
1. Introduction
Inland water bodies, such as lakes, ponds, wetlands, and rivers link the terrestrial realm to the ocean and, 
although covering a small portion of Earth's surface, play an integral role in modulating Earth's carbon fluxes 
(e.g., Aufdenkampe et al., 2011; Battin et al., 2009; Raymond et al., 2013; Tranvik et al., 2009, 2018). Fur-
thermore, the water cycle is highly sensitive to climate change, impacting the fluxes through dynamics of 
hydrological networks throughout the land-ocean aquatic continuum. As the carbon cycle is intertwined with 
the water cycle, both are expected to be significantly altered by—and contribute to—climate change (Battin 
et al., 2009; Ward et al., 2017). Lakes are dynamic environments where carbon is transported, deposited, buried 
and/or oxidized, and where changes are amplified on short timescales (Tranvik et al., 2009). Organic carbon 
burial in lake sediments comprises an important long-term carbon sink, with rapid removal of carbon from 
surface reservoirs and efficient sequestration in underlying sediments (Sobek et al., 2009; Tranvik et al., 2009).

Although lakes occupy only 2% of the Earth's surface, carbon burial in lake sediments corresponds to 
∼50% of the burial in ocean sediments that cover 71% of the Earth's surface (Cole et al.,  2007; Dean & 
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Plain language summary The Arctic is rapidly warming compared to other parts of the 
world, yet the consequences on regional aquatic carbon cycling are unknown. We studied the properties 
of sediment cores from three different types of lakes within the Mackenzie River Delta to examine 
relationships between the degree of lake connectivity with the main river channel network and carbon 
inputs and burial. “High-closure” lakes that are rarely connected to the river mainstem are markedly 
different from those that are frequently inundated by the river. Their organic carbon is of local origin, in 
contrast to the carbon in more connected lakes. Moreover, despite higher carbon contents, high closure 
lakes bury carbon less efficiently, suggesting that an increase in the abundance of these lakes would lead 
to a reduction in carbon burial in the delta. No significant changes in carbon burial are, however, apparent 
in lake sediment records spanning the last ∼200 years.
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Gorham, 1998). However, lake ecosystems are fueled by terrestrial carbon which fosters heterotrophic or-
ganisms and thus the outgassing of methane (CH4) and carbon dioxide (CO2). Most lakes globally are su-
persaturated in CO2 compared to the atmosphere (Sobek et al., 2005) and lakes containing anoxic waters 
and those that are largely vegetated are significant CH4 emitters (Bastviken et al., 2011). As such, lakes are 
usually considered as net sources of carbon to the atmosphere, while also serving as loci of enhanced carbon 
burial (Cole et al., 2007).

Due to thaw and subsidence of previously frozen ground (permafrost), which creates shallow depres-
sions, Arctic deltas are characterized by a high number of lakes and ponds (Raymond et al., 2013; Sobek 
et al., 2005). The permafrost related generation of shallow depressions is known as thermokarst (e.g., Vonk, 
Tank et al., 2015). Arctic inland waters can represent both a source and sink of CO2 and CH4, depending 
on the balance between emission of preaged carbon (released by permafrost thaw and microbially remin-
eralized) and carbon fixation (both autotrophic and heterotrophic) by aquatic ecosystems. The Mackenzie 
River Delta is the most extensive in North America covering 12,170 km2 (Droppo et al., 1998), and is host 
to many thousands of small, shallow lakes (<10 ha in area and <4 m deep, Emmerton et al., 2007). These 
deltaic lakes can be broadly classified into three categories: no closure (NC, continuously connected to the 
river), low closure (LC, connected during the annual spring flood), and high closure (HC, connected less 
than annually, during strong spring flood events) (Figure 1, Lesack & Marsh, 2007). Small shallow lakes 
are thought to be zones of important primary production when light availability is high, that is, turbidity is 
low, and nutrient availability is not limiting (Tranvik et al., 2009), leading to high annual carbon burial rates 
(up to 17,000 gCm−2 year−1, Downing et al., 2008). The different types of lakes within the Mackenzie River 
Delta, reflecting variations in hydraulic connectivity and thus nutrient and sediment supply, may capture 
different facets of local and regional-scale carbon and hydrological cycling. Moreover, as some HC lakes are 
thermokarst-influenced, on-going thawing of underlying permafrost releases preaged carbon, CO2 and CH4, 
to the water column, influencing the carbon balance. Tank et al. (2008) found that HC and LC lakes are a 
net sink of CO2, especially in summer, primarily due to their extensive macrophyte cover. However, they 
are strong CH4 emitters due to methanogenetic ebullitive transport during winter with the development of 
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Figure 1. Localization of the Mackenzie Delta lakes (a) global view of the Mackenzie River Delta, (b) zoom into the Inuvik area and (c) lake classification 
(adapted from Tank et al., 2009). Lakes UD-4, MD-1 and MD-2 were studied in this work. Vonk et al. (2015b) reported on lake LD-1, a low closure lake similar 
to UD-4.
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water column anoxia. As for much of the Arctic region, the Mackenzie River region is expected to undergo 
marked environmental modifications as a result of on-going climate change (Richter-Menge et al., 2019). 
With earlier melting of river ice, the annual flood pulse (freshet) may decline or become damped, poten-
tially resulting in disconnection of some lakes from the river, and leading to their subsequent desiccation 
(Lesack & Marsh, 2010; Lesack et al., 2014). In contrast, overall riverine discharge is projected to increase 
as a consequence of increased precipitation in the Mackenzie River catchment (Peterson et al., 2002, 2006) 
which may enhance lower-altitude lake connectivity. Stronger or prolonged connection to the river and 
associated permafrost thaw, may amplify thermokarst processes which in turn may reduce the lakes' effec-
tiveness as CO2 sink, potentially altering greenhouse gas emissions to the atmosphere.

Previous studies on Mackenzie Delta lakes have examined inorganic and organic properties of surface 
sediments from a subset of lakes, spatially distributed across the delta (Peterse et al., 2014; Vonk, Giosan 
et al., 2015). Furthermore, a sediment core from one LC lake (LD-1) was studied in detail from the perspec-
tive of its value as an archive of past river flooding and climatic change, and in terms of vascular plant car-
bon input (Vonk et al., 2016, 2019). Here, we seek to establish links between the biogeochemical character-
istics and the hydraulic connectivity of arctic deltaic lakes. We examine geochemical and sedimentological 
properties of three sediment cores collected from a NC, LC, and HC lake from the middle and upper Mac-
kenzie Delta. In order to assess past changes in carbon and nutrient supply to these lakes, and their impact 
on lacustrine carbon cycles (Tranvik et al., 2009), we compare and contrast organic and inorganic isotopic 
characteristics to elucidate carbon and sediment sources to the lakes. Biogeochemical and sedimentological 
characteristics are interpreted in the context of differences in lake connectivity, and their potential to record 
both distal (NC, river-derived) and local (HC, lake catchment-derived) variability. The chosen lakes are 
meant to highlight differences and similarities between the three types of connectivity.

