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ABSTRACT 25 

 26 

The hydrogen isotopic composition of lake water (d2Hlw) reflects hydrological processes, which can yield 27 

information about evaporation and precipitation changes through time when preserved in lake sediment 28 

archives. Unfortunately, few proxies exist that record only d2Hlw. Instead, most d2Hlw records represent a 29 

mix of aquatic and terrestrial material. Highly branched isoprenoids (HBIs), known to be produced by 30 

diatoms in marine and lacustrine settings, may be used as a lake water proxy to directly reconstruct 31 

hydroclimate if the hydrogen isotopic composition of HBIs (d2HHBI) reflects the d2Hlw. We test this 32 

hypothesis by analyzing 78 sediment samples from 12 lakes in the Adirondack Mountains in New York 33 

for HBI concentrations and d2H. d2HHBI was compared to d2Hlw, which showed an average fractionation 34 

(eHBI/lw) of –127.3 ± 15.0‰ (1s) for all samples in all lakes. Consistency in eHBI/lw between samples 35 

implies that d2HHBI may be used to reconstruct d2Hlw through time to help assess how lake systems have 36 

changed in the past. Sediment samples collected from deeper (>4 m) zones within the lake had smaller 37 

variability in eHBI/lw (±11.9‰, 1s) than samples from shallower zones, suggesting that eHBI/lw may be 38 

sensitive to other factors, such as light availability, which may be related to differences in diatom growth 39 

habit (e.g., benthic, planktonic). Similarly, the carbon isotopes of HBIs (d13CHBI) were higher for sediment 40 

samples collected in deeper zones in the lake, suggesting that d13CHBI can be used to further differences in 41 

HBI synthesis in diatom communities living in different growth habitats.  42 

 43 

Keywords: Hydrogen isotopes; highly branched isoprenoids; lake diatoms; aquatic biomarkers; 44 

paleohydrology; benthic; planktonic 45 
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1. Introduction 50 

 51 

The hydrogen isotopic composition of lake water (d2Hlw) provides hydrologic information about source 52 

water d2H (e.g. precipitation) and the balance between evaporation and precipitation in lake systems (Gat, 53 

1996; Henderson and Shuman, 2009; Anderson et al., 2016; Cluett and Thomas, 2020). Examining these 54 

processes in the past provides insights on the timing, magnitude, and controls on this essential cycle in 55 

order to improve future predictions of hydrological change. Materials preserved in lake sediment archives 56 

that capture d2Hlw can be used to generate records of these processes through time (Anderson et al., 2016). 57 

The d2H of various organic materials such as cellulose, and algal lipid biomarkers like sterols, 58 

botryococcenes, heptadecanes, phytadiene and fatty acids found in lake sediments, are utilized to track 59 

d2Hlw (Sauer et al., 2001; Zhang and Sachs, 2007). The d2H of plant waxes, also preserved in lake 60 

sediment archives, tracks plant source water d2H and is used to understand precipitation seasonality, 61 

precipitation amount, effective precipitation, and relative humidity through time (Sachse et al., 2012; 62 

Feakins et al., 2016; Thomas et al., 2016; Freimuth et al., 2017; Rach et al., 2017; Balascio et al., 2018; 63 

Thomas et al., 2020). Recent studies, however, illustrate that some lake sediment-derived plant wax 64 

compounds represent a mix of aquatic and terrestrial material (Hepp et al., 2015; Freimuth et al., 2020). 65 

For example, mid-chain plant wax d2H (C20-C24 n-alkanes and alkanoic acids) is interpreted as a proxy for 66 

lake water d2H, but modern plant studies reveal that both aquatic and terrestrial plants can make these 67 

chain lengths (Tipple and Pagani, 2013; Thomas et al., 2016; Rach et al., 2017; Dion-Kirschner et al., 68 

2020; Freimuth et al., 2020). C22 and C24 n-alkanoic acids are also identified as prominent constituents of 69 

suberin in root tissues (Graça and Santos, 2007; Pollard et al., 2008; Mueller et al., 2012; Holtvoeth et al., 70 

2019). Reconstructing past lake water d2H would be simpler if the proxy were sourced from only species 71 

living in the lake. We tested the d2H of highly branched isoprenoids (HBIs), specifically the d2H of the 72 

C20 HBI compound (d2HHBI) which are produced by lacustrine diatoms, and are abundant in many 73 

different lakes, (Rowland and Robson, 1990), to determine if d2HHBI reflects d2Hlw.  74 
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 Diatoms are single-celled eukaryotic microalgae found in aquatic settings that are used as 75 

bioindicators of a variety of environmental conditions such as pH, salinity, and other climate parameters 76 

(Charles, 1985; Charles et al., 1990; Dixit et al., 1992; Dixit et al., 1993; Smol and Stoermer, 2010; 77 

Rühland et al., 2015). For example, increases in the length of the ice-free season causes shifts in nutrient 78 

availability and light which were shown to increase diatom species diversity, specifically Cyclotella and 79 

Asterionella taxa in the Adirondack region of NY (Stager et al., 2017). Diatoms are found in a range of 80 

different lakes, except for hot and hypersaline lakes (Seckbach, 2019). Diatom growth habitats include 81 

benthic (bottom), planktonic (surface), and epiphytic (surface of plants) habitats (Patrick, 1977; Soininen 82 

and Teittinen, 2019) which can change as a function of environmental and climatological parameters 83 

(Laird et al., 2011; Rühland et al., 2015). The transitional depth from benthic to planktonic diatoms, or the 84 

benthic-planktonic depth in lacustrine settings, can be approximated using Secchi disk depth, an indicator 85 

of light availability, and has been used to assess past changes in drought (Laird et al., 2011). Modern 86 

relationships between diatom species assemblages and pH and salinity have been applied to sediment 87 

archives to reconstruct past lake chemistry and environmental parameters both spatially and temporally 88 

(Charles, 1985; Birks et al., 1990; Charles et al., 1990; Fritz et al., 1991; Dixit et al., 1993). For instance, 89 

on longer timescales, increasing salinity inferred from diatoms in the Northern Great Plains during the 90 

Early Holocene indicated a shift from a wet to a dry climate (Laird et al., 1998). Over the last 2 ka, in the 91 

northern prairies, analysis of diatom taxa indicated decadal to multidecadal shifts from wet to dry climates 92 

associated with changes in the North American jet stream (Laird et al., 2003); indicating that diatoms are 93 

sensitive to both local and synoptic-scale climate variability. 94 

 HBIs in sediments were first characterized in the Gulf of Mexico and later determined to be 95 

produced by diatoms in a variety of different environments (Gearing et al., 1976; Nichols et al., 1988; 96 

