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Abstract:

Changes in synoptic atmospheric circulation patterns are thought to play a role in
establishing millennial scale climate periods during the end of the late glacial and the Holocene.
In the northeastern United States, multi-proxy evidence documents fluctuations in effective
moisture and temperatures for this time period, but constraining the relationship between
atmospheric processes and these climate regimes is not straightforward. Because the hydrogen-
isotope ratios of sedimentary terrestrial leaf waxes can reflect precipitation D, these long-chain
hydrocarbon compounds are an excellent tool to investigate moisture sourcing. Here we present
lake sediment and leaf wax carbon- and hydrogen-isotope records that span the past ~14.0
thousand years from Heart Lake and Moose Pond in the Adirondack Mountains (ADK), New
York. High initial lake productivity after basin inception is reflected in low C:N ratios (< 15),
and higher relative short chain n-alkane (n-C17, n-Ci9, and n-Cz1) to long chain n-alkane (n-C»7,
n-Caz9 and n-Cs1) concentration ratios. The Holocene record is characterized by low bulk and n-
alkane 8"3C (~ —28%o, ~ —31%o, respectively), high ACLxs.35 (~28), and high relative
concentrations of long chain n-alkane homologues, indicating a dominantly terrestrial source of
organic matter for this time period. Hydrogen-isotope ratios of n-Cy9 n-alkane from both lake
basins range only ~20%o through the Holocene and reconstructed precipitation 8D (8Dprecip) from
both basins is in good agreement with that of modern modeled spring precipitation. This suggests
there may have been no major changes in the sourcing of spring precipitation for the ADK

throughout the time of record.

1. Introduction
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Atmospheric circulation dynamics are a key component of a region’s climate system, but
how these dynamics are integrated into past hydroclimate regimes remains a challenge to
constrain. In the northeastern United States (here defined as New England and the upper Mid-
Atlantic states of Pennsylvania, New York and New Jersey), the end of the late glacial and the
Holocene Epoch are a time of well-documented millennial-scale variability in temperatures and
effective moisture (e.g. Cwynar and Spear, 2001; Foster et al., 2006; Hou et al., 2012; Hubeny et
al., 2011; Kirby, Patterson, Mullins & Burnett, 2002; Kirby, Mullins, Patterson & Burnett, 2002;
Marsicek et al., 2013; McFadden et al, 2005; Menking et al., 2012; Newby et al., 2009; Oswald
et al., 2018; Shuman and Marsicek, 2016; Yu, 2000; C. Zhao et al., 2010; Y. Zhao et al., 2010).
Because air mass source and trajectory can greatly influence regional temperatures, precipitation
amount and seasonality (e.g. Amini and Straus, 2019; Fukushima et al., 2019; Xu et al., 2019), it
is possible that there is a relationship between late glacial and Holocene atmospheric circulation
patterns and the hydroclimate variability observed in these proxy records (e.g. Gao et al., 2017;
Hubeny et al., 2011; Kirby, Mullins et al., 2002; Liu et al., 2014; Shuman et al., 2006; C. Zhao et
al., 2010). Proxy records that document air mass source evolution can therefore provide insight
into the significance of this relationship for sites in the northeastern United States from the end
of the late glacial through the Holocene.

In order to understand past atmospheric circulation variability, hydrogen isotopes of
terrestrial leaf waxes preserved in sediments have been used increasingly in recent years (e.g.
Bhattacharya et al., 2018; Feakins et al., 2019; Thomas et al., 2016; Tierney et al., 2010). In the
modern, leaf wax compounds have been shown to record the 8D of the growth water the plant
used during biosynthesis of these compounds. For terrestrial plants in temperate environments

such as the northeastern United States, the growth water is the water available in the soil column
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during the time of leaf wax synthesis and production, and largely reflects 6D of precipitation
(Freimuth et al., 2020; Sachse et al., 2012 and references therein). The hydrogen isotopes of
sedimentary leaf waxes for a temperate forest environment should therefore track precipitation
oD through time, having the potential to record changes in hydroclimate due to atmospheric
circulation reorganization (e.g. Rach et al., 2014).

Here we use terrestrial leaf wax biomarkers extracted from the sediments of two lakes in
the Adirondack Mountains (ADK) of upstate New York in order to evaluate precipitation source
trends from the end of the late glacial through the Holocene for the northeastern United States.
The modern climate of the ADK is influenced by the Pacific North American (PNA) and North
American Oscillation (NAO) teleconnection patterns, as documented by correlation between
these indices and, for example, monthly streamflow (Bradbury et al., 2002), winter snowfall
totals (Hartley and Keables, 1998), and remote sensing wavelet analysis of precipitation and
greenness (Mullon et al., 2013). The ADK also has been demonstrated to receive moisture
seasonally from a variety of sources with dissimilar isotopic signals (Burnett et al., 2004;
Puntsag et al., 2016). Thus, this site is ideally located to provide sediment records sensitive to
shifts in atmospheric circulation patterns and concomitant changes in precipitation source.
Furthermore, a wealth of previous studies conducted in the ADK investigating paleoecology (e.g.
Jackson, 1989; Jackson and Whitehead 1991; Lavoie et al., 2015; Overpeck, 1985; Whitehead
and Jackson, 1990; Whitehead et al., 1989), lake development and acidification (e.g. Arseneau et
al., 2016; 2011; Driscoll et al., 2016; Driscoll and Newton, 1985; Whitehead et al., 1989), soil
chemistry (e.g. April et al., 2004; April and Newton, 1983; Sullivan et al., 2006; Zarfos et al.,
2019) and modern leaf wax taphonomy and incorporation into lake sediments (Freimuth et al.,

2020) aid in the interpretation and contextualization of the downcore leaf wax record. Finally,
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evaluating the two lake records in tandem will allow us to better deconvolve the signal of
precipitation sourcing through time from other catchment specific influencing factors, to
determine if atmospheric circulation patterns have shifted in step with other late glacial and
Holocene climate variables, or if these patterns have remained largely continuous throughout the

time of record.

2. Background and Study Site

The Adirondack Mountains of northeastern New York comprise a 24,000 km? geologic
dome of Proterozoic origin, heavily dissected in the late Quaternary by continental ice during the
last glaciation (Barth et al., 2019; Craft, 1979; Isachsen and Fisher, 1970). Total elevation within
the ADK ranges from 37 m to 1,629 m above sea-level with the highest peaks occurring in the
central to northeast section of the mountain range where both of the study lakes are located
(Figure 1). There are approximately 2,800 lakes covering more than 1,000 km? distributed
throughout the ADK, many of which formed as the region deglaciated prior to 13.0 cal kyr BP
(Barth et al., 2019; Driscoll et al., 1991).

The modern climate of the Adirondacks is humid-continental, having cool summers and
cold winters (Peel et al., 2007) with precipitation amounts increasing from the northeast to
southwest across the mountain range (Ito et al., 2002). Climate normal datasets from National
Weather Service stations within a 50 km radius of either study site and for the years 1981 — 2010
record an average mean annual temperature between 4.2 and 6.8°C, while the average mean
annual precipitation amounts ranged from 948 to 1,138 mm (Arguez et al., 2010). The same
climate normal datasets record precipitation minima occurring in winter (DJF: 213 mm), and

maxima occurring in summer (JJA: 309 mm). Spring (MAM; 243 mm) and fall (SON: 290 mm)
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seasons have intermediate values (Arguez et al., 2010). There are marked altitudinal gradients
within the ADK so that temperature decreases, and cloud cover, wind velocity and precipitation
increase with increasing elevation (Ito et al., 2002; Miller et al., 1993; Schlesinger and Reiners,
1974). Snowfall occurs throughout the months of October through May and lake effect snowfall
is a contributor to winter precipitation totals with importance diminishing rapidly to the east
(Veals and Steenburgh, 2015).

The dominant air masses that contribute precipitation throughout the year to the ADK are
(1) dry northern and continental air, (2) moist southern air originating in the Gulf of Mexico and
South Atlantic, and (3) moist coastal air from the North Atlantic (Bryson and Hare, 1974;
Burnett et al., 2004; Puntsag et al., 2016). The hydrogen and oxygen isotopic values of
precipitation as well as moisture content varies by air mass source and trajectory (Burnett et al.,
2004; Figure 2). Generally, northern continental sources are the driest and contain the most
negative 8'0 and 8D precipitation values. Atlantic coastal systems produce the greatest amounts
of precipitation having intermediate isotope values, while southern sourced air masses contribute
intermediate amounts of precipitation but are the most positive. For example, over a five-month
period (November through March), precipitation isotope measurements conducted in Hamilton,
New York, revealed an average oxygen-isotope composition of —17.9%o and average hydrogen-
isotope composition of —127%o for northern continental sources. Southern sourced air masses
produced the most positive average oxygen (—8.2%o) and hydrogen (—52%o) isotope values, while
Atlantic coastal systems’ precipitation averaged —16.1%o for 3'30 and —113%. for SD (Burnett et
al., 2004; Figure 2).

The ADK is located in the eastern North American temperate broadleaf and mixed forest

biome (Olson et al., 2001). Within the mountain range, the modern vegetation zones primarily
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reflect differences in elevation (Jackson, 1989; Jackson and Whitehead, 1991; Overpeck, 1985;
Whitehead et al., 1989). While northern hardwood-conifer forest is predominant at low
elevations (< 300 m), mixed conifer-northern hardwood, subalpine spruce-fir-paper birch, and
subalpine fir forest become the dominant forest type at progressively higher elevations (Jackson,
1989; Whitehead et al., 1989). The Adirondacks have been forested beginning from ~11.9 to
~9.6 cal kyr BP, and modern vegetation assemblages were established by ~2.0 to ~1.0 cal kyr BP
(Lavoie et al, 2015; Jackson, 1989; Overpeck et al., 1985; Whitehead et al., 1989; Whitehead and
Jackson, 1990). Prior to forest establishment, the vegetation assemblage has been characterized
as non-arboreal shrub tundra (Lavoie et al., 2015) or as matching most closely to modern and
forest-tundra (Whitehead and Jackson, 1990).

