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Arctic deltas are dynamic and vulnerable regions that play a key role in land-ocean interactions and the global carbon cycle. Delta lakes may provide valuable historical records of the quality and quantity of fluvial fluxes, parameters that are challenging to investigate in these remote regions. Here we study lakes from across the Mackenzie Delta, Arctic Canada, that receive fluvial sediments from the Mackenzie River when spring flood water levels rise above natural levees. We compare downcore lake sediments with suspended sediments collected during the spring flood, using bulk (% organic carbon, % total nitrogen, δ13C, Δ14C) and molecular organic geochemistry (lignin, leaf waxes). High-resolution age models (137Cs, 210Pb) of downcore lake sediment records (n = 11) along with lamina counting on high-resolution radiographs show sediment deposition frequencies ranging between annually to every 15 years. Down-core geochemical variability in a representative delta lake sediment core is consistent with historical variability in spring flood hydrology (variability in peak discharge, ice jamming, peak water levels). Comparison with earlier published Mackenzie River depth profiles shows that (i) lake sediments reflect the riverine surface suspended load, and (ii) hydrodynamic sorting patterns related to spring flood characteristics are reflected in the lake sediments. Bulk and molecular geochemistry of suspended particulate matter from the spring flood peak and lake sediments are relatively similar showing a mixture of modern higher-plant derived material, older terrestrial permafrost material, and old rock-derived material. This suggests that deltaic lake sedimentary records hold great promise as recorders of past (century-scale) riverine fluxes and may prove instrumental in shedding light on past behavior of arctic rivers, as well as how they respond to a changing climate.
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INTRODUCTION

Deltas are vulnerable natural environments (Syvitski et al., 2009; Giosan et al., 2014) that record environmental changes such as climate warming in their deltaic sediment deposits (Bianchi and Allison, 2009). With arctic temperatures increasing an average of 0.6°C per decade, two to three times faster than other regions on Earth (IPCC, 2007; McGuire et al., 2009), arctic deltas are particularly vulnerable to future change. For example, destabilization of frozen soils (permafrost) may enhance the thaw of organic matter and its release into arctic streams and rivers (Vonk and Gustafsson, 2013; Schuur et al., 2015).

Arctic rivers are logistically difficult to study, being by nature remote and snow- and ice-covered for much of the year. Most previous work focuses on the summer period when ice has cleared and sampling conditions are reasonable. The bulk of sediment and organic matter transport, however, is released during the brief spring freshet (Holmes et al., 2002; Rachold et al., 2004; Raymond et al., 2007), when high discharge, ice break-up and ice jams pose additional sampling challenges. Measurements from the spring flood period are critical for developing accurate constraints on discharge and constituent fluxes (Holmes et al., 2012). Additionally, while studies based on recent sampling of modern rivers can provide essential understanding of how rivers are behaving now, they cannot tell us anything about how the rivers behaved in the past. It is therefore desirable to develop long-term (centuries to millennia) records of past riverine organic matter fluxes and properties in order to provide context for the present behavior of rivers and to detect any anomalies or trajectory shifts (Holmes et al., 2012).

Laminated cores from around the Arctic have frequently been used for palaeoclimatic studies, with applications ranging from temperature and precipitation reconstruction (Bird et al., 2009) to modern depositional processes (Francus et al., 2008). Previous studies from the Mackenzie Delta have primarily focused on documenting the active hydrologic processes in the delta (Marsh and Hey, 1989; Rouse et al., 1997; Emmerton et al., 2007; Lesack and Marsh, 2007) and changes in the lacustrine ecosystems, often using diatom records (Hay et al., 1997; Michelutti et al., 2001; Perren et al., 2003). Some attention has been directed toward sedimentary processes, but primarily with a focus on anthropogenic contaminant deposition (Graf Pannatier, 1997). This study aims to use detailed sedimentological data typical for previous lacustrine studies to a fluvially-dominated environment to link hydrological processes and depositional patterns. Through detailed analysis of the characteristics of fluvial OC transported by the river during the spring flood, as well as the characteristics of OC deposited in a deltaic lake, we further aim to constrain the sources of fluvial OC and how these sources have changed over time. This will provide us with further insights into the question of whether deltaic lake sediments can be used as recorders of the biogeochemical and hydrological history of arctic watersheds.

We present analyses on delta lake sedimentary records (26 cores from 20 lakes) in combination with riverine suspended particulate matter (2-week period during freshet) from the Mackenzie Delta and Mackenzie River, respectively. Detailed core descriptions were developed for each site and analyzed in conjunction with radioisotopic dating, X-radiographic density profiles, and bulk density measurements in order to develop a coherent picture of the historical sedimentology and hydrology of the Mackenzie River. Detailed bulk and molecular geochemical analyses were performed on one selected lake, as well as on riverine suspended sediments that were collected during peak flow. We aim to show the utility of deltaic lakes as hydrological recorders of their watersheds, and to bridge the gap between hydrological processes and depositional patterns in sedimentology and biogeochemistry.

STUDY SITE

The Mackenzie River (Figure 1) contributes the fourth largest amount of freshwater to the Arctic Ocean (330 km3/year) and is by far the largest source of fluvial sediments (124 Mt/year; Carson et al., 1998). Organic carbon fluxes from this river are also high, with TOC and POC fluxes of 4.1 Tg C and 2.6 Tg C/year, respectively (McGuire et al., 2009; Hilton et al., 2015). As with most northern rivers, the Mackenzie is characterized by a strong seasonal hydrograph (Figure 2) where ~20% of the annual discharge is delivered during a 30 day period in the spring—the freshet (Emmerton et al., 2008b). Sediment transport is even more strongly seasonal, with the river delivering roughly 63% of its annual sediment load to the delta during the months of May and June (Carson et al., 1998).
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FIGURE 1. Map of the Mackenzie River delta with the major tributaries, distributary channels and geographic features labeled. Sampling locations are indicated with white squares. The three outer delta sites (Reindeer Channel, R Ch; Middle Channel, M Ch; East Channel, E Ch) were analyzed by Goñi et al. (2000, 2005) and are included in this paper for comparison. The dashed white line indicates the treeline (MacKay, 1963). The inset in the upper right-hand corner shows an expansion of the region around the Lake LD-1 sampling site to show how this lake is connected to the river channels. The inset in the lower left-hand corner shows the Mackenzie River watershed, with a white box drawn around the delta.
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FIGURE 2. Plots of (A) river flow and (B) river level at Inuvik (East Channel) and Tsiigehtchic (Main Channel) for the year 2008, with sampling dates shown as circles. The insets show expansions of the data from mid-May to mid-June. The two dashed lines indicate the day the ice broke up and flowed, and the day the river was ice-free at Inuvik, and the plus sign (+) marks the day we observed large amounts of coarse woody debris floating in the channel at Inuvik. Hydrographic data are from Environment Canada, Water Survey of Canada (http://wateroffice.ec.gc.ca).