Rowland and Robson, 1990). HBIs vary in structure and by the length of carbon chains, with C20, C25, and 97 

C30 being the most commonly found compounds. C25 and C30 HBIs are more commonly found in marine 98 

environments, with overall concentrations of HBIs higher in oceanic settings than lake settings (Rowland 99 

and Robson, 1990; Sinninghe Damsté et al., 1999). One of the more common applications of HBIs has 100 
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been in marine settings with the use of IP25 as a proxy for sea ice (Nichols et al., 1988; Belt et al., 2001; 101 

Belt et al., 2007; Belt et al., 2017). In freshwater systems, C20 HBIs have been found in lakes, marshes 102 

and wetlands. C25 HBIs have been found in estuaries and lakes, while C30 is rarely found (Rowland and 103 

Robson, 1990; McKirdy et al., 2010; Pisani et al., 2013; He et al., 2015; He et al., 2016).  104 

 For C20 HBI, there is some speculation regarding the source of this compound and whether or not 105 

it is from diatoms and/or algal plants. The first report of C20 HBI in field samples associates this 106 

compound with algal plant samples (Enteromorpha prolifera) (Rowland et al., 1985). Follow up studies 107 

to this initial report indicated that the algal plants studied by Rowland et al. (1985) contained epiphytic 108 

diatoms, and therefore the exact source of the C20 HBIs is unclear (Rowland and Robson, 1990; Hird and 109 

Rowland, 1995). Some studies have reported C20 HBIs in lake sediments, including this study from the 110 

Adirondacks, from a range of lake water depths, suggesting that C20 HBIs are likely derived from 111 

planktonic, benthic, and possibly epiphytic diatom species, although other algal sources cannot be ruled 112 

out entirely without culture experiments. 113 

 Presently, few studies have examined HBIs from lacustrine diatoms and even fewer studies have 114 

explored the use of d13C and d2H of HBIs as a potential indicator of growth environment (Aichner et al., 115 

2010; McKirdy et al., 2010; Balascio et al., 2011; Muschitiello et al., 2015). Balascio et al. (2011) used 116 

the concentrations of C20 and C25 HBIs to reconstruct changes in lake surface conditions throughout the 117 

Holocene in a coastal lake in Norway. Muschitiello et al. (2015) used the d13C of C20 HBIs as an indicator 118 

of tropic state in a lake in southern Sweden. McKirdy et al. (2010) used the d13C and d2H of C20 HBIs to 119 

examine a coastal wetland in South Australia over the past 7000 years to track lake ecology and local lake 120 

hydrology. Aichner et al. (2010) measured the d2H of C20 HBIs from the uppermost portion of a lake 121 

sediment core from the Tibetan Plateau and found similarities to the d2H of long-chain n-alkanes 122 

suggesting that d2HHBI, like plant wax d2H, records source water d2H and is a promising tool that may be 123 

used to reconstruct past d2Hlw values.  124 
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 The HBIs used in this study were discovered during analyses on plant waxes in Adirondack lakes 125 

(Fig. 1) (Freimuth et al., 2020; Schartman et al., 2020). Prior lake sediment work in the Adirondacks has 126 

investigated diatoms as means to understand lake chemistry and reconstruct past climate (Shero et al., 127 

1978; Charles, 1984, 1985; Christie and Smol, 1986; Davis, 1987; Charles et al., 1990; Dixit et al., 1993; 128 

Stager et al., 2017). Charles (1985) characterized 240 diatom taxa from surface sediment of more than 30 129 

lakes from the Adirondacks and found that the percent of planktonic diatom assemblages increased with 130 

lake water pH suggesting that diatoms can be used a proxy for past lake water chemistry in this region. 131 

Similarly, Dixit et al. (1993) found that over 20 diatom taxa from about 60 lakes in the Adirondacks may 132 

serve as an indicator of lake water pH with implications for understanding acidification processes in the 133 

Adirondacks watershed. Stager et al. (2017) linked increases in lake levels to increases in the relative 134 

amount of planktonic and tychoplanktonic (benthic or non-planktonic organisms that are transported into 135 

the water column by a disturbance) assemblages and used this to infer that there were greater precipitation 136 

amounts over the past 1600 years at Wolf Lake. Combined, these paleolimnological studies of diatoms 137 

from the Adirondacks provide evidence that diatom communities are recorders of environmental and 138 

climatological factors in this region. 139 

 Here, we test the hypothesis that d2HHBI is a sensitive recorder of d2Hlw. We did this by measuring 140 

the d2HHBI and d2Hlw from a suite of surface sediments from 12 lakes in the Adirondacks Park, NY, USA. 141 

We calculated the fractionation (eHBI/lw), or the quantitative link between d2HHBI and d2Hlw, and discuss the 142 

potential applications of using d2HHBI as a paleoclimate proxy. In addition, we explore the d13C of HBIs 143 

(d13CHBI) as a method of characterizing diatom growth habitat. d2HHBI has the potential to provide d2Hlw 144 

and may provide a new way to reconstruct past hydrological processes in lake systems. 145 

  146 

2. Methods: 147 

 148 

2.1. Sample setting and collection 149 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 

 7 

 150 

The Adirondack State Park, located in northern New York, is 24,000 km2 and ranges from 37 to 1629 m 151 

above sea level with approximately 2,800 lakes covering over 1,000 km2 of the park (Fig. 1) (Driscoll et 152 

al., 1991). The Adirondack Mountains are vegetated by both temperate broadleaf and mixed forest biomes 153 

(Olson et al., 2001). The modern Adirondacks climate is classified as humid-continental, with cold 154 

winters and cool summers (Peel et al., 2007). Modern climate datasets for the Adirondacks were obtained 155 

from the closest NOAA National Climatic Data Center station in Old Forge, NY (Fig. 1, 2) covering 156 

1971–2010 (NOAA, 2020). Average monthly temperatures range from –9.9 °C to 17.9 °C between 157 

January and July (Fig. 2b) (NOAA, 2020). Average monthly precipitation amount is greatest during 158 

October with 127 mm and is lowest during February with 78 mm (Fig. 2c) (NOAA, 2020). Regional 159 

monthly precipitation isotopes were determined from the closest two sites with available data in the 160 

northeast, Ottawa, ON and Skaneateles, NY for 1972–2017 and 2015–2018 respectively. A seasonal cycle 161 

of precipitation d2H is observed with monthly averages between winter and summer ranging respectively 162 

from –110.5‰ to –40.1‰ in Skaneateles and –120.8‰ to –50.5‰ in Ottawa. (Fig. 2a) (Corcoran et al., 163 

2019; IAEA/WMO, 2020). 164 

  Previous work on diatoms in Adirondack lakes examining diatoms has focused on watershed 165 

acidification where lake pH, alkalinity, conductivity and other lake water characteristics were measured in 166 

over 70 Adirondack lakes and compared to diatom assemblages (Charles, 1985; Dixit et al., 1993). 167 