The two study sites, Heart Lake (44.18°N, 73.97°W) and Moose Pond (44.37°N,
74.06°W), are located in the central-northeast of the ADK within the mixed conifer-northern
hardwood vegetation zone, and approximately 25 km distant from each other (Figure 1). Heart
Lake is a small (0.1 km?), oligotrophic lake with a maximum depth of 14 m occupying a
depression between two local peaks (Figure 3A). The lake itself is located in the High Peaks
region of the Adirondack park at ~665 m, in a small catchment (~1 km?) of minimal elevation
range (~ 200 m; Freimuth et al., 2020). The lake has a single depocenter, which is the coring
location for this study (Figure 3A). There are no continual inlets and only one outlet which
drains the lake to the southeast (Freimuth et al., 2020; Jackson, 1989). In comparison, Moose
Pond is outside the High Peaks region, at lower elevation (475 m), of larger size (0.7 km?), has a
greater maximum depth (22 m), and much larger catchment area (~17 km?; Figure 3B).
Furthermore, Moose Pond has a greater degree of hydrological and morphometric complexity

(Figure 3B). The northeast inlet connecting Moose Pond to an upstream wetland area has formed



162  apro-grading delta into Moose Pond adjacent to the coring location. Because the Moose Pond
163  catchment contains the northern flanks of McKenzie Mountain, total elevation range within the
164  catchment (~ 700 m) is greater than at Heart Lake. The relevant hydrologic and topographic
165  information for each basin and catchment is summarized in Table 1.

166

167 3. Materials and Methods

168 3.1 Bulk sediment retrieval and analysis

169 Sediments were sampled at Heart Lake and Moose Pond in February 2017 using a

170  Livingstone square-rod piston coring device. At both sites two adjacent cores were recovered
171  offset in depth by ~50 cm. All cores were wrapped in plastic wrap, stored in PVC tubing, and
172 removed to the University of Cincinnati and St. Lawrence University. They were then split,
173 described, and subsampled for loss-on-ignition, magnetic susceptibility, grain size, bulk

174  sediment, lipid and radiocarbon analysis. Loss-on-ignition sampling was conducted at 4-cm
175  intervals and combusted at 550°C (4 hr) and 1000°C (2 hr) for total wt. % organic matter (TOM)
176  and total carbonate (TC) respectively (Heiri et al., 2001; Shuman, 2003). To assess magnetic
177  susceptibility, all cores were scanned with a Bartington MS2 meter at 2 cm resolution.

178  Subsamples were taken for grain size analysis at every 20 cm, then pre-treated following the
179  methods of Gray et al. (2010) and Bird et al. (2014). A Beckman-Coulter LS230 instrument was
180  used to determine the particle distribution, as described in Freimuth et al. (2020).

181 Bulk sediment total organic carbon (TOC), total nitrogen (TN) and §'3C organic were
182  determined from decarbonized, dried and homogenized aliquots of 20 cm resolution using the
183  methods of Diefendorf et al. (2008) on a Costech elemental analyzer interfaced with an IRMS

184  viaa Conflo IV. C:N ratios were calculated from the ratio of wt. % TOC to wt. % TN. & °C
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organic values were normalized to the VPDB scale after correction for sample size dependency
(Coplen et al., 2006) and a precision of 0.07%o (1o, n = 65) and accuracy of 0.07%o (16, n = 12)

were calculated using four independent laboratory standards.

3.2 Biomarker analysis

Sediment samples of ~1.5 cm® were retrieved from Heart Lake and Moose Pond cores at
~40 cm resolution for compound-specific hydrogen- and carbon-isotope analysis. All samples
were first freeze-dried and homogenized. The total lipid extract (TLE) was produced by
accelerated solvent extraction on a Dionex 350 with 5:1 (v/v) DCM/MeOH. Half the TLE was
archived while the working half was separated by activated alumina oxide column
chromatography into aliphatic and polar fractions. Unsaturated and saturated compounds were
separated from the aliphatic fraction using 5% silver silica gel and eluting with hexanes
(Freimuth et al., 2020). Identification of n-alkanes was completed on a GC-MS using an Agilent
7890A GC and Agilent 5975C quadrupole mass selective detector. A fused silica column
(Agilent J&W DB-5ms; 30 m x 0.25 mm, 25 pm film) was used for separation. Compounds were
identified by comparison of mass spectra to published spectra, comparison to standards (n-
alkanes C7 to Ca0; Supelco, Bellefonte, USA), and by retention time. For quantitation, samples
were spiked with an internal standard (1,1’-binaphthyl; 25 pg/ml) before quantification on the
same GC-MS with a flame ionization detector (FID). The internal standard was used to
normalize the compound peak areas and, with the response curves of n-alkane standards (C7 to
Ca0), converted to concentration. Precision (0.61, 16, n = 16) and accuracy (0.41, 16, n=16)
were determined from the analysis of external standards at 25 pg/ml. All concentrations were

normalized to the mass of dry sediment extracted. For samples containing an unresolved
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complex mixture (UCM) or coelution of n-alkanes with other compounds, urea adduction was
performed after quantitation and prior to isotope analysis. Branched/cyclic compounds were
separated by adducting n-alkanes in urea crystals with equal parts 10% urea in methanol (w/w),
acetone, and n-pentane by freezing and subsequent evaporation with nitrogen. Non adducts were
extracted with hexanes. and urea crystals were subsequently dissolved with water and methanol
to release n-alkanes and then liquid-liquid extracted with hexanes.

We calculated the weighted average concentration of all long chain n-alkanes (ACL) for
each sample using the chain lengths n-Css through n-Css and defined as:
Equation 1:

(25[Cys5] + 27[Cy7] + 29[Cy9] + 31[C34] + 33[C33] + 35[C35])
([Cz5] + [Ca7] + [Ca9] + [C31] + [C33] + [C35])

ACLy5_35 =

where the square brackets indicate the concentration of each homologue in pg/g dry sediment
present in a sample. Carbon preference index (CPI) values measuring the relative abundance of
odd over even carbon chain lengths for each sample were also calculated as follows (Marzi et al.,
1993):

Equation 2:

[Z0dd(C21-33) + Zod4a(Ca3-35)]
22“even (C22—34)

CPI =

Samples with CPI values greater than one have a higher contribution of odd chain lengths (21
through 35) than even chain lengths (22 through 34), which is taken as a possible indication of a

terrestrial plant source (Eglinton and Hamilton, 1967).

10
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Gas chromatography isotope ratio mass spectrometry (GC-IRMS) was used to determine
n-alkane hydrogen and carbon isotopic composition. We used a Thermo Trace GC Ultra
equipped with an Isolink pyrolysis reactor (at 1420°C) interfaced with a Thermo Electron Delta
V Advantage IRMS via a Conflo IV for measurement of D. For §'3C, an Isolink combustion
reactor (at 1000°C) replaced the pyrolysis reactor. Details of GC conditions and instrumentation
are provided in Freimuth et al. (2020). The isotopic composition of samples was normalized to
the VSMOW/VSLAP or VPDB scale using periodic interspersed standards of known 6D and
8'3C composition (Mix A6, A. Schimmelmann, Indiana University) and are reported in standard
delta notation. We determined the analytical precision to be 3.1%o for 8D by pooling the standard
deviation from all replicate sample measurements following Polissar and D’ Andrea (2014). The
precision on the co-injected n-Cssg internal standard for all samples and standards is 3.6%o (o =1,

n = 110) for 8D and 0.31%o (c = 1, n = 140) for §'*C.

3.3 Age Models

3.3 Age Models

Independent age models were constructed for Heart Lake and Moose Pond based on
radiocarbon dates for organic terrestrial macrofossils, and sediment 2!°Pb ages. Samples for
radiocarbon analysis were removed from cores, cleaned under stereomicroscope, dried at 60°C,
and sent to the National Ocean Sciences Accelerator Mass Spectrometry (NOSAMS) facility for
14C analysis (Table 2). Samples for 2!°Pb analysis were taken from surface sediment cores that
were collected from the same coring location as this study and described in Freimuth et al.
(2020). Briefly, one half of each split surface core was sub-sampled for >!°Pb dating at 0.5 — 2

cm wide intervals from the top of the core to the depth at which unsupported (excess) 2'°Pb was

11
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no longer measurable (99 cm at Heart Lake and 37 cm at Moose Pond). Lake sediment
chronologies for the surface sediment cores were established at the Dartmouth GeoAnalytical
Resource Center, in Hanover, New Hampshire, using 2!°Pb dating and the Constant Rate of
Supply (CRS) model (Appleby and Oldfield, 1978). Total 2!°Pb for each core depth interval
(*'°Pbr) was measured by gamma spectrometry using Canberra well-type and broad-energy
intrinsic Ge detectors, and instrument calibration was performed using matrix-matched
calibration standards of lake sediments mixed with 1% (w/w) reference uranium ore BL-5
(Canadian Certified Reference Material Project, Ottawa). The atmospheric or excess *!°Pb
component (>!°Pbys) required for the CRS model was calculated as *!°Pbr for each depth interval
minus a uniform supported 2!°Pb activity for each core. Supported 2!°Pb activity was taken as
the convergence of the 2!°Pbr asymptote with 2°Ra activity for the core, was estimated as a
variance-weighted mean of the two measures, and ranged 10-14 Bq kg™!'. For each interval ?*’Ra
was measured at 186 keV (with deconvolution from **U) and confirmed with surrogates >'“Pb
(295 and 352 keV) and 2!“Bi (609 keV). Cumulative analytical uncertainties were propagated as
described by Landis et al. (2012), and age model uncertainties were propagated following
Binford (1990). The Heart Lake and Moose Pond 2!°Pb age model data is reported in full in the
Appendix, Table A.1 and A.2. Surface sediment cores were then correlated with the Livingston
piston cores by field observations, collection depth information, and curve matching of loss-on-
ignition data. As no samples for chemical analysis reported in this study were taken from the
surface sediment cores, they are not described in any further detail here.

