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ABSTRACT

Lacustrine sediments have the potential to preserve paleoenvironmental proxies such as terrestrial plant
waxes at high temporal resolution. The temporal fidelity of plant wax records, however, can be up to
several thousand years older than the corresponding sediment, based on compound-specific radiocarbon
(**C) analysis. Unfortunately, the factors controlling *C age offsets between plant waxes and sediments
are not well understood. The aims of this study are to quantify and compare plant wax n-alkane *C age
offsets among lakes within the same region, and to determine if drainage and lake basin differences (e.g.,
size, relief, drainage basin morphology, fluvial inputs) influence these offsets. We collected sediments
from five lakes in the Adirondack Mountains, NY, USA that lack petrogenic sources of n-alkanes, and
range in drainage basin characteristics. Sediment age models were constructed for each lake using a
combination of sediment 2!°Pb, 13’Cs, and macrofossil '*C ages, and compared to *C ages of long-chain
(n-Ca7, n-Ca9, n-Cs1) alkanes sampled from Holocene and Late Glacial aged sediments. The n-alkane '*C
ageiiial 1S @ measure of the age offset in n-alkanes relative to the sediment they are deposited in. Across
all lakes, the n-alkane '*C ageinitial ranged from penecontemporaneous to 2,440 “C yr. This oldest n-alkane
1C ageiniial is significantly outside the distribution of all other samples; when excluded, the overall mean
n-alkane "*C ageiniial was 400 + 255 C yr (n = 23). The largest n-alkane '*C ageinita values were observed
in the last 1 cal kyr BP (565 + 180 '“C yr (15), n = 12)) compared to sediments deposited between 1 and
13 cal kyr BP (220 + 195 'C yr (15), n = 11)). These age offsets develop early after initial lake basin
sedimentation and follow a similar pattern in all of the lakes despite differences in lake basin and
catchment size, relief, and geomorphology. We speculate that '*C age offsets occur due to reworking of
older n-alkanes stored in drainage basin sediments and soils and this mechanism is most effective in the
last ~1 kyr. Regardless, lakes in temperate forested metamorphic bedrock terrains have relatively small

and stable n-alkane age offsets compared with lakes with extensive catchment soils or anthropogenic



42  disturbance. By targeting lakes with minimal catchment soils, age offsets may be reduced, thereby

43  minimizing attenuation or age distortion of climate signals in plant wax isotopic records.
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1. INTRODUCTION

Lake sediment records of plant wax molecules (such as long chain n-alkanes; >C,7) and their
isotopic compositions are increasingly used to understand past changes in terrestrial ecosystems and
hydroclimate. An underlying assumption of these records is that n-alkanes are penecontemporaneous with
the age of the sediment from which n-alkanes are extracted. However, compound-specific radiocarbon
analyses (CSRA) in fluvial and marine systems indicate that plant wax age can lag behind sediment age
by centuries to millennia. This age difference, or offset, is thought to reflect incorporation of older plant
waxes from soils or from petrogenic sources (e.g., Eglinton et al., 1997; Pearson and Eglinton, 2000;
Pearson et al., 2001; Smittenberg et al., 2004; Kusch et al., 2010). Controls on the prevalence and extent
of plant wax age offsets relative to sediments are not fully understood and likely include mixing from
multiple sources and transport mechanisms.

Plant wax n-alkanes are transported to lake sediments through three main mechanisms. The first
mechanism is ablation from leaf surfaces, where n-alkanes are transported as aerosols, and then deposited
over lakes through dry particle settling or wet precipitation scavenging. This transport mechanism is
likely to result in minimal (< 1 year) age offsets (Meyers and Kites, 1982; Nelson et al., 2017; Nelson et
al., 2018). The second mechanism is the transport of n-alkanes on leaves through litterfall. This litter is
transported to lakes directly by wind or accumulates on the forest floor and is then remobilized by fluvial
transport soon (within several years) after litterfall occurs. Finally, n-alkanes enter soils where they can be
stored for long periods of time (100s to 1,000s years) before remobilization by soil erosion (e.g.,
Diefendorf and Freimuth, 2017). These transport processes operate on different spatial and temporal
scales and can thus influence the magnitude of n-alkane age offsets. The relative contribution of these
processes is not fully understood and may vary across depositional settings; however, recent studies
suggest some general patterns.

Aerosol n-alkanes, the first mechanism, likely integrate plant wax n-alkane sources at regional

scales (10s to 100s of km) in temperate forests (Nelson et al., 2017; Nelson et al., 2018), in prairie
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ecosystems (Conte et al., 2003), and in both arid and humid subtropical regions (Gao et al., 2014).
Observations indicate that aerosol n-alkane concentrations are highest during the spring when leaves
emerge (Doskey, 2000; Nelson et al., 2017), and lake sediment n-alkanes reflect the 3*°H signatures of
springtime aerosol n-alkanes, suggesting rapid deposition of aerosol n-alkanes following spring leaf
emergence, at least in temperate settings (Freimuth et al., 2017; Nelson et al., 2018).

The transport of n-alkanes via leaf litter, the second mechanism, to lake sediments by wind and
through surface waters is limited spatially to the drainage basin, with woody vegetation and leaves being
preferentially transported to lake sediments (McQueen, 1969; Drake and Burrows, 1980; Spicer and
Wolfe, 1987; Greenwood, 1991). Collection of airborne litterfall in autumn using lake surface and bottom
traps (Gasith and Hosier, 1976) suggests annual fluxes of leaves to lakes are by far greatest in the autumn.
Additionally, litterfall in lakes is greatest with high ratios of shoreline perimeter to lake area (Jordan and
Likens, 1975; Gasith and Hosier, 1976; Casper et al., 1985) in forested catchments. Isotopic comparisons
of plant waxes from lake sediments and catchment vegetation suggest that n-alkane input from
angiosperm trees dominates long-chain n-alkanes (C,7 through Cs) in lacustrine sediments (Cranwell et
al., 1987; Sachse et al., 2006; Diefendorf et al., 2011; Sachse et al., 2012; Diefendorf and Freimuth, 2017;
Freimuth et al., 2017; Freimuth et al., 2019).

Remobilization of old plant waxes from soils and transport into lake sediments, the third
mechanism, can result in centennial to millennial scale '*C age offsets (Douglas et al., 2014; Gierga et al.,
2016; Douglas et al., 2018; Bowen et al., 2019; Haas et al., 2020). The extent of this '*C age offset
potentially correlates with various catchment-specific factors such as catchment and lake size, soil
development, landscape erosion/stabilization, lake hydrology (e.g., with and without outlets), and changes
in aridity (Uchikawa et al., 2008; Bray et al., 2014; Douglas et al., 2014; Gierga et al., 2016; Bowen et al.,
2019). For example, catchment size, relief, and climate were identified in the Black Sea (Kusch et al.,
2010); permafrost coverage and temperature in the Arctic (Feng et al., 2013); catchment size and
precipitation around Central American lakes (Conte et al., 2003; Douglas et al., 2014); and wetland cover

and hydrology in the Congo River drainage basin (Scheful} et al., 2016). Globally, carbon turnover times
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in terrestrial ecosystems generally increase with latitude, ranging from mean carbon turnover time of 15
yr for tropical forests to 65 yr in tundra ecosystems; temperate forests have a mean carbon turnover time
of 23 yr (Carvalhais et al., 2014). In addition to climatic and depositional controls, anthropogenic land use
change influences the transfer of plant waxes that are potentially 1000s of “C years older into river
systems (French et al., 2018) and in lake systems (Gierga et al., 2016; Douglas et al., 2018). Observations
from lacustrine, deltaic and marine sediments suggest that a large proportion (~75 to 80%) of sedimentary
waxes are likely derived from an ‘old’ pool of compounds stored on millennial timescales (Douglas et al.,
2014; French et al., 2018; Vonk et al., 2019).