Typical lake water pH and alkalinity in Adirondack lakes ranges from approximately 4.5 to 7.8 and from -168 

31 to 408 µM respectively (Dixit et al., 1993). Conductivity in previously studied Adirondack lakes 169 

ranges from 11.9 to 58.7 µS cm–1 (Dixit et al., 1993). Neither pH nor alkalinity were measured in this 170 

study; however, in eight of twelve lakes conductivity was measured which ranges from 8 to 79 µS cm–1 171 

(Table 1). Of all the Adirondacks lakes where diatoms were studied, Wolf Lake was the only one from 172 

this study that overlapped with previous diatom assemblage work (Table 1) (Stager et al., 2017). In 173 

Adirondack lakes, Secchi disk measurements, an indicator of the benthic-planktonic depth, ranged from 174 
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1.5 m to 9.6 m with a mean depth of 5.5 (Charles et al., 1990). More specifically, in Wolf Lake, Secchi 175 

disk measurements have ranged from 3 m to 5 m since 2012 (Stager et al., 2017). In Chazy Lake and 176 

Raquette Lake, average Secchi disk measurements were 4.1 m and 3.7 m, respectively (Laxson et al., 177 

2019). Secchi disk depth was not measured in the 12 study lakes. 178 

Surface sediment samples (n = 78) were collected from 12 lakes in the Adirondacks State Park, 179 

NY in October 2016 and January 2017 (Fig. 1). Details of the sampling sites and lake size are reported in 180 

Table 1. About half of the samples (n = 42) were taken using a square rod piston corer and polycarbonate 181 

tubing. Sub-sampling for these sediment cores was conducted at 1, 5 and 9 cm depths. The remaining 182 

samples (n = 36) were taken using a gravity corer which collected sediment cores of about 30 cm in 183 

length. The top 5 cm of each of these cores were homogenized and used for analysis. The sediment water 184 

interface was intact during core recovery for both methods used. Specific sampling depths and 185 

technologies are reported in Appendix A. Supplementary Material Table S1. Based on 210Pb dating of 186 

sediment from 10 cm depths from Heart Lake, Moose Pond, Wolf Lake, Debar Lake and East Pine Pond, 187 

the age at that depth of the sediment core ranged from calendar year 1960 to 2004 (Freimuth et al., 2020). 188 

Based on this and 210Pb dating of other Adirondack lakes the sediments samples from this study represent 189 

the last 50 years indicating that measurements taken in this study are an average of the last 50 years 190 

(Binford, 1990; Binford et al., 1993). 191 

A total of 96 water samples from lakes throughout the Adirondacks were collected in October 192 

2016, January 2017, May 2017, June 2019, and July 2019. Mean annual lake water isotopic composition 193 

was calculated for each of the 12 lakes sampled for HBIs in this study. In addition, seven precipitation 194 

samples and three ground snow samples were collected during sediment sampling campaigns in the 195 

Adirondacks. The collective analysis reported here expands that of water isotope data that was previously 196 

published, along with additional sampling information, site descriptions, and sediment chronologies 197 

(Freimuth et al., 2020; Schartman et al., 2020).  198 

 199 

2.2.  Extraction and fractionation 200 
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 201 

The lipid extraction and separation techniques used for this study were previous described by Freimuth et 202 

al. (2020). In summary, sediment samples were freeze dried and homogenized. Samples were extracted by 203 

accelerated solvent extraction (ASE; Dionex 350) with 9:1 (v/v) dichloromethane/methanol 204 

(DCM/MeOH) using three extraction cycles at 100 ºC and 10.3 MPa. The total lipid extract was then 205 

saponified with 3 ml of 0.5 N potassium hydroxide (KOH) in MeOH/H2O (3:1, v/v) for 2 h at 75 ºC, then 206 

2.5 mL of NaCl in water (5%, w/w) was added and acidified with 6N HCl to a pH < 2. The solution was 207 

extracted with hexanes/DCM (4:1, v/v), the resultant extract was neutralized with NaHCO3/H2O (5%, 208 

w/w), and water removed by addition of anhydrous Na2SO4. Neutral and acid fractions were separated 209 

using DCM/IPA (2:1, v/v) and 4% formic acid in diethyl ether, respectively, over aminopropyl-bonded 210 

silica gel. The neutral fraction was then separated into aliphatic and polar fractions using activated 211 

alumina oxide column chromatography. The aliphatic fraction was separated over 5% silver nitrate 212 

impregnated silica gel with hexanes to collect saturated compounds. This fraction was analyzed for HBIs 213 

and their concentrations. 214 

Prior to isotope analysis, the saturated aliphatic fraction was further purified to separate n-C17 215 

alkane from the C20 HBI with urea adduction (see section 2.4 for details on why this method was needed 216 

for these samples (Fig. 3a, b). The C20 HBI was separated by adducting the n-alkanes in urea crystals with 217 

equal parts 10% urea in methanol (w/w), acetone, and n-pentane by freezing at –20ºC for >1 hr and 218 

subsequent evaporation with nitrogen. Non adducts, containing the HBIs, were extracted by rinsing the 219 

urea crystals with hexanes. 220 

 221 

2.3. HBI assignment and quantification 222 

 223 

HBIs were identified on an Agilent 7890A gas chromatograph (GC) and Agilent 5975C quadrupole mass 224 

selective detector (MSD), operated at 70 eV, and quantified using a flame ionization detector (FID) (Fig. 225 

3c). A multimode inlet was used and operated in pulsed spitless mode at a constant temperature of 320 ºC. 226 
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Compounds were separated on a fused silica column (Agilent J&W DB-5ms; 30 m x 0.25 mm, 25 µm 227 

film) fitted with a guard column (Restek Rxi, 5 m, 0.32 mm ID), with a helium flow of 1 mL min–1, and 228 

the oven ramped from an initial temperature of 60 ºC (held 1 min) to 320 ºC (held 15 min) at 6 ºC min–1. 229 

Following GC separation, the column effluent was split (1:1) between the FID and MSD with a 2-way 230 

splitter with He makeup to keep pressure constant. HBIs were identified using published spectra 231 

(Rowland et al., 1985; Rowland and Robson, 1990; Volkman et al., 1998; Belt et al., 2000; Balascio et al., 232 