To generate the chronology for each lake’s Livingston sediment core, we employed
Bayesian age-depth modeling techniques (Bacon v2.2; Blaauw and Christen, 2011) using the

most recent calibration curve, IntCal 13 (Reimer et al., 2013). We accepted the default values for

12
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input parameters relating to the accumulation rate (acc.mean; acc.shape) and memory properties
(mem.mean; mem.strength) for all models (Blaauw and Christen, 2011). To capture the age-
depth relationship near the sediment water interface, and in order to keep age models consistent
with previous and future publications, we integrated into our models the 2!°Pb ages from surface
sediment cores described above. To correlate the Heart Lake sediment core and chemical
analysis reported here with a palynological record of Heart Lake reported in Whitehead and
Jackson (1990), we generated an updated age-depth model for the previously published record
using Bacon v2.2 and IntCal 13 as described above. The two Heart Lake core records were then
correlated with each other by age. The resulting age-depth relationships are shown in Figure 4,
and the original Bacon output plots are included in the Appendix, Figure A.1. All ages are

reported in cal yr BP where 0 cal yr BP is 1950 AD, and rounded to the nearest 0.1 cal kyr BP.

4. Results
The stratigraphic sections, bulk chemistry and isotope analyses of Heart Lake and Moose
Pond provide information into the paleolimnological development of the two basins from lake
inception after deglaciation to the modern day (Figures 5 and 6). Because both study sites are
similar in stratigraphy, bulk sediment chemistry and compound-specific isotope analysis, we will
structure the following section by analysis result as opposed to study site in order to better
highlight where the two records agree and where discrepancies arise. All data are included in

Appendix A.

4.1 Stratigraphic Sections and Age Models

13
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The Heart Lake cores are dominantly composed of massive dark-brown silts rich in
aquatic and terrestrial macrofossils (Unit A) or barren (Unit B), with an underlying basal unit of
alternating glacially derived barren silts and sands (Unit C; Figure 5A). The Moose Pond cores
also contain three distinct units (Figure 6A). The uppermost (Unit A) is dominantly composed of
micaceous black-brown silts with abundant macrofossils, which transitions into light-grey,
barren silts (Unit B). As at Heart Lake, the Moose Pond cores have a basal unit of alternating
barren silts and sands (Unit C). The silts and sands of Unit C were likely deposited immediately
following glacial retreat and therefore we assume this unit has sedimentation rates greater than
the upper two units. High sedimentation rates are not unexpected over this interval and are
reported elsewhere for glacially derived lakes with similar stratigraphic units (e.g. Crann et al.,
2015). As sediment availability is high immediately following ice-sheet retreat, and can be
rapidly deposited into lake basins due to lack of vegetation, lakes occupying post-glacial
environments like Heart Lake and Moose Pond are therefore known to have elevated
sedimentation rates at the beginning of record (e.g. Ballantyne, 2002 and references therein;
Chang Huang et al., 2004; Church and Ryder, 1972).

The oldest calibrated age for Heart Lake (12.0 cal kyr BP) and Moose Pond (13.4 cal kyr
BP) occurs at the base of Unit B (65 cm from the base of the core) and the middle of Unit C (54
cm from the base of the core) respectively. All samples below these limiting ages and depths are
sourced from the sand dominated Unit C of each lake and are interpreted only in reference to
their stratigraphic position (Figure 4). The oldest calibrated age for the Heart Lake core of
Whitehead and Jackson (1990) is reported in that study as 10,475 £+ 230 yrs BP. The remodeled
age using Bacon v2.2 (see Section 3.3) is 11.0 cal kyr BP. This age corresponds to a sample

located stratigraphically ~70 cm from the core’s base at the top of Unit B. Despite differences in

14
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the total lengths of Units A, B and C within the two Heart Lake records, the age models produce
unit boundaries for each core that match within ~600 years (Figure 4). In general, the age model
produced from the Whitehead and Jackson (1990) data is older for a given depth than the Heart
Lake age model reported in this study. However, this age offset decreases with increasing depth,
and by ~4.2 cal kyr BP, the 95% confidence intervals of both age models overlap.

As Unit C displays features of rapid sedimentation in both the Heart Lake and Moose
Pond records, we speculate that sampling intervals for compound-specific and bulk sediment
analysis throughout this unit represent time frames on the order of 10s to several 100s of years at
the maximum. Further, due to the sudden change in sedimentation between Unit C and the
overlying Unit B evident in the stratigraphy, and the sparse age controls from these depths, the
age models may not capture the sedimentation rate through this interval well. Given these
limitations, the exact timing of the initiation of lacustrine sedimentation for either basin is
unknown. However, the deepest radiocarbon samples retrieved from each lake core record
provide minimum ages for the beginning of deposition, and are in agreement with the

hypothesized timing of deglaciation for the ADK (Barth et al., 2019; Craft, 1979).

4.2 Bulk Sediment Characteristics

Loss-on-ignition analysis reveals low TC values at both Heart Lake and Moose Pond
throughout the entirety of the record, averaging only 3.5% in Heart Lake and 0.7% in Moose
Pond, and in contrast to TOM, do not show a correlation with unit boundaries. Heart Lake TOM
values in Unit C are < 1.5%, increase slightly to < 12.0% in Unit B, and range between 27.5%
and 53.1% for Unit A (Figure 5B). Overall the inorganic component of the Moose Pond cores is

greater than that of Heart Lake (Figure 6B). TOM values are always < 36% and generally lowest

15



343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

(< 3.0%) in the basal unit. Unit B TOM values increase slightly from Unit C to an average of
4.1%, and increase again to an average of 17.3% in Unit A. The greater size of Moose Pond, and
the presence of the inlet and associated delta near to the coring location (Figure 3B), may have
allowed greater total deposition of inorganic relative to organic material at this site as evidenced
in the lower TOM values compared to Heart Lake (Figures 5B, 6B).

C:N ratios are stable over the majority of the Heart Lake record, remaining between
values of ~13 and ~17 and indicating a mixed contribution of vascular and aquatic sourcing of
the sedimentary organic material (Meyers, 2003; Meyers and Lallier-Verges, 1999; Figure 5C).
Lowest values of ~13 occur in Unit C, likely indicating a higher contribution of aquatic sourced
carbon during the deposition of this unit. Bulk sedimentary §'°C organic values are likewise
stable over the majority of the record, averaging —28.1%o (6 = 0.4%o, n = 37) in Unit A, while
values are consistently ~ 3%o more positive throughout Unit C (Figure 5D). Moose Pond C:N
ratios are overall higher than at Heart Lake, averaging ~17 throughout the record, and therefore
likely indicating a greater relative component of terrestrial organic carbon flux into the lake basin
(Figure 6C). As at Heart Lake, the lowest C:N values (~13) are also found in the basal unit. §'°C
organic values are stable in Units A and B with an average value of —27.8%o (6 = 0.4%0, n = 32),
contrasting slightly with Unit C where the values are again more positive (~ —26%o; Figure 6D).

Magnetic susceptibility is low (~ 0 CGS units) throughout Units A and B at Heart Lake,
peaking at 0.007 CGS units at the very base of Unit C (Figure A.2 A). Moose Pond has slightly
higher basal values (0.009 CGS Units) which decreases gradually to ~ 0 CGS units by the base
of Unit A (Figure A.2 A). Grain size distributions show no systematic change between units

potentially due to the low sampling resolution (Figure A.2 B).
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4.3 Biomarker Analysis
4.3.1 n-alkane concentration

We identified n-Ci6 through n-Css n-alkanes at Heart Lake and Moose Pond (Figures SE
and 6E). At Heart Lake, concentrations of all n-alkanes are lowest in Unit C (< 0.4 pg/g).
Alkanes n-Cy3 through n-Cs; increase in Unit B (< 2.4 pg/g) and rise in Unit A to concentration
peaks between 11.0 and 8.5 cal yr BP, where n-C»7 and n-Cz9 reach maximum concentrations
(41.3 pg/g and 37.0 pg/g, respectively; Figure SE). The short-chain homologues (n-Ci7 , n-Cig
and n-C»1), however, remain in low concentrations throughout. There is a strong odd over even
preference throughout the Heart Lake record which supports the interpretation of organic matter
sourcing from terrestrial vegetation (e.g. Eglinton and Hamilton, 1967). Carbon preference index
(CPI) values always remain above one (mean = 6.0, ¢ =0.9, n =29 ; Figure A.3 A). The
dominant homologues are n-Cz7 and n-Cy9 throughout the entirety of the record excepting the
base of Unit C where shorter chain homologues (n-C7 to n-Cz3) are the most abundant (Figures
5E; A.4). A pronounced shift from n-Cz7 to n-Ca9 at ~8.5 cal kyr BP occurs, likely reflecting a
change in terrestrial vegetation composition within the catchment (Figure SE). The average chain
length (ACL), calculated as the average value of the abundance of chain lengths #n-Czs through n-
Css, 1s also consistent with values for higher terrestrial plants at 28.4 (¢ = 0.5, n = 29; Diefendorf
and Freimuth, 2017; Eglinton and Hamilton, 1967; Ficken at al., 2000; Figures A.3 B and 5F ).