To date, relatively few studies have applied radiocarbon dating of plant waxes to lake sediments
and therefore the prevalence and mechanistic controls on plant wax age offsets in lake sediment records is
poorly understood, especially when plant waxes are sought as a high temporal-resolution proxy. Inputs of
long-stored n-alkanes into lake sediments has the potential to distort the magnitude and timing of isotopic
shifts in plant wax proxy records relative to the original paleoclimate or paleovegetation signals they
reflect. This distortion will depend on the age and relative contribution of old plant wax, the amount of
reworking, and the isotopic composition of this reworked pool.

Here, we explore '“C age offsets of plant wax n-alkanes (C7, Cz9, Cs1) in five lakes located in the
Adirondack Mountains in NY, USA to test the following hypothesis: if the transport of terrestrial plant
wax into lake sediments is controlled primarily by basin-specific geomorphic factors, then sedimentary n-
alkane age offsets would be expected to vary systematically among lakes with varying basin and
catchment size, relief, fluvial inputs and soil development. These five lakes were glacially formed in
metamorphic rocks and have had active sedimentation since the Late Glacial. Logging in the region began
in the 1800s and was very selective by location and tree species and should not be confused with full
deforestation as was done for farming (Fox, 1902; Defebaugh, 1906; McMartin, 1994). Given the
possible climatic, anthropogenic and morphological controls on n-alkane *C age offsets and inputs of
older reworked n-alkanes to lake sediments, we hold climatic controls approximately constant by

sampling lakes within the same region (Fig. 1) with similar bedrock and lacking a petrogenic n-alkane
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source. Lakes range in drainage basin morphology, including size, relief, soil storage, fluvial inputs, and
overall complexity. We briefly discuss the effect that n-alkane age offsets have on carbon and hydrogen

isotopic records generated from plant wax n-alkanes for paleoclimate applications.

2. METHODS

2.1. Study area

Sediments were collected from five lakes in the Adirondack Mountains, NY, USA (Fig. 1 and 2,
Table 1). The Adirondacks are underlain by metamorphic rocks of Middle Proterozoic age. These rocks
predate land plants by > 1 Ga and are significantly metamorphosized (heat and pressure), thus removing
petrogenic n-alkane sources. Climate conditions are similar at each of the sampled lakes, with mean
annual precipitation of 110 cm/yr and mean annual temperatures of 5 °C (PRISM, 2020). The
Adirondacks were forested between ~11.9 to ~9.6 cal kyr BP and modern vegetation assemblages were
established beginning around 2.0 cal kyr BP (Overpeck, 1985; Whitehead et al., 1989; Whitehead and
Jackson, 1990; Jackson and Whitehead, 1991; Lavoie et al., 2015). The current vegetation assemblages in
the drainage basins are mixed conifer-angiosperm forests. Pollen records indicate that a dominance of
herbs at all elevations from ice retreat until approximately 12 cal yr BP, when the first tree taxon (Picea)
is observed (Whitehead et al., 1989). This provides an approximate maximum age for relic long-chain
plant wax n-alkanes that can be remobilized from catchment soils. Detailed drainage and lake basin
characteristics and morphology are described in Section 3.1 and Electronic Annex (EA) Supplemental

Note.

2.2. Basin analysis and geophysics
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In order to evaluate the geomorphology and soil properties of the lake catchments, high resolution
Lidar data (Lidar Point Cloud, ~0.35 — 0.70) produced by the United States Geological Survey was
downloaded from The National Map (https://viewer.nationalmap.gov/basic/) in January 2019 and
imported into the geographical information system open-source software QGIS for catchment delineation.
Catchments were defined based upon delineating the local topographic divides thus capturing some
subtleties not possible with automated processing. Freimuth et al. (2020) reported lake catchment physical
information using 30 m digital elevation models). In this study, we re-evaluated catchment size using the
higher resolution Lidar dataset because of its increased spatial resolution (Table 1). The soil types and
properties atop the bedrock were extracted from the Web Soil Survey
(https://websoilsurvey.sc.egov.usda.gov; April 20, 2020).

At Moose Pond, sediment hardness was measured using a consumer grade broad sonar system
(Fig. EA1). A seismic profile (Fig. EA2; transect indicated in Fig. EA1) was acquired with a 10 Khz
Stratibox subbottom profiler operating in energy mode with 8-bit sampling. The raw image was processed

to map the entire energy returns onto a full grayscale image.

2.3. Sediment collection

Sediments were collected from the deepest part of each lake in October 2016 and January 2017,
with the exception of Moose Pond which was cored near the deepest point, at 20 m water depth (Table 1;
Fig. 2). The upper ~1.2 m of sediment, including the sediment-water interface, was collected from each
lake using a square-rod piston corer with a 1.5 m drive length polycarbonate barrel (“Bolivia corer”).
Headspace water was drained and the void was trimmed and filled with 2-5 cm of cellulose sponges (free
of extractable lipids) or with sodium polyacrylate before capping. In addition, East Pine, Heart and Moose
lakes were cored until refusal (~6-7 m) using a Livingstone square-rod piston corer. All cores were stored

at 4 °C until splitting and analysis.
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2.4. Sediment chronology

Age models for sediment cores from all five lake basins were created using a combination of C
ages of organic terrestrial macrofossils and sediment 2!°Pb ages. In order to generate the >!°Pb chronology,
all Bolivia cores were sampled from one half of each core in intervals of 0.5 — 2 cm until excess *'°Pb was
no longer measurable. Chronologies were then constructed with 2!°Pb dates and the Constant Rate of
Supply (CRS) model following Appleby and Oldfield (1978) at the Dartmouth Short-Lived Isotope Lab,
in Hanover, New Hampshire. Gamma spectrometry conducted with Canberra well-type and broad-energy
intrinsic Ge detectors was used to measure total 2!°Pb for each depth interval (*!°Pbr). The CRS model
requires the calculation of the atmospheric, or excess, 2'’Pb component (*!°Pbys). This was accomplished
by subtracting the uniform supported >!°Pb activity for each core from the measured 2!°Pbr. The
convergence of the 2!°Pbr asymptote with the measured ??°Ra, 2'*Pb and >'*Bi activities for each core,
estimated as the variance-weighted mean of these measures, was used for the supported >'°Pb activity.
Analytical and age model uncertainties were propagated following Landis et al. (2012) and Binford
(1990) respectively, and ages are reported in Gregorian Calendar years. The sediment lake chronologies
based on the 2!°Pb dates are reported in Figure EA3 and Data Table 1 (models for Heart Lake and Moose
Pond were previously reported in Schartman et al. (2020)). Additionally, the fission product '*’Cs was
measured to corroborate estimated *'°Pb ages with the 1963 atmospheric ‘bomb-spike” (Fig. A3; Data
Table 1). Following 2!°Pb dating, two ‘pre-bomb’ intervals were sub-sampled for CSRA from each of the
Bolivia cores (n = 10). The ‘pre-bomb’ CSRA samples were taken from sediment dated between 1750-
1915 to ensure that the samples predated nuclear bomb testing to avoid the ‘bomb-spike” in 'C.

To extend the sediment chronology, samples were collected for radiocarbon analysis. One
terrestrial macrofossil sample was collected near the base of each Bolivia sediment core section,
excepting Wolf Pond where two samples were taken (Table 2). Additionally, terrestrial macrofossils were
also collected from the Livingston sediment cores at East Pine Pond (n = 3), Moose Pond (n = 8) and

Heart Lake (n = 9). Briefly, all samples were removed from cores and rinsed with DI water under a
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stereomicroscope, and dried at 60°C. Before dating, samples were pre-treated at NOSAMS using a
sequence of 10% HCI (1 h at 60 °C), 2% NaOH (1 h at 60 °C, repeated until solution was free of color),
and 10% HCI (1 h at 60 °C), with three rinses with DI water after each acid or base treatment. Pre-treated
samples were filtered, dried, weighed and dated by accelerator mass spectrometry (AMS) at the National
Ocean Sciences Accelerator Mass Spectrometry (NOSAMS) facility (Table 2).