The Mackenzie watershed is 1,787,000 km2 (Rachold et al., 2004) and consists of boreal forests, wetlands and tundra. Nearly half of the catchment is underlain by permafrost (16% continuous, 29% discontinuous; Holmes et al., 2013). As the Great Slave Lake serves as a very efficient sediment trap, most of the sediment delivered to the delta in fact originates from the area north of this lake. This reduces the watershed size to about 1,000,000 km2 and increases the permafrost coverage. Air temperature records in the region show an average warming of ca. 1.5°C between 1950 and 1998 (Zhang et al., 2000). However, this increase was not uniform across the basin, and the Mackenzie delta region was 2.5°C warmer in the mid-2000s than it was in 1970 (Burn and Kokelj, 2009). The active layer of permafrost in the watershed has been reported to have deepened by 0.47 cm/year between 1980 and 2002 (Oelke et al., 2004). Permafrost thaw has led to an increase in dissolved organic carbon flux at the Mackenzie River mouth by about 40% since the early 1970s (Tank et al., 2016). Additionally, a decrease in average monthly snow depth (January-March, 1946-1995) has been observed for the Mackenzie basin, one of the most prominent decreases in Canada (Serreze et al., 2000). Despite these changes, annual river discharge seems to appear fairly stable over the last decades (Peterson et al., 2002; Woo and Thorne, 2003).

The sub-aerial Mackenzie delta extends over 13,100 km2, making it the second-largest arctic delta after the Lena River delta (Emmerton et al., 2007). Nearly all of the water in the delta (83–90%) is delivered by the Mackenzie River at Point Separation (Figure 1) with minor contributions from the Peel River (~8%) and other tributaries to the delta (Carson et al., 1998; Emmerton et al., 2007). The Peel River, however, delivers relatively high amounts of sediments, estimated to be 20 Mt or about 16% of the annual load (Carson et al., 1999). The delta contains a vast number (>45,000; Emmerton et al., 2007) of small and shallow lakes, typically < 10 ha in area and < 4 m deep. These lakes play an important role in water and sediment storage, as they hold ca. 47% of spring flood water during peak discharge (Emmerton et al., 2007). The lakes are typically categorized based on their frequency of fluvial input: no-closure (ca. 60% of total lake area), low-closure (ca. 25%) and high-closure lakes (ca. 15%), (MacKay, 1963; Lesack and Marsh, 2007). No-closure lakes are always connected to a river channel, low-closure lakes are annually flooded but only during peak discharge, whereas high-closure lakes are only inundated during extreme spring floods.

Sedimentation rates decrease within the delta from an average of 3.5 mm/year in the upper delta to an average of 2.6 mm/year in the lower delta, with high-closure lakes having the lowest and no-closure lakes the highest sedimentation rates (Marsh et al., 1999). The delta lakes most likely receive sediment input from both within the delta (from channel bank erosion) and from the upstream Mackenzie River. Carson et al. (1999) estimated within-delta erosion to be about half of the estimated fluvial sediment flux delivered from upstream. During the spring flood, most sediment and associated terrestrial organic material (dissolved and particulate material) probably originates from bank erosion along the river, shallow soils and surface run-off associated with snowmelt. Later in the summer, permafrost thaw allows additional release of terrestrial organic matter from deeper soils in the active layer (Frey and McClelland, 2009; Feng et al., 2013b). Sediments from some of these lakes show thick annual laminations, indicating that flood layers are well-preserved (Graf Pannatier, 1997). These laminations typically contain a darker, coarse layer deposited during the spring freshet and a finer, lighter layer made up of grains settling out of suspension during the summer months. Productivity within the lakes increases later in the season, adding input of fresh, autotrophic carbon to lake sediments (Tank et al., 2011). When lakes then become ice covered in October/November, a condition which typically persists for 7–8 months of the year (Emmerton et al., 2007), oxygen drawdown in bottom waters associated with organic matter respiration can result in anoxic conditions that limit bioturbation and promote formation of laminated sediment layers (Ingall et al., 1993). The Mackenzie River is also known to carry considerable amounts of rock-derived OC (Goñi et al., 2005; Hilton et al., 2015). Delta lake sediments will therefore contain a mixture of sediments and OC from local and regional, and from modern to ancient, sources.

MATERIALS AND METHODS

Sampling

All sampling was performed with a Northwest Territories Scientific Research License, issued by the Aurora Research Institute in Inuvik, Northwest Territories.

Sediment Core Sampling

Following a promising reconnaissance mission in 2007, 26 piston cores, ranging from 0.35 to 2.06 m in length, were retrieved from 20 different lakes in the upper, middle and lower delta in late March and early April of 2009 with a piston corer (system built in-house at Geology and Geophysics, Woods Hole Oceanographic Institution (WHOI), core diameter 2 and 3 inch). We selected 15 cores for further analyses (Figure 1; Table 1). Satellite images and previous studies were first used to target particular lakes, and then specific coring locations were chosen using ground penetrating radar surveys. Generally, lakes with water depths greater than 3 m were chosen as coring sites, as they are expected to be unfrozen at the bottom and have a deep talik (underlying unfrozen ground). Furthermore, coring sites were located away from lacustrine deltas when present. These deeper lakes were also less likely to be disturbed via sedimentary reworking (Graf Pannatier, 1997). Low-closure lakes were sampled along a rough east-west transect to provide a breadth of high-resolution sediment records. To examine changes in flood intensity, sets of neighboring no-closure, low-closure, and high-closure lakes were usually sampled together. For consistency, we will use the lake name terminology according to Vonk et al. (2015) with LD indicating lower-delta lakes, MD indicating middle-delta lakes and UD indicating upper delta lakes (Figure 1; Table 1).