Like Unit C of Heart Lake, total n-alkane concentrations in Unit C of Moose Pond are
similarly low (< 1.3 pg/g) as are those found in Unit B (< 1.5 pg/g; Figure 6E). Concentrations
of long-chain homologues (17-C27, n-Ca9 and n-Cs1) rise in Unit A. In this unit #-Cz7 and n-Ca9
reach their highest values (7.8 pg/g and 7.4 ng/g, respectively). The lower total concentration of

n-alkanes at Moose Pond compared to Heart Lake is consistent with the lower TOM values
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described in Section 4.2 (Figure 6B). Unlike at Heart Lake, n-C»7 is in greater concentration
throughout the majority of the record at Moose Pond, although actual concentrations of n-Cz7
and n-Cy9 are similar (Figure 6E; Figure A.4 D). CPI values at Moose Pond show the odd over

even preference with an average value of 8.2 (o =2.6, n =31), while ACL values are stable and

average 28.3 (o = 0.3, n = 31), both suggesting a terrestrial source of organic carbon for the basin

(Figures A.3 A, A.3 B, and 6F).

4.3.2 8'3C of n-alkanes

We measured the carbon isotopic composition of four chain lengths (7-Czs, n-Ca7, n-Coo,
and n-C31) and report all values (see the Appendix, Table A.3 and Figure A.5 A). At a first order,
all chain lengths display little variation and have very similar ranges throughout the record for
both Heart Lake (mean =—-30.2%o, ¢ = 0.9, n = 110) and Moose Pond (mean = —30.8%o, c = 0.6,
n = 116). Because n-Ca9 and n-C»7 are of greater concentration throughout the majority of the
record, we will focus the following discussion on these two chain lengths. The average §'°C
values of ~—30%o and small ranges of n-Cz9 and n-Cz7 are consistent with a stable terrigenous
source of vegetation for both study lakes (Diefendorf and Freimuth, 2017; Figure A.5 A). Ata
second order, Heart Lake and Moose Pond display most negative n-Cz9 values (—32.8%o0 and —
32.6%o, respectively) in Unit C at the base of the record, before stabilizing at ~—30%o. The n-Caz7
values are likewise the most negative in Unit C of Heart Lake and Moose Pond (both —31.4%o),
but the most positive values (—27.4%o, and —29.2%., respectively) found within the record occur
in this unit as well (Figure A.5 A). The shift from most negative to most positive values in the
rapidly deposited Unit C of both lake basins is interpreted as an indication of a change in the

composition of sources of sedimentary organic matter to the lake sites.
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4.3.3 8D of n-alkanes

We report the hydrogen isotopic composition of four chain lengths for which compound
abundances allowed for consistent measurement (7-Cas, n-Ca7, n-Cag, and n-Cs1), and plot the
results for n-C»7 and n-Cy9 in Figure 7 (for all values see the Appendix, Table A.3, and Figure
A.5 B). At Heart Lake 6D n-Cy7 values (0D27) of Unit C range over 19.7%o from a minimum of —
167.4%0 to a maximum of —147.7%o in the most basal sample (Figure 7B). The 6D of n-Ca9
(8D29) found in Unit C has a total range of 38.6%o, while the minimum and maximum values are
—173.6%0 and —135.0%o respectively. More negative values and smaller ranges are seen at Moose
Pond for the same unit (Figure 7A). dD»7 ranges a total of 28.9%o from —188.6%o to —159.7%o,
while 6D29 has a minimum of —185.8%o, a maximum of —171.5%o and total range of only 14.4%o.
For both Heart Lake and Moose Pond, n-alkane dD27 and 8D29 are consistent through Units A
and B, represented by their small ranges (Figures 7A and 7B). At Heart Lake, dD»7 has a
minimum of —196.6%o, a maximum of —178.4%o and a total range of 18.3%o throughout these two
units. The minimum and maximum of dD»9 is —183.1%0 and —166.1%o respectively, and total
range is only 17.0%o (Figure 7B). Moose Pond has a 6D27 range through Units A and B of
23.3%0, a minimum of —194.4%o and maximum of —171.1%o (Figure 7A). The dD»9 range is
18.4%o, while the minimum and maximum values are —188.4%o and —170.0%o, respectively
(Figure 7A). In sum, the same major trend is observed in both lake records. In Unit C, dD»7 and
0D29 become progressively more negative up-core, before stabilizing in Units A and B and
exhibiting much-decreased variability throughout this interval.

We use 8D»9 for paleoclimate reconstructions as higher chain lengths (n-Cag, n-Cs1) are

interpreted as sourced most reliably from terrestrial vascular plants (Diefendorf and Freimuth,
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2017; Sachse et al., 2012). In order to reconstruct precipitation hydrogen-isotope values
(ODprecip), it 1s necessary to have an estimate of the net apparent fractionation (€,pp) between the
measured sedimentary leaf wax 0D (0D29) and the paleoprecipitation hydrogen-isotope
composition. To generate dDprecip from 3D29, we used an €app 0f —123%o, calculated for the
modern ADK and reported in Freimuth et al. (2020). We note that this value is in good
agreement with the eapp of temperate forest environments suggested by other authors of —131%o
through —137%o (Polissar and Freeman, 2010; Sachse et al., 2004; Seki et al., 2010). dDprecip Was

calculated using the following equation and is reported in values %o:

Equation 3:

6Dy + 1
€app T 1

We plot dDprecip for Heart Lake and Moose Pond in Figure 7C. Average late glacial dDprecip at
Heart Lake is —45.8%o, but the variability is high (¢ =21.5%0, n = 4). In contrast, the late glacial
ODprecip Values from Moose Pond average —65.9%o0 and exhibit less variability (¢ = 6.6%0, n =9).
Average Holocene values for Heart Lake are —61.1%o (o = 5.4, n = 25) while at Moose Pond the
Holocene average is slightly more negative (mean = —66.1%o, ¢ = 5.8, n = 22). At 5%o, the
Holocene difference in dDprecip between Heart Lake and Moose Pond is significant, although
small (t-test, p = 0.004).

In sum, the bulk chemical and n-alkane §'°C data are congruous between both lake
records, as are the first order n-alkane 6D and concentration data. We will use these chemical

analyses records to motivate a similar developmental history for both Heart Lake and Moose
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Pond. However, as the compound-specific concentration and hydrogen-isotope profiles are not

identical, we will also attempt to tease apart causes of these differences in the following sections.

4.3.4 Modern ADK Hydrologic and Sediment Isotope Records

In order to evaluate the ADK hydroclimate reconstruction from Heart Lake and Moose
Pond presented here, we compare it to modern precipitation, surface water, xylem water and
surface sediment isotopic data (Figure 8). Because a long-term record of precipitation isotopes is
not available at the two study sites, we use the Online Isotope in Precipitation Calculator (OIPC;
Bowen, 2018; Bowen and Revenaugh, 2003) to model monthly precipitation 8D and §'*0 for the
ADK (Figure 8). Using this approach, Freimuth et al. (2020) calculated a regional meteoric water
line (RMWL) for the ADK based on OIPC values for 12 study sites, including Heart Lake and
Moose Pond. Additionally, they incorporated 87 water samples from 42 sites in the ADK to
develop a regional evaporation line (REL). The interception of the REL with the RMWL defines
mean annual precipitation isotope values (8Dmap and §'®Owmap) for a location (Beria et al., 2018;
Henderson et al., 2009). For the region, dDmap is —77%o. In temperate forest environments,
sedimentary n-alkane 8D is often considered representative of dDwmap offset by the apparent
fractionation (€app) between the leaf wax compounds and precipitation (Sachse et al., 2012 and
references therein). However, other authors have found evidence that the hydrogen-isotope
signal is biased towards spring precipitation events, as this is the time of greatest leaf wax
synthesis (Freimuth et al., 2017; Kahmen et al., 2011; Sachse et al., 2010; Tipple et al., 2013).

For the ADK, the 3D ratios of the xylem water samples are not consistent with average
modeled May precipitation 6D, the month of collection, being on average ~30%o more negative

(Freimuth et al., 2020; Figure 8). As the averaged xylem water samples are also ~10%o more
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negative than the modeled April precipitation 6D values, the soil water likely integrates
precipitation over time frames greater than a few months, either directly from precipitation
events or through some amount of springtime snowmelt. However, given that the spring
precipitation isotope value of —74%o (here determined as the averaged OIPC oD ratios for the
months of March, April and May) is minimally offset from that of mean annual precipitation, we
cannot determine from the data whether the May xylem water samples are representative of
spring precipitation or are integrated over the entire year (Figure 8). Surface sediment data
collected from all 12 lake sites are equally inconclusive, as 0Dprecip from sediments sampled at 1
cm from each lake ranges from —86.5%o to —63.0%o (Freimuth et al., 2020). This range (23.5%o)
is approximately the total Holocene range observed at Heart Lake (22.1%0) and Moose Pond
(23.1%0). Here we will follow the work of Freimuth et al. (2017), Kahmen et al. (2011) and
Tipple et al. (2013) and interpret the reconstructed dDprecip from the Heart Lake and Moose Pond

sediment records as weighted towards spring precipitation 6D, the timing of leaf flush.