We employed Bayesian age-depth modeling techniques (Bacon v2.2; Blaauw and Christen,
2011) integrating both 2!°Pb and “C ages from the Bolivia (and where available, the Livingston) cores in
order to generate sediment chronologies for each lake basin (Fig. 3 and EA4). The Bacon age-depth
model requires inputs related to four different parameters prior to each model run, two of which are
related to the accumulation rate directly, the accumulation mean (acc.mean) and accumulation shape
(acc.shape) and two related to the model memory of accumulation rate, memory mean (mem.mean) and
memory strength (mem.strength). We chose to accept the default values for all inputs, excepting the
accumulation mean at Debar Pond, which was set to a value of 2 (Fig. EA4). If the default accumulation
mean is accepted for Debar Pond, the resulting model is unstable with large confidence intervals. This is
likely caused by the single radiocarbon sample from the base of the Debar Pond’s Bolivia sediment core
having a radiocarbon age < 500 years. After generating the age-depth models, we assigned ages to the
CSRA samples based on their sampling depth within the sediment cores. This necessitated that we
extrapolate the age-depth relationship for Debar Pond and East Pine Pond past the lowest radiocarbon
sample depth, but by no more than 6 cm. Final age-depth models are shown in Figure 3 and the model
original output are included in Figure EA4. The Heart Lake and Moose Pond models are first described in
Schartman et al. (2020) and are included here. Lake sedimentation rates are plotted in Figure EAS. We
report ages in cal yr BP (before 1950) and '“C yr BP. Following convention, ages are rounded only after
calculations, error propagations, and statistical analyses and are reported throughout the text and in Table
2. Unrounded values are reported in Table EA2 and the archived Data Table 2 (Stuiver and Polach, 1977;

Millard, 2014).

10
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2.5. Grain size analysis

Grain size analysis was determined following previously established methods (Gray et al., 2010).
Organic matter was removed using 30% H»O; at room temperature for 24 h followed by three repeat 24 h
treatments with 30% H,O» at 70 °C. Biogenic silica was then removed using 1 M NaOH at 60 °C for 6 h.
Lastly, carbonates were removed using 1 M HCI at room temperature. Sediments were freeze dried and
weighed to determine the percent lithics. Grain size particle distribution was determined as an average of
three measurements per sample using a Beckman-Coulter LS230 laser diffraction particle size analyzer.
Grain size was previously reported in Freimuth et al. (2020) and Schartman et al. (2020) and is rereported

here for comparison between all lakes reported in this study (Fig. EA6).

2.6. Sample preparation for compound-specific radiocarbon analysis

A total of 24 sediment sub-samples were taken for CSRA (Fig. 3). These sub-samples were
centered either on >!°Pb-dated intervals in Bolivia cores (n = 2 samples per lake; 10 total) or on
macrofossils in Bolivia and Livingstone cores from Debar Pond (n = 1), East Pine Pond (n = 3), Heart
Lake (n = 5), Moose Pond (n = 4), and Wolf Pond (n = 1). Sediment interval widths for CSRA ranged
from 2 to 10 cm (mean = 4.7 cm; n = 24) and were kept as small as possible to minimize the integrated
time represented in the sample (see Section 3.2 and Table EA2) while also collecting sufficient long-chain
n-alkanes for CSRA analysis.

Sediment samples for CSRA were freeze-dried, homogenized, and then extracted using
accelerated solvent extraction (ASE; Dionex 350) with 9:1 DCM/MeOH (v/v) using three extraction
cycles at 100 °C. The TLE was subsequently saponified with 0.5 N KOH in MeOH/H,0 (3:1, v/v)
following Freimuth et al. (2020). After re-extraction with hexanes/DCM, neutral and acid fractions were
separated using DCM/IPA (2:1, v/v) and 4% formic acid in diethyl ether, respectively, over aminopropyl-

bonded silica gel. The neutral fraction was then separated into aliphatic and polar fractions using activated

11
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Al>,O3 columns. Saturated compounds were separated from the aliphatic fraction over 5% silver
impregnated silica gel with hexanes. Two rounds of urea adduction were used to separate n-alkanes from
branched and cyclic compounds. The purity of n-alkanes was confirmed and their abundance determined
by gas chromatography (GC)-mass spectrometry (MS)/flame ionization detection (FID) at the University
of Cincinnati following the methods of Freimuth et al. (2020).

Long-chain n-C,7, n-Cy and n-Cs; alkanes were isolated and collected together in a single
fraction by preparative capillary gas chromatography (PCGC) at the National Ocean Sciences Accelerator
Mass Spectrometry (NOSAMS) laboratory. The isolated compounds were collected in a pre-combusted
glass trap, which was rinsed with hexanes into a collection vial. Each fraction-collected sample was
purified using silica gel columns and purity checked by GC-FID before transferring in n-pentane to a pre-
combusted (900 °C for 3 hr) quartz tube and solvent was completely evaporated with nitrogen. Pre-
combusted cupric oxide and silver chips were added before flame-sealing and combusting at 850 °C for 5
hr. The resulting CO, was quantified and purified on a vacuum line before reducing to graphite for '“C
analysis by AMS.

The reported “C data from NOSAMS were corrected for graphitization and AMS instrument
blank. To account for the PCGC/combustion blank, we used the blank size and established fraction
modern (Fm) on the NOSAMS PCGC system (0.4317 + 0.08). For each sample, the blank size was
calculated based on sample size and trapping time, and ranged from 0.41 to 0.60 (mean: 0.5) ug C (Table
EA2). The total trapped n-alkanes (n-C,7, n-Cao, and n-Cs) for each sample ranged from 30.8 to 132.9 nug
C (median = 63.7, n = 24; Table EA2), of which the blank contributed between 0.5 to 1.6% of the total

trapped sample mass (median = 0.7%, n = 24).

2.7. n-Alkane *C ages and age offset calculations

n-Alkane age offsets relative to sediment age are calculated in two ways (Table EA2) for

comparisons to previous studies. First, following Scheful3 et al. (2016), we used the measured Fm of the

12



278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

combined 1-C7, n-Ca9 and n-Cs; alkanes to calculate the initial n-alkane A'*C at the time of sediment

deposition (A"*Cinisial) according to Eq. 1.

n-Alkane A*Ciital = (Fm e* -1) (Eq. 1)

In Eq. 1, A is the '*C decay constant (1/8,267 yr!) and ¢ is the time of deposition in calendar years
BP. A¥Cinitial is reported in %o. Based on the sediment age, as determined from the sediment age models,
we determined the A'*Cym values of the past atmosphere using (Reimer et al., 2013). The A*Ciyial errors
were then calculated by propagating the uncertainties in the blank corrected Fm (1) and the uncertainty
in the sediment age (t) as determined from the BACON sediment age model (95% confidence interval;
this overestimates error). Error propagation was completed using the Monte Carlo method of error
propagation with 10,000 simulations (Anderson, 1976). A"Ciniia was then used to calculate AA™Cinitial,

which is the A'C difference between the n-alkanes A'*Cinitial and the past atmosphere A'*Cam using Eq. 2.

n-Alkane AA“Cinitiat = A*Cinitial - A*Catm (Eq. 2)

The AA™Cinitial error was determined by propagating the uncertainty determined for the A™Cipigiar
in Eq 1. and the uncertainties reported in (Reimer et al., 2013). The n-alkane A'*Cinisiai values were then
converted to the n-alkane apparent initial ages in '*C years using Eq. 3 and provides the *C age offset of
the n-alkanes at the time of sediment deposition. The '“C ageiniial represents the average n-alkane '“C age
at the time of deposition in the lake sediment. The error in n-alkane '“C ageinita Was also determined by

propagating the uncertainties in A'*Cinitial and in A™*Caqm.

n-Alkane C ageiniial = —8,033 % In[(1+ACiniia 1,000)/(1+A4Con/1,000)] (Eq. 3)

13
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The second approach for calculating n-alkane age offsets utilized the mean transit time of »-
alkanes (MTTa.x; Table EA2), which is the age difference between n-alkane age (cal yr BP) and the age
of the sediment (cal yr BP). MTT follows the approach of Douglas et al. (2018) and is presented here for
comparison with data synthesized in that study. n-Alkane calibrated ages were determined with Calib 7.10
using the intCal 13 calibration curve (Stuiver and Reimer, 1993; Reimer et al., 2013) and errors
propagated with the uncertainties of the calibrated n-alkane ages and the sediment ages.