Table 1. Descriptions of 15 cores in the Mackenzie River delta.
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Suspended Sediment Sampling

Surface water suspended sediment samples were collected daily from the Inuvik town boat launch (68.3571 °N, 133.7391 °W) on the East Channel of the Mackenzie River during the 2008 spring flood and once at the eastern side of the Mackenzie River main stem at the Tsiigehtchic ferry launch (67.4568 °N, 133.7599 °W). Hydrographic data from Environment Canada (http://wateroffice.ec.gc.ca) show that for the 2008 freshet (shown in Figure 2), both discharge and water level were near their long-term (1972–2010) average. Beltaos (2012) classified the 2008 freshet as a moderately severe mechanical breakup that involved some ice jamming, particularly in the Middle Channel. Because of broken ice cover at our East Channel sampling location for most of the sampling period, 1-L bottles of river water samples were collected from near the surface (< 1 m depth) of the river about 4–5 m from shore (using hip waders and long sampling sticks), and transferred into pre-leached PET bottles. The East Channel sampling location during freshet would have been roughly 12–13 m deep at its deepest point and roughly 170 m wide based on data collected in August of 2008 by the Geological Survey of Canada using a SwathPlus Interferometric sidescan (data provided by Dustin Whalen) and the hydrographic data from Environment Canada cited above. Due to sorting of sediments vertically and horizontally within the river (e.g., Bouchez et al., 2011; Hilton et al., 2015), the surface samples collected during the freshet may not be representative of the entire riverine suspended sediment load. However, since deltaic lakes receive predominantly near-surface water from the river, surface samples are likely representative of the sediment pool that will be deposited in lake sediments. Suspended sediments were recovered from the water by filtration (100–350 mL water per 47 mm diameter filter depending on sediment concentrations) through pre-combusted Whatman GF/F filters (nominal pore size 0.7 μm) using a peristaltic pump while shaking to keep the particles in suspension. Filters were frozen and transported back to the laboratory for analysis.

Sample Processing and Analysis

Sediment Core Processing

The cores were shipped from Inuvik to WHOI. During transport, cores were placed intact in their polycarbonate liners in insulated boxes to prevent freezing of the water in the sedimentary pore spaces. The cores were split in two using metal cutting shears. Once split, disturbed core faces were removed and cores photographed, wrapped in plastic film to maintain water content, and put into refrigerated, dark storage. One half was preserved for archival records, and the other half subjected to a variety of tests. The lithology, texture, structures, color, and organic fragments of each core were logged, along with any other notable features.

Sedimentological Analyses

Bulk density measurements were performed for 11 cores (Table 1) at 5 cm intervals. A known volume of sediment was taken from each core using a syringe, weighed, dried overnight at 85°C, and weighed again. Bulk density was calculated in g/cm3 as the mass of the dry sediment divided by the volume of the sample.

The samples used for bulk density calculations were subsequently powdered for radioisotopic dating using a mortar and pestle. Four additional samples were analyzed for each of the cores LD-1 (lower delta 1), MD-2 (middle delta 2), and UD-4 (upper delta 4) to improve sampling resolution near the 137Cs peak and onset. Passive radioisotopic measurements (210Pb, 214Pb, and 137Cs) were conducted using two Canberra GL2020RS high-purity germanium gamma detectors. Samples were counted for at least 1 day. Completed counts were then converted and plotted as disintegrations per minute (dpm) per gram. Plotted cores were dated using the year 1951 AD and 1964 AD as the onset and peak of 137Cs, respectively (Rember et al., 1993). Using the 137Cs peak and onset, sedimentation rates were calculated using the equation:
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where rs is the rate of sedimentation in cm per year, dcs is the interval over which sediment accumulated (the depth of the 137Cs peak or the distance between peak and onset), and t is the number of years covered in the interval (45 in the case of peak-modern record, and 13 in the case of onset-peak). This value was taken as the sedimentation rate and multiplied by the total length of the core when it appeared to be in a no-closure or low-closure state (i.e., without peat-rich layers) to provide an estimate of the duration of the sedimentary record within the current sedimentary regime. Organic fragment samples (foliar material and charcoal) were collected from nine different cores (Table 1) for radiocarbon dating (see Section Bulk Geochemical Analyses for details on pre-treatment and analysis). These organic fragments were taken at the upper boundary of major organic-rich layers (peat), which are taken to mark the transition from a complete or partial wetland phase to a lacustrine phase. This technique was employed for obtaining long-term chronologies.

X-radiographic profiles were measured using an Itrax Core Scanner, manufactured by Cox Analytical Systems. From 11 cores (Table 1) slab subsamples were taken ~1 cm thick and 2.5 cm wide from the center of a core (U-channels) for lamination counts. These cores were chosen as targets because the presence of lamina in visual core descriptions indicated that they were likely from no-closure or low-closure lakes. Scans were conducted at a resolution of 0.2 mm. Additionally, lamina counts were conducted on the high-resolution radiographs for which 137Cs dating was conducted to determine the frequency of sedimentary input on recent timescales. This was done using the equation:

[image: image]

where rd is defined as the rate of deposition in years per lamina, LCs the number of lamina couplets counted between points, and t is the same as in Equation (1). This value was then taken as the resolution of the sedimentary record, and multiplied by the total number of couplets to determine the approximate length of the lamina-based sedimentary record.

To determine the temporal range covered by entire cores, rs (Equation 1) and rd (Equation 2) were multiplied by the total core length and total lamina couplets counted, respectively. For the section of the core above the 137Cs peak, rs and rd calculated from 1964 to 2009 were used; below this section, rs and rd calculated using the 1951-1964 interval were used. Where sampling resolution was insufficient to differentiate between peak and onset, the 1964–2009 rate was used for the entire core. These rates were extrapolated downwards to the depth at which an organic layer showed up and lamina were no longer present, as this was taken as evidence that the lake was entering a new hydrologic regime and therefore modern deposition patterns could no longer be reliably used.

Geochemical Analyses

Bulk and molecular geochemical analyses were done on the sediment core from lake LD-1 collected in 2007 as well as on the suspended particulate matter (SPM) sampled during the freshet in 2008. The filters were analyzed for OC and N (in mg) and normalized to volume water by using the known filtered volumes. The sediment core was sub-sectioned into 1-cm horizons, and frozen until analysis. Then they were freeze-dried and ground with a mortar and pestle. The samples were analyzed randomly from different depths, so the trends presented in Section Results and Discussion do not reflect instrument drift or other analytical artifacts.