S. Discussion:

5.1 Basin Development

The chemical, stable isotope, and radiocarbon records constructed from the Heart Lake
and Moose Pond sediment cores demonstrate the developmental history of each basin. The age
models of Heart Lake and Moose Pond constrain the timing of initial lacustrine sedimentation for
both lakes to sometime during the end of the late glacial (Figure 4). However, due to the lack of
age control at the very base of both cores, we are unable to correlate the two lake records with
each other by age for those samples which are older than 12.0 cal kyr BP. Briefly, we believe

that there are two primary interpretations of this correlation that seem most likely. The first
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assumes both lake catchments deglaciated at roughly the same time interval and the samples
taken from Unit C of both lake records (or those which occur below 12.0 cal kyr BP at Heart
Lake and 13.4 cal kyr BP at Moose Pond) are of a similar age. This interpretation necessitates a
higher rate of sedimentation for Moose Pond relative to Heart Lake, which is not unlikely given
the much larger catchment area of the former relative to the later (Figure 3A and 3B). In contrast,
the second interpretation assumes sedimentation rates in the sand dominated Unit C of both lakes
were rapid and roughly equal. If this were the case, Moose Pond must have initiated prior to
Heart Lake, and samples taken from the Unit C of Moose Pond are likewise older than those
taken from the Unit C of Heart Lake. However, it is not possible to conclude with certainty
which is the more likely interpretation from the current data. In the remainder of the discussion,
we resist speculation as to the correlation between Heart Lake and Moose Pond for those
samples which occur below the last calibrated radiocarbon age at each lake and have indicated
these age-unconstrained samples on Figures 5,6 and 7.

Regardless of the timing of basin inception, Heart Lake and Moose Pond have similar
chemical and isotopic histories through the majority of the record. We will discuss both lakes
together in the following sections, treating first with the record for the end of the late glacial
(defined here as ~ 14.0 cal kyr BP — 11.5 cal kyr BP), then moving to that of the Holocene (11.5
cal kyr BP —modern). We divided the record into these two time periods based on the visual

determination of the chemical analysis data produced for both lake basins as discussed below.

5.2 Lake Inception and Stabilization (~14.0 cal kyr BP to ~11.5 cal kyr BP)
Chemical analysis data suggest a change in carbon sourcing to both lake basins during the

end of the late glacial and the transition into the Holocene. The oldest samples from each record
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indicate organic carbon was contributed from a mixed terrestrial and aquatic source, but
remained a small component of the sediment over-all, as substantiated by low wt. % TOM values
(Figures 5B and 6B). Aquatic sources for Heart Lake are indicated by greater relative
proportions of short chain n-alkane homologues (Ci7, Ci9 and Cz1), compared to their long chain
counterparts (C27, C29 and C31), and at Moose Pond are suggested by the high 8'3C bulk sediment
values ( —19.5%o; Figures A.4 and 6D). On the other hand, the high C:N ratios of the very initial
samples at Heart Lake and Moose Pond (16;19), low specific n-Ca9 8'*C values (~32.8%o, —
31.4%o), and high ACL»s (30, 29) suggest a component of the carbon input that is terrestrial in
origin (Figures 5C, 6C, A.5 A and A.3 B).

The palynological and macrofossil studies from the ADK provide insight into the likely
sources of this terrestrial carbon through time (Jackson, 1989; Jackson and Whitehead 1991;
Overpeck, 1985; Whitehead and Jackson, 1990; Whitehead et al., 1989). These studies
consistently find evidence in the oldest portions of their records for high percentages of herbs
such as Cyperaceae (sedge), Poaceae (grass), and the gymnosperms Picea (spruce) and Pinus
(pine), with lower percentages of Alnus (alder), Betula (birch), Acer (maple) and other
angiosperm tree taxa (Figure 7D). Whitehead and Jackson, (1990) produced a palynological
record for Heart Lake and identified 6 unique vegetation assemblage zones (HP-Zone 1 through
HP-Zone 6; Figure 7D). These pollen zones and the associated time intervals over which they
occur are one tool to evaluate changes in the chemical analysis data produced in this study.
Specifically, we use them here to understand how the n-alkane record at Heart Lake is influenced
by ecological shifts within the catchment.

HP-Zone 1 is the oldest pollen assemblage zone and is interpreted as representative of a

tundra environment. It is composed of ~ 30% Pinus, ~ 15% Picea, and ~ 25% herbaceous pollen
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grains, with minor amounts of other taxa such as Ulmus (elm), Salix (willow), Quercus (oak),
Fraxinus (ash), Corylus (hazel), and Abies (fir) (Whitehead and Jackson, 1990; Figure 7D). This
pollen zone occurs below the last radiocarbon age present in the Whitehead and Jackson (1990)
core but, as it is the most basal pollen zone present within the record, it likely overlaps with the
basal section of this study’s Heart Lake record (Figure 4). Indeed, the results presented here are
consistent with a landscape that is undergoing colonization by transient tundra vegetation before
shifting to an arboreal dominated assemblage. In particular, the higher ACL values apparent at
the base of the Heart Lake record are consistent with those from C3 grasses and forbs, as are the
n-Cs1, n-Ca9 and n-Ca7 8 °C values of ~ —31%o (Diefendorf and Freimuth, 2017 and references
therein; Garcin et al., 2014; Figures 5F, A.3 B and A.5 A). High (> 1.0 ) C31:C27 chain-length
ratios of the most basal samples provide further evidence, as many modern graminoids and forbs
produce greater quantities of n-C3; relative to n-Caz7 than tree species (Diefendorf and Freimuth,
2017 and references therein; Figure A.4 E).

Furthermore, while gymnosperms such as Picea and Pinus produce orders of magnitude
less n-alkanes then many of their angiosperm counterparts (Diefendorf et al., 2015; 2011), they
are over-represented in pollen records (Schwartz, 1989; Webb et al., 1981). In the ADK, Pinus
pollen is likely contributed to lake basins from distances greater than 1,000 meters (Jackson,
1990), while the n-alkane record is biased towards shoreline and catchment vegetation (Freimuth
et al., 2019; 2020). Therefore, herbaceous species of the families Cyperaceae, and Poaceae, or
genera Ambrosia (ambrosia), Artemisia (wormwood), and Rumex (dock), likely make up a
greater percentage of catchment vegetation then pollen re-constructions suggest, and potentially
are of greater influence on the n-alkane sediment signal during this time slice. We interpret this

part of the Heart Lake record as representing lake inception directly following ice-melt back
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when tundra vegetation first colonized the catchment. Because Moose Pond evinces similar
chemical analysis data at the base of the record as at Heart Lake, specifically higher ACL values
(~29), high (> 1.0 ) C31:C27 chain-length ratios, and compound-specific §'3C values of ~ —31%,
(Figures 6 F, A.3 B, A.4 Eand A.5 A) itis likely that a similar tundra vegetation assemblage
was present in this catchment as well. A palynological record for Moose Pond, which is currently
not available, would prove this point conclusively.

Furthermore, both the Heart Lake and Moose Pond catchments, although significantly
different in size and morphology (Figures 3A and 3B), transitioned rapidly after lake inception
until ~11.5 cal kyr BP (Figures 5, 6 and 7). Throughout this interval, wt % TOM values increase
progressively, C:N ratios fall to their lowest values, and bulk sediment §'*C values become more
negative (Figures 5B, 5C, 5D, 6B, 6C, and 6D). Vegetation change is also represented in the
shifts in Cz1:Cz9 and C23:Cao ratios at both sites (Figure A.4 A and A.4 B). While both ratios
decrease initially from the values seen at the base of each record, C23:Ca9 remains elevated at
values of ~0.7 until ~10.0 cal kyr BP at Heart Lake and ~11.0 cal kyr BP at Moose Pond (Figure
A.4 B). On the other hand, C»1:Ca9 remains low throughout the rest of both lake records,
providing evidence for a similar sourcing change at both lakes (Figure A.4 A).

The changing chemical characteristics are indicative of catchments undergoing
weathering of unconsolidated drift coupled to rapid shifts in vegetation makeup and abundance.
Nutrient fluxes to the lake basins increased initially facilitated by the weathering of the recently
deglaciated sediments (e.g. Fritz and Anderson, 2013). This encouraged higher rates of lake
productivity until ~11.5 cal kyr BP, represented here most strongly in the lower C:N ratios
(Figures 5C and 6C). This interpretation is supported by chrysophyte- and diatom- based

alkalinity and productivity reconstructions for ADK lakes presented in Whitehead et al. (1989).
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These authors find evidence for higher lake productivity at the end of the late glacial which they
associate with increased flux of base cations into the lake basins due to the accelerated
weathering and erosion processes. This was closely followed by a period of gradual decline in
lake water pH, a natural consequence of increased flux of organic acids associated with the shift
from tundra vegetation to spruce woodlands throughout the catchments (Whitehead et al., 1989).

The hydrogen-isotope values (0D29) of the basal sample from the Heart Lake record is
considerably more positive when compared to its Moose Pond counterpart (Figure 7A and B).
While there does appear to be a similar trend to more negative dD»9 values from older and more
positive values at the base of the Moose Pond record, this change is of much smaller magnitude
(~15%o0). Therefore, we think it unlikely that more positive values in the Heart Lake basal sample
are related to a change in regional precipitation patterns within the ADK, or the northeastern
United States more broadly. Instead, given that the trend of most positive D9 and 8D»7 is seen
at the beginning of record for both basins (Figure 7A and 7B), we suggest that changing
catchment vegetation regimes during the period of basin development, as substantiated by the
dominance of tundra species in HP Zone 1 at Heart Lake, is the driver of the more positive 6D
values recorded here for the most basal samples at Heart Lake and Moose Pond.