Statistical analyses were completed using JMP Pro 14.0 (SAS, Cary, USA) and Monte Carlo error

propagation was completed with Matlab (R2020A, Mathworks, Natick, USA).

3. RESULTS

3.1. Basin geography and geomorphology

The general geography of the lakes and the surrounding drainage basins (Table 1) may impact
plant wax n-alkane transport to lakes and accumulation in sediment, thereby influencing n-alkane age
offsets in lake sediments. Below are descriptions of the five catchment areas with a focus on the potential
of the drainage basin to supply a reservoir of older plant wax n-alkanes from sediments and soils for
reworking into the lake basin. For detailed site descriptions, see EA Supplemental Note. This reservoir
depends on both the potential to store and to deliver old sediment and n-alkanes to the lake basin. We
would not expect any reservoir effect if the basin were purely barren bedrock, assuming that soils are the
primary source of old plant waxes.

Heart Lake (Fig. 2a) is bound on the north and southwest sides by steep bedrock and on the east
side by glacial drift. The drainage soils are limited to the lower slopes and are comprised of lodgment tills
that are well drained with high runoff potential. The drift could supply sediment to the lake, but erosion
appears inactive. The bedrock is too steep to retain soil beyond that required to support the trees. Sand

from the large deposit to the east is being reworked into the lake and thus the 53 cm deep B horizon of
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this unit could be transported into the basin. This is consistent with sand sized particles in the lake
sediments (Fig. EA6).

Debar Pond (Fig. 2b) lies in a through valley between two higher hills. The mapped soil units are
diverse in nature. Thick organic accumulations, in the form of bogs and/or swamps, with more than 167
cm depth of material cover 3.2% of the basin. The remaining 96.8 % of the basin are soils derived from
tills of various types on moderate slopes with rocky or bouldery materials. Generally, these soils
transition from tills at lower elevation to more rocky texture at higher elevations. Slopewash may provide
a mechanism to transport old sediments and plant wax n-alkanes to lake basin. However, it would be
restricted to the area on the northeast side of the basin. Overland flow could not remove the organic
accumulation in the wetlands, and it may be trapped before entering the lake in this very low relief zone.

Wolf Pond (Fig. 2¢) lies north-south in a broad valley. The non-bedrock parts of the drainage
basin have soils derived from lodgment tills, similar to Heart Lake. These are compact at depth and are
well-drained and do not promote runoff. The only source of organic matter is the upper 5 cm of the O soil
horizon and the B soil horizon. The delta indicates transport of some sediment. Any contribution from the
steep slopes and gullies is difficult to judge as they are likely still active. However, cuts are deeper than
the B horizon and thus are removing material from below any organic source. The ability of the soils to
drain reduces the potential for sheet wash.

Moose Pond (Fig. 2d) has a considerably larger drainage basin size (17.7 km?) and basin relief
(692 m) than the other lakes. In the middle of this drainage basin, there is a broad flat infilled area with
organic material, and a small open water portion called Grass Pond. Moose Pond’s large drainage basin is
covered with bedrock and lodgment till with a varying degree of slopes. The lodgment till is well drained
but has medium to high runoff potential. Quantifying any transport of older organic materials is
challenging because Grass Pond could serve as a trap for any material from a significant portion of the
basin and the evidence indicates former changes in water level. However, the lower stretches of the

stream draining the pond indicate reworking of alluvium which likely contained organic materials.
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The subbottom profile (Fig. EA2) indicates little or no sediment accumulation on the slope and
thicker accumulation in the depressions with the thickest in the deepest basin. The geometry indicates that
only in the deeper part of the basin are the oldest sediments present. In sum, this distribution of sediment
indicates a focusing of the sediment as has been well documented in small lakes (e.g., Davis and Ford,
1982; Hilton et al., 1986; Blais and Kalff, 1995).

East Pine Pond (Fig. 2e) lies completely within drift deposited in the ice-contact environment.
The high ridge bordering the west and south shore is a portion of a small esker. The irregular and varying
depth depressions are characteristic of kettle topography. The water level is that of the regional ground
water table with adjacent streams and several lakes all at the same elevation. Given the stratified nature of
the parent material, the soils here are different than the other drainage basins. They are able to absorb any
rainfall and limit runoff. The steep slopes directly adjacent to the lake were observed to supply plant and
leaf materials directly into the lake. The irregular topography elsewhere keeps any organic accumulation
localized.

In sum, the deltas in Debar Pond, Moose Pond, and Wolf Pond indicate that sediment, and
potentially old sediment with n-alkanes, is being transported to the lake. The stream response to lake level
changes is likely the best candidate for older material to be delivered to each lake. Extensive areas of
these basins and the Heart Lake drainage basin have steep slopes with thin soils and localized erosion.
The topography around East Pine Pond permits modern materials to be transported into the lake, but the
well-drained soils will not permit transport of particulate materials to the lake via groundwater, and thus

cannot be large sources of old n-alkanes.

3.2. Sediment age models

Age models for each lake are shown in Figure 3 and EA4. For the two lake sites for which only
Bolivia cores were recovered, Debar Pond and Wolf Pond, maximum ages are 330 cal yr BP at 131.5 cm

and 1,210 cal yr BP at 142.5 cm, respectively. Overall, the sedimentation rate at Wolf Pond is half as fast
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throughout the sampled sediment core, driven predominately by the young '*C age at Debar Pond (330
14C yr BP), as compared to the two older samples at Wolf Pond (1,270 and 1,090 *C yr BP). 2!°Pb
sedimentation rates are similar at both lakes (Fig. EAS). For Debar Pond, sedimentation increases
consistently through the record from about 12 mg m? y! for the 19" century to a contemporary rate of 30
mg m? y'. For Wolf Pond, sedimentation appears to show a background rate of ca. 10 mg m? y! from
1800-1850, although uncertainties are large. Sedimentation drops from 1880 to 1916 and remains
relatively constant from 1950 to 2000 at ca. 18 mg m? y!, before rising to 30 mg m? y..

The Heart Lake, East Pine Pond and Moose Pond age models integrate *'°Pb and radiocarbon
samples from a combination of Bolivia and Livingston sediment cores (Fig. 3, EA3, and EA4; Table 2
and Data Table 1). Maximum ages as produced by the age-depth models are 7,800 cal yr BP at East Pine
Pond (585.5 cm), 12,000 cal yr BP at Heart Lake (669.5 cm), and 13,400 cal yr BP at Moose Pond (693.5
cm). These dates provide minimum ages for the start of sedimentation at each lake, but actual lake basin
initiation will likely predate these constraints. Overall, the sedimentation rate is similar throughout the
three lake sites, averaging 0.1 cm y™! (Fig. EAS). However, at Moose Pond this rate appears to increase at
the very base of the sediment core, which is composed of glacially derived silts and sands. Conversely,
through a similar interval at Heart Lake, the sedimentation rate slows (Schartman et al., 2020). No
samples appropriate for radiocarbon dating were available from the comparable basal unit at the East Pine
Pond sediment core and thus the sedimentation rate throughout the initial stages of lake basin inception is
unknown. For Moose Pond, sedimentation rates show a uniform background rate of ca. 14 mg cm? y!,
with a sharp increase beginning around the turn of the 20" century to a contemporary rate of 30 mg cm™
y!. For East Pine Pond, sedimentation rates show what appears to be a 19" century background of ca. 8
mg cm? y!, before rising around 1920 to peak in 1955 at 30 mg cm™ y'!. At Heart Lake, rates are
generally faster, as sedimentation increases approximately linearly from about 20 mg m= y! at the turn of
the 19 century to a contemporary rate of ca. 70 mg m y! (Fig. EAS).

