.15 g/L in 1950 (Valgenti et al.,
1950). The lake bottom is almost completely covered with musk
grass Chara, an aquatic multicelluar algae that is common in
hardwater lakes (Valgenti et al., 1950).

Due to its location within the Kittatinny Valley, the narrow low
ridges on either side of Lake Grinnell are about 30—40 m higher
than the lake surface in elevation. White Lake (Sussex County,
Fig.1B), about 500 m to the southwest of Lake Grinnell, is about 7 m
higher in its lake surface elevation. There is no channel connecting
White Lake to Lake Grinnell today but surface or groundwater
connection between the two lakes is possible. Groundwater table

Table 1
Water isotope measurements from and around Lake Grinnell, New Jersey.*

samples were sent to the University of Arizona Isotope Lab for
dDwater and 6®0water and 6'3Cpjc analyses. Isotope values are
reported in conventional o notation relative to VSMOW (Vienna
Standard Mean Ocean Water) for water D and 6'®0, and VPDB
(Vienna Pee Dee Belemnite) for DIC §'3C. The analytical precisions
are 0.09%, for 6'80, 0.9, for 3D, and 0.3%, for 6'3C.

The 900-cm long sediment core (GLO5-1; Fig. 1C) was taken on
30 January 2005 from near the center of the lake (see Fig. 1B for
coring location) at 660 cm water depth with a Livingstone-Wright
piston corer of 5cm inside diameter. Sub-samples were taken
directly from the core at every 2 cm, and then homogenized for
loss-on-ignition (LOI), stable isotope and pollen analyses. LOI
analysis was carried out to estimate organic matter content based
on weight loss from combustion at 550 °C about 1 h and carbonate
content at 1000°C about 1h (Dean, 1974). Terrestrial plant
macrofossils and charcoals were picked from seven intervals and
dated using an accelerator mass spectrometry (AMS) at the
University of California, Irvine (Table 2). All the C dates were
calibrated to calendar ages using CALIB 5.01 program based on the
IntCal04 dataset (Reimer et al., 2004). The age model is derived
from a fourth-polynomial curve with a fixed surface age (—55 cal
year BP =2005 AD; Fig. 3A).

Samples for calcite stable isotope analyses were air-dried at
room temperature. Plant macrofossils, mollusk and ostracode
shells, and other macroscopic fragments were removed and dis-
carded under a stereo-microscope. Each of the 334 calcite samples

Sample ID Collection date (month/year) 3D (%, VSMOW) 080 (%,, VSMOW) 6'3C of DIC (%,, VPDB) Sampling location®
020623C 06/2002 -31 -52 Boat deck

060211D 02/2006 -51 -79 Boat deck

060618a 06/2006 —48 —-6.8 Boat deck

060618b 06/2006 —44 -6.9 Lake center

061010a 10/2006 —43 -73 Lake outlet
12302006 12/2006 -50 -7.7 Lake outlet

080517A 05/2008 —45 -7.0 -85 Lake outlet

080517B 05/2008 —47 -7.0 Boat deck

080908C 09/2008 —43 -59 -73 Boat deck

080908D 09/2008 —41 -59 =71 Lake outlet

060618c 06/2006 -53 -8.1 Travis’ well (~1.5m)
060618d 06/2006 -51 -8.2 Naby’s well (~1.5 m)
080517C 05/2008 -53 -8.2 Sincaglia’s well (~30 m)
080908A 09/2008 -53 —-8.2 -12.0 Travis’ well (~1.5m)

3 The analytical precisions are 0.09%, for 6'20, 0.99, for 3D, and 0.3%, for 6'3C as reported from the University of Arizona Isotope Lab.

b See Fig. 1B for sampling location.
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Radiocarbon (C) dates from Lake Grinnell, New Jersey.