Bulk Geochemical Analyses

Carbon elemental and stable isotopic analyses were performed after acidification using the method outlined in Whiteside et al. (2010). Nitrogen concentrations were determined following the same method but without the acidification steps. Briefly, samples underwent vapor phase acidification with concentrated HCl at 60–65°C for 60–72 h to completely remove any inorganic carbon and were dried at the same temperature for ~24 h. Samples were analyzed using a Carlo Erba 1108 elemental analyser (EA) interfaced via a Finnigan-MAT Conflo-II open split device to a DeltaPlus isotope-ratio-monitoring MS and compared to a reference (NBS-19; limestone from National Bureau of Standards, now NIST, with δ13C = 1.95%0 vs. PDB) and a glycine in-house standard (δ13C of −34.1‰).

Bulk OC 14C data of lake LD-1 and SPM were acquired at the National Ocean Sciences Accelerator Mass Spectrometry (NOSAMS) facility at WHOI following established procedures (McNichol et al., 1994). Briefly, sediments were acidified at NOSAMS via liquid-phase acidification to remove inorganic carbon, and the remaining OC was combusted to CO2, which was then converted to graphite that was pressed into targets and analyzed on the AMS instrument. Radiocarbon values of OC are reported as Δ14C (‰) relative to NBS Oxalic Acid I standard. Radiocarbon data on organic fragment samples was also performed at NOSAMS following a similar acidification pre-treatment as the lake and SPM samples. The 14C ages of the organic fragment samples were calibrated with Calib 5.0.1 software (Stuiver and Reimer, 1993) with the terrestrial IntCal04 calibration dataset (Reimer et al., 2009) and reported as year BP.

Molecular Geochemical Analyses

Lignin phenol concentrations were determined using cupric oxide oxidation (Hedges and Ertel, 1982). Suspended sediments were oxidized in a Microwave Accelerated Reaction System (MARS) from CEM using the method of Goñi and Montgomery (2000). For suspended sediments, a whole filter was added to a Teflon vessel, to which 20 mL of deoxygenated 2N NaOH along with CuO and ferrous ammonium sulfate were added. The reaction ran at 150°C for 90 min under a positive pressure of N2 gas. The lake sediments were oxidized using the more traditional method outlined in Goñi and Hedges (1992). Briefly, sediment samples were combined with CuO, ferrous ammonium sulfate and deoxygenated 2N NaOH in 3.2 mL reaction bombs made of Monel-400 and purged with nitrogen. The reaction bombs were then heated at 150°C for 3 h in a modified GC oven. All further processing was the same for both sets of samples. After reaction, an internal standard of trans-cinnamic acid and ethylvanillin, was added to the samples, the supernatants were decanted and acidified to pH 1 using 6N HCl. The reaction products were extracted with ethyl acetate, dewatered with sodium sulfate and dried completely under N2 gas. The extracts were redissolved in pyridine and derivatised with N,O-bis (trimethylsilyl) trifluoroacetamide (BSTFA) with 1% trimethylchlorosilane (TMCS) for 20 min at 70°C to convert reaction products to their trimethylsilyl (TMS) counterparts. The TMS derivatives were quantified using a Hewlett-Packard 6890N gas chromatograph run in splitless mode and fitted with a flame ionization detector and a fused silica capillary column coated with Rxi-1MS stationary phase (Restek 30 m × 0.25 mm i.d. × 0.25 μm stationary phase). The injector and detector were held at 300°C, with H2 as the carrier gas. The oven temperature started at 100°C and was ramped at 4°C/min to 270°C and held at that temperature for 16 min. Reaction product concentrations were quantified relative to an external standard containing all of the compounds. To verify peak assignments and check for co-elutions, eight suspended sediment samples and four lake sediments were also analyzed with a Hewlett-Packard 6890 Plus GC coupled to an HP 5973 MS following separation on a Rxi-1MS capillary column (Restek 30 m × 0.25 mm i.d. × 0.25 μm stationary phase). Analytical uncertainties were estimated to be 15%.

The GF/F filters and sediment core slices for lipid analysis were freeze dried and extracted in 10–15 mL dichloromethane:methanol (DCM:MeOH 9:1 v/v) using a MARS unit from CEM operated at 1600 W and 100°C for 20 min. The total lipid extracts were separated into neutral, polar and acid fractions using ca. 0.5 g amino-propyl silica (Fluka Analytical, 15–35 μm particle size, ~9 nm pore size) and eluting with 4 mL hexane, 4 mL DCM:MeOH (1:1 v/v) and 4 mL 5% acetic acid in diethyl ether, respectively. The acid fraction was methylated using BF3-MeOH prior to analysis. Quantification was performed by means of gas chromatography with flame-ionization detection (GC-FID) using an external standard (even fatty acid methyl esters C16 to C30). The GC-FID (7890A, Agilent Technologies) was equipped with a DB-5MS column (Agilent J&W, 122-0132, 30 m, i.d. 250 μm, film thickness 0.25 μm) using H2 as a carrier gas. The GC oven temperature was programmed from 40°C (hold 1.5 min) to 130°C with 40°C/min, then to 320°C with 6°C/min where it was kept isothermally for 5 min. Analytical uncertainties were in the range of 15–16%.

RESULTS

Sedimentological Characteristics

Visual Descriptions

A significant number of the split cores were visually obscured by monosulfide staining. Monosulfides were more common on the upper parts of cores where the sediment was less consolidated and often appeared to be accompanied by increased organic matter content. Overall, 10 cores had clear laminations (Figure 3), and some others showed hints of laminae, often in the form of differential surface staining. Laminations were present both in lakes that were classified in the field as low-closure and high-closure.
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FIGURE 3. Sediment core (A) optical image and (B) radiograph, and (C) aerial photograph of Lake LD-1 (Google Earth, 2010). The sediment core shown was collected in 2009. The white point in (C) shows the coring location. The gray box (D) shows a close-up of the radiograph in (B) (rotated 90°), which is 10 cm in height. It clearly shows thick, fully-developed dense lamina (dark layers) overlain by less dense layers (light layers) containing thin denser sub-lamina.