Several modern-day calibration studies conducted in the Arctic where tundra vegetation
1s prominent have reported more positive €app Values (the fractionation between source water and
leaf wax dD) for some species of modern tundra vegetation compared to the €app values of
temperate forests (Berke et al., 2019; Daniels et al., 2017). For example, Berke et al. (2019)
sampled dwarf shrubs, forbs and graminoids for sites in western Greenland and arrived at an

average €app of —86%o0 & 25, where €app 1s defined as the fractionation between xylem water and

averaged modern plant sample n-alkane 8D. This is more positive than the similarly calculated
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€app Value of —=106%o (6 = 16.0, n =21), derived from 11 species of modern ADK plant samples
(Freimuth et al., 2020). Therefore, the static €app value best applied to a modern temperate
forested environment is likely driving reconstructed precipitation 6D to more positive values
during the period when the Heart Lake and Moose Pond catchments were composed of greater
percentages of non-arboreal forest tundra (Figure 7C and 7D). Using an &app value of —86%o, for
example, would result in a basal dDprecip value at Heart Lake of —53.6%o and at Moose Pond of —
93.5%o, considerably more negative than that calculated from an €app 0f —123%0 and depicted in
Figure 7C.

Furthermore, as the catchments became ice-free, the emerging vegetation assemblages
likely contained fewer trees and less canopy than is typical of a temperate forest. An open forest
structure of this nature would have a higher potential for evaporative increases in D and 830
values within the soil profile (Shanahan et al., 2013; Faison et al., 2006; Oswald et al., 2018).
This mechanism would result in more positive 8D n-alkane sediment values becoming
progressively more negative with time as temperate forest tree species proliferated. This is
exactly the trend observed in the basal samples from both Heart Lake and Moose Pond (Figure
7A and 7B).

The physical characteristics of the lake catchments from which sedimentary n-alkanes
are sourced can have large effects on the distribution of changing vegetation cover through time.
Differences in these characteristics may be affecting sedimentary n-alkane isotope
measurements. In effect, if the more positive values found at the base of Heart Lake and Moose
Pond are reflecting catchment specific vegetation composition, then it is no surprise that the
excursion maximums seen in the sediment records would be of different magnitude for

catchments that differ in size, and elevation. Despite these differences in n-alkane 6D, overall the
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appearance of similar chemical profiles for the two lake records suggests that regional processes

of lake development were shared in this temperate mountainous environment.

5.3 Holocene Record (~11.5 cal kyr BP — Modern)

At a first order, chemical analysis results from both lakes suggest a stable source of
terrestrial organic matter deposition from ~11.5 cal kyr BP through the modern. Throughout both
records, C:N values change little and are high ( ~16), and bulk 5'C values are also stable (~ —
28%o) , as are n-Cag and n-Ca7 8"3C values (~ —31%o). These data all suggest a dominantly
terrestrial carbon source as opposed to aquatic (Figures 5C, 5D, 6C, 6D and A.5 A). Lake
productivity likely declined during the late glacial Holocene transition perhaps due to a
concomitant decline in weathering rates and nutrient flux into the lake basins. Further, the
stability in the chemical records suggests that these lower levels of lake productivity continued
through the modern, resulting in the oligotrophic nature of both lakes observed today. Surface
sediments at Heart Lake and Moose Pond show TOM values, bulk sediment §'°C, ACLjs.35, and

compound-specific 3'*C values consistent with results from both lake records beginning ~11.5
cal kyr BP (Freimuth et al., 2020; Figures 5B, 5D, 5F, 6B, 6D, 6F, and A.5). This supports the
interpretation of stable and low contributions of aquatic as compared to terrestrial sedimentary
organic matter throughout the Holocene.

At a second order, the mixtures of terrestrial sources are different for the two lakes
through the Holocene due to catchment size, elevation, and morphology. Both lake records show
shifts in n-alkane chain-length distributions, but the timing and magnitude of these shifts vary
(Figure A.4). At Heart Lake, n-Ca9 replaces n-Cz7 as the dominant chain length at ~8.5 cal kyr

BP and remains at higher concentrations through the modern. This dominance of n-Cy7 prior to
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~8.5 cal kyr BP is broadly co-incident with HP-Zone 3 (Figure 7D), characterized by a distinct
Pinus maximum, as well as increasing contributions of 7suga (hemlock) and Betula, likely
Betula papyrifera (paper birch; Whitehead and Jackson, 1990). As Pinus and Tsuga are
gymnosperms, this portion of the n-alkane sediment record overlapping with HP-Zone 3 may be
biased towards the contribution of the angiosperm Betula, as angiosperms have been
demonstrated to produce much greater amounts of n-alkanes than most gymnosperms
(Diefendorf et al., 2015; 2011). Modern species within the genus Betula have also been shown to
produce greater amounts of n-Ca7 relative to n-Cyo (Dawson et al., 2004; Sachse et al., 20006;
Schwark et al., 2002; Tarasov et al., 2013; Zech et al., 2010). In modern Adirondack plants for
example, Betula papyrifera had a C27:Cy9 ratio of ~4.5 (n = 5) while all Pinus species had a ratio
of ~1.0 (n = 4; Freimuth et al., 2020). Similarly, Sachse et al. (2006) found modern Betula
samples had maximum chain lengths of 27 at 8 of 10 European sites, compared with overall
higher chain-length maximums for other samples (Quercus). Pollen zones HP-Zone 4, HP-Zone
5 and HP-Zone 6 also contain high percentages of Betula (Betula alleghaniensis; Figure 7D).
However, increasing amounts of other high n-alkane-producing angiosperm taxa that were
established in the catchment in the transition to a mixed conifer-hardwood forest could result in
n-Cy9 becoming the dominant chain length preserved in the Heart Lake sediment record during
the latter part of the Holocene (Figure SE). In any case, although tying chain-length
concentration shifts to a few plant genera is still highly speculative, the similar timing of HP-
Zone 3 and dominance of n-Cz7 over n-Cy9 at Heart Lake is good evidence that local changes in
terrestrial vegetation assemblages can be recorded in the leaf wax sediment record for certain
sites. In contrast, at Moose Pond, n-C»7 is the dominant chain length through the majority of the

record (Figures 6E, and A.4), but concentrations between n-Cz9 and n-Cz7 show very close
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tracking from ~8.5 cal kyr BP (Figure A.4 D). Therefore, since we do not see a strong 7n-Cz9 over
n-Cy7 preference at Moose Pond as compared to Heart Lake, the leaf wax compounds were
probably contributed to this basin from a different mixture of terrestrial vegetation sources.

This interpretation is consistent with evidence for Early Holocene climate change in the
ADK. It is also consistent with the differences in catchment morphology, which would affect the
depositional pathways into each lake. Although today both Heart Lake and Moose Pond are
situated in the same vegetation zone, in the Early Holocene that may not have been the case.
Macrofossil evidence suggests that certain tree taxa moved up the elevational gradient from their
modern zonal limits by as much as 300 meters, attributed to higher temperatures and less
precipitation during this time period (Jackson, 1989). These changes would exert a stronger
influence on a smaller catchment like Heart Lake with less total elevational range (1 km?, 200 m,
Figure 3A) than at Moose Pond (17 km?, 700 m; Figure 3B). In effect, the terrestrial n-alkane
sediment signal would be more biased to a particular vegetation source at Heart Lake, while at
Moose Pond the record would be more mixed. Therefore, we would expect a greater degree of
sensitivity to vegetation change in the Heart Lake record as opposed to Moose Pond through
time. Further, as the coring location at Moose Pond is situated close to a stream inlet, the leaf
wax preserved in the sediment record may be from greater distances and of a more diverse
source, decreasing the sensitivity to shoreline vegetation assemblages. These mechanisms would
allow for variation of terrestrial sources to the sedimentary n-alkane record, even for basins
located in the same regional setting.

The n-alkane hydrogen-isotope record from both Heart Lake and Moose Pond show little
variability through the Holocene (Figure 7A and 7B). The entire range in 6D29 and dD»7

including those of modern surface sediments from the same coring location as this study are only
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18.3%0 and 19.4%o for Heart Lake and 23.3%o0 and 20.3%. for Moose Pond, respectively (Figure
7A and 7B). When comparing the two lake records with each other through time, dD29 and 8D>7
values are largely consistent becoming generally more similar the closer to modern day.
Comparing between chain lengths at each lake individually, overall D29 and 6D»7 also have very
similar values throughout the Holocene (Figure 7A and 7B). A distinct difference between the
two n-alkane 0D records occurs between 11.5 to 8.5 cal kyr BP when the close tracking of dDa29
and dD»7 at Moose Pond contrasts with the ~20%o more positive values of D29 relative to 6D27
at Heart Lake. As this time frame is roughly equivalent to the HP-Zone 3 of Whitehead and
Jackson (1990), this discrepancy between records likely represents variations in the local
vegetation assemblage between the two catchments (i.e. the greater influence of Betula at Heart
Lake) as discussed above. Further evidence that the time period represented by HP-Zone 3 at
Heart Lake is influenced by Betula is this genera’s tendency to show greater hydrogen
fractionation in n-Cy7 over n-Cy9 in the modern (Balascio et al., 2018; Berke et al., 2019; Daniels
et al., 2017; Freimuth et al., 2020; Hou, D’ Andrea, MacDonald & Huang, 2007; Sachse et al.,
2006; Figure A.6), which is consistent with a more positive D29 compared to 0D27 in the Heart
Lake downcore reconstruction (Figure 7B). Given the association with a particular pollen zone
and the differences in relative chain-length concentrations, variations in species assemblage
between the two lake catchments are therefore likely influencing the 8D n-alkane values at Heart

Lake relative to Moose Pond through the Early Holocene.