2. Material and Methods
2.1. Setting and Sampling of Lakes

The Mackenzie River is the largest Arctic river of North America and the largest single source of sediment 
and carbon to the Arctic Ocean, with an mean water discharge of about 320 km3 year−1 carrying about 
1 MtC year−1 (Droppo et al., 1998). As for other Arctic rivers, the hydrological cycle of the Mackenzie is 
dominated by the freshet, that is, melting of snow and ice, which occurs in early June and accounts for 
more than 60% of the annual water and about 90% of the sediment discharge (Drenzek et al., 2007). A large 
fraction of the catchment of the Mackenzie and its tributaries is underlain by continuous (13%) or discon-
tinuous permafrost (69%; Amon et al., 2012; Droppo et al., 1998; Holmes et al., 2012). The river remains 
under ice cover from late September until early June. The freshet brings nutrients to the delta lakes and, 
in combination with initially shallow water levels, initiates a massive bloom of submerged macrophytes 
(mainly Potamogeton spp., Squires & Lesack, 2002), resulting in CO2 depletion and elevated pH in HC, and 
some LC lakes during summer (Tank et al., 2008, 2009). In most of the deltaic lakes, phytoplankton pro-
duction is negligible (Squires & Lesack, 2002). During winter, under the ice cover, anoxia develops in HC 
and LC lakes following the decay of macrophytes, resulting in sulfate reduction and CH4 release, as well as 
an increase in pCO2 (Squires et al., 2009). In addition, the Mackenzie Delta area is known to receive large 
amounts of “old” petrogenic (originating from the Canol Formation) and preaged permafrost hydrocarbons, 
which is more or less efficiently buried in lake sediments depending on the lake connection to the river 
(Goñi et al., 2005; Hilton et al., 2015; Vonk et al., 2019; Yunker et al., 1993). Sedimentation rates are typically 
lower for HC lakes than for NC and LC lakes (Marsh et al., 1999), with some lakes presenting characteristic 
lamination with a darker thick layer from the spring freshet and a finer lighter layer deposited during the 
summer months (Vonk et al, 2015, 2016). Radiogenic neodymium isotope ratios (143Nd/144Nd expressed as 
εNd) in lake sediments of the Mackenzie Delta region are a good tracer of source rocks, with the western 
part of the delta exhibiting more radiogenic values, typical of the Peel Plateau, than the eastern part being 
sourced predominately from the older Devonian Canol Formation (Vonk, Giosan et al., 2015). Specifically, 
lake sediments in the western delta yield values of −12.15 ± 0.81 compared to values of −13.22 ± 0.45 in 
the east (Vonk, Giosan et al., 2015). There is also a South to North gradient, with more radiogenic values in 
the South likely due to the presence of coarser, more radiogenic grains (−12.80 ± 0.70 for lake sediments 
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of the upper delta) originating from the Peel and Arctic Red rivers, while in the northern part of the delta, 
only finer, less radiogenic grains remain (−13.85 ± 0.47 for lake sediments of the outer delta; Vonk, Giosan 
et  al.,  2015). Since the Great Slave Lake serves as a very efficient sediment trap, most of the sediments 
delivered to the Mackenzie Delta originate from the area north, that is, downstream, of this lake (Carson 
et al., 1998). The vegetation in the catchment of the Mackenzie River varies greatly: tundra, boreal forest, 
peatland and mountains (Dyke & Brooks, 2000), and the watershed is covered by lakes (10%), forest (35%), 
grassland (30%), and shrubland (10%) as well as minor cropland and wetland (Amon et al., 2012).

Twenty-six lake sediment cores were recovered from the Mackenzie Delta in March 2009 with a custom-
ized push-corer (built in-house at Woods Hole Oceanographic Institution, WHOI) as described by Vonk 
et al. (2015b). Cores were shipped and archived under refrigerated conditions, split lengthwise, with the 
working half of each core sliced into ∼1 cm sections. The three lake cores selected for this study (Figure 1) 
were described by Vonk et al. (2015b): MD-2 (NC, 68.358°N, 133.767°W), UD-4 (LC, 67.875°N, 134.175°W), 
and MD-1 (HC, 68.312°N, 133.835°W, previously named “NRC Lake,” Squires et al., 2009). One core per lake 
was studied and the recovered core length was 1.47 m for MD-1 (HC), 1.88 m for MD-2 (NC) and 1.2 m for 
UD-4 (LC).

2.2. Bulk and Sedimentological Measurements

For the determination of bulk organic carbon (OC) properties, 10–15 mg of freeze-dried and homogenized 
sediment was fumigated with concentrated hydrochloric acid (HCl 37%) for 72 h at 60°C to remove inor-
ganic carbon and subsequently neutralized and dried under a basic atmosphere (pH > 7, NaOH) at 60°C for 
another 72 h. Carbon isotopic compositions (δ13Cbulk, the ratio of 13C/12C in a sample relative to the standard 
Vienna PeeDee Belemnite, VPDB and Δ14Cbulk, the 14C isotopic ratio of a material relative to the modern 
standard after correction for fractionation to δ13Cbulk), total sediment OC (TOC) content and C/N ratios of 
bulk organic matter were measured with an Elemental Analyzer (EA) interface coupled to both a stable 
isotope analyzer (EA-IRMS, Elementar vario MICRO cube—Isoprime Precision) and Mini Carbon Dating 
System (MICADAS) accelerator mass spectrometer (AMS; McIntyre et al., 2016). Δ14C values are corrected 
for blank, δ13C, year of coring (2009) and year of deposition. Date C.E. obtained from 14C dating of wood are 
calibrated with the OxCal software using the IntCal13 (Reimer et al., 2013) calibration curve.

For mineral surface area (MSA) and grain size (GS) measurements, organic matter (OM) was removed from 
a freeze-dried sample aliquot (ca. 1 g) by combustion (12 h, 450°C, cool-down ramp −40°C h−1) (Freymond 
et al., 2018). Before MSA measurement, samples were degassed under vacuum (>2 h, 350°C) to remove 
any remaining water and adsorbed gases. MSA was measured with N2 using the BET method (Brunauer 
et al., 1938) with a 5-point adsorption isotherm (p/p0 = 0.05–0.3) on a NOVA 4000 surface area analyzer 
(Keil et al., 1997). GS distributions were analyzed by laser diffraction on a Malvern Mastersizer 2000, where 
a sediment subsample was dispersed in sodium polyphosphate (1 gL−1) and subsequently measured under 
ultrasonication (Freymond et al., 2018).

For Nd isotope analysis, sediment aliquots of 30–50 mg were weighed into 7 mL Teflon vials and treated re-
peatedly with aqua regia and nitric acid/hydrogen peroxide mixtures to oxidize organic compounds. These 
oxidation steps were performed before and after the digestion of the silicate fraction in a mixture of concen-
trated hydrofluoric and nitric acid (4 mL of 28.5 M HF, 1 mL of 14.5 M HNO3) at 120°C for 3 days. Even-
tually the samples were brought up in 1 mL of 1 M HCl in preparation for ion chromatography. Pure Nd 
fractions were obtained combining a cation column to separate rare earth elements from the bulk sample 
matrix, followed by the isolation of Nd from other rare earth elements on LN spec (Pin & Zaldguegui, 1997). 
Total chemical blanks of ∼30 pg were negligible compared to sample Nd > 300 ng. Nd isotope compositions 
were measured on a Neptune Plus MC-ICP-MS at ETH Zurich in 2% HNO3 at sample concentrations of 
40–100 ppb. Instrumental mass bias correction followed Vance and Thirwall  (2002). External reproduci-
bility of the mass spectrometric analysis was monitored by repeated measurements of La Jolla (standard 
reference material) during the session and corresponded to < 10 ppm (2 SD, n = 15, run at 50 ppb). A more 
realistic error estimate from other sessions is somewhat larger at about 15 ppm. Sample isotope ratios were 
renormalized to the literature value for La Jolla (143Nd/144Nd = 0.511856; Thirwall, 1991). The 143Nd/144Nd 
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isotope ratios are expressed in epsilon-notation as relative deviations from the bulk silicate earth times 
10’000 (143Nd/144Nd = 0.512638; Jacobsen & Wasserburg, 1980).