Three dominant facies were commonly found in the cores. The first and most common facies is a fine-grained laminated sediment in the form of alternating clay-rich (lightly colored) and silt-rich (darker) mud beds, ranging from ~0.1 to 16 cm in thickness. Typically, the coarse-grained layers were thicker than the finer layers. The second common facies is massive clayey to silty mud with no evident structure and occasional organic fragments smaller than 1 cm in size. The third common facies is organic-rich beds, which ranged from a mud matrix containing organic fragments to cohesive peat beds. Organic fragments ranged from millimeter-scale to ~48 cm2 in surface area. These organic-rich layers contacted the mud above and below both gradationally and sharply. While organic-rich beds ranged in thickness up to 44 cm, the thickest peat bed was only 11 cm (Lake MD-5).

Bulk Density

Bulk density values typically ranged from 1 to 2 g/cm3, though less consolidated samples from the upper parts of sediment cores were often less than 1 g/cm3. There were no trends in bulk density values when the cores were looked at collectively, or within smaller delta sub-regions.

X-Radiography

High-resolution radiographic scans were completed for 11 cores (Table 1) and showed measurable laminae. In most cores, the laminations appeared in positive radiographs as a thicker dark layer (denser sediment) capped by a thin light layer (less dense sediment). This is in agreement with the sedimentological observations of the cores, and consistent with the spring sedimentary input, summer sedimentary settling model of lake deposition (Graf Pannatier, 1997). Organic layers in cores were characterized by a much lower density, and therefore lighter color, in radiographic images.

Radioisotopic Dating

Passive radioisotopic dating using 210Pb and 137Cs was completed on 11 cores via gamma counting. The 210Pb profiles for the cores showed no decay over the >50 cm length measured, an interval that is expected to significantly exceed five half-lives of 210Pb in many of the cores. However, 10 cores showed distinct 137Cs peaks (Figure S1). Peak depths ranged from 4.5 to 5.5 cm to 52–53 cm. As these peaks all represent the same year (1964 AD) this indicates a variety of sedimentation rates throughout the study area between 1964 and 2009 (0.11–1.17 cm/year). Sedimentation rates from 1951 to 1964 were also calculated using the onset of 137Cs in the core. This was possible for four cores (LD-1, LD-3, MD-2, and UD-4). Sedimentation rates were comparable in the case of LD-3 and UD-4 between the two time intervals, and approximately half as much in the 1951-1964 interval for LD-1 and MD-2. Depositional frequency was comparable in the case of LD-1, but approximately half as frequent in both MD-2 and UD-4 in the 1951-1964 interval. For LD-3, depositional frequency could not be calculated due to the absence of distinct lamina. Radiocarbon samples dated from nine cores at the tops of organic layers show great variety throughout the study area (300–1800 years BP; Table 1; Table S2).

When using 137Cs dating to extrapolate down-core and determine the total sedimentary record available, the sedimentation-rate and depositional-frequency techniques are in close agreement for short sedimentary lengths, but results differ for the cores with shallowest 137Cs peaks such as UD-1, UD-2, and MD-11 (Table 1, Figure S1). While these two techniques can provide an upper and lower bound to age models, a short interval of sediment above the 137Cs peak cannot be used to reliably predict long-term accumulation rates.

Lake LD-1

The Lake LD-1 sediment core showed laminations containing alternating light-colored, clay-rich beds and darker, silt-rich mud beds. The coarser layers were typically thicker than the finer layers, and the laminations were between 0.5 and 1.5 cm thick. Cores collected in 2007 (during the reconnaissance mission) and in 2009 closely resembled each other indicating homogenous deposition in the lake. The age model based on the 137Cs peak (also performed for the 2007 core) gave sedimentation rates of 1.04 cm/year and 1.17 cm/year for the 2007 and 2009 cores, respectively. This matches the 0.93–0.90 years/lamina we found (Table 1) quite closely, particularly taking into account the uncertainty in defining the 137Cs peaks.

River Hydrology during Sample Collection

Hydrographic data for the Mackenzie River at Inuvik and Tsiigehtchic are plotted in Figure 2. Tsiigehtchic is located just upstream of the delta, where the river divides into a number of distributaries. One of these distributaries is the Mackenzie East Channel. We sampled the East Channel near Inuvik, about 100 km downstream of Tsiigehtchic (Figure 1). Peak flow at Tsiigehtchic is roughly 50 times as large as that at Inuvik, and both river discharge and water level rose several days earlier at Tsiigehtchic than at Inuvik (Figure 2). River flow (Figure 2A) at Inuvik had a clear peak on May 31, whereas discharge at Tsiigehtchic was fairly steady for roughly 2 weeks. In contrast, river level (Figure 2B) peaked May 23 at Tsiigehtchic, whereas Inuvik experienced two peaks on May 28 and 31. The differences between river flow and level represent in part the effects of ice damming and other ice effects on the river (Goulding et al., 2009). These effects are present during spring melt but absent during the rest of the high-flow period and can partially explain why the high flow events at the beginning of July did not raise river level nearly as much as the May-June flood.

The 12 suspended sediment samples collected from Inuvik encompassed the period of peak flow and peak water level at this site, including periods of rising and falling water (Figures 2A,B). The one sample from Tsiigehtchic was collected during the broad peak in river flow at this location, but during a period when river level was falling.

Bulk Geochemical Properties

Lake LD-1 Sediments

The bulk organic geochemical properties of Lake LD-1 sediments collected from the middle delta were relatively homogenous (Figure 4; Table S5). Lake sediment OC concentrations ranged between 1.1 and 1.4% (n = 84; Figure 4A), with a mean value of 1.3%. Sedimentary C/N ratios ranged from 10.4 to 12.3 (mean, 11.3; Figure 4B), and δ13C values were very uniform, ranging from −26.2 to −26.5‰ (mean −26.4‰ Figure 4C). Of the bulk properties, lake sediment Δ14C values showed the most variability, ranging between −738 to −821‰ (mean −786‰ n = 33; Figure 4D). These values correspond to conventional 14C ages of 10,700 to 13,800 years BP (mean 12,300 years; Figure 4E).
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FIGURE 4. Organic geochemical data for lake LD-1 down-core sediment horizons, with (A) %OC, (B) atomic C/N ratios, (C) stable carbon isotopic (δ13C) ratios, (D) radiocarbon (Δ14C) signature, (E) radiocarbon age (years BP), (F) total lignin yield per mass OC, and (G) sum of even long-chain (C24–C30) fatty acids per mass OC. The gray lines in plots a-c show ± 1 standard deviation. The analytical uncertainty for Δ14C and 14C-age are smaller than the data points.