Finally, we note that the two radiocarbon samples from Wolf Pond have similar age-depth

relationships as those from the surface sediment cores at East Pine and Moose Ponds. At East Pine Pond,
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a sample collected at 110.25 cm of depth was dated to 1,400 '*C yr BP, while at Moose Pond a sample
from 121.25 cm of depth was dated to 1,500 *C yr BP. Conversely, Debar Pond surface sediment
radiocarbon results appear more similar to Heart Lake’s, which has an age of 675 *C yr BP for a sample
collected from 145 cm of depth. In short, age-depth relationships from all five lake sites are largely
similar, and from the input ages and resultant age models, we see no evidence for distinct outliers among
sedimentation into each lake. Based on sedimentation rate and CSRA sample thickness, the overall mean

and median time integrated in each CSRA sample is 69 and 38 yr, respectively (Table EA2).

3.3. n-Alkane *C analyses

Samples in all Bolivia surface cores from which the CSRA samples were collected had mean
sedimentation ages that ranged from 40 to 1,385 cal yrs BP. The n-alkane A"¥Ciniial values for these
samples ranged from —6.4 to —276.7%o, corresponding to sediment *C ages between 470 and 3,950 yr BP.
The n-alkane *C ageiniial, the *C age of the n-alkanes at the time of sediment deposition, ranged from —
105 + 86 to 2,440 + 94 *C yr (Fig. 4 and 5). The mean n-alkane *C ageinita is 630 = 560 *C yr (1o, n =
15), which includes one sample (2-MB) at Moose Pond (*C ageinital 0f 2,440 '“C yr) that is substantially
older than the rest of the samples (~5x the median “C ageiniial 0f 490 *C yr). Moose Pond had distinctly
higher contributions of sand sized particles (Fig. EA6) consistent with alluvial sediment transport, and the
Moose Pond core location was located near a delta downstream of a wetland complex on the eastern side
of the drainage basin (Fig. 2). Given these factors, we speculate that sample 2-MB was deposited during a
storm event (see Section 4.1), and remove it from further analyses, unless otherwise noted. When sample
2-MB is removed, the mean initial n-alkane age drops to 500 = 250 *C yr (15, n = 14). There is no
statistical difference in the n-alkane '*C ageiniial between these five lakes (p = 0.1; ANOVA), although we

note the sample size is small.
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Samples in the longer Livingstone cores from East Pine, Debar, and Moose Ponds from which the
CSRA samples were collected had sedimentation ages that ranged from 3,120 to 13,140 cal yr BP. These
samples had n-alkane A"Ciniiar values that ranged from 178.4 to —53.3%o and correspond to sediment '“C
ages between 3,470 and 11,450 yr BP. The n-alkane *C ageinisial ranged from —25 + 239 to 520 + 118 “C
yr (Fig. 4 and 5) with a mean of 250 + 160 '“C yr (1o, n = 9). There is no statistical difference in the n-
alkane '“C ageiniial for these older sediments from the three lakes (p = 0.1; ANOVA), although we note
again the small sample size.

Among all samples collected from the 5 lakes, the mean n-alkane *C ageiniial was 400 + 255 “C
yr (16, n = 23). We explored the n-alkane *C ageinisal values among all lakes to determine if any of the
lakes differed significantly from each other, but we found no evidence of this (p = 0.4; ANOVA). To
explore if there were any differences in n-alkane '“C ageiniia values with sediment deposition age (Fig. 5),
we compared recent to older sediment by assigning samples to bins with sediment ages younger and older
than 1, 3 and 6 cal kyr BP. For sediment ages older than 1 cal kyr BP, the mean n-alkane '“C ageinitia is
220+ 195 “C yr (1o, n = 11) and for younger than 1 cal kyr BP, the mean is 565 + 180 “C yr (1o, n =
12). This difference of 345 “C yr is significant (t-test, p = 0.0003). These results are also similar using 3
and 6 cal kyr BP cutoffs. At the individual lake level, the total sample size is small preventing a statistical
test, but qualitatively this pattern is true (means are smaller for the >1 cal kyr BP sediments). Combined
there is a statistically significant decrease in n-alkane "“C ageiniial values with increasing sediment age,
although the relationship has low explanatory power in a least squares regression (R*=0.26,n =23 p =
0.01; sediment age natural log transformed for normality).

For comparison with other studies, we also measured MTTwax. The mean MTT.x for all samples
(excluding the outlier at Moose Pond) was 390 + 240 cal yr BP (1o, n = 23; Table EA2). MTT.x values
were highly correlated with initial n-alkane ages (linear least squares regression; R? = 0.86, p < 0.0001),

but are offset in age due to differences between '*C yrs and calibrated years. Similar to the comparisons
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above, we found no difference in MTTwax among lakes. MT Tya.x also increases from old to young
sediment ages, similarly to n-alkane '*C ageinitiar.

The n-alkane accumulation rate (MARy.x) was measured using the sediment rate, sediment
density, and n-alkane concentrations (Table EA2). Debar Pond had the highest mean accumulation rate
(0.45 ug cm? yr''; ANOVA p = 0.001; Tukey HSD). The other lakes were not statistically different from
one another. MAR.x is not correlated with lake or catchment area. n-Alkane *C ageinitial and MTTyax was

also not correlated with the n-alkane accumulation rate (MARu.ay) either for all samples, or by lake.

4. DISCUSSION

4.1 n-Alkane C ages

For the five Adirondack lakes, we found n-alkane '“C ageiniial values were similar among the
lakes (400 + 255 '“C yr; Fig. 4 and 5). This is despite differences in the drainage basin and lake size, basin
relief, basin geomorphology, soil thickness and potential to store and transport old sediments and 7-
alkanes to the lake sediments. The contribution of older n-alkanes increases through time with greater
offsets in sediments deposited within the last 1 kyr (Fig. 5). Below, we compare these results to those
observed in other studies.

For comparison to other studies, we also report MTT.ax ages (e.g., Douglas et al., 2018). These
values are similar in magnitude to our n-alkane '*C ageiniia values (Table EA2) and therefore can be
directly compared to values reported in other studies. Our age offsets are small compared to other studies
of Holocene sediments from contrasting depositional settings. These include karstic tropical lakes
(Douglas et al., 2018), a glacial lake in Switzerland (Gierga et al., 2016), a varved coastal fjord
(Smittenberg et al., 2006), and the Congo River Fan (Scheful3 et al., 2016) which all had much larger age
offsets with a maximum of 8,000 cal yr (Smittenberg et al., 2006). The Adirondack MTT.x values are

similar in magnitude to those observed at Lake Sopensee in Switzerland during the early to mid-Holocene
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(Gierga et al., 2016). In contrast, from ~3 kyr to present, anthropogenic land clearing at Lake Sopensee
increased the MTT.x to millennial-scale values (~1-8 kyr), whereas MTTy.ax in the Adirondack lakes
remained around 250 years. The MTTy.x of Central American lakes also varied over the Holocene due to
anthropogenic land use change such as deforestation or agricultural cultivation that decreased the
apparent terrestrial residence times of n-alkanes prior to deposition in lakes (Douglas et al., 2018).

The earliest known Paleo-Indian sites in the region date to 9,000 BCE. During the pre-colonial
period, Iroquoian and Algonquin peoples used the Adirondacks seasonally for fishing, hunting and
trapping, but did not permanently settle or farm extensively in the area possibly due to the mountainous
terrain and acidic soil, particularly in the High Peaks (Otis, 2018). Given the lack of evidence for a major
change in the longstanding Indigenous presence and seasonal hunting practices in the Adirondacks at
around 1,000 yr BP, we doubt that Indigenous land use is related to the apparent increase in age offsets at
that time. We also do not expect that vegetation shifts had a large effect on the observed increase in n-
alkane initial age after 1,000 cal yr BP because the existing Adirondack vegetation zones were established
within the past 2,000 years and remain largely stable to the modern (Whitehead and Jackson, 1990;
Schartman et al., 2020). The observed increase in n-alkane age offsets does align with regional Medieval
Climate Anomaly evidence in sedimentary charcoal and Pinus pollen records from Wolf Lake in the
Adirondacks (Stager et al., 2016) and from Southern New York State (Pederson et al., 2005) suggesting
increased watershed erosion during drought and fire conditions, at ~1,000 '*C yr BP and from ~800—1300
A.D., respectively. This is consistent with tree-ring based model reconstructions of Mississippi Valley
Droughts and Stine megadroughts in North America during the last millennium, with arid conditions
extending into the Adirondacks from 940-985 AD and 832-1074 AD, respectively (Cook et al., 2010;
Menking et al., 2012). We therefore speculate that episodic, event-based climatic changes are linked to
the apparent increase in n-alkane age offsets through time, rather than anthropogenic disturbance or basin
properties, particularly because this trend was observed across all basins (Fig. 5B).