Depth (cm, below AMS lab ID? 14C date + error Median age Materials dated

lake surface) (yr BP) (cal BP + 2¢ range)®

720-724 19482 1330+30 1265.5 +36.5 2 Larix needles, 1 Cyperaceae seed, plant macrofossils and charcoals

762—764 16918 1430+ 15 1324+ 24 7 woody scales from Abies or Picea, plant macrofossils

898—-902 19483 3495 +15 3769 + 63 plant macrofossils and charcoals

1022—-1024 16915 5340 4+ 20 6082.5 + 80.5 1 Scirpus seed, 1 woody scale, plant macrofossils and charcoals

1150—-1154 16914 7625 + 30 8417 +41 1 woody scale, plant macrofossils and charcoals

1242—1244 16919 9475 + 20 10715.5 £59.5 1 Pinus seed wing, 4 Pinus needles, 5 pieces Pinus seed fragments
and plant macrofossils

1278—-1282 16921 9870 +45 11,283 +£80 8 Pinus needles, plant macrofossils

@ Sample lab ID for Keck-Carbon Cycle AMS facility at the University of California, Irvine.
b Calibrated ages for radiocarbon dates were obtained based on the IntCal04 dataset using CALIB 5.01 (Reimer et al., 2004).

was analyzed for oxygen and carbon isotopes in the Stable Isotope
Laboratory at the University of Minnesota using a Finnigan MAT
252 isotope ratio mass spectrometer coupled to a Kiel IT carbonate
preparation device. All results are reported in standard ¢ notation
relative to VPDB. The analytical precision is +0.06%, for both §'80
and 6'3C. To evaluate the regional vegetation response to climate
changes, pollen analysis was done on 0.7 cm? sub-samples at every
8-cm interval (Zhao et al., in press). The samples were prepared
using a modified standard acetolysis procedure (see details in Zhao
et al., in press).

The computer program RAMPFIT (Mudelsee, 2000) was used to
analyze raw 6'80 data to objectively detect the shift in the long-
term trend. In order to visualize and evaluate the magnitude of
centennial-scale variability of the 6180 time series, we obtained the
deviations of raw 6'80 values from the RAMPFIT trend, filtered the
raw 6'80 time series after applying a 200—500 year band-pass filter

using the program AnalySeries (version 2.0.4), and calculated the
rates of changes (expressed as 100 x A(6'0)/At) between each
adjacent pair of raw measurements. The raw 6'%0 and 6'3C data
were fitted and detrended with a 3" order-polynomial curve using
the program AutoSignal (version 1.0) to remove the long-term
trend. In order to evaluate the potential solar forcing on the
centennial-scale climate variability and to highlight these centen-
nial-scale variations recorded in 6'0 time series, we also
performed spectral analysis using the program REDFIT (Schulz and
Mudelsee, 2002) using a Hanning window and band-pass filters in
the detrended 6'®0 and raw residual A'#C time series (Reimer et al.,
2004). The program AnalySeries was also used to perform cross-
spectral analysis of the detrended 680 and §'3C time series in order
to evaluate their coherence, and to apply a band-pass filter (at
910 =+ 80 year periodicity) to show their corresponding changes at
millennial-scale.
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Fig. 3. Results from core GL05-1 at Lake Grinnell, New Jersey. (A) Age model based on seven calibrated *C dates using a fourth-polynomial curve. (B) Organic matter content (%,
dotted curve) and carbonate content (%, solid curve) from LOI analysis. (C) 6'30 values from calcite. (D) 4'3C values from calcite.
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4. Results

The water isotope values of the lake and surrounding wells are
within the range of amount-weighted isotope values in annual
precipitation from the five GNIP stations in eastern North America
(Fig. 1A) (http://isohis.iaea.org/userupdate/GNIPMonthly.xls). Also,
these water samples scatter around the global meteoric water line
(GMWL, Fig. 2B). The lake water DIC §'3C values are higher (average
—7.6%,) than the groundwater 6'3C value of —12%, (Table 1).

The 900-cm long core has about 230 cm clay sediment at the
bottom (1560—1330 cm below the lake surface). The rest of the core
is mostly marl (1330—670 cm), except for 10 cm of organic-rich
gyttja at the very top of the core (670—660 cm; Fig. 1C). This study
focuses only on the marl section. The marl contains >90% carbonate
and ~6% organic matter (Fig. 3B). The seven calibrated C dates
from the core GLO5-1 are all in order. The chronology indicates
the marl section covers the last 12500 calibrated years (Fig. 3A). The
accumulation rate of the marl is almost constant throughout the
core at ~0.54 mm/year based on the age model.