Riverine Suspended Sediments

The suspended sediment samples collected from Inuvik show bulk organic geochemical properties that vary over the sampling period (Figure 5; Table S3). Riverine POC concentration at Inuvik was fairly steady between 4.5 and 6.4 mg/L up for the first 7 days we measured, with the exception of May 27 (Figure 5A). On that particular day we used a different method to measure filtration volume which was likely less accurate. While POC concentration is less certain on this day, the isotope ratios and molecular properties will be unaffected by this issue. After both flow and discharge peaked (on May 31), POC concentrations dropped to between 1.6 and 2.4 mg/L. The highest POC concentration was observed on May 30, and on this day we observed a lot of woody debris floating down the river.
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FIGURE 5. Bulk organic geochemical data for the Mackenzie River suspended sediment samples plotted by date, showing (A) POC concentration, (B) atomic C/N ratio, (C) stable carbon isotopic ratio, and (D) radiocarbon signature and age (14C years). Samples from Inuvik are indicated using circles whereas those for Tsiigehtchic are shown with a triangle. The gray lines in plots b and c show ± 1 standard deviation. The uncertainty for Δ14C is smaller than the data points. The data point shown in parentheses (POC on May 27) is more uncertain than the others because a less accurate method was used to measure filtration volume on this day. For comparison, box-and-whisker plots are shown on the right for the 2008 freshet samples, summer suspended sediment samples from 1987 (from Goñi et al., 2000, 2005) and lake sediments (0–84 cm). The box indicates the 25 and 75% values, and the line in the box indicates the median value. The whiskers extend to 10 and 90% values, and outlying points are shown as circles.



Elemental C/N ratios for particulate matter collected at Inuvik range between 9.2 and 12 and show a gradual decreasing trend (Figure 5B). Inorganic nitrogen contributions are less than 10% (estimated from the intercept in TOC-TN plot, not shown). The stable carbon isotopic composition of the POC shows a slight shift from relatively more 13C-enriched values of −26.9 to −26.5‰ during the first 6 days to more depleted values of −27.4 to −27.7‰ (Figure 5C). Radiocarbon POC values all are highly 14C-depleted, with Δ14C values ranging between −609 and −705‰, corresponding to conventional radiocarbon ages of 7490–9750 14C-years BP (Figures 5D, 6). The POC samples collected between June 1 and 4 show the youngest 14C values and the most depleted 13C values.
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FIGURE 6. Δ14C values for suspended, lake, bank and channel sediments against (A) δ13C and (B) N/C ratios. Gray squares represent suspended sediments from the summer of 1987 (Goñi et al., 2000, 2005), black circles represent the 2008 freshet suspended sediment samples, white squares represent suspended sediments from 2009 to 2011 (Hilton et al., 2015), white diamonds represent delta-wide lake surface sediments from 1994, 2007 to 2009 (Vonk et al., 2015), small gray circles represent the sediment samples from lake core LD-1, and gray triangles represent bank and channel sediments from 2009 to 2011(Hilton et al., 2015; Vonk et al., 2015). Shaded shapes in (B) represent the petrogenic and biospheric end-member values from Hilton et al. (2015).



We only collected one particulate matter sample from the Mackenzie main stem at Tsiigehtchic, on May 30. Here, the POC concentration was 2.8 mg/L, which is similar to the POC values we observed a few days later at Inuvik (Figure 5A). Similarly, the corresponding C/N ratio, 9.7, falls in the range of values observed for the latter part of the sampling period at Inuvik. In contrast, both the stable carbon (−26.5‰) and radiocarbon (−670‰) isotopic values for the Tsiigehtchic sample more closely match those for the first half of the sampling period at Inuvik.

Lignin Phenol Properties

Lake Sediments

The sum of the eight main lignin phenols normalized to organic carbon content, Λ, from the lake sediments averaged 0.50 mg/100 mg OC (range: 0.26–0.74 mg/100 mg OC; n = 84; Figure 4F). The ratio of syringyl-to-vanillyl phenols (S/V) and the cinnamyl-to-vanillyl phenol ratio (C/V) for these samples averaged 0.39 and 0.10, respectively (ranges: 0.25–0.51 and 0.06–0.12, respectively; Figures 7A,C; Figure S3). The ratio of p-hydroxy-to-vanillyl phenols (P/V) averaged 0.20 (range: 0.14–0.26), similar to the values observed for the suspended sediments (Figure 8E). Acid-to-aldehyde ratios from the lake sediments averaged 0.51 for vanillyl phenols and 0.30 for syringyl phenols (ranges: 0.40–0.66 and 0.21–0.49, respectively; Figures 7B, 8D). The ratio of 3,5-dihydroxybenzoic acid to vanillyl phenols (3,5Bd/V) averaged 0.18 (range 0.12–0.23; Figure 8E).
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FIGURE 7. Plots of lignin parameters, including (A) S/V vs. C/V ratios for all samples, with boxes drawn from the literature depicting accepted ranges for common sources of OC, and (B) acid-to-aldehyde ratios for syringyl vs. vanillyl phenols for all samples.




[image: image]

FIGURE 8. Lignin parameters for the suspended sediments, showing (A) total lignin concentration per liter water, (B) total lignin yield per mass OC (Λ), (C) syringyl/vanillyl (S/V) and cinnamyl/vanillyl (C/V) molecular ratios, (D) acid-to-aldehyde ratios for vanillyl (V) and syringyl (S) phenols, and (E) p-hydroxy/vanillyl (P/V) and 3,5-dihydroxybenzoic acid/vanillyl (3,5Bd/V) molecular ratios. Inuvik samples are plotted as circles and the Tsiigehtchic sample is shown by triangles. The data point shown in parentheses (lignin on May 27) is more uncertain than the others because a less accurate method was used to measure filtration volume on this day. Note the different vertical scales for the S/V and C/V ratios. For comparison, box-and-whisker plots (described in Figure 5) are shown on the right for the 2008 freshet samples, summer suspended sediment samples from 1987 (from Goñi et al., 2000, 2005) and lake sediments (0–84 cm).