The largest anthropogenic disturbance in the Adirondacks began in the early 1800s with the first

sawmills established near the lakes studied here between 1804 and 1810. However, logging in this region
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was selective within individual areas and focused on specific species rather than deforestation. In contrast,
agricultural land use in the region did involve clearcutting, but not in the basins studied here. Logging
reached a peak by 1865 with specific species (i.e., white pine, spruce) timber supplies exhausted by 1885
(Fox, 1902; Defebaugh, 1906; McMartin, 1994). Between 1870-1880, sedimentation rates are higher in 4
(Debar Pond, East Pine Pond, Moose Pond, and Wolf Lake) out of the 5 lakes. Sediment fluxes increased
~1.5 to 2x background levels at these 4 lakes, indicating that logging may have increased the inputs of
soil-derived plant wax into the lakes during this time. Although we have limited n-alkane CSRA data for
this time, MARu.x is higher in these four lakes for the most recent samples that correspond to around this
same time. However, *C ageiniial values are no different for this time period (Fig. 5) despite increased
sediment and n-alkane flux. This could be due to insufficiently large or prolonged change in
sedimentation rate over this period to affect observed n-alkane age offsets, or because the CSRA sample
coverage, or time averaging, over the sampled interval of sediment lacked sufficient resolution. The
largest apparent initial n-alkane age observed in our study (2,440 '*C yr) was recorded at Moose Pond
(Table EA2). Moose Pond has the largest lake and catchment areas as well as the largest catchment relief
of the sites studied here. Age offsets in the other samples from this lake were not consistently or
significantly higher than at any other lake, suggesting that this one sample may have a large age offset
due to a transient factor, such as a storm event. This basin is the most complex of the lakes studied (Fig.
2), the eastern side of the drainage basin contains stream and wetland environments and has the greatest
reservoir of soils in the drainage basin. Our core location is nearby the delta downstream of this complex
terrain and therefore, it is conceivable that a storm may have eroded and transported older sediments and
thus much older rn-alkanes. Of the sites studied here, this lake has the highest amount of sand sized

particles supporting an alluvial sediment source (Fig. EA6).

4.2 Mechanisms for n-alkane age offsets

In this study and others, terrestrial plant waxes almost always have some degree of age offset
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relative to sediments, indicating terrestrial storage or residence time prior to incorporation into sediments.
In general, the age of terrestrial plant wax in sediments represents a mix of waxes that are
penecontemporaneous with sedimentation (e.g., aerosols, litterfall) and either 1) older, reworked waxes
from the sediment or soils in the catchment and/or 2) reworked petrogenic compounds. In this study,
petrogenic sources of n-alkanes can be ruled out as a source because the metamorphic bedrock in the
Adirondacks is free of plant wax n-alkanes, as mentioned above. Lakes in the Adirondacks therefore
receive n-alkanes from penecontemporaneous age sources and older sources of n-alkanes stored on the
landscape.

Penecontemporaneous inputs of #n-alkanes include aerosols and airborne litterfall (Section 1).
Wet-deposition of aerosol n-alkanes have been estimated to contribute to 15% of the flux to lake
sediments in temperate North America (Meyers and Kites, 1982). This is consistent with observations
from Europe that atmospheric deposition rates of n-alkanes over land account for ~20% of accumulation
rates in lake sediments (Nelson et al., 2018). Atmospheric deposition was also estimated to be as high as
~50% of the annual input of n-alkanes in temperate North American lakes (Doskey, 2000). These
differences in aerosol contributions vary among studies and may be dependent on many factors including
n-alkane source area, seasonality, atmospheric conditions affecting dry- and wet-deposition and
precipitation totals. Aerosol n-alkanes therefore potentially contribute to an annual duration pool of -
alkane inputs to Adirondack lakes.

Airborne litterfall is also an important source for sedimentary n-alkanes in the Adirondacks and
other forested drainage basins, with approximately seasonal to annual-scale temporal integration. Most of
the lake catchments in this study were dominated by deciduous angiosperm forests or mixed deciduous
angiosperm and conifer forests (Freimuth et al., 2020), and would be consistent with pulses of litterfall
during autumn. During the October 2016 field campaign in the Adirondacks, we observed direct litterfall
into the lake, recently fallen leaves accumulating on lake shores, and leaves suspended in the water
column (Fig. EA7). Additionally, broadleaf and needleleaf material was occasionally observed in the

sediment cores. Estimates of annual transport of airborne litterfall in temperate North American lakes is
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typically 320-350 (and up to 500) gC m! of shoreline (Jordan and Likens, 1975; Gasith and Hosier,
1976). The relative contribution of airborne leaf litter to total organic matter flux generally decreases
exponentially with increasing lake area and distance from the shoreline (Gasith and Hosier, 1976). This
latter fact is also supported by leaf taphonomy studies (e.g., Spicer and Wolfe, 1987; Greenwood, 1991).
In the Adirondacks, we would therefore expect litterfall (and therefore penecontemporaneous r-alkane
inputs) to contribute less to sediments at Moose Pond than at other lakes with smaller areas (Table 1).
However, this is not supported by MARwax, as Moose Pond, the largest of the lakes, is not significantly
different from East Pine Pond, Heart Lake, and Wolf Pond.

The lakes in this study were selected to capture a range of drainage basin morphologies (Fig. 2;
Table 1), and thereby a range of potential n-alkane storage and erosion processes from catchment soils.
The deltas in Debar, Moose, and Wolf Ponds support sediment transport directly into the lake and would
suggest that sediments, soils, and thus n-alkanes are eroded from areas upstream within the catchment and
transported into the lakes. These areas are likely candidates for old n-alkanes and could result in the
observed age offsets. Changes in lake level would be the best mechanism to activate erosion within these
drainage basins for delivery of old n-alkanes to lake sediments. In contrast, extensive areas of these
drainage basins (e.g., Heart Lake) are steeply sloped with thin soils and have very localized erosion. Due
to the erosion style and lack of old soils, these steep sloped areas cannot be a source of old (1000 yrs) n-
alkanes. East Pine Pond’s topography is unique compared to the other drainage basins as it is
characterized by relatively low relief. The catchment does have sufficient slopes for modern materials to
be transported into the lake, but the surrounding well-drained soils cannot be large sources of old #-
alkanes as there is no evidence for deep soil erosion.

n-Alkane '“C age offsets appear to increase through time with the largest age offsets in the past 1
kyr. However, even in the oldest sediments, and sediments predating land disturbance by European
settlement, an age offset is apparent (Fig. 5). This age offset exists in the oldest samples studied from the
Livingstone cores at East Pine Pond, Heart Lake, and Moose Pond. This observation that age offsets exist

not long after drainage basin formation is informative as it suggests that n-alkane age offsets can occur
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without deep soil erosion and do not necessitate a source of significantly older n-alkanes (1000 yrs).