The 6'80 values range from —8.9%, to —6.79%, with centennial-
scale fluctuations (Fig. 3C). A major negative excursion at
12.5—11.3 ka reached a minimum of —8.9%,. After 11.3 ka, the 6'%0
values fluctuate around a constant value of —7.440.4%, until 5.8 ka,
thereafter steadily decreasing to most recent value of —8.29,
(Fig. 4A), which suggests an equilibrium precipitation of calcite
from present-day lake water. The high 6'80 values of about —6.7 to
—6.8%, occur at 11.1,10.2, 9.5, 6—5.7 and 4.8 ka. The 6'80 deviations
from RAMPFIT data show ~0.79, variations before and <0.59%,
variations after 4.7 ka (Fig. 4B). The smoothed time series after

5'°0 deviations

a200—-500 year band-pass filter also show ~0.2 to 0.3%, variations
before and ~0.1%, variations after 4.7 ka (Fig. 4C). The A(6'80)/At
results indicate highest rates of changes around 4.7 ka (Fig. 4D).
In addition, spectral analysis of the detrended 6'0 data shows
a 500-year periodicity above 95% confidence level (CL) after 4.7 ka
(Fig. 5C) and a 330-year periodicity above 95% CL before 4.7 ka
(Fig. 5D).

The 6'3C values range from —9.0%, to —4.2%, (Fig. 3D). A major
positive excursion between 12.5 and 11.3 ka reached —-69, at
~11.7 ka. The 6'3C values were steady around —7.4%, between 11.3
and 9ka and thereafter steadily increased to —4.5%, at 8.5 ka
(Fig. 3D). From 8.2 to 5.5 ka, 6'3C values averaged —6.0 + 0.4%.
From 5.5 to 4.7 ka, 6'3C increases from —6 to —5%, with little
fluctuation, followed by a decreasing trend to —79, at 3.5 ka. From
3ka to the present, 63C values remained nearly constant at
—5.0 + 1%, The cross-spectral analysis of the detrended 6'80 and
613C values (Fig. 6A, B) shows highest coherency at ~0.8 (Fig. 6C)
and in-phase (~0°) relationship (Fig. 6D) at the 910-year period-
icity (although both curves have a very weak correlation, with an R
value of ~0.05), which is also supported by the covariance of the
smoothed detrended 6'80 and 6'3C time series after applying
a 910 + 80 year band-pass filter (Fig. 6E).

5. Discussion
5.1. Interpretation of calcite stable isotopes at Lake Grinnell

Changes in calcite 6'%0 values obtained at Lake Grinnell likely
reflect changes in climate conditions in northern New Jersey, rather

A B (to RAMPFIT) C D io0sa™0yat
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B \ . | . ) v : Lo
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- ]
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5'°0 band-pass filter
(200-500 year)

Fig. 4. Time series analyses of calcite 60 time series from Lake Grinnell, New Jersey. (A) Raw 6'®0 values with RAMPFIT line to show change in the long-term trend. (B) 6'0
deviations from long-term fitted RAMPFIT line (detrended record). (C) Smoothed curve of raw 4'80 time series after a 200—500 year band-pass filter to show low-frequency

components. (D) The rate of change (100 x A(6'0)/At) based on raw ¢'%0 time series.
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Fig. 5. Spectral analyses of the detrended 6'%0 time series (by a third-polynomial curve) at Lake Grinnell and raw residual A™C time series (data from Reimer et al., 2004). (A)
Spectral power of residual A'C after 4.7 ka. (B) Spectral power of residual A'C before 4.7 ka. (C) Spectral power of detrended 6'80 after 4.7 ka. (D) Spectral power of detrended §'0
before 4.7 ka. The legends of spectral power, spectral background and different confidence levels (CL) were also indicated.

than a local hydrogeological behavior for the following reasons: (1)
the lake has a very short-residence time of about 80 days. Thus, the
lake water would be quickly replaced by inflowing ground and
surface water. (2) Groundwater table monitoring around White
Lake (Sussex County), 500 m south of Lake Grinnell within the
same valley, from fall 1992 to spring 1994 showed that the water
table responded quickly to precipitation events (Nicholson, 1995).
(3) Chara encrustations (see details below), the calcite materials
that we used for 680 analyses, mostly precipitate from late spring
to summer. Thus they only capture the summer water and climatic
signal. (4) Our measurements of summer lake water show higher
630 values when comparing to well water and winter lake water
(Fig. 2B, Table 1), suggesting that precipitation contributes signifi-
cantly to the lake water during summers. Therefore, we argue that
calcite 6’0 values at Lake Grinnell likely reflect the summer
conditions in the region.