2.3. Lipid Extraction

Freeze-dried sediments (5–8 g) were treated three times with dichloromethane (DCM):Methanol (MeOH) 
(9:1, v/v) using an EDGE system (CEM). The total lipid extract was dried under a gentle stream of nitrogen 
(N2) and then saponified with 0.5 M potassium hydroxide (KOH) in MeOH (2 h reflux at 70ºC). The neutral 
fraction was liquid-liquid extracted with hexane (four times) and then dried under N2. This fraction was sep-
arated on a deactivated (1%) silica gel column into an apolar (containing n-alkanes), ketone and polar frac-
tion, using hexane, hexane:DCM (9:1, v/v), and DCM:MeOH (1:1, v/v) as eluents, respectively. The remain-
ing saponified products were acidified (pH ∼ 1) prior to liquid-liquid extraction of long-chain fatty acids 
(with hexane:DCM, 4:1, v/v). The extract was then methylated overnight (12 h, 70°C) with MeOH:HCl (95:5, 
v/v), and the resulting fatty acid methyl esters (FAMEs) were liquid-liquid extracted four times with hexane. 
The FAME fraction was transferred into precombusted gas chromatography (GC) vials and dried under a 
stream of N2. To quantify the compounds, a known amount of C36 n-alkane was added to the fractions.

2.4. Lipid Concentrations and Compound-specific δ13C Analysis

FAMEs and n-alkanes were quantified on a HP 7890A gas chromatograph (GC) equipped with a flame 
ionization detector (FID), and a VF-1 MS capillary column (30 m × 0.25 mm, 0.25 μm film thickness). The 
temperature program started with a 1 min hold time at 50°C, followed by a 10°C min−1 ramp to 320°C and 
a 5 min hold time at 320°C. Peaks were identified against a mix of pure standard compounds based on 
retention time.

Before stable carbon isotope (δ13C, the ratio of 13C/12C in a sample relative to the standard Vienna PeeDee 
Belemnite, VPDB) analysis, the FAME fraction was further purified over a SiO2 column with hexane:D-
CM (2:1, v/v) and DCM:MeOH (1:1, v/v). Compound-specific δ13C analysis of FAMEs and n-alkanes was 
performed in duplicate by GC-isotope ratio mass spectrometry (GC‒IRMS) on a Thermo Trace GC (1310) 
coupled with a Thermo Delta-V plus system. The GC was equipped with a RTX-200 MS capillary column 
(60 m × 0.25 mm i.d., 0.25 μm film thickness) and the temperature program was as follows: ramp from 40°C 
to 120°C at 40°C min−1, followed by a 6°C min−1 ramp to 320°C and a 12 min hold time at 320°C.

The δ13C value of the FAMEs have been corrected for carbon addition from methylation as follows 
(Equation 1):

   


   


13 13
FAME CH3 FAME CH3 CH313

FAME
FAME

measurednC nC C nC C
C

nC
 (1)

With FAME number of carbon atoms of FAMEnC , 3 1CHnC  and    13
CH3 41.08 0.14 ‰C .

2.5. Lipid Ratios

Several ratios have been calculated to constrain n-alkane signatures. These include (Equation 2) the carbon 
preference index (CPI, Bray & Evans, 1961; Kvenvolden, 1966), which serves as an estimation of the propor-
tion of sedimentary rock (petrogenic) or thermogenic hydrocarbons (∼1 is indicative of ancient, thermally 
mature hydrocarbon inputs, and >5 for higher plant inputs; Collister et al., 1994; Equation 3) the average 
chain length of the n-alkanes and fatty acids (FA; average chain length (ACL), based on > C27 n-alkanes 
or > C24 FA; adapted from Eglinton & Hamilton, 1967), which can reflect the plant source, and (Equation 4) 
long-chain FA over long-chain n-alkane concentrations, indicative of preservation. Corresponding ratios 
are calculated according to:
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where Ci indicates the concentration of the compound i.

3. Results
3.1. Age-Depth Model

No closure (MD-2) and Low closure (UD-4): Horizons from Mackenzie River Delta sediment core were ana-
lyzed for 137Cs activity as well as 210Pb decay, as described in Graf Pannatier (1997) and Vonk et al. (2015b, 
2016). Briefly, the onset of 137Cs activity (corresponding to 1951 C.E.) was observed at different depths for 
each core, with the 137Cs activity peak (corresponding to 1963 or 1964 C.E.; Rember et al., 1993) observed at 
32.5 cm and 50 cm for UD-4 and MD-2, respectively (Figure S1). Resulting estimates for average sedimen-
tation rates for UD-4 were 0.77 cm year−1 and 0.72 cm year−1 (1951–1964 C.E. and 1964–2009 C.E., respec-
tively). For MD-2, sedimentation rates correspond to 0.62 cm year−1 (1951–1964 C.E.) and 1.1 cm year−1 
(1964–2009 C.E.). Independent lamina counting agrees well with the number of annual laminations de-
ducted from sedimentation rates. As such, the part of the core above the 137Cs peak is dated based on lamina 
counting as well as sedimentation rate calculations. No apparent decay of 210Pb is observed in the Mackenzie 
River Delta lake cores (Graf Pannatier, 1997), likely as a result of dilution due to high sedimentation rates. 
Significant vertical sediment reworking (e.g., due to bioturbation) is unlikely given the clear 137Cs peaks 
(Figure S1). Sedimentation rates (pre or post137Cs peak) are similar to those reported by Ferguson (1990) 
and Marsh and Hay (1999) for other LC and NC lakes in the region. 14C measurements of plant fragments 
yielded 14C-ages of 1742 ± 51 C.E. at 109 cm in UD-4 and 1825 ± 57 C.E. at 157 cm in MD-2. The ages of 
these wood fragments are ∼100 years older than the calculated age based on sedimentation rates (1864 C.E. 
for UD-4 at 109 cm and 1904 C.E. for MD-2 at 157 cm), likely indicating preaging of the wood in soil/per-
mafrost prior to deposition in the lake.

High closure (MD-1): Lake MD-1 was not measured for 137Cs during this study, however previous studies 
(Ferguson, 1990; Marsh et al., 1999) reported a relatively smeared 137Cs peak (at 4 cm in 1987 C.E., Fig-
ure S1). However, Ferguson (1990) and Mash and Hay (1999) suggested that the peak should still represent 
1963–1964 C.E. The Δ14Cbulk values do not show any depletion downcore (Figure 2), in agreement with 
sediment reworking, maybe due to the presence of macrophyte roots in the sediment. Ferguson (1990) de-
termined a sedimentation rate of 0.2 cm year−1 for MD-1 using the 137Cs peak and sedimentation plates 
deployed in the lake for a year. We used this sedimentation rate to determine the possible position of the 
137Cs peak in our core (taken 22 years later, Figure S1) and established the age model assuming a constant 
sedimentation for the upper 40 cm. Below 40 cm, the presence of the organic-rich layer indicates a change 
in the hydrological regime and sedimentation. The calibrated 14C age for the wood fragment recovered from 
a core-depth of 45 cm in MD-1 was 1,444 ± 40 C.E. The age at 40 cm calculated with sedimentation rate is 
1810 C.E., significantly younger than the wood debris, which, as for the other lakes, likely indicates preag-
ing prior to deposition.
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3.2. Bulk and Sedimentological Properties