2011). Additionally, samples were ion extracted for characteristic HBI ions to determine if there were 233 

additional HBIs. Only the C20 HBI was detected in these lake sediments.  234 

For quantification, samples were diluted in hexanes spiked with 1,1’-binaphthyl as an internal 235 

standard prior to quantification. Compound peak areas were normalized to those of 1,1’-binaphthyl and 236 

converted to concentration using response curves for an in-house mix of n-alkanes (even-chains from C14 237 

to C18; odd-chains from C25 to C35) and FAMEs (C16, C18, C24, C28, C30) at concentrations ranging from 0.5 238 

to 100 µg mL–1. Precision and accuracy were determined by analyzing external standards at 25 µg mL–1 239 

as unknowns and were 0.61 (1s, n = 13) and 0.41 (1s, n = 13), respectively (HBIs were quantified along 240 

with alkane concentrations reported in Freimuth et al. (2020)). Quantified concentrations were normalized 241 

to the mass of dry sediment. Recovery standards were not used because extractions were initially focused 242 

on isotopes of plant waxes, however, for other lake sediment projects in our lab, this is typically > 90% 243 

(before urea adduction).  244 

 245 

2.4. HBI isotopic analysis 246 

 247 

The δ2H of the C20 HBI was determined using a Thermo Trace GC Ultra coupled to an Isolink pyrolysis 248 

reactor (1420 ºC) and interfaced to a Thermo Electron Delta V Advantage IRMS via a Conflo IV. 249 

Samples were dissolved in hexanes and injected (1 to 5 µL) into a programmed temperature vaporization 250 

inlet at 60 ºC (held 1 min; He flow of 1.4 mL min–1), heated to 300 ºC at 14.5 ºC s–1 and held for a transfer 251 

time of 1 min, and then heated to 350 ºC for a cleaning phase of 6 min (with He flow of 120 mL min–1). 252 
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The GC column was the same as above. The GC oven program started at 60 ºC (held 2 min), ramped to 253 

150 ºC (15 ºC min–1), then to 180ºC (4 ºC min–1), and then to 320 ºC (20 ºC min–1; held 15 min). We also 254 

found that our standard n-alkane GC oven program with an initial temperature of 80 ºC (held 2 min), 255 

heated to 170 ºC (15 ºC min–1), and then heated to 320 ºC (held 15 min) was also suitable, but the 256 

previous method has higher throughput and therefore we used that for data reported here. Neither method 257 

could separate the C20 HBI from n-C17 alkane with sufficient baseline separation for isotopic analysis, 258 

even when n-C17 alkane was at low abundance (Fig 3b). During preliminary method testing, we found that 259 

the δ2H of the n-C17 alkanes were often 100 to 200‰ different from the δ2H of the HBIs and therefore had 260 

a strong effect on the δ2H of the C20 HBI, either due to a memory effect or due to the background 261 

correction. Therefore, all samples were further purified with urea adduction prior to isotope analysis. The 262 

H3
+ factor was tested daily and averaged 4.5 ppm nA–1 during the period of analysis. The isotopic 263 

composition of samples was normalized to the VSMOW/VSLAP scale using periodic interspersed 264 

standards of known δ2H composition (Mix A6, A. Schimmelmann, Indiana University) and are reported 265 

in standard delta notation. Additionally, an in-house standard was also analyzed every ~8 samples (Oak-266 

1a). We determined the analytical precision to be 4.6‰ by pooling the standard deviation from all 267 

replicates following Polissar and D’Andrea (2014). The precision on the Oak-1a standard is 1.8 and 2.0‰ 268 

δ2H (1s, n = 42) for n-C29 and n-C31 alkane, respectively. The accuracy on the Oak-1a standard is 0.01 269 

and 0.7‰ (n = 42) for n-C29 and n-C31 alkane, respectively, and was determined from prior Oak-1a 270 

analyses (n = 76). 271 

For δ13C, the same GC-IRMS was used but was fitted with a combustion reactor packed with Pt, 272 

Cu, and Ni wires at 1000°C. The reactor was oxidized for 1 min prior to each run and for 1 hr every ~50 273 

injections (or when δ 18O deviated more than 0.5‰). The isotopic composition of samples was normalized 274 

to the VPDB scale using periodic interspersed standards of known δ13C composition (Mix A6, A. 275 

Schimmelmann, Indiana University) and are reported in standard delta notation. Additionally, an in-house 276 

standard was also analyzed every ~8 samples (Oak-1a). The pooled analytical precision was 0.2‰ 277 

(Polissar and D’Andrea, 2014). Additionally, C14 and C15 n-alkanes were co-injected with all samples and 278 
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standards and their precision and accuracy, for sample runs, were 0.2‰ (1s, n = 35) and –0.08‰ (n = 35) 279 

for C14 and 0.2‰ (1s, n = 35) and –0.04‰ for C15, respectively. 280 

 281 

2.5. Lake water d2H analysis 282 

 283 

Samples collected before June 2019 were analyzed on a Picarro L2130-i cavity ring-down spectrometer 284 

water isotope analyzer at Indiana University-Purdue University (van Geldern and Barth, 2012). Samples 285 

collected in June and July 2019 were analyzed on a GasBench-IRMS at the University of Cincinnati by 286 

headspace analysis and equilibration with H2 and CO2 gases at 25 ºC. Samples were normalized to the 287 

VSMOW/SLAP scale using lab standards calibrated with SMOW2, SLAP2, and GISP. Instrument 288 

precision was 0.06‰ for δ 18O and 0.2 for δ2H at Indiana University-Purdue University and 2.0‰ for δ18O 289 

and 2.6‰ for δ2H at University of Cincinnati.  290 

 291 

2.6. Biosynthetic fractionation between HBI d2H and lake water d2H: 292 

 293 

Hydrogen fractionation (ebio or eHBI/lw) for each sample between d2HHBI and d2Hlw was calculated using the 294 

following equation: 295 

𝜀(#$%/'() = +
(𝛿-𝐻#$% + 1000)
(𝛿-𝐻'( + 1000)

− 13 296 

Fractionation values were calculated using mean annual d2Hlw in addition to seasonal d2Hlw from samples 297 

collected in January, May, June, July and October (Table S2).  298 

 299 

3. Results: 300 

 301 

3.1. Observed diatom HBIs 302 

 303 
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The C20 HBI diatom biomarker was present in 61 surface sediment sediments from 11 of the 12 total lakes 304 

in the Adirondacks region. In all samples studied here, C20 HBI was found whereas the diatom-derived 305 

C25 and C30 HBIs were absent. HBIs described in the remainder of this text refer only to the C20 HBI. 306 

Concentrations of HBIs in all lake sediments ranges from 0.9 to 81.9 µg g–1 dry sediment with an average 307 

concentration of 15.3 ± 17 µg g–1 dry sediment (1s), (Table S1). There is no observed relationship 308 

between HBI concentration and water depth. HBI concentrations are highest in Raquette Lake, Sucker 309 