In the Adirondack lakes studied here, n-alkane '“C age offsets will be controlled by mixing
between penecontemporaneous sources of n-alkanes and older reworked soil-derived n-alkanes from the
catchment. The challenge is differentiating mixing of small amounts of relatively old (~10,000 yr) soil-
derived n-alkanes from large amounts of relatively recent (~250 yr) soil derived n-alkanes. Figure 6
illustrates this point with a mixing model that incorporates the fraction of reworked old n-alkanes of
differing '*C ages resulting in a range of n-alkane '*C ageiniiai values. This example uses a sediment age of
1,000 cal yr BP and is a good approximation for the range of sediment ages measured in this study and for
many studies that focus on Holocene aged sediments. For comparison, a histogram of the measured 7-
alkane “C ageimiial values is plotted, and the dashed line represents the median n-alkane “C ageiniia of 440
14C yr. This median n-alkane *C ageiniial value could be explained by mixing of a minimum fraction
(~0.05) of old-aged n-alkanes (15,000 “C yr; 14,000 yr age offset) or up to a much larger fraction (~0.9)
of young-aged n-alkanes (1,500 “C yr; 500 yr age offset). This model is an oversimplification as
reworked n-alkanes likely represent a distribution of ages and these ages likely evolve through time as the
drainage basin develops. Nonetheless, it is informative for thinking about the n-alkane age offsets and
places some constraints on the endmembers of young and old aged n-alkanes and their fractions.

As discussed above, the geomorphology of these drainage basins does not support extensive
erosion of old soil-derived n-alkanes at each of the lakes as the majority of these drainage basins lack the
reservoirs, thick soils and sediments of old age, and lack the mechanisms for erosion and deep incision.
Each of the lakes studied here have similar age offsets, despite differences in basin morphology, and these
age offsets are largely maintained through time. Combined, this strongly suggests the observed n-alkane
14C age offsets are caused by incorporation of large amounts of n-alkanes with relatively recent ages (<
1000 'C yrs). A detailed study of the n-alkanes ages in the soil profiles from each of the lake basins was
outside the scope of this study. Despite being hydrophobic and having incredibly low solubility in water,
n-alkanes and other lipids have been found in water-soluble fractions of surface soils, most likely due to

colloidal dispersion (Nierop and Buurman, 1998), a mechanism that may facilitate sub-surface transport
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of aged lipids from deep soil horizons to lake sediments in karst geology (Douglas et al., 2014). It is
unclear whether the same process is feasible in the glacial geology of the Adirondacks, but it cannot be
directly assessed based on the data generated in this study. We note, however, that Nierop and Buurman
(1998) found that the water-soluble organic matter produced from surface soils comprised only ~0.01% of
the total soil and, if present in the Adirondacks, may therefore be a minor component of the total
terrestrial plant-derived lipids exported to lake sediments, when compared with the potential flux from
eroded soils and leaves.

Soil n-alkanes are thought to belong to a passive pool of carbon characterized by slow turnover
times(Huang et al., 1996; Huang et al., 1999; van der Voort et al., 2017), likely due to selective
preservation through mineral interactions or associations with stable organic matter fractionations
(Lichtfouse et al., 1998a; Lichtfouse et al., 1998b). We note that mineral-bound, aged plant waxes from
B-horizon soils can be preferentially preserved and settled out of the lake water column due to mineral
association, and therefore selectively preserved relative to more labile, rapidly degraded waxes from A-
horizon soils (Vonk et al., 2010). It may therefore be possible to store, age, and supply old (100s to ~1000
14C yrs) n-alkanes from the uppermost surface soils in the lake catchments, and we cannot rule out some
supply or selective preservation of deeper soils with much older n-alkane ages, as discussed above for
some lakes (i.e. Moose Pond), but we argue this process is minor given the striking similarities among the
lakes. With the current data, it is not possible to find a single solution to the mixing problem described
above, but we suspect that the fraction of reworked n-alkanes with age offsets < 1000 '“C yrs is large.
Mixing of n-alkanes of multiple ages has important implications for the attenuation of climate signals
embedded in their carbon and hydrogen isotopic compositions. Below, we discuss the implications of the

n-alkane mixing for paleoclimate reconstructions.

4.3 Implications for paleoclimate reconstruction

Lake sediments can provide paleoclimate records at high temporal resolution, and several studies
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have made use of this to characterize climatic and ecological change using sedimentary plant wax at
centennial to sub-decadal scales (Feakins et al., 2014; Rach et al., 2014). Prolonged storage of n-alkanes
(but also other plant wax compounds) in soils prior to deposition in lake sediments can compromise the
fidelity of plant wax n-alkanes to record high-frequency changes in past climate or vegetation (e.g.,
French et al., 2018).

For paleo-applications, small lakes in forested drainage basins that have no history of
anthropogenic disturbances, such as deforestation or agricultural land use, and that have been
continuously forested, are thought to be influenced the least by n-alkane age offsets (e.g., Gierga et al.,
2016). In the case of the Adirondacks, where we expect that such anthropogenic land use disturbance was
minimal until the 1850s, centennial-scale n-alkane '*C ageiniial values are prevalent, with an overall mean
of 400 + 255 C yr (Fig. 5). This centennial-scale n-alkane '*C age offset has the potential to reduce the
fidelity of sedimentary plant wax isotopes to past precipitation or vegetation changes. This distortion of
the proxy record can include two main effects: attenuation of the magnitude of a climate signal, and lags
relative to the temporal structure of the climate signal. Proxy attenuation and lags are not mutually
exclusive and the dominance of one or the other is a function of the fractional abundance and age
distribution of both fast- and slow-cycling pools of plant wax that contribute to lake sediments (Douglas
et al., 2014; French et al., 2018). For lags to dominate over attenuation would require very high fractional
abundance (~0.95) of slow-cycling (~millennial) wax with a relatively small age structure standard
deviation (Douglas et al., 2014). In the Adirondacks, our mixing model (Fig. 6) suggests that to reach the
mean age offset of ~400 yr with a slow-cycling wax pool of millennial age would require a fractional
contribution to the total sedimentary plant wax of between ~0.1 to ~0.4 at most. This suggests that the
Adirondack sedimentary plant wax records are more likely to reflect attenuation than significant lags,
consistent with the relatively high-frequency (centennial-scale), high-amplitude (20-30%o) deglacial plant
wax 8°H shifts in Adirondack lake records (Schartman et al., 2020). The exact degree of attenuation is
complex and will depend not only on the age structure of sedimentary plant wax but also on the isotopic

composition of these old n-alkanes, and the magnitude of isotopic change associated with the
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precipitation or vegetation event recorded in plant wax isotopes.

We caution that this does not imply that the isotopic signal recorded in n-alkanes is not useful, or
that centennial-scale pre-aging is to be expected in all lake sediments; indeed, n-alkane molecular
distribution and 8'*C data from some lakes suggests rapid (even sub-decadal) transfer of long-chain n-
alkanes into sediments (Lane et al., 2016; Aichner et al., 2018). Results from this study do, however,
indicate that sedimentary long-chain n-alkanes have some degree of time averaging or attenuation, which
is important to account for when trying to assess the magnitude and timing of isotopic proxies for
paleoclimate applications, especially across high-frequency events. In the case of the Adirondacks,
precipitation 8*°H records generated from lake sediment n-alkanes for the Late Glacial through the
Holocene are likely attenuated over a few hundred years and therefore decadal to centennial-scale isotopic
signals may not be recorded, but centennial to millennial scale changes would be captured (Schartman et
al., 2020).

In summary, n-alkane *C age offsets are important, but for forested temperate lake catchments,
similar to these Adirondack lakes, the age offsets are much smaller than those observed for lakes that may
have anthropogenic disturbances. With proper site selection, it is possible to minimize these n-alkane age
offsets. This can be accomplished by selecting lakes in drainage basins that lack petrogenic plant wax
sources, that have minimal soil storage potential, and that lack relief and fluvial input to minimize soil
erosion. Avoiding sites with anthropogenic soil disturbance is key, if the focus is on paleoclimate and not
on human activities. Additionally, modeling experiments could be used to explore possible signal
attenuation, informed by possible n-alkane age offsets and isotopic compositions of old n-alkanes, to

estimate signal to noise and signal attenuation.