No-Closure (NC) lake core MD-2: The upper 100 cm of the core from MD-2 (total length, 188 cm, all cores 
were studied within the topmost 120 cm) has visually distinct laminations with alternating coarser and fin-
er laminae, while below 100 cm there is no evident laminae (Figure S1). The median grain size (d50) varies 
from 6.0 to 4.3 µm with a downcore decrease linked to an increase in the finer (<2 µm) clay fraction (Fig-
ure 2). MSA varies from 19 to 30 m2g−1 with a significant increase in MSA with increasing sediment depth 
(Figure 2). MSA is inversely correlated with grain size (r = 0.90, p = 0.005, n = 6), as is commonly observed 
in other rivers and in fluvially dominated sediments (Freymond et al., 2018). The radiocarbon content of 
the bulk OM (Δ14Cbulk) is constant over the core with an average Δ14Cbulk value of −693 ± 40‰ (SD, n = 9, 
core-top value is from Vonk, Giosan et al., 2015). The radiocarbon content of a woody fragment (Δ14Cwood) 
at 157 cm depth is substantially 14C-enriched (−206 ± 66‰), compared to bulk OM. The TOC content and 
stable carbon isotopic composition of the bulk OM (δ13Cbulk) are fairly constant throughout the core, averag-
ing 1.6 ± 0.2% and −26.6 ± 0.4‰, respectively. C/N varies from 7.3 to 9.5, overall constant in the core. εNd 
is homogenous in the core (−13.36 ± 0.07, 1 SD, n = 5, S1).

Low Closure (LC) lake core UD-4: The core (147 cm long) is dominated by clay with organic clasts and no 
apparent laminae, although there is an organic-rich layer at 107–112 cm (Figure S1). d50 varies between 8.0 
and 10.4 µm with finer particles more prevalent toward the bottom of the core, while MSA varies from 14 to 
19 m2g−1, with a steep increase below 70 cm (Figure 2). MSA and d50 are significantly correlated (r = 0.84, 
p < 0.05, n = 8). Δ14Cbulk values are relatively constant (average of −577 ± 71‰), excluding significantly 
higher values between 79 and 110 cm (−311 ± 113‰, n = 3). One wood fragment at 109 cm—within the 
14C-enriched layer—yielded a Δ14Cwood of −203 ± 63‰. TOC contents are relatively constant in the upper 
section of the core (0–90 cm) and in the deepest sample (av. 1.5 ± 0.2%), but are higher between 90 and 
110 cm (max. at 110 cm 12.54%). δ13Cbulk values are relatively uniform throughout the core at −26.0 ± 0.4‰, 
with the exception of a higher δ13C value at 118 cm (−22.5 ± 1‰). C/N varies from 7.2 to 18.5, with higher 
values between 90 and 110 cm. εNd is also homogenous in UD-4 and identical to the composition observed 
in MD-2 (−13.37 ± 0.11, 1 SD, n = 6, Table S1).
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Figure 2. Bulk sediment characteristic with depth in the cores: (a) Δ14Cbulk, (b) median grain size (d50), (c) mineral surface area, (d) TOC, (e) C/Nbulk, and (f) 
δ13Cbulk. LD-1 data (low closure, Vonk et al., 2016) are plotted for comparison when available, Mackenzie River suspended particulate matter (SPM) is from 
Vonk et al. (2015b), Holmes et al. (2020) and Goñi et al. (2005). C/N and δ13C ranges are from Meyers (1994), with the exception of the δ13C of Mackenzie Delta 
lake aquatic plants from Tank (2009).
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High-Closure (HC) lake core MD-1: The upper 41 cm of core MD−1 (total 
length 120 cm) is a mix of clay and silt with no apparent laminae that 
is underlain by a detritus-rich bed (mainly woody debris) at 41–98 cm, 
hereafter called the peat layer. Beneath 98 cm, the sediment is again a 
silt/clay mix exhibiting lighter color than the upper 41 cm (Figure S1). 
d50 varied from 7.1 to 9.5 µm with a downcore decrease (Figure 2) linked 
to an increase in the finer (<2 µm) clay fraction. MSA varies from 15 to 
19 m2g−1 above the peat layer, while it is lower (∼12 m2g−1) below the peat 
layer (Figure 2). No significant correlation is apparent between d50 and 
MSA (r = 0.5, p = 0.3, n = 5). Δ14Cbulk is relatively constant above the peat 
layer (average of −202 ± 37‰, n = 5), but is much more 14C-depleted un-
derneath (−615 ± 7‰), the latter Δ14Cbulk values being similar to those of 
UD-4 and MD-2. One wood fragment retrieved from within the peat layer 
(45 cm) yielded a Δ14Cwood value of −177 ± 70‰; similar to the Δ14Cbulk 
values above the peat layer. TOC contents increase with increasing depth 
starting at 3.9% at the surface to 10.6% at 39 cm, while TOC contents of 
sediment layers below the peat interval are comparatively low (∼1.1%), 
but similar to those for MD-2 and UD-4. Corresponding δ13Cbulk values 
decreased with increasing depth, ranging from −22.3 ± 0.15‰ at the top 
to −29.5 ± 0.15‰ at 39 cm, while the sample below the peat layer has 
δ13C value of −25.9 ± 0.15‰ (Figure 2), again echoing typical values in 
MD-2 and UD-4. C/N varies from 9.1 to 12.7, higher below 30 cm. εNd 
is homogenous also within much of MD-1 (−13.18 ± 0.08, 1 SD, n = 4, 
Table S1), but slightly more radiogenic than in the other cores (averag-
ing at −13.36 and −13.37, see above). The deepest measured sample at 
is 120 cm is, however, distinctly unradiogenic (−13.73). Only the upper 
41 cm of this core has been studied for lipids due to our focus on the most 
recent sedimentation and to derive comparisons with MD-2 and UD-4.

3.3. Lipid Distribution and Isotopes

3.3.1. No Closure (MD-2)

n-Alkanes: Chain lengths from C17 to C35 are detected with the C27 n-al-
kane as the dominant homolog (13 ± 3% of all n-alkanes C17‒C35, n = 69) 
followed by the C25 and C29 (9 ± 1% for both, n = 69). The average CPI is 
2.3 ± 0.4, and the ACL is 28.8 ± 0.2 (Figure 3). Average concentrations of 
the odd short-chain (C17–21), mid-chain (C23–25), and the long-chain (C27–33) 
n-alkanes are 52 ± 14 µg gTOC

−1, 47 ± 14 µg gTOC
−1, and 87 ± 33 µg gTOC

−1, 
respectively. These concentrations are relatively constant throughout the 
core with the exception of the long-chain (C27–33) n-alkanes, which are 
higher toward the bottom of the core (up to 183 µg gTOC