Lake and Wolf Lake with average HBI concentrations of 53.4 ± 3 µg g–1 dry sediment (1s), 54.8 ± 30 µg 310 

g–1 dry sediment (1s) and 52.0 ± 8 µg g–1 dry sediment respectively. Horseshoe Lake has the lowest HBI 311 

concentration, averaging 3.0 ± 1 µg g–1 dry sediment (1s). 312 

 313 

3.2. Hydrogen isotopes of lake water 314 

 315 

The range of d2Hlw from all lake water samples collected in the Adirondacks is –83.2‰ to –41.8‰ (Fig. 316 

4a).  The highest d2Hlw is observed in October 2016 where d2Hlw ranges from –65‰ and –41.8‰ (Fig. 317 

4b). The lowest d2Hlw is observed in June and ranges between –83.2‰ and –62.1‰ (Fig. 4b), however 318 

seasonal variation is minimal in d2Hlw when compared to precipitation d2H. Mean annual d2Hlw for all ten 319 

sampled lakes that were measured for d2HHBI ranges from –74.1‰ to –53.1‰. Precipitation d2H from 320 

samples (n = 7) collected during sediment sampling campaigns ranged from –101.9‰ and –37.0‰ 321 

between November and July (Fig 4a). Ground snow d2H collected in October (n = 2) and January (n=1) 322 

are –81.6‰, –115.7‰ and –118.2‰ respectively (Fig. 4a). 323 

 324 

3.3. Hydrogen isotopes of C20 HBIs 325 

 326 

Of the 61 surface sediments measured here, 42 samples had HBIs of high enough concentrations to 327 

measure d2H. Measured d2HHBI ranges from –209.4‰ to –160.4‰ with a mean of –183.2 ± 12.6‰ (1s). 328 
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Calculated eHBI/lw values for all samples between d2HHBI and d2Hlw ranges from –165.0‰ to –104.4‰ 329 

(Fig. 5a) with a mean of –127.3 ± 15.0‰ (1s). Lower (more negative) eHBI/lw values correspond to 330 

shallow water depths of sampling with a slight relationship between eHBI/lw and water depth (least squares 331 

linear regression; R2 = 0.22, p = 0.002) (Fig. 5a). In order to explore this relationship further, samples 332 

were divided into two subgroups, samples taken above and below 4 m of water depth. This depth was 333 

determined from the best estimate of the benthic-planktonic depth based on previous Secchi disk depth 334 

measurements from three of the Adirondack lakes from this study (See Section 2.1). Samples collected 335 

when water depth was <4 m have a mean eHBI/lw of –143.7 ± 19.0‰ (1s, n = 10), whereas samples 336 

collected at water depths >4 m have a mean of –123.0 ± 11.9‰ (1s, n = 32) (Fig. 5). These sample 337 

subsets are significantly different from one another (t-test, p = 0.017; Fig. 5b). We acknowledge that this 338 

4 m depth is arbitrary given that Secchi disk depth was not measured in every lake. To explore this 339 

further, we divided the data into subgroups above and below depths of 3 m or 5 m, the maximum and 340 

minimum Secchi disk depths reported for some of these lakes. The separation at 3 m depth was significant 341 

(t-test, p = 0.0002), but not at 5 m depth was not significant (p = 0.15). East Pine Pond is the only lake 342 

where we sampled above and below 4 m depth in the same lake and eHBI/lw values in this lake fit the 343 

overall pattern of more negative values in the shallow zone. Future work will need to explore the 344 

importance of light availability and compare benthic and pelagic diatom assemblages that produce C20 345 

HBIs. Regardless, deeper samples have lower variability (± 11.9‰).  346 

To explore if changes in d2Hlw influence d2HHBI, we calculated eHBI/lw using mean d2Hlw in 347 

addition to January, May, July and October d2Hlw. Mean eHBI/lw for all samples calculated using January, 348 

May, July and October d2Hlw are –124.0 ± 12.1‰, –120.1 ± 13.6‰, –129.3 ± 15.7‰ and –132.6 ± 349 

15.9‰, respectively (Table S2). Because d2Hlw only changes about 12‰ throughout the year, it appears 350 

that eHBI/lw does not vary seasonally in these Adirondack lakes (see Section 4.1). To eliminate sampling 351 

bias caused by the different numbers of samples collected at each of the lakes, we calculated a lake eHBI/lw 352 
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mean. Comparisons between the mean of the lake eHBI/lw means (–126.6‰) and the mean of all eHBI/lw 353 

samples (–127.3‰) are similar suggesting that no one lake is biasing the sample mean eHBI/lw. 354 

 355 

3.4. Carbon isotopes of C20 HBIs  356 

 357 

A total of 38 samples were measured for d13CHBI. The measured d13CHBI for all lakes ranges from –32.2‰ 358 

to –21.5‰ with a mean of –27.1 ± 2.2‰ (1s ) (Fig. 5c). Samples collected at water depths >4 m and <4 359 

m (see above section) have a mean –26.6 ± 1.9‰ (1s, n = 29) and –29.7 ± 1.9‰ (1s, n = 9), respectively 360 

(Fig. 5). d13CHBI of samples taken at depths >4 m is statistically different to samples taken at depths <4 m 361 

(t-test, p = 0.0004) (Fig. 5d). In East Pine Pond, the d13CHBI of the sample taken at 1.8 m water depth is –362 

30.4‰ whereas the d13CHBI of the sample taken at 10 m water depth is –25.8‰ (Fig. 5c). East Pine Pond 363 

has the greatest range in d13CHBI, –30.4‰ to –24.6‰. The most 13C-enriched d13CHBI sample is from Little 364 

Green Pond (–21.5‰) and the most 13C-depleted d13CHBI samples are from Quiver Lake (–32.1‰) and 365 

Raquette Lake (–31.9‰). Unfortunately, d13C of the dissolved inorganic carbon was not measured. 366 

Therefore, we can only speculate below as to why d13CHBI varies with depth and among lakes.  367 

 368 

4. Discussion: 369 

 370 

4.1.  C20 HBI d2H as an indicator of lake water d2H 371 

 372 

Hydrogen isotopes of lake water (d2Hlw) are widely used to reconstruct hydrological processes such as 373 

precipitation (Gat, 1996; Henderson and Shuman, 2009; Anderson et al., 2016). The hydrogen isotopic 374 

fractionation between source water and lipid biomarker is required in order to accurately reconstruct these 375 

processes from biomarker lipids. Consistency of fractionation values indicate that proxy d2H reflects 376 

source water d2H and can be applied to sediment archives to reconstruct past hydroclimate (Sachse et al., 377 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 