5.4 Historic n-alkane and reconstructed precipitation 6D
The isotopic composition of precipitation is dependent on the source and trajectory of the

air parcel, as well as other factors such as temperature of condensation, relative humidity, and
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rainout (e.g. Dansgaard, 1964). For the northeastern United States, the moisture source exerts a
strong control on the resulting hydrogen and oxygen isotope values in precipitation (Burnett et
al., 2004; Puntsag et al., 2016; Figure 2). In particular, southern air masses that deliver
precipitation to northern New York State in the modern have been demonstrated to be on average
~75%o enriched in deuterium relative to those from a northern source (Burnett et al., 2004;
Figure 2). Modern spring precipitation isotopic content from the Global Network of Isotopes in
Precipitation (GNIP) Ottawa station (Figure 1) located in northeastern North America also
documents a precipitation 6D which varies substantially. From the years 1963 to 2018, the oD
value of monthly averaged spring (March to May) precipitation collected at this station ranged
52%0 (IAEA/WMO, 2018). Thus, variations in atmospheric circulation regimes that alter the
balance of differently sourced air parcels into the ADK should be recorded in sedimentary #-
alkane doD.

The Heart Lake and Moose Pond leaf wax records do not provide evidence for large-scale
step-changes in spring precipitation sourcing from the end of the late glacial through the
Holocene (Figure 7C). In the late glacial samples, the dominant trend at both lakes is from the
most positive dDprecip Values at the base to increasingly more negative values throughout the
glacially derived Unit C, but to different degrees (Figure 7C). As discussed in Section 5.2, this
pattern likely represents a change in vegetation and canopy structure that obscures the
precipitation source signal. The late glacial samples that occur above those sourced from Unit C
of each study lake are also consistent with those from the Holocene until ~ 8.5 cal kyr BP,
varying only 13.6%o at Heart Lake and even less (7.3%o0) at Moose Pond. Indeed, this variance is
similar in magnitude to the average offset seen between the Heart Lake and Moose Pond dDprecip

values throughout the same interval, which we attribute to vegetation assemblage differences
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between the two catchments (see Section 5.3). These more positive values observed in the Heart
Lake 8Dprecip record may be a permanent feature associated with physical and vegetational
differences within the catchments, rather than differences in precipitation isotope values. This is
substantiated by modern xylem water and surface sediment data. Heart Lake xylem water oD
values from samples collected in May are on average 5.1%o more positive than their Moose Pond
counterparts (Figure 8). Likewise, average surface sediment n-alkane 6D29 measurements from
the same coring location as this study are 4.8%o0 more positive at Heart Lake compared with
Moose Pond. We posit that site-specific characteristics, such as catchment size, slope, aspect and
degree of exposure, the relative source of the sedimentary n-alkanes within the catchment
(shoreline vegetation at Heart Lake as opposed to more distal locations for Moose Pond), and
vegetation assemblage differences through time, are contributing to the more positive dDprecip
observed in the majority of the Heart Lake record.

At ~ 8.5 cal kyr BP, and coincident with the HP Zone 3 and 4 boundary, the dDprecip
records from both basins tend to converge (Figure 7C and 7D). From 8.5 cal kyr BP to the
modern, the dDprecip Values at Heart Lake are largely within analytical uncertainty of each other,
and average —63.3%o (o = 4.7) . The Moose Pond average is similar at —66.0%o (c = 6.7).
However, when comparing the Early Holocene (11.5 — 5.5 cal kyr BP) to the Late Holocene (5.5
cal kyr BP — present day), the dDprecip values of the former are more positive relative to the later
in both records. For example, at Heart Lake the average Early Holocene value is —57.3%o (o =
4.8), while the Late Holocene average (when including surface sediment data) is —65.0%o (G =
3.8; Freimuth et al., 2020). Likewise, the Early Holocene average for Moose Pond is —64.0%o (G
=5.7), and the Late Holocene average is again more negative at —69.3%o (o = 5.5; Figure 7C).

We note that this pattern of more positive isotope values in the Early Holocene and more
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negative isotope values in the Late Holocene occurs at a similar time interval to that observed in
several lake carbonate 8'30 records reported for the northeastern United States and southeastern
Canada (e.g. Kirby, Patterson et al., 2002; Kirby, Mullins et al., 2002; Stuiver, 1970; Yu et al.,
1997; C. Zhao et al., 2010). However, the average difference in 0Dprecip between the two time
periods at each ADK lake is small. The Early Holocene average dDprecip value is only 7.6%o0 more
positive than the Late Holocene average value at Heart Lake, and 5.3%o more positive at Moose
Pond. As the difference in isotope values between these two time periods shows such little
variability at both lake sites, we resist interpreting a precipitation source change as a driver of the
more negative values in the Late Holocene. In our view, it is equally possible that changes in
temperature of precipitation, or minor variations in vegetation assemblage and the associated €app
value, could also produce an average 5 to 10%o difference in dDprecip. Because these time periods
also correspond to separate vegetation assemblage zones, at least at Heart Lake, the latter
interpretation is not unreasonable (Figure 7C and 7D). The variability in the modern surface
sediment data collected in the ADK also cause us to limit our interpretation over such small
(10%o) intervals. For example, the D29 values from sediments collected at one cm of depth at 12
ADK lake sites range 21%o (Freimuth et al., 2020).

The variability in 6Dprecip in the ADK from the end of the late glacial through the
Holocene is minimal. It is not consistent with a step change in the dominance of northern versus
southern precipitation sourcing to the area, at least at a millennial resolution. Further, this
stability in spring atmospheric circulation persisted despite interpreted Holocene changes for this
region in effective moisture (e.g. Foster et al., 2006; Marsicek et al., 2013; Menking et al., 2012;
Newby et al., 2009; Shuman and Marsicek, 2016; Y. Zhao et al., 2010), sea surface temperatures

(Sachs et al., 2007), air temperatures (e.g. Davis et al., 1980; Hou et al., 2012; Oswald et al.,
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2018; Shuman and Marsicek, 2016) and North Atlantic circulation patterns (Ayache et al., 2018;
Hall et al., 2004). Given the stability in the Heart Lake and Moose Pond 6Dprecip downcore
record, and the consistency between it and 0Dprecip reconstructed from modern surface sediments,
changes in the above climate variables for the northeastern United States are unlikely to be the
result of state changes in northern versus southern spring precipitation sourcing trends. It is more
likely that the documented changes in Holocene effective moisture and air temperatures for this
region were influenced by changes in atmospheric circulation from a different combination of
sources, and/or during a season other than spring. The former is suggested by the isotope
composition of precipitation from the three primary sources to New York State in the modern.
While the southern source has on average a much more positive precipitation oD value (—52%o),
the coastal source, which also brings large amounts of precipitation into the region, has an
average value of —113%eo. This is very similar to the northern continental sourced value of —
127%o, and would make resolving the influence of one source from the other difficult in a
downcore leaf wax record (Burnett et al., 2004; Figure 2). The later scenario is substantiated by
other work from the region which has linked Holocene changes in lake carbonate records with
winter atmospheric circulation phenomena, primarily, although not only, the PNA teleconnection
pattern (Hubeny et al., 2011; Kirby, Patterson et al., 2002; Kirby, Mullins et al., 2002; Liu et al.,
2014; Menking et al., 2012).

The record provided here is one of the only late Quaternary paleoclimate reconstructions
for the continental northeastern United States derived from sedimentary terrestrial leaf waxes.
Other work in the region has been conducted at coastal sites or has focused on n-acids, usually of
aquatic as opposed to terrestrial origin (Gao et al., 2017; Hou et al., 2012; Hou, Huang, Oswald,

Foster, & Shuman, 2007; Hou et al., 2006; Shuman et al., 2006), making direct comparison of
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these records to ours difficult. Clearly, more investigations using long-chain terrestrial leaf
waxes are needed to understand potential precipitation source changes from the end of the late
glacial through the Holocene for northeastern North America. Determining whether the invariant
nature of late glacial and Holocene spring precipitation sourcing documented here is the norm or
an anomaly can help us understand how synoptic atmospheric circulation patterns might have

been integrated into the regional climate system.

6. Conclusions:

(1) The Heart Lake and Moose Pond sediment and carbon-isotope records document
lacustrine sedimentation beginning after ~14.0 cal kyr BP. Colonization of the
catchments by non-arboreal terrestrial vegetation followed shortly after, before the
vegetation assemblage transitioned rapidly into that of a temperate forested environment.
Initial levels of lake productivity dropped significantly in the earliest Holocene,
concomitant with increases in sedimentary organic matter from vascular plants, which
became the dominate carbon source through to modern day.

(2) The Heart Lake n-alkane D29 and 8D»7 values are overall slightly more positive relative
to their Moose Pond counterparts throughout the majority of record. Through the Early
Holocene, 6D27 is distinctly more negative relative to dD2g at Heart Lake compared to
Moose Pond. These differences, and those in n-alkane concentration ratios between the
two sites, are likely due to variations in lake catchment size, morphology, elevation and
vegetation assemblage.