−1 around 110 cm, 
i.e., 1920 C.E.). There is a slight increase toward the top of the core, above 
37 cm (i.e., after 1975 C.E.) in all n-alkanes (Figure 3). The mineral surface 
area-normalized loadings of the n-alkanes are significantly correlated 
with their concentrations (r = 0.9 and p < 0.001 for all n-alkanes). These 
loadings are also relatively stable over the core but increase above 37 cm 
(after 1975 C.E.) with long-chain n-alkane increasing (C27–33) from 0.03 
to 0.08 µgm−2, similar to the mid-chain (C23–25) and short-chain (C17–21) 
n-alkanes increasing from 0.02 to 0.04 µgm−2. The abundance-weighted 
average δ13C value of the long-chain (C27–33) n-alkanes is −31.4 ± 0.8‰ 
(Figure 4a). Mid-chain (C23–25) n-alkane and C21 n-alkane δ13C signatures 
are identical within uncertainty in all analyzed samples (−30.8 ± 1.6‰, 
and −30.8 ± 0.5‰, respectively).
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Figure 3. Lipid properties for (a) MD-2 (no closure), (b) UD-4 (low 
closure) and (c) MD−1 (high closure). First panel: Fatty acid concentration 
(short-chain C14–18 and long-chain C24–30). Symbol sizes reflect the ratio of 
long-chain FA over long-chain n-alkanes as indicated beside each figure. 
Second panel: n-alkanes concentration (short-chain C17–21, mid-chain 
C23–25, and long-chain C27–35). The symbol sizes reflect the CPI of the 
n-alkanes. Third panel: ACL for FA and n-alkanes (blue line for the FA and 
purple line for the n-alkanes). Note the different x-axis for all panels. ACL, 
average chain length; CPI, Carbon Preference Index; FA, fatty acids.
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Fatty (n-alkanoic) acids (FAs): The C16 FA is the dominant homolog (21 ± 9% of all FAs, n = 69), followed by 
the C24 FA (16 ± 3%, n = 69) and C22 FA (11 ± 2%, n = 69). The summed concentration of the short-chain 
FAs (C14–18) is lower than the long-chain (C24–30) counterparts, and decreases from the bottom of the core up 
to 110 cm (i.e., until 1920 C.E., Figure 3a). It then stays constant at around 125 µg gTOC

−1 and 83 µg gTOC
−1 

(for the long-chain and short chain FAs, respectively) up to 60 cm (i.e., 1960 C.E.) where all FAs increase. 
Between 0 and 37 cm (i.e., after 1975 C.E.), the concentrations of the short-chain FAs increase from 30 to 
93 µg gTOC

−1, with peaks of 340 µg gTOC
−1 at 3 and 10 cm). The long-chain FAs do not increase during that 

period, remaining constant at ∼60 µg gTOC
−1. The mineral surface area-normalized loadings of the FAs show 

the same trend as the concentrations (r > 0.9, p < 0.001). The weighted average δ13C value of the short chain 
FAs (C16–18) is −30.0 ± 3.1‰ (n = 19), the δ13C value of the C24 FA is similar (−30.5 ± 0.5‰, n = 19), but the 
C30 homolog could only be sporadically measured (−30.7 ± 0.7‰, n = 6, Figure 4b). The δ13CC30 FA value is 
lower at the bottom of the core and increases toward the top.
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Figure 4. Carbon stable isotope compositions of the n-alkanes of (a) MD-2, (c) UD-4, (e) MD-1 and of the fatty acids (FA) of (b) MD-2, (d) UD-4, and (f) MD-1. 
The error bars represent the variability of the external standard plus the standard deviation among the replicate (n = 2) and the effect of added methyl group for 
the fatty acids.
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3.3.2. Low Closure (UD-4)

n-Alkanes: The most abundant n-alkane throughout the core is the C27 homolog (19 ± 1%, n = 76), followed 
by n-C25 (10 ± 1%, n = 76) and n-C29 (8 ± 1%, n = 76). The average CPI is 4.0 ± 2.6, however, there is a clear 
separation between the 90–110 cm section of the core (CPI of 8.6 ± 2.4) and the rest of the core (0–86 and 
111–118 cm; CPI of 2.9 ± 0.5; significant difference t-test p < 0.0001, Figure 3b). The ACL, on the other 
hand, is similar throughout the core: 90–110 cm at 27.8 ± 0.2 and the rest at 27.6 ± 0.2. The concentration of 
the long-chain (C27–33) n-alkanes is higher for the 90–110 cm layer (236 ± 175 µg gTOC

−1; max. 614 µg gTOC
−1 

at 90 cm), whereas the short-chain (C17–21) and mid-chain (C23–25) n-alkanes are lower than in the rest of 
the core (32 ± 28 and 64 ± 48 µg gTOC

−1). The long-chain n-alkane loadings are also higher in this layer 
(0.4 ± 0.2 µgm−2). In the rest of the core, long-chain, mid-chain and short-chain n-alkane concentrations are 
relatively constant (131 ± 46 µg gTOC

−1, 79 ± 27 µg gTOC
−1 and 76 ± 28 µg gTOC

−1, respectively). The n-alkane 
loadings are significantly correlated with their concentrations (r = 0.9, r = 0.7 and r = 0.7, p < 0.001 for 
the short-chain, mid-chain and long-chain n-alkanes, respectively), with similar loadings for all n-alkanes 
(short-chain: 0.07 ± 0.03 µgm−2, mid-chain 0.07 ± 0.03 µgm−2, and long-chain: 0.12 ± 0.05 µgm−2). The 
average δ13C value of the C21 n-alkane is −28.9 ± 1.6‰, while the abundance-weighted average δ13C values 
of the mid-chain (C23 ‒ C25) and the long-chain (C27–C33) n-alkanes are −29.8 ± 0.5‰ and −31.4 ± 3.4‰, 
respectively Figure 4c). The δ13C value of the C21 n-alkane is lower below 80 cm than above (∼−30.5‰ 
compared with ∼−27.5‰).

FAs: The main n-FA homolog is C16 (24 ± 5%, n = 76) followed by C24 (17 ± 4%, n = 76) and C22 (13 ± 2%, 
n = 76). The concentration of the short- and long-chain FAs is different between the two layers mentioned 
above (t-test p  <  0.0001): 392  ±  201  µg  gTOC

−1 (C14–18) and 510  ±  210  µg  gTOC
−1 (C24–30, n  =  16) for the 

90–110 cm layer, versus 228 ± 131 µg gTOC
−1 (C14–18) and 260 ± 160 µg gTOC

−1 (C24–30, n = 60) in the rest of 
the core (Figure 3b). Corresponding loadings of the FAs are higher for the 90–110 cm layer (1.5 ± 1 µgm−2) 
than the rest of the core (0.2 ± 0.1 µgm−2). The correlation between FA concentration and mineral loading 
is significant but lower than for the n-alkanes (r = 0.6 and p < 0.001). The abundance-weighted average 
of the δ13C values of the short-chain FAs (C16–18) is −30.1 ± 1.5‰, similar to the values of the C24 FA (av. 
−30.7 ± 1.2‰), while the C30 homolog is slightly more 13C-depleted (av. of −32.3 ± 1.2‰, Figure 4). There 
is a slight increase in C30 FA δ13C values from the bottom of the core up to 80 cm before sharply decreasing 
(to −35‰ at 80 cm) and a further decrease toward the top of the core (−2‰). The δ13CC24 FA and δ13CC16–18 FA 
values are highly variable at the bottom of the core but show two episodes of 13C-enrichment at the top of 
the core (+2‰ and +4‰ at 32 cm for the C24 and C16–18, respectively, and +4‰ at 10 cm for both).