Riverine Suspended Sediments

The concentration of sedimentary lignin phenols increased during the first 6 days from 0.03 to nearly 0.07 total lignin/L (again, the sum of eight lignin phenols) and then decreased to values around 0.02 (Figure 8A; Table S4). Λ gradually increased during the sampling period from 0.56 to 0.81 mg/100 mg OC with some higher values up to 1.04 mg/100 mg OC in between (Figure 7B). The S/V ratios ranged from 0.12 to 0.45 (mean, 0.32), and C/V ratios fell between 0.04 and 0.09 (mean, 0.07; Figure 8C; Table S3). Both ratios were lowest on the first day then generally increased up to May 30, and fluctuated afterwards, particularly the S/V ratio. Acid-to-aldehyde ratios for vanillyl phenols from the suspended sediments were between 0.41 and 0.65 (mean 0.53), whereas those for syringyl phenols ranged from 0.28 and 0.60 (mean 0.39; Figure 8D). The P/V values ranged between 0.16 and 0.27, and the 3,5Bd/V ratio, ranged from 0.04 to 0.21 (mean 0.11; Figure 8E).

The total lignin phenol yield was approximately the same in the Tsiigehtchic sediment as in the Inuvik sediments with the highest yields (1.14 mg/100 mg OC; Figure 8B). However, all of the molecular ratios from the Tsiigehtchic sample were similar to those collected at Inuvik, suggesting no significant difference in lignin composition in suspended particulate matter between these two sites during the freshet.

Fatty Acid Composition

Lake Sediments

The lake sediments yielded concentrations of even chain length, long-chain fatty acids (ΣC24–30 even) ranging from 3.9 to 74 μg/g OC (or 0.05 to 0.9 μg/g sediment Figure 4G). The average chain length was 24 (the C24 fatty acid was the most abundant), and short-to-long chain (C16 + C18/C24 + C26 + C28 + C30) ratios varied between 0.72 and 2.8 (mean 1.7).

Riverine Suspended Sediments

The suspended sediment samples showed higher OC-normalized concentrations of even chain length, long-chain acids than did the lake sediments, with values between 69 and 151 μg/g OC (or between 0.18 and 0.98 μg/L, Figures 9A,B; Figure S2; Table S6). Short-to-long chain ratios were somewhat higher than Lake LD-1 sediments, with values between 1.9 and 6.2 (Figure 9C). Concentrations of long-chain fatty acids per unit water (i.e., not OC-normalized) peaked on May 30 and showed the lowest values on the last 6 days of sampling (Figure 9A). The OC-normalized values were more stable during the sampling period (Figure 9B). The ratio of short-to-long-chain fatty acids ranged from 2.0 to 6.8 with the lowest value at May 30 (Figure 9C) and the average chain length 25 (C26 fatty acid was the most abundant long-chain fatty acid in most samples).
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FIGURE 9. Fatty acid composition data, including (A) long-chain (even) plant wax fatty acid concentration per liter water, (B) yields of long-chain (even) plant wax fatty acids from suspended sediments normalized per mass OC, and (C) the ratio of short (C16 and C18) to long (C24, C26, C28, and C30) fatty acids, plotted by date, with Inuvik samples indicated by circles and the Tsiigehtchic sample marked by a triangle. The data point shown in parentheses (lipids on May 27) is more uncertain than the others because a less accurate method was used to measure filtration volume on this day. Data for continental shelf sediments (from Drenzek et al., 2007) and lake sediments are shown on the right. Box-and-whisker plot details as described in the caption for Figure 5.



The long-chain fatty acid concentration at Tsiigehtchic was 123 μg/g OC, which is in the same range as the Inuvik samples (Figure 9B). Additionally, the average chain length (25), and the short-to-long chain ratio (3.5) fell within the Inuvik sample values (Figure 9C).

DISCUSSION

Sediment Deposition across the Delta

Factors Controlling Sediment Deposition

The three observed dominant facies (fine-grained laminated, massive mud without structure, and organic-rich beds) are indicative for different depositional regimes. The fine-grained laminated sediments of alternating dark layers (clay) and light layers (silt) represent spring flood sediments followed by finer sediment settling out of suspension during the summer, respectively (Graf Pannatier, 1997). The facies with massive mud without evident structure occurred in small sections of otherwise laminated cores (e.g., UD-3) to the entirety of cores (e.g., MD-3) and is typical for high-closure lakes where the main mode of sediment deposition is settling out of suspension. Finally, the organic-rich beds are likely indicative for lakes that are exposed to cycles of wetting and desiccation. The lack of 210Pb decay over the core lengths suggests that there were very limited amounts of unsupported 210Pb, likely due to the very large ancient detrital load contribution, as illustrated by the 14C ages of the OC (Figure 4D).

Not unexpectedly, cores throughout the delta showed a great deal of diversity but several general statements can be made about the different regions of the delta. Generally, deposition is controlled by three factors: (i) the degree of closure, (ii) distance from the sediment source, and (iii) the number and character of intermediate settling basins (Graf Pannatier, 1997). For example, the three low-closure cores from the upper delta (UD-1, UD-2, and UD-4) showed a relatively shallow 137Cs peak (Figure S1). This is consistent with the observations of Hill et al. (2001) that levee height controls flooding for lakes with closure leading to low sedimentation rates.