The fine-grained calcite that we analyzed is comprised of mostly
disintegrated Chara encrustations as well as some endogenic
calcite. Chara uses dissolved CO, from the lake water for photo-
synthesis, which is facilitated significantly by Chara calcification
(McConnaughey, 1991; McConnaughey and Falk, 1991), inducing
calcite precipitation as a result. The 680 values of Chara encrus-
tations have been documented to be close to the expected equi-
librium values (Coletta et al., 2001; Ito, 2002). Our stable isotope
measurements of Lake Grinnell water are consistent with prior
results. At our study region, the average warm season (May—
September) temperature between 2006 and 2008 is about 21 °C,
with a maximum mean monthly temperature of ~27°C and
a minimum temperature of ~15°C. The temperature of Chara
photosynthetic activity is probably close to the average warm

season temperature, considering the high heat capacity of water
assuming that the groundwater inflow mixes quickly with the lake
water. For an average temperature of 21 °C and average warm
season 0'80yaer Values of —6.6%, (VSMOW) (see Table 1), the
calculated 6'®0cacite at equilibrium is —8.1%, (VPDB) using the
fractionation equation published in Leng and Marshall (2004) as
modified from Kim and O’Neil (1997). The uppermost §¥0aicite
value from the core is —8.2%, (VPDB), which is very close to the
calculated value of —8.19%,

The 680 values of calcite in isotopic equilibrium reflect isotopic
composition and temperature of the lake water during calcite
precipitation. The water in Lake Grinnell is derived from ground-
water and precipitation, with groundwater table responding
quickly to precipitation events suggesting a relatively shallow
aquifer and local recharge (see details in Section 2). The 6'80 values
of meteoric precipitation are controlled by moisture sources and air
temperature. Evaporative enrichment can also increase the lake
water 6'®0 values. The lake/groundwater isotope values and
regional precipitation isotopic compositions fall on the GMWL
(Fig. 2B), suggesting that this short-residence time lake has
a minimal evaporation (Leng and Marshall, 2004 and references
therein). Therefore, it is unlikely that the changes in precipitation/
evaporation ratio control the 60t signal. Changes in the
moisture source of precipitation could also influence the 6'%0
values of lake water. For example, Burnett et al. (2004) investigated
the moisture sources of winter precipitation in New York state and
concluded that the lake-effect precipitation had a much lower §'80
values (—17.99%,) than the moisture originating in the Gulf of Mexico
and in the nearby Atlantic Ocean (—8.2%,). However, the averaged
6180 values of annual precipitation in northern New Jersey is about
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Fig. 6. Covariance of the detrended 6'0 and 6'C time series from Lake Grinnell. (A) Detrended 6'30 time series by its third-polynomial fitting curve. (B) Detrended 6'3C time series
by its third-polynomial fitting curve. (C) The spectral coherence between the detrended 6'0 and 6'3C time series. (D) The phase relationship between the detrended 6'30 and §'*C
time series. (E) Smoothed curves of detrended 6'0 (solid) and 6'3C time series (dashed) after a 910 + 80 year band-pass filter.

—8%, (Bowen and Wilkinson, 2002). The shortest distance from the
Laurentide Great Lakes (Lake Erie) to Lake Grinnell is ~300 km and
they are separated by the Allegheny Mountains which could act as
a sufficient orographic barrier against any lake-effect precipitation
from reaching northern New Jersey. Thus the major moisture source
in northern New Jersey is more likely from the Gulf of Mexico and
tropical Atlantic Ocean (Lawrence et al., 1982; Peixoto and Oort,
1983). Changes in lake water temperature of this small, short-
resident-time lake likely follow the air temperature. Hence changes
in air temperature are the most likely cause of changes in 6'%0
values of Chara encrustations at Lake Grinnell. As the average of
monthly weighted mean precipitation 6'30 values in eastern North
America show a close correlation with the monthly air temperature
in northern New Jersey (Fig. 2A). The annual weighted mean
precipitation 6'80 values and air temperatures (http://isohis.iaea.
org/userupdate/GNIP2001yearly.xls) from the five GNIP stations
(Fig. 1A) are also correlated (6"®Oprecipitation = 0.7 x Tair — 14.9;
R%=0.70) for the period 1962—2001. Considering both the positive
relationship between meteoric water 680 and air temperature at
0.7 %, per °C in eastern North America, and the negative relation-
ship with water temperature during calcite precipitation at —0.24
o, per °C (Craig, 1965), we can use a simple carbonate §'80-air
temperature relation of 0.46 9%, per °C as a first approximation to
estimate air temperature changes.