3.3.3. High Closure (MD-1)

n-Alkanes: The C27 homolog is the dominant n-alkane (14 ± 2%, n = 24), followed by n-C23 (13 ± 2%, n = 24) 
and n-C25 (8 ± 2%, n = 24). The ACL and CPI values are 28.5 ± 0.1 and 3.5 ± 0.3, respectively (Figure 3c). 
Concentrations of the short- mid and long-chain alkanes are similar and relatively stable throughout the core 
(∼20 µg gTOC

−1), but much lower than for MD-2 and UD-4. The mineral surface area-normalized loadings of 
the long-, mid and short-chain n-alkanes are relatively constant over the core (average of 0.06 ± 0.03 µgm−2, 
0.05  ±  0.02  µgm−2, and 0.07  ±  0.05  µgm−2, respectively), and correlated with n-alkane concentrations 
(r = 0.8, r = 0.6, r = 0.6, p < 0.001, for the short-chain, mid-chain, and long-chain homologs, respectively). 
The δ13C values of odd-carbon-numbered n-alkanes are higher for n-C21 (−27.0 ± 0.5‰, n = 24) than for 
the C23–25 and C27–33 homologs (−28.1 ± 4.7‰ and −30.1 ± 4.6‰, respectively, n = 24, Figure 4e). There is 
an increase in the δ13C values of the mid-chain n-alkanes between 32 and 24 cm (from −30.7 to −26.4‰).

FAs: The dominant n-FA is the C26 homolog (24 ± 2%, n = 24) followed by C24 (20 ± 2%, n = 24) and C28 
(16 ± 2%, n = 24). Concentrations of long-chain (C24–30) FAs are much higher than short-chain (C14–16) FAs 
(1,648 ± 1,052 µg gTOC

−1 and 512 ± 333 µg gTOC
−1, respectively), and are up to 30 times higher than in MD-2 

and 6 times higher than in UD-4 (Figure 3c). This suggests a higher degree of preservation as suggested by 
the higher ratio of long-chain FAs over long-chain n-alkanes (5–200, n = 24) and higher CPI (Figure 3c). 
The concentration profile of the long-chain FA exhibits two peaks, one at 20 cm (4,495 µg gTOC

−1) and one at 
5 cm (5,000 µg gTOC

−1), whereas the short-chain FAs only shows moderate peaks for the same periods (1,292 
and 1,264 µg gTOC

−1 at 20 and 5 cm, respectively). Corresponding FA loadings are strongly correlated with 
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the concentrations (r = 0.8, p < 0.001) throughout the core, with slightly higher mineral loadings (as high as 
12 µgm−2) between 5–10 cm, 20–25 cm and 30–35 cm, yet no systematic trend with depth. The average δ13C 
values for the C16–18 FAs are higher (−28.7 ± 1.8‰, n = 24) compared to the C24 and C30 FAs (−29.2 ± 1.1‰ 
and −31.7 ± 1.9‰, respectively, Figure 4f). The δ13C values of the C30 FA increases over the core (from −34 
to −32‰).

4. Discussion
4.1. Sedimentary History of the Lakes

From low closure to no closure (MD-2): There are some major discontinuities in the studied sediment cores, 
highlighting changes in the hydrological regime of the lakes (Figure S1). As noted by Vonk et al. (2016), 
the presence of well-defined laminations corresponding to deposition since 1932  C.E. in core MD-2 in-
dicates that it has been a no-closure lake during this time period. However, before 1932 C.E., MD-2 was 
low closure (Vonk et al., 2016) and prior to that, it had likely been dry (as indicated by the presence of a 
peat layer at 157 cm). The transition from low closure to no closure (last ∼ 90 years, transition at around 
100 cm) is accompanied by several changes in the sedimentary properties, including a decrease in MSA 
and a sharp increase in d50 just before the transition, as well as a small decrease in Δ14Cbulk, TOC content 
(Figure 2) and also in alkane CPI values (Figure 3). But there are no associated changes in εNd, indicating 
no major variation in the mineral source (Table S1). In the low closure state, there are proportionally more 
long-chain alkanes and long-chain FAs in comparison to the short-chain homologs. This enhanced abun-
dance of short-chain alkanes during no closure can be related to increased inputs of short-chain petrogenic 
alkanes delivered by the Mackenzie River, which also leads to the (subtle) decrease in Δ14Cbulk and a drop 
in CPI (Figures 2 and 3), while higher concentration of long-chain FA in the low closure state may reflect 
enhanced preservation (higher CPI, TOC) due to longer periods of water column anoxia.

From high closure to low closure (UD-4): Core UD-4 has an organic-rich layer (TOC > 2%) from 110 to 94 cm 
indicating a possible transition from HC to LC at around 1890 C.E. This transition is accompanied by a 
large decrease in Δ14Cbulk, as well as in TOC, C/N ratios (Figure 2) but also CPI of n-alkanes (Figure 3), the 
latter suggesting proportionally greater petrogenic input in the low closure state. The MSA was generally 
higher during the high than the low closure state (although no clear grain size difference is noted, Figure 2), 
however this observation might be due to the creation of ash (with high MSA  >  50  m2g−1; e.g., Down-
ie et al., 2009) after combustion of organic-rich sediments during preparation of the samples (Wakeham 
et al., 2009). δ13Cbulk was invariant over this transition (with the exception of a high value, −22.5‰, well 
before the transition, Figure 2). The peak in long-chain alkane and FA concentrations just after this period 
(Figure 3) suggests enhanced terrestrial input from the Mackenzie River, possibly triggered by a stronger 
spring freshet that reduced the height of the levee of UD-4, transforming it into a LC lake. The constant 
values of εNd (Table S1) indicate that this change of connection is not accompanied by a change in source 
rock and that the Mackenzie River remained the dominant sediment source.

From no closure to dry to high closure (MD-1): Core MD-1 core presents two discontinuities, one at 95 cm 
(from homogeneous silt/clay to organic-rich sediment with large plant debris), and the other one at 44 cm 
returning back to a mix of silt and clay (with some rare plant debris, Figure S1). The first discontinuity pos-
sibly reflects the transition from a NC state to a drier state, creating a peat layer. TOC, δ13Cbulk and Δ14Cbulk 
values below 95 cm are similar to those of present-day MD-2 (NC), while the MSA is lower than in MD-2 
(Figure 2). The εNd observed at 120 cm is clearly less radiogenic than further above the peat layer, which 
might indicate more input from the Mackenzie River (Table S1). The peat layer likely represent a period of 
time when MD-1 did not receive any water (and thus sediments, OC, nutrients etc.) from the Mackenzie 
River, with lacustrine sedimentation commencing again at 45-40 cm maybe due to sea-level rise (Lesack & 
Marsh, 2007). MSA, TOC, Δ14Cbulk, and δ13Cbulk values increase (Figure 2), there is a high proportion of long-
chain FA relatively to short-chain FA but not more long-chain alkanes than short-chain alkanes (Figures 3 
and 5). There are no further distinct changes until the top of the core, hence we assume a constant hydro-
logical connection to the river during that time, that is, it has remained in high closure state.
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Based on the above observations, several common sedimentological and geochemical features emerge with 
respect to transitions in lake connectivity. Transition from NC to LC to HC is accompanied by increases in 
MSA, TOC, and Δ14Cbulk, likely due to less petrogenic input originating from the river as well as an increase 
in macrophyte production. There are also changes at the molecular level (e.g., higher n-alkane CPI and 
higher long-chain FA concentrations) which point toward more production and better preservation of fresh 
OC in high closure state (further discussed in Section 4.2), with the largest changes recorded when a lake 
transitions from LC to HC and vice-versa (Figure 5). Similarly, significant changes in δ13Cbulk are only ap-
parent for the transition between LC and HC, indicating a significant change in the source of OM deposited 
in the lake, likely due to the increase in macrophyte production (Figure 5). The LC and NC states seem to 
be very similar in term of sedimentary and bulk OC properties but also on a molecular level, reflecting the 
dominance of Mackenzie River sediment and OM supply during these degrees of connectivity. The under-
lying processes responsible for these changes are discussed in the subsequent sections.
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Figure 5. Bulk characteristics of HC, LC, and NC lakes (our study and Vonk, Giosan et al., 2015) (a) Δ14C, (b) δ13C, (c) organic carbon (OC) loadings: mineral 
surface area (MSA), (d) TOC, and (e) C/N ratios (values are only from the three studied lakes). Mackenzie River SPM and channel sediments (Vonk, Giosan 
et al., 2015) are plotted when available. The arrows represent the average values for the three studied lakes (MD-1 for HC, UD-4 for LC and MD-2 for NC). HC, 
High-closure; LC, Low-closure; NC, No-closure; SPM, Suspended particulate matter; TOC, Total sediment OC.
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4.2. Organic Matter Deposition in the Mackenzie Delta Lakes