The sediment records of no-closure lakes such as MD-2, MD-6, and MD-11 also clearly show the influence of the three factors described above. The sediment in Lake MD-11, for example, is affected by intermediate settling basins and overbank flooding. Its sediment showed thick less-dense sediments interbedded with thin, dense layers. Sediment enters lake MD-11 through a distributary channel that first passes through three other lakes, delivering only fine-grained sediments that have remained in suspension, explaining the thicker, less-dense sediments. The thin, dense layers are likely due to occasional overbank flooding that provides higher-energy sediment input. Another example is the sediment in Lake MD-2, which is affected by past changes in the degree of closure. Lake MD-2 shows thin, denser sub-laminae within the less-dense cap layer, especially prevalent in the upper sections of the core (115 cm). While the core shows just 114 fully-developed couplets in the radiograph, when these sub-laminae are included the total count of couplets increases to 315. Modern sedimentation (1964-2009) rates are 1.1 cm/year, with deposition occurring on an annual basis. Between 1964 and 1951, however, deposition slows down to approximately every other year and the sedimentation rate decreases to 0.62 cm/year (Table 1). While the latter change can be partially explained by compaction, decreasing depositional-frequency is likely due to a change in closure. Currently, Lake MD-2 is a no-closure lake; it is connected to the Mackenzie River main channel by a distributary channel and has a small yet evident lacustrine delta, indicating that the river channel is the lake's primary sediment source. Based on sedimentation-rate (depositional-frequency) down-core extrapolation, we derive that Lake MD-2 has been no-closure for the past 150 years (171 years), low-closure for the previous 63 years (39 years), and dry prior to this. Wolfe et al. (2006) caution against the use of laminae to determine flood frequency in the past; however, by using characteristic sedimentary facies of each state of closure, we can determine the quantity of flood-sourced sediment when Lake MD-2 was at different closure levels. Thus, Lake MD-2 provides a record of both flood frequency (based on the presence of these thin laminae) and intensity (based on the thickness of thin laminae) on an annual basis for the past >150 years. A last example is Lake MD-6, which is affected by both sediment source distance and intermediate settling basins. This lake contains a large lacustrine delta and is a so-called “flow-through lake” (Marsh and Hey, 1989); it is fed by a short offshoot of the fairly large distributary channel that connects the Mackenzie River main channel to Lake MD-2 and also has an exit flow channel. Sedimentation-rate and deposition-frequency methods produced a >200% difference in predicted total sediment record (133 and 64 years, respectively) for core MD-6 (Table 1), likely explained by a change in dynamics of channel hydrology. While the frequency of flooding remained constant, the amount of sediment deposited during each flood decreased at some point above the 1964 137Cs peak. Growth of this lacustrine delta within the intervening 46 years could have easily intercepted a sizeable percentage of the sediment coming into Lake MD-6, thus starving the center of the lake of sediment while still allowing for the same frequency of deposition.

Historical Changes in Sediment Deposition

Overall, our data show that the Mackenzie delta lakes evolve on millennial and shorter timescales. Peat layers may reflect past periods when lakes transformed into wetlands, either caused by changing lake connectivity to the main channel or a changing climate (Marsh, 1990). Radiocarbon ages of sampled peat layers (from 38 to 157 cm depth) in the Mackenzie delta cores showed calibrated ages ranging between 363 ± 65 and 1755 ± 56 BP (Table 1), indicating that these organic layers have been consistently developing over a long time period. Within our data set of sample of nine radiocarbon dates, we see a slight clustering of dates in the interval 1700 ± 100 years BP but no clear trend. Importantly, however, in several cores we see peat layers in between lacustrine sedimentary deposits suggesting that lakes can dry up and be reactivated over relatively short timescales. For example, a peat layer at 157 cm depth in Lake MD-2 highlights that even a lake larger than seven km2 can shift from a wetland to a lake and back within a timespan of about 200 years.

Modern geomorphic studies based on satellite imagery also suggest that these shifts can happen rather rapidly. For example, Marsh and Hey (1989) investigated a number of lakes including Lake MD-1 in the late 1980s. They described Lake MD-1 at the time of their study as a no-closure lake with a connecting channel but satellite imagery from 2004, however, shows vegetation in this former channel site, indicating that Lake MD-1 has thus transitioned from no-closure to low-closure in just 20 years. A lake drying and then being reactivated could occur for a number of reasons, such as a river channel changing course and cutting off a lake's water supply, a delta-wide decrease in average flood stage, or a changing climate increasing net precipitation; regardless of the mechanism, shifts in closure over time offer a valuable tool for investigating past hydrological regimes. For a past record of fluvial biogeochemistry, however, a lake with a stable past hydrological regime is beneficial. For Lake LD-1, the 1951-1964 and 1964-2009 sedimentation rates are similar, implying that the hydrological regime of Lake LD-1 has been relatively consistent over the past >60 years. This was one of the reasons why we chose to select Lake LD-1 for additional biogeochemical analyses. Also, Graf Pannatier identified this lake (designated as “Lake 7” in her study) as a location with high-sedimentation rates and laminated sediments (Graf Pannatier, 1997). Furthermore, LD-1 is a low-closure lake located in the lower delta, indicating that it receives frequent sedimentary input and thus has a high potential as a hydrological and biogeochemical recorder. This is supported by both the high sedimentation rate and consistent age agreement between 137Cs and lamina count dating techniques. The depositional frequency for Lake LD-1 is highest of all cores, with 0.90–0.93 years/lamina (Table 1) providing sufficient material for detailed, molecular, organic geochemical analysis. Finally, complementary cores collected from LD-1 in 2007 and 2009 had similar sedimentation rates, which suggests that sampling locations were representative of whole-lake deposition due to flooding, rather than local features (e.g., lacustrine deltas or bank erosion). Lake LD-1 provides a record of fluvial laminae extending back nearly 200 years. The core collected in 2007 was selected for in-depth molecular/geochemical analysis.

Sources of OC to Suspended and Lower Delta (Lake LD-1) Lake Sediments

Bulk geochemical composition of lake and SPM sediments suggest a mixture of modern higher-plant derived material with older material, from pre-aged permafrost soil and/or rock-derived “petrogenic” matter. The C/N ratio for both sample types (Figure 5B) falls within the range observed for soils (Baldock et al., 1992) and intermediate between that found for terrestrial higher plants, which typically have values >20, and algae, which have C/N values between 4 and 10 (Meyers, 1994). The C/N ratios of other lake surface sediments and bank/channel sediments across the delta are 11 ± 1.5 (n = 20) and 13 ± 1.9 (n = 9), respectively (Vonk et al., 2015), which is in the same range as our data. The stable carbon isotopic signatures for suspended (Figure 5C) and lake sediments (Figure 4C) fall within the range observed for C3 plants and soil OC developed from C3 plants, although soil OC tends to be 13C-enriched relative to its plant origin (Ehleringer et al., 2000). We argue that a planktonic or algal source is unlikely or very minor, as freshwater plankton δ13C values are likely −31‰ or lower in this system (inorganic carbon is around −8‰ in the Mackenzie River, Hitchon and Krouse, 1972; combined with a fractionation factor of at least 23‰, Mook and Tan, 1991). Also, high sediment yields limit algal production. Suspended sediments show a larger δ13C variation than lake sediments (Figures 4C, 5C, 6A