(3) Reconstructed dDprecip Values from Heart Lake and Moose Pond are largely invariant

through the time of record, and range only ~22%o through the Holocene. Therefore, the
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848 sedimentary 8D leaf wax record provides no evidence for high magnitude synoptic spring

849 atmospheric circulation changes from the end of the late glacial through the Holocene in
850 the Adirondacks.
851
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Figures
Figure 1: Topographic setting of the northeastern United States depicting the locations of the two

study lakes. The blue polygon denotes the border of the Adirondack Park. The blue circle is the
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location of the Global Network of Isotopes in Precipitation (GNIP) Ottawa station referenced in
Section 5.4. ADK = Adirondack Mountains. OTT = Ottawa. <Figure should be displayed in color.>

Figure 2: Schematic diagram of 48-hour air parcel back-trajectories to the ADK over a one year
time period (2018) as computed by the NOAA Air Resources Laboratory public modelling

software HYSPLIT, https://ready.arl.noaa.gov/HYSPLIT.php (Stein et al., 2015). Trajectories

depicted in A through C are grouped according to source area. Figure 3D summarizes the relevant
isotopic composition information pertaining to each trajectory grouping as discussed in Section
5.4. The oxygen isotope values are from Burnett et al. (2004), and the 6D values are calculated
from those values, and that study’s reported local mean water line. <Figure should be displayed in color.>
Figure 3: Large panels depict topography of the Heart Lake (A) and Moose Pond (B) catchment,
showing catchment extent, lake area, coring locations (red circles) and stream inlets and outlets.
Within the catchments the topography is shown as shaded relief. Outside the catchment elevation
contours are shown in red. The contour interval is 5 m (Heart Lake) and 10 m (Moose Pond). Note
the difference in scale between the two figures. Inset panels depict lake bathymetry with contour
intervals of 5 m. <Figure should be displayed in color.>

Figure 4: Bayesian age-depth models constructed for Moose Pond, Heart Lake (this study) and
Heart Lake (Whitehead and Jackson, 1990) using Bacon v2.2. Increased shading indicates the
greater likelihood the model will produce a result which passes through that section, and the solid
red line depicts the weighted mean solution of the Monte Carlo simulations. Schematic diagrams
of core stratigraphy are plotted above the depth axis. For detailed stratigraphic descriptions of
Units A, B, and C, see Section 4.1. For model inputs and plots showing model stability, prior and

posterior accumulation rate and memory as output by Bacon v2.2, see the Appendix, Figure A.1.

<Figure should be displayed in color.>
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Figure 5: Stratigraphic, bulk chemical and compound-specific n-alkane concentration data for
Heart Lake A and B cores plotted by age. Panels include stratigraphic sections (A), TOM (B), C:N
ratios (C), bulk carbon-isotope ratios (D), n-alkane concentration values (E) and average chain
length, ACL (F). Note the scale for ACL is at the top of the frame. All values occurring below 12.0
cal kyr BP (marked in italicized red on the y-axis) are age-unconstrained. Surface sediment data
from Freimuth et al. (2020) are represented by points at ~0 cal kyr BP, and unconnected to the
downcore values. <Figure should be displayed in color.>

Figure 6: Same as in Figure 5 but showing results for Moose Pond. Age-unconstrained samples
occur below 13.4 cal kyr BP (shown in italicized red on the y-axis). Note the difference in scale

for TOM, 8'3C and n-alkane concentrations as compared to Figure 5. <Figure should be displayed in

color.>

Figure 7: Hydrogen-isotope ratios of n-Cy9 (orange squares) and n-Cz7 (red circles) for Moose
Pond (A) and Heart Lake (B) plotted next to (C) reconstructed 0Dprecip Values from Moose Pond
(dark blue upright triangles) and Heart Lake (light blue reversed triangles). Panel (D) shows
simplified stacked pollen assemblage zones from Whitehead and Jackson (1990). Black error bars
on 0Dprecip Values are the 1o standard deviation on all pooled sample and standard replicates.
Regional mean annual precipitation 0D is shown with the small dashed blue line, and mean spring
season (OIPC modeled precipitation data for the months of March to May) with the large dashed
orange line. Pollen zone age boundaries are based on the updated age model produced for this
study using Bacon v2.2. Pollen categories depicted are herbs, Pinus (pine), Picea (spruce), Tsuga
(hemlock), Betula (birch), Fagus (beech) Alnus (alder) and other (22 other taxa). Herbs is
composed of the following 11 categories: Amaranthaceae, Ambrosia-type, Angiospermae undiff.

(herbs), Artemisia, Asteraceae, Cyperaceae, Isoetes, Lycopodium-type, Poaceae, Polypodiophyta,
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and Rumex. Age-unconstrained samples in panels A, B and C from the base of Heart Lake and
Moose Pond are outlined with thick black lines. The dashed black vertical line indicates age-
unconstrained samples within the Heart Lake pollen zones in panel D. Average surface sediment
hydrogen-isotope ratios recovered from the same coring site as this study and reported in Freimuth
et al. (2020) are plotted at ~ 0 cal kyr BP. Note the difference in scale of the n-alkane 6D values
for Heart Lake and Moose Pond. <Figure should be displayed in color.>

Figure 8: Modern water isotope data for the ADK modified from Freimuth et al. (2020). OIPC
modeled seasonal precipitation for winter (December, January, February), spring (March, April
May), summer (June, July, August) and fall (September, October, November) are represented by
large circles labeled 1, 2, 3, and 4, respectively. Individual OIPC modeled monthly precipitation
isotope values are plotted with labeled white circles. Surface water and xylem water samples
collected at the study sites are represented by light blue circles and reversed triangles (Heart Lake)
and dark blue squares and triangles (Moose Pond). Xylem water samples collected from one of 10
other ADK sites are shown with black crosses. Regional mean annual and mean spring season
precipitation 0D are represented by the dashed blue and orange lines, as described in Figure 7.
RMWL = regional meteoric water line. REL = regional evaporation line. Equations for RMWL
and REL were reported by Freimuth et al. (2020), and see that study for detailed descriptions of

calculation method. Precip = precipitation. <Figure should be displayed in color.>
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Tables

Table 1: Lake and catchment information for Heart Lake and Moose Pond modified from Freimuth

et al. (2020).

. Lake Catchment | Catchment | Stream Water Maximum
. . . Elevation . depth at water
Site Latitude | Longitude (m) area area elevation Inlet core site depth (m)
(km?) (km?) range (m) # P
(m)
Heart 44.18 -73.97 665 0.1 0.8 208 0 13.1 14
Moose 4437 -74.06 475 0.7 17.4 710 >1 20 22
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1312
1313

1314

Table 2: Radiocarbon sample information and results from NOSAMS Laboratory.

Depth below . 1C Age 14C Age BP
Sample ID* Lake sediment-water | Accession # BP Error
interface (cm)

HRT-B-144.5-145.5 Heart 145 0S-134712 675 + 20
HL2-188 Heart 188 0S-138212 1,730 £20
HL3-298 Heart 298 0S-137959 2,950 £20
HL4-358 Heart 358 0S-138210 3,910 =+ 30
HL4-418 Heart 418 0S-137960 4,790 + 25

HRT17-2A-1L-5 Heart 505 0S-146236 5,580 £25
HL6-598 Heart 598 0S-138207 8,130 + 45
HRT17-2A-1L-7 Heart 689 0S-146262 9,380 +35
HRT17-2A-1L-7 Heart 720-721 0S-146263 10,950 + 45
ML-B-121-121.5 Moose 121.25 0S-134714 1,500 £20
MSE17-1A-1L-2 Moose 250 0S-146259 2,710 £ 20
ML3-370.5 Moose 370.5 0S-138213 4,420 +25
ML4-431 Moose 431 0S-138209 5,770 + 30
ML5-530.5 Moose 530.5 0S-138214 8,030 £ 40
ML6-684 Moose 684 0S-138211 11,200 + 70
MSE17-1A-1L-6 Moose 626-627 0S-146260 10,400 =+ 45
MSE17-1A-1L-7 Moose 693-695 0S-146261 11,550 + 50

* All samples dated where non-aquatic, firm, woody plant or leaf material.
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Figure 5
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Figure 6
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A B @ nC27 C D| HP Zones
o4 @ en O n-C29 A+ V
A Moose 1
] V Heart Lo V———x
1.0 - == Herbs : : 'S
N == Pinus L. <
g 2.0+ Picea K =TV
) . v
8 Tsuga et o
2 301 Betula X N _':_
© i
® Fagus : I N
< 4.0 4 ! v, Al
== Alnus 1 | A
o b v
== Other
o 2 5.0 - ' -
} S O 1 A/
> 8 - 1 I V."
x B 1 I oV |, —1
T I 6.0 ! I ,
=) 1
:; ! I v“v—"‘
()] 7.0 | AQ
< 1 1 Y,
o | —
2 8.0 Lo
(1)
Q 1
2 1 |
2 9.0 Vo
> i
8 |
W 10.0 - b
: |
11.0 P
|
5| 120- !
o o
8 Lo
o) 1
Py 13.0 : |
K] I —__A
__ ! = yi
“r'rr+>r=rrTrrTrt //‘I' | ' | ' | | 7//
-200 —190 -180 -170 —160 —150 —200 —190 —180 —170 —-160 -150 -135 -80 -70 —-60 -50

Moose n-alkane 8D Heart n-alkane 8D dD precipitation Percent
(%-VSMOW) (%-VSMOW) (%.VSMOW)



Figure 820

5D (%.VSMOW)

-100

-110

-120

-130

O Heart Yearly Lake Water
V' Heart Xylem Water

B Moose Lake Water

A Moose Xylem Water

+ Other ADK Xylem Water

@ Winter
® Spring
® Summer

@ Fal

-17 -16 -15 -14

-13

-12 11 -10
5180 (%.VSMOW)

-9