4.2.1. Carbon Source

High closure: Of the three lakes, HC lake MD-1 sediments return the highest Δ14Cbulk values (−202 ± 37‰ 
above 40 cm), and correspondingly young radiocarbon ages (1893 ± 325 14C year). Similarly, UD-4 has rel-
atively 14C-enriched “younger” bulk OC (Δ14Cbulk > −400‰) during high closure state (90–110 cm) with a 
similar 14C age as the woody debris present in this layer. During high closure state, preaged carbon is seldom 
introduced from the river during the freshet (Marsh & Hey, 1994), and the sediments reflect inputs from 
the surrounding vegetation and soils, as well as from aquatic in situ productivity (vary variable δ13Cbulk but 
constant Δ14Cbulk, Figure 5). Marsh and Hey (1994) observed that MD-1 has 55% chance of not being flood-
ed each year, due to its elevation (i.e., 4.1 m.a.s.l.), with the impact of flooding being limited in extent. For 
example, MD-1 received 50 mgL−1 sediment from the river in 1987 while nearby no closure lakes received 
500 mgL−1 (Ferguson, 1990). Correspondingly, OC deposition in high closure lakes is dominated by autoch-
thonous inputs.

Low and no closure: Core UD-4 bulk OC Δ14C values (−577 ± 17‰) are similar to those of the bank sedi-
ment and suspended particulate matter (SPM) from the Mackenzie River in June, that is, during the freshet 
(−529 ± 12‰ and −615 ± 70‰, respectively, Holmes et al., 2020; Vonk, Giosan et al., 2015), suggesting that 
the OC in sediments deposited in the lake is predominantly derived from riverine suspended sediments 
(Figures 2 and 5). This is consistent with the dynamics of LC lake, where the spring freshet inundates the 
lake river with sediment-laden waters. UD-4 does not show a great influence of modern OC and there is no 
documentation on macrophyte cover for this lake. Similar observations can be made for MD-2, where the 
bulk Δ14C values of OC (−695 ± 38‰) agree with those reported for Mackenzie river SPM (−615 ± 70‰, 
Holmes et al., 2020; Vonk, Giosan et al., 2015).

4.2.2. Influence of Petrogenic Input on LC and NC Lakes

To calculate the influence of petrogenic OC in NC and LC lakes, Vonk et al. (2015b) defined a binary mixing 
model using Δ14C (Equation 5) and (Equation 6):

   14 14 14
petro petro biogenic biogenic sampleΔ Δ ΔC F C F C (5)

 petro biogenic 1F F (6)

Adopting end-member values for Δ14Cpetro = −1000‰ and Δ14Cbiogenic = −501 ± 186‰ (representing signif-
icantly preaged biogenic carbon, Hilton et al., 2015; Vonk, Giosan et al., 2015), LC (UD-4) and NC (MD-2) 
have a different petrogenic contributions (17%–29% and 38%–47%, respectively). Consistent with expecta-
tions, LC lake, has a lower petrogenic hydrocarbon influence and a higher in situ production than NC lake, 
the latter being constantly connected to the Mackenzie River.

No closure lake (MD-2): The high concentration of the short-chain n-alkanes (160 μg gTOC
−1, C17 to C25, in 

comparison with the long-chain 130 μg gTOC
−1, Figure 3) suggests inputs from fossil hydrocarbons derived 

from sedimentary rocks, which are common in the Mackenzie drainage basin (Drenzek et al., 2007; Goñi 
et al., 2005; Hilton et al., 2015; Tolosa et al., 2013; Yunker et al., 2002) This is confirmed by the low CPI (Fig-
ure 5), on average 2.3 ± 0.4 (>5 on average for extant higher plants, ∼1 for petroleum n-alkanes, Collister 
et al., 1994). This average CPI value is similar to that reported for the Mackenzie River itself (CPI = 2.35, 
Tolosa et al., 2013) where about 17%–50% of the n-alkanes in SPM originate from a petrogenic source (calcu-
lated following [Equation 5] and [Equation 6], and using data of Hilton et al., 2015). Furthermore, the δ13C 
values of all odd n-alkanes (C21–31) are invariant, centered around −31.3 ± 0.8‰, similar to the δ13C of the 
C22 n-alkane (−31.2‰) (Figure 4), assumed to be totally petrogenic (Hilton et al., 2015). Using the binary 
model (Equations 5 and 6), the proportion of petrogenic hydrocarbons over all n-alkanes can be determined 
(38–47% for NC MD-2) and the biogenic δ13C values can be derived as follows (Equation 7):

     13 13 13
petro petro biogenic biogenic sampleC F C F C (7)
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With δ13Cpetro = δ13Cc22 alkane = −31.2‰.

The calculated biogenic δ13C of the long-chain (C27–C33) n-alkanes varies from −30.5 to −32.9‰, overlap-
ping with the petrogenic value. In NC MD-2, ACL (28.8 ± 0.2) and δ13Cbiogenic of the long-chain n-alkanes are 
in agreement with C3 vegetation classically found in high latitude catchment (Collister et al., 1994; Diefen-
dorf & Freimuth, 2017). The long-chain FAs are also in agreement with a C3-dominated, input with a domi-
nant C24 FA and δ13C of −30.6 ± 2.4‰, similar values for long-chain FA report (−35 to −31‰) in Mackenzie 
river SPM reported by Goñi et al. (2005) and Tolosa et al. (2013). Although the dominant FA in river SPM 
is the n-C26 (Vonk et al., 2016), MD-2 n-alkanes and FAs appear to primarily reflect OM transported by the 
river.

Low closure lake (UD-4): In comparison to the no-closure setting of NC lake (MD-2), LC lake (UD-4) has a 
lower petrogenic carbon influence and a higher CPI (2.8 ± 0.3, Figure 3) which may indicate local organic 
matter input to the lake. The δ13C values of the long-chain n-alkanes (corrected for the influence of the 
petrogenic hydrocarbons using δ13CC22 alkane = −30.7 ± 0.7‰, Figure 4) is −33.3 ± 0.7‰ for the n-C33 ho-
molog, which suggests a mixed angiosperm/gymnosperm (coniferous) OC source. For the C29–31, δ13C values 
(−31.4 ± 0.3‰) are similar to the C22 homolog, while δ13C values of C21 to C25 n-alkanes are consistent with 
higher plant inputs (−28.5 to −30.5‰, Chikaraishi & Naraoka, 2005).