5. CONCLUSIONS

Plant wax n-alkane ages were compared to sediment ages (based on 2!°Pb and terrestrial
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macrofossil *C chronologies) from five Adirondack lakes across a range of lake and catchment sizes and
morphologies. A primary objective of this study was to test whether terrestrially derived long-chain #-
alkane sediment age offsets are dependent on factors inherent to a drainage basin (e.g., size,
geomorphology, soil reservoirs) or whether they respond to transient factors that vary through time. Age
offsets for n-alkanes relative to sediments ranged from penecontemporaneous to 2,440 '“C yr with a mean
n-alkane *C ageinitial of 400 £ 255 “C yr. We found no systematic relationship between sediment n-alkane
age offsets and the drainage basin characteristics represented within the five study lakes, suggesting either
insufficient geomorphic variation among the sampled sites, or that the primary controls are transient
factors (e.g., climate/lake level change or episodic land use/cover change) rather than basin-specific
properties. In these lakes, n-alkane age offsets increase from a mean of 220 + 195 *C yr (1o, n = 11)
between 1 and 13 cal kyr BP to 565 + 180 *C yr (1, n = 12) within the last 1 kyr, possibly reflecting
drying associated with regional expression of the Medieval Climate Anomaly. Based on our original
hypothesis and trends observed in prior studies, we expected that as soil reservoirs developed over the
Holocene, the age offsets would become substantially larger (millennial-scale) than we observed (a ~340
yr increase). In these Adirondack lakes, the extent to which long-stored soil-derived n-alkanes could be
eroded from the drainage basin is limited, as the majority of these drainage basins lack the reservoirs
(thick soils of old age) and likewise lack the mechanisms for erosion of and deep incision into soils and
sediments. Given that the n-alkane age offsets are established early after basin formation and
sedimentation, before any appreciable soils could have developed, it is conceivable that the lake sediment
n-alkane age offsets are caused by incorporation of large amounts of n-alkanes that are likely < 1000 *C
yrs older than the age of sedimentation. Testing this would require detailed CSRA studies of catchment
soils in many locations within contrasting catchments.

Regardless of the exact mechanisms, climatic and vegetation signals recorded in the isotopic
composition of n-alkanes will reflect this mixing of older n-alkanes, and this will contribute to signal

attenuation. This does not suggest that important information cannot be extracted from the isotopic
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composition of n-alkanes, but it does suggest that the resolution may be limited by the extent of the n-
alkane age-offset and the complexities of mixing of multiple sources with different ages and isotopic
compositions. For lakes in the Adirondacks, n-alkanes are attenuated on a centennial timescale and
subcentennial resolution records are not possible. Being aware of those limitations is key (e.g., Schartman
et al., 2020). Future studies should consider the drainage basin geomorphology and potential for storage

and erosion of old n-alkanes in the site selection process.

FIGURE CAPTIONS:

Figure 1. Geographic location and topography of the Adirondack Park (ADK) and study lakes.

Figure 2. Topographic maps of the study sites depicting lake catchment extent, lake area and coring
locations for Heart Lake (A), Debar Pond (B), Wolf Pond (C), Moose Pond (D) and East Pine Pond (E).
Catchment topography is shown as shaded relief and catchment borders are indicated by the light blue
line. Outside the catchment, elevation contours are depicted with red lines. The contour interval is 5 m
except at Moose Pond and Debar Pond where it is 10 m. Coring locations are indicated by white circles

on all lakes. Scale varies between catchment maps.

Figure 3. Bayesian age-depth models constructed for the study lakes using Bacon v2.2 (Blaauw and
Christen, 2011). Sediment depth (cm) is plotted against age (cal yr BP) with variable scales. The solid red
line is the weighted mean solution of all the Monte Carlo iterations with darker shading indicating the
increased likelihood that the model produces iterations that pass through that section. Dashed black lines
demarcate the 95% confidence interval of each model. Model inputs, radiocarbon and 2!°Pb age

distributions, model stability, prior and posterior accumulation rate and memory, as generated by Bacon
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v2.2, are presented in Figure EA4. Blue symbols indicate depths at which CSRA samples were taken

from Bolivia cores (squares) and Livingstone cores (circles).

Figure 4. Boxplots indicating the A) n-alkane AA*Ciyiial values and the B) n-alkane “C ageiniial values for
each lake with the median, upper and lower quartiles, and maximum and minimum values indicated.

Circles indicate outliers. Median values are shown for reference. Total number (n) of samples is indicated.

Figure 5. n-Alkane "“C ageiniia (**C yr) by sediment age (cal yr BP) for each of the five lakes. Sediment
age is plotted on A) linear and B) logarithmic scales. The sediment age error bars (1c) are the reported
uncertainties from Bacon sediment age model. The *C ageiniial error bars are the propagated uncertainties
in the A"Cinial values, which includes the error in the blank corrected Fm (1c), the uncertainty in the
sediment age (t), and the uncertainties reported for A*Cym (Reimer et al., 2013). Error propagation was

determined using the Monte Carlo method of error propagation.

Figure 6. A) An isotopic mixing model of n-alkane '“C ageiniiai values as a function of the fraction of
reworked n-alkanes with varying ages. Sediment age for all scenarios is 1,000 "*C yr BP and is
representative for the range in lake sediment ages reported in this study (e.g., Holocene to Late Glacial).
B) A probability histogram of n-alkane '*C ageiniia values from all study lakes. For comparison, the
probability density is shaded for comparison to (A). The dashed line represents the measured median n-
alkane "C ageiniia value of 440 '“C yr from all Adirondack lakes. The dashed line provides an illustration
of the possible fractions of old reworked n-alkanes that could account for an age offset of 440 '*C years
for a range of old n-alkane ages. Note, an old n-alkane age of 1,250 '“C yr BP, for example, would be 250

'C yr older than the sediment at the time of deposition.
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RESEARCH DATA

Research data is provided in Data Table 1 and Data Table 2.

Data Table 1. >!°Pb and *’Cs data, age models, and sedimentation rates for the recent sediments.

Data Table 2. n-Alkane sample information for compound specific radiocarbon analysis (CSRA).
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Table 1
Lake locations and basin details.
Lake basin Drainage basin
Soil B-
Depth horizon
Latitude Longitude Elevation max. Area Area Lakearea  Relief Max. Depth

Lake (°N) (°E) (m) (m)  (km?) (km?) (%) (m) Inlets Outlets (cm)
Debar 44.62189 -74.19359 478 100 0.35 6.33 5.5 440 5 1 35-99
Pond
East Pine  44.33827 -74.41497 486  10.1 0.27 0.66 40.2 24 0 1 81
Pond
Heart 4418251 -73.96928 666 13.6 0.11 0.63 17.7 220 0 1 86
Lake
Moose 4437172 -74.06197 474 213 0.64 17.70 3.6 692 2 1 35-86
Pond

WolfPond 44.01785 -74.22170 558  12.0 0.57 6.48 8.8 258 3 1 23-86
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Radiocarbon macrofossil sample information for each of the five lakes. Ages were used along with *'°Pb
ages to constrain sediment age using BACON. The National Ocean Sciences Accelerator Mass

Spectrometry (NOSAMS) accession numbers are provided.

Lake Depth (cm)  Accession number  Age (**c yrBP) 1o
Debar Pond 130 0S-137958 330 15
East Pine Pond 110.25 0S-134713 1,400 25
407 0S-138208 4,670 25

580 0S-137961 6,860 30

Heart Lake 145 0S-134712 675 20
298 0S-137959 2,950 20

358 0S-138210 3,910 30

418 0S-137960 4,790 25

598 0S-138207 8,130 45

Moose Pond 121.25 0S-134714 1,500 20
431 0S-138209 5,770 30

530.5 0S-138214 8,030 40

684 0OS-138211 11,200 70

Wolf Pond 137.25 0S-141050 1,270 15
143 0S-141049 1,000 15
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Highlights

Highlights

1. Five lake sediment records in the Adirondacks region of New York (USA) were studied
2. Plant wax n-alkane '“C ages at the time of sediment deposition were determined

3. The average n-alkane Hc ageiita for all lakes was 400 ¢ yr

4. The age of n-alkanes were almost always older (offset) than the age of the sediments

5. Age offsets are caused by sediment focusing and reworking of soil-derived n-alkanes