 16 

2012) . Overall, we observe similar fractionation values (eHBI/lw) between d2HHBI and deep d2Hlw for ten 378 

lakes in the Adirondacks suggesting that d2Hlw can be inferred using d2HHBI (Fig. 5a). The variation 379 

observed in eHBI/lw may be due to biological or climatological effects such as the seasonality of HBI 380 

production and differences in sampling water depth (see below). We observe an uncertainty of about ± 381 

12‰ in eHBI/lw between deep samples in this study. The range observed here is similar to the range of 382 

apparent fractionation of other d2H molecular proxies such as plant wax n-C28 alkanoic acid d2H and n-383 

C29 alkane d2H in sediments, whose fractionation is –99 ± 32‰ and –121 ± 18‰ respectively (McFarlin 384 

et al., 2019). 385 

 In comparison to another C20 d2HHBI study, core top sediment from a lake on the Tibetan Plateau 386 

has a fractionation value of –90.2‰ between measured C20 d2HHBI and precipitation d2H from that region, 387 

as d2Hlw was not reported (Aichner et al., 2010). This fractionation value falls close to the range of the 388 

Adirondack samples and would likely be lower (more negative) if d2Hlw had been used because of the arid 389 

climate in the region (Aichner et al., 2010). Evaporative enrichment of lake water due to high aridity in 390 

this region causes greater evaporation of lake water resulting in 2H-enriched lake water and ultimately 391 

more negative eHBI/lw.  392 

Our results suggest that d2HHBI is a sensitive recorder of d2Hlw. However, the variations in eHBI/lw 393 

within and between lakes could suggest that other factors may influence eHBI/lw. The timing of diatom HBI 394 

biosynthesis is unlikely to influence eHBI/lw in these Adirondack lakes because changes in d2Hlw are 395 

minimal throughout the year (Fig. 4b). If d2Hlw changes seasonally, then eHBI/lw would be biased towards 396 

the time of the year that HBIs are biosynthesized. Regional observations and modelled precipitation d2H 397 

show that precipitation d2H varies seasonally between −235.9‰ to +24.2‰ from winter to summer (Fig. 398 

4a) (Bowen and Revenaugh, 2003; Corcoran et al., 2019; Bowen, 2020; IAEA/WMO, 2020). d2Hlw, 399 

however, only varies slightly throughout the year relative to the distinct seasonal variations observed in 400 

precipitation d2H (Fig. 4b), due to long lake water residence times, or the time it takes to completely flush 401 
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the lake. d2Hlw values are also similar to mean annual precipitation d2H in the Adirondack lakes, largely 402 

because these lakes have low evaporation rates (Fig. 4). Because there is only a slight seasonal change in 403 

d2Hlw, the timing of diatom HBI biosynthesis appears unlikely to influence eHBI/lw in these lakes. This is 404 

further supported by the small variation of eHBI/lw when calculated by using d2Hlw from different seasons 405 

(see section 3.3, Table S2). However, this may not be the case in lakes from other regions where d2Hlw 406 

varies substantially through the year, such as open lakes with very short water residence times (e.g., 407 

Henderson and Schuman, 2009; Cluett and Thomas, 2020). Thus, in this suite of lakes from the 408 

Adirondacks, it is unlikely that variations in eHBI/lw are due to differences in the seasonality of HBI 409 

production or d2Hlw changes and may be due to biological effects instead. 410 

Lake water stratification is also unlikely to influence d2Hlw and thus eHBI/lw in these lakes. 411 

Adirondack lakes are dimictic with little seasonal variation in d2Hlw (see above) suggesting that 412 

stratification of lake water causes little or no variation in d2Hlw. This indicates that changes in the source 413 

water of the HBIs, d2Hlw, is an unlikely a cause of both the general differences and difference observed by 414 

depth in eHBI/lw. 415 

We hypothesize that differences in diatom growth habitats, benthic versus planktonic, may 416 

explain some of the variations in eHBI/lw with water depth. This study was not designed to test epiphytic 417 

diatoms, so we cannot rule out their contribution to benthic samples and how they may influence eHBI/lw. 418 

Because there is variation in eHBI/lw above and below benthic-planktonic depth boundary, best estimated to 419 

be about 4 m in these studies lakes, this may be a major biological factor influencing fractionation. In 420 

shallow waters above this transition, light penetrates lake water to the sediment allowing for both benthic 421 

and planktonic diatoms. Below this transition, light cannot penetrate to the sediments and therefore 422 

diatoms are planktonic. Some benthic diatoms, however, might be reworked from shallower sediments to 423 

deeper sediments through littoral processes. Many of the samples studied here were collected well below 424 

the benthic-planktonic depth boundary and therefore the majority of HBIs captured in these sediments are 425 

most likely derived from planktonic diatoms. This suggests that the differences in eHBI/lw between shallow 426 
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(more negative eHBI/lw) and deep zones are due to this difference in growth habitat. Future work will have 427 

to confirm these findings.  428 

 If these differences in eHBI/lw were related to growth habit, then there may be differences in the 429 

biosynthesis of the C20 HBI between benthic and planktonic diatom species. Diatoms synthesize HBIs 430 

from isopentenyl diphosphate (IPP), the main building block of all terpenoids. In diatoms, IPP is 431 

synthesized within the mevalonate (MVA) and methylerythritol phosphate (MEP) pathways in the cytosol 432 

and the plastid, respectively, and is very similar to terpenoid synthesis in higher plants (Massé et al., 433 

2004; Diefendorf et al., 2012). IPP can also be shared between the cytosol and plastid. Of the few diatom 434 

species studied, C25 and C30 HBIs have been shown to be synthesized from either pathway, despite HBIs 435 

being found in the cytosol, with a marine planktonic species producing HBIs in the MVA pathway and a 436 

marine benthic species producing HBI in the MEP pathway (Massé et al., 2004; Athanasakoglou et al., 437 

2019). Due to differences in the biosynthetic steps between these two pathways (NADPH requirements), 438 

the d2H of IPP and thus HBI, are likely to be different. Very little is known, unfortunately, about which 439 

species make these HBIs and how they are synthesized, especially for the C20 HBI. Because of the 440 

similarity in eHBI/lw in the >4 m samples, we speculate that these planktonic diatoms are using one 441 

pathway to synthesize the HBIs. However, in the shallow samples, the mix of benthic and planktonic 442 

species, possibly utilizing both pathways, may cause the wider variation in eHBI/lw. This mixing of species 443 

habits may be important to consider if examining HBIs from both planktonic and benthic communities for 444 

paleo applications (see below).  445 

 446 

4.2. HBI d13C as an indicator of diatom growth habitat 447 

 448 

We explored the relationship between d13CHBI and lake water depth to determine if it could be used as an 449 

indicator of diatom growth habitats, especially for paleo down-core applications. Overall, the d13CHBI 450 

values were lower in samples collected at shallow water depths (<4 m) compared to the deeper samples 451 
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(Fig. 5c, d). This d13CHBI relationship with depth may be related to changes in the d13C of dissolved 452 

inorganic carbon (d13CDIC) that often varies in the water column by depth and by productivity. In lake 453 

systems, d13CDIC is a function of mixing between atmospheric d13C (d13Catm), sediment respired CO2 454 