4.2.3. Burial Efficiency and Carbon Fluxes in the Mackenzie Delta Lake Sediments

Factors such as oxygen availability, solid iron phases, type, and specific surface area of minerals as well 
as particle size have been suggested to control the preservation and burial efficiency of organic matter in 
lakes, rivers, and oceans (Blattmann et al., 2019; Galy et al., 2008; Hemingway et al., 2017; Keil et al., 1997; 
Lalonde et al., 2012, Sobek et al., 2009). The association of OM with mineral surfaces has been inferred 
to play a key role based on a positive correlations between MSA and TOC in sediments (Galy et al., 2008; 
Mayer, 1994), potentially by shielding OM from enzymatic hydrolysis (Burdige, 2007; Mayer, 1994). For all 
studied lakes, the MSA increased with decreasing d50, as observed in other fluvial systems (Figure S2, Galy 
et al., 2008; Keil et al., 1997; Mayer, 1994; Tao et al., 2015; Vonk, Giosan et al., 2015). In the Mackenzie Del-
ta, this correlation is governed by variable clay fractions (<4 µm) characterized by high MSA (Vonk, Tank, 
et al., 2015). For the NC and LC lakes (cores MD-2 and UD-4, TOC < 2%), TOC is also positively correlat-
ed with MSA, contrasting with the HC lake (MD-1, Figure 5). The OC loadings (ratio of OC to MSA) are 
0.6 ± 0.1 mgOC m−2 for MD-2, 0.9 ± 0.1 mgOC m−2 for UD-4, and 3.7 ± 1.6 mgOC m−2 for MD-1 (Figure 5), 
while Vonk et al. (2015b) observed an average of 0.8 ± 0.2 mgOC m−2 for surface sediments of lakes in the 
Mackenzie River Delta (n = 11). Usual loadings for river sediments are between 0.4 and 1.0 mgOC m−2, with 
lower values indicative of greater decomposition and higher values indicative of enhanced preservation 
(Blair & Aller, 2012). Higher loadings are usually found in lake sediments with higher TOC content (e.g., 
2.5–15 mgOC m−2 for TOC > 20%, Sobek et al., 2009), although no correlation between MSA and TOC occurs 
due to the abundance of discrete organic matter particles or fragments. The lower mineral loadings found 
in NC (MD-2) and LC (UD-4) and the positive correlation with MSA point toward a “riverine signature,” 
similar to that of the Mackenzie River itself (Mackenzie River SPM OC loading of 0.4  mgOC  m−2, Goñi 
et al., 2005). In UD-4, during high closure state (90–110 cm), OC loadings of up to 6.4 mgOC m−2 are present, 
similar to those of MD-1 (max. 5.8 mgOC m−2). Here, the absence of a positive correlation between TOC and 
MSA likely reflects the presence of plant debris not sorbed to mineral surfaces, and more generally, relates 
to the large supply of organic matter allied with strong preservation. Therefore, another characteristic of 
high closure lakes seems to be higher OC:MSA ratios indicative of burial of (young) carbon (Figure 5).

Flux: The flux of organic carbon to the sediment over a certain period of time can be calculated following 
(Equation 8):

  FluxOC D R TOC (8)

With R being the sedimentation rate (in cm year−1), D the bulk density (from Vonk et al., 2015b, bulk den-
sity for MD-1 has been taken from Marsh et al., 1999, 0.893 gcm−3) and TOC, the carbon content of the 
sediments (in gg−1). Marsh et al. (1999) observed large variations in the bulk density of the Mackenzie Delta 
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lake sediments, highlighting the importance of using a lake-specific sediment densities instead of averages 
for lakes with the same closure state. Unfortunately, since lake-specific bulk densities are not available 
for MD-1, our fluxes are averaged following Marsh et al.  (1999) and are likely underestimated. Further-
more, due to the limited constraints on the age model, sedimentation rates were calculated linearly from 
one tie point (1963–1964 C.E., see Section 3.1.) and, hence come with some uncertainty. Accepting these 
limitations, we find that the area-normalized flux of OC to the sediment is higher in the NC lake (MD-2, 
280 ± 104 gCm−2 year−1 averaged over the core, n = 9) than in the LC lake (UD-4, 151 ± 22 gCm−2 year−1 
averaged over the core, n = 7) and the HC lake (MD-1, 118 ± 53 gCm−2 year−1 averaged over the core, n = 5). 
Using their surface area, these fluxes translate to 2,125 × 106 gC year-1 for MD-2, 22 × 106 gC year−1 for UD-
4, 11 × 106 gC year−1 for MD-1, in comparison, the three main Alaskan rivers export 297 × 106 gC year−1 
into the Beaufort Sea (Mcclelland et al., 2014). The OC flux per area for another LC lake (LD-1, located 
in the outer delta, 211 ± 25 gCm−2 year−1 averaged over the core, n = 16, Figure 1) is between the fluxes 
observed for MD-2 and UD-4. All these values are comparable to observations from lakes in the northern 
USA (9–318 gCm−2 year−1, Hobbs et al., 2013). Overall, the median carbon flux encountered in lakes around 
the world is 40 gCm−2 year−1 (not counting reservoirs, see Mendonça et al., 2017) is not really representa-
tive of the Mackenzie Delta lakes which show a large range of values. The distinctive characteristics of the 
shallow Mackenzie Delta lake systems, for example, highly productive for HC lakes or high sedimentation 
rates due to riverine input for NC, coupled to the aerial extent, make these systems a hotspot of OC bur-
ial, with sharp contrasts in the provenance of this OC between lake types. With about 45,000 lakes (12% 
NC, 55% LC and 33% HC, Marsh & Hey, 1989) and a deltaic surface of 13,000 km2, we estimate a carbon 
burial of ∼2 MtC year−1 for the whole delta, similar to the estimate of 1.07 (±4) MtC year−1 of Macdonald 
et al. (1998). Our estimate considers the four mentioned lakes as representative of NC (MD-2), LC (average 
of UD-4 and LD-1) and HC (MD-1) lakes. Future work should aim at extending these observations. An 
increase in the aerial extent of HC lakes caused by a decrease in the freshet volume due to global anthropo-
genic-driven changes could decrease the efficiency of trapping carbon in this region.

5. Conclusions
The Mackenzie River Delta lakes are under a strong ongoing climate change with a rise in sea-level started 
at the onset of the Holocene and increasing under anthropogenic warming, and a strong increase in winter 
air temperature. These alterations will influence the lakes’ connectivity to the main river and possibly their 
carbon burial efficiency. The three sediment cores studied reveal that changes in lake to river connectivity 
are accompanied by striking changes in bulk and molecular properties of the sediment, as a lake's connec-
tion decreases (from NC to LC/HC) the sediment become coarser and the mineral surface area decrease. 
Furthermore the OM buried is “fresher” with higher CPI, C/N and Δ14Cbulk, likely due to a larger fraction 
originating from autochthonous macrophyte productivity. Long-chain fatty acids become more abundant 
possibly due to stronger or prolonged period of anoxia, while short-chain petrogenic n-alkanes supplied 
by the river are subdued. As such, high closure lakes may record local climatic and hydrologic changes. 
Low- and no-closure lakes, on the other hand, are strongly impacted by petrogenic carbon originating from 
the river but have the capacity to bury more carbon. As the Mackenzie Delta lakes may transition to other 
connection state, that is, decreased connection due to declining effects of river-ice breakup or increased due 
to rise in sea-level, the burial of carbon in the delta as a whole will change, likely diminishing in efficiency 
as carbon trap.
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