The 6'3C values of Chara encrustation depend mainly on local
factors, particularly the 6'3C values of DIC in lake waters (Ito, 2002).
The 6'3C of lake water DIC could be influenced by the atmosphere-
lake exchange of CO,, the DIC isotope composition of groundwater
inflow, the decomposed or respired organic matter input into the
lake water, and especially the photosynthetic activity by Chara
(McKenzie, 1985; Cole et al., 1994; Ito, 2002; Leng and Marshall,

2004). The 6'3C values were unlikely influenced by interaction
with atmospheric CO; because of the lake’s small size, short water
residence time and the relatively constant atmospheric CO,
concentration during the Holocene (with a range of about 25 ppmv;
Indermiihle et al., 1999). The groundwater DIC 6'3C value of —12¢,
(Table 1) reflects about equal contributions from both limestone
bedrock (~09%,) and C3 plants in this region (from about —32 to
—20%,, Leng and Marshall, 2004 and references therein). The
decomposed and respired organic matter could decrease the DIC
613C value of lake water by releasing 2C from organic matter. Chara
will increase the 6'3C of the DIC by preferentially incorporating >C
in photosynthesis (McConnaughey et al., 1997). The lake water DIC
613C values range from —7 to —8.5%, (Table 1), which are higher
than that of groundwater DIC, likely to be the result of extensive
photosynthetic activity by Chara that covers the lake floor.

5.2. Holocene climate history inferred from calcite isotope records

The negative excursion of ~15 % in 6'0 at 12.5-11.3ka
represents a 3—4 °C cooling in air temperature, corresponding to
the Younger Dryas (YD) cold event (e.g. Cwynar and Levesque,
1995; Shuman et al., 2002; Yu, 2007). The 3—4°C temperature
decrease during the YD inferred at Lake Grinnell is comparable to
other temperature records in the northeastern United States,
including a similar cooling inferred from pollen records in New
Jersey and Connecticut (Peteet et al., 1993), the ~5°C cooling
derived from 6'80 values in carbonate at White Lake (Warren
County), New Jersey (Yu, 2007), the 5.6 °C cooling at Blood Pond in
Massachusetts (Hou et al., 2007), and the more than 5 °C cooling
at Crooked Pond in Massachusetts (Huang et al., 2002) estimated
from 3D values in palmitic acid. This cold period was locally
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Fig. 8. Timing of mid-Holocene climate shift and hemlock decline. (A) Age model with two dating points adjacent to the hemlock decline. Dating error is indicated by the error bars,
with age models based on the fourth-polynomial curve used in this paper (solid) and on a linear interpolation (dashed). (B) The 6'®0 values from Lake Grinnell with RAMPFIT line.
The gray band shows the climate shift point. (C) Hemlock pollen percentage from the same core as isotope data at Lake Grinnell (Zhao et al., in press). The gray band indicates the
hemlock decline between two pollen samples.
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Fig. 9. Regional climate records and climate controls. (A) Annual insolation at 40°N (Berger and Loutre, 1991) and change in Laurentide Ice Sheet (LIS) areas compared to full glacial
period (gray area). Half-way point of insolation changes is indicated by the dashed line. (B) Summer (solid) and winter (dashed) insolation at 40°N (Berger and Loutre, 1991). Half-
way point of summer insolation changes is indicated by the dashed line. (C) The rate of change in annual insolation per 1000 year (kyr) at 40°N. The gray bar indicated the most
rapid decrease in annual insolation. (D) The 6'80 values from Lake Grinnell with RAMPFIT line. The seven calibrated 'C dates and errors are indicated on the left. (E) Smoothed
curves of detrended 6'30 (solid curve) and raw residual A'C time series (dashed curve; Reimer et al., 2004) after a 330 + 30 year band-pass filter before 4.7 ka and a 500 =+ 50 year
band-pass filter after 4.7 ka.
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