(d13Cresp), and productivity (Bade et al., 2004; Leng and Marshall, 2004). d13Cresp is 13C-depleted 455 

compared to d13Catm resulting in the d13CDIC in lake systems to be more 13C-enriched at the lake water 456 

surface than at the sediments at the bottom of the lake (Miyajima et al., 1997; Bade et al., 2004; Leng and 457 

Marshall, 2004; Diefendorf et al., 2008). Benthic diatom communities are likely using respired CO2 from 458 

the decomposition of organic matter as a carbon source causing the d13CHBI to be 13C-depleted (He et al., 459 

2016). In addition to the differences in the uptake of respired carbon, the lake productivity will influence 460 

d13CHBI (Hollander and McKenzie, 1991; Bade et al., 2004). Productivity influences d13CDIC values in the 461 

upper water column, where productivity is high, through the removal of 13C-depleted organic matter 462 

resulting in 13C-enriched d13C values (Herczeg, 1987; Hollander and McKenzie, 1991). HBIs of 463 

planktonic diatom communities that are preserved in deep water sediments will therefore have 13C-464 

enriched d13C values relative to the benthic diatom community d13C values because of high productivity 465 

in the upper water column. This contrasts with diatoms living in the shallow parts of the lake where both 466 

benthic and planktonic communities are incorporated, resulting in HBIs preserved in these sediments to 467 

show a more respired carbon signal, less of a productivity signal, and therefore 13C-depleted d13C values. 468 

The d13CHBI values of samples taken at depths >4 m were significantly higher than the d13CHBI values of 469 

samples taken at depths <4 m (see section 3.4). This suggests that d13CHBI values may be used to 470 

determine the growth habitat of the diatoms synthesizing HBIs. This may be useful for constraining eHBI/lw 471 

for paleo reconstructions of d2Hlw. 472 

 473 

4.3. C20 HBI as a lake water d2H proxy and paleoclimate implications  474 

 475 
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This modern calibration dataset illustrates the potential for reconstructing past d2Hlw using HBIs extracted 476 

from sediment archives. Depending on the lake system of interest, records of d2Hlw derived from d2HHBI 477 

can be used to generate past records of lake water evaporation (hydrologically closed systems) or 478 

precipitation (hydrologically open systems (Cluett and Thomas, 2020). For example, in hydrologically 479 

closed evaporative lakes, d2HHBI may be combined with other proxies that record precipitation d2H, such 480 

as the d2H of terrestrial plant waxes, (Sachse et al., 2012; Freimuth et al., 2020) to quantify the extent of 481 

evaporation (Henderson and Shuman, 2009; Anderson et al., 2016; Rach et al., 2017).  482 

Unlike other lake water isotopic proxies, d2HHBI can be used to create records of past d2Hlw 483 

without complications of mixed source material. Although there are terrestrial diatoms that are found in 484 

soils, C20 HBI producing diatoms have only been documented in aquatic species (Rowland and Robson, 485 

1990; McKirdy et al., 2010; He et al., 2016). Mid-chain length alkanoic acids and n-alkanes from plant 486 

waxes are often shown to be produced by aquatic plants and have been used to reconstruct d2Hlw (Thomas 487 

et al., 2016; Rach et al., 2017; Thomas et al., 2020). However, modern calibration studies of plant waxes 488 

from land plants illustrate that mid-chain length alkanoic acids and n-alkanes can be derived from both 489 

terrestrial and aquatic plants (Freimuth et al., 2017; Berke et al., 2019; Dion-Kirschner et al., 2020), and 490 

whether or not they can be used to track lake water may largely depend on the location and the types of 491 

terrestrial and aquatic plants present (Chikaraishi and Naraoka, 2003; Sachse et al., 2012; Thomas et al., 492 

2016; Berke et al., 2019; McFarlin et al., 2019). In addition, mid-chained C22 and C24 fatty acids have 493 

been identified as one of the major components of suberin in root tissue (Graça and Santos, 2007; Pollard 494 

et al., 2008; Holtvoeth et al., 2019). This indicates that records of these compounds may be from mixed 495 

source material and the d2H may reflect some combination of d2Hlw and d2H of the plant root water or soil 496 

water. Similarly, oxygen isotopes (d18O) of cellulose and hemi-cellulose extracted from lake sediment 497 

have been used to reconstruct lake water d18O to reconstruct paleohydrology, but assumptions about 498 

sources are an issue as materials can be both terrestrial and aquatic (Wolfe et al., 2007; Hepp et al., 2015; 499 

Street-Perrott et al., 2018; Jones et al., 2019). Records of d2Hlw from d2HHBI could reduce complexities in 500 
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hydroclimate interpretations by eliminating uncertainties associated with mixing of aquatic and terrestrial 501 

sourcing through time. 502 

Diatoms are spatially diverse in lacustrine settings suggesting that HBI compounds can be found 503 

in a variety of environments at different latitudes (Soininen and Teittinen, 2019). d2HHBI will be useful for 504 

paleoclimate reconstructions in a wide array of ecosystems as opposed to other spatially limited lake 505 

water isotope proxies (e.g. carbonate d18O).  506 

In order to avoid complexities with capturing both planktonic and benthic communities in paleo-507 

applications, sampling lake depocenters that are far below the depth of light penetration will help to 508 

restrict the HBIs to planktonic communities. If this is the case, reconstructions of d2Hlw from d2HHBI will 509 

utilize the eHBI/lw from the deep samples (–123.0 ± 11.9‰, 1s) instead of the eHBI/lw of all samples. 510 

Additionally, records of d13CHBI from sediment cores may be used to screen for past changes in diatom 511 

growth habits. For example, shifts to more 13C-enriched d13CHBI should suggest a shift to more planktonic 512 

diatom communities or a shift in the benthic-planktonic depth boundary. Constraining growth habitats 513 

through time using d13CHBI and sampling in deep lake locations will aid in climate interpretations of 514 

d2HHBI. 515 

 516 

4.4. Future directions 517 

 518 

This preliminary dataset indicates that using d2HHBI as an aquatically sourced molecular proxy for source 519 

water d2H (d2Hlw) has the potential to answer hydrological questions of how lake systems change through 520 

time. Additional measurements of d2HHBI and d2Hlw from a diversity of ecosystems will expand this 521 

dataset of eHBI/lw and help identify other environmental factors that may influence d2HHBI beyond source 522 

water d2H. As discussed in Section 4.1, growth habit, planktonic or benthic assemblages, and community 523 

distribution that changes as a function of pH and salinity may influence the d2HHBI (Smol and Stoermer, 524 

2010). HBIs found in samples taken at shallow lake water depths likely produced by benthic diatoms may 525 
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differ in d2H when compared to d2HHBI from samples taken at deeper water depths where planktonic 526 

diatoms are producing the HBIs.  Distinguishing eHBI/lw differences between diatom communities will have 527 

implications for hydroclimate interpretations of d2HHBI if a shift in diatom community is suspected. 528 

Previous work has indicated that peak production in C20 HBI occurs in June, suggesting there might be 529 

seasonal influences on  d2HHBI as a proxy for d2Hlw in lakes that have greater variation in d2Hlw throughout 530 

the year than the lakes in this study (Hird and Rowland, 1995). Further work confirming this seasonality 531 

by exploring eHBI/lw in lakes with short residence times whose d2Hlw changes seasonally will aid in 532 

interpretations of paleoclimate records of d2HHBI.  533 

 534 

5. Conclusions 535 

 536 

This pilot dataset of d2HHBI and d2Hlw from the Adirondacks demonstrates that diatom derived HBIs are a 537 

proxy for lake water isotopes. We find that eHBI/lw between d2HHBI and d2Hlw is largely consistent in deep 538 

samples between lakes and has the potential to be applied to sediment archives to reconstruct past d2Hlw. 539 

Sediment samples acquired at shallow depth (<4 m) have a more negative fractionation which we 540 

hypothesize changes as a function of diatom growth habitat. Similar patterns with water depths are 541 

observed in d13CHBI suggesting that d13CHBI may be used to differentiate between growth habits. Further 542 

work to expand this dataset to other kinds of lakes in other regions will validate the utility of d2HHBI as a 543 

proxy for d2Hlw. 544 
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Figure 1: Elevation map of the 12 sampled lakes in the Adirondacks Mountains, NY: 1, Chazy Lake; 2, 
Debar Pond; 3, East Pine Pond; 4, Heart Lake; 5, Hope Lake; 6, Horseshoe Lake; 7, Little Green Pond; 8, 
Moose Pond; 9, Quiver Pond; 10, Raquette Lake; 11, Sucker Lake; 12, Wolf Lake. Brown line outlines 
the Adirondack State Park.  White dots illustrate the locations of precipitation isotope, temperature and 
precipitation amount data used (Corcoran et al., 2019; IAEA/WMO, 2020; NOAA, 2020). 
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Figure 2: Modern climate of the Adirondacks, NY. a) Average monthly precipitation d2H from 
Skaneateles (gray) and Ottawa, ON, (blue) for 2015 - 2018 and 1972 – 2017 respectively (Corcoran et al., 
2019; IAEA/WMO, 2020). Error bars are the standard deviation of all samples taken during that month 
for all years. b) Average monthly temperature are from Old Forge, NY for 1971 – 2010 (NOAA, 2020). 
Error bars are the same as in b). c) Average monthly precipitation amount from Old Forge, NY for 1971 – 
2010.  
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Figure 3: Partial GC chromatogram of the hydrocarbon fraction from a lake surface sediment sample 
from Moose Pond, Adirondacks Mountains, NY. a) A partial GC-FID chromatogram of highly branched 
isoprenoids and alkanes extracted from the sediment. b) C20 HBI and C17 alkane highlighted to show 
separation of these two compounds. Prior to d2H analysis of the C20 HBI, samples were further purified 
using urea adduction to remove the C17 alkane which could not be adequately separated on the GC-IRMS. 
c) Mass spectrum of C20 HBIs.  
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Figure 4: Plot of lake water and precipitation d2H and d18O. a) Precipitation d2H and d18O from 
Skaneateles, NY, Ottawa, ON and the Adirondacks are light green, dark green and blue open circles 
(Corcoran et al., 2019; Freimuth et al., 2020; IAEA/WMO, 2020). Modelled OIPC precipitation are black 
circles (Bowen, 2020; Bowen et al., 2005; IAEA/WMO, 2020). Gray snowflakes are collected snow from 
lake catchments in the Adirondacks. Crosses are sampled Adirondacks lake water d2H and d18O. Global 
meteoric water line (GMWL), local meteoric water line (LMWL) and local evaporative line (LEL) are 
plotted. b) Lake water d2H and d18O plotted with the local evaporation line. Colors correspond to 
sampling month where months 1-12 are January-December.  
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Figure 5: Relationship of eHBI/lw and d 13CHBI by depth. a) Scatter plot of eHBI/lw by water depth of sediment 
sampling locations. Colors and symbols correspond to the sampled lake. b) box and whisker plot of eHBI/lw 

above and below 4 m of lake depth. Boxes are quartiles about the median, whiskers are 5 and 95 
percentiles and gray circles are outliers, c) and d) are the same as a) and b) but for d13CHBI.  
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Table 1: Adirondack lake properties including location, elevation, lake area, catchment area, lake conductivity 
and lake water δ2H and δ18O 

Lake Name Latitude Longitude Elevation 
(m) 

Conductivity 
(µS) 

Lake 
area 
(km2) 

Catchment 
area (km2) 

Maximum 
depth (m) 

Lake 
water 
δ2H 

Lake 
water 
δ18O 

Chazy Lake 44.7258 -73.8208 466 79 7.5 58 30.0 -71.0 -10.0 
Debar Pond 44.6219 -74.1936 483 29 0.4 6.4 9.1 -66.1 -9.1 
East Pine 
Pond 44.3383 -74.4150 513 23 0.3 1.1 10.1 -62.7 -8.2 
Heart Lake 44.1825 -73.9693 665 8 0 0.8 12.2 -61.7 -8.0 
Hope Lake 44.5132 -74.1253 523 12 0.1 0.4 11.5 -59.3 -7.5 
Horseshoe 
Lake 44.1356 -74.6219 524  1.6 11.5 4.9 -62.2 -8.3 

Little Green 
Pond 44.3574 -74.2989 521 24 0.3 1.4 12.2 -60.3 -7.7 
Moose Pond 44.3717 -74.0620 475 26 0.7 17.4 21.3 -72.3 -10.1 
Quiver Pond 43.7379 -74.8709 539  0.1 0.6 2.0 -55.5 -6.9 
Raquette 
Lake 44.2268 -74.4700 470  4.1 17.1 29.0 -67.8 -9.8 
Sucker Lake 44.1808 -75.1208 426 34 0.4 2.6 3.0 -45.9 -5.5 
Wolf Lake 44.0179 -74.2217 558   0.6 4.7 14.0 -66.5 -9.5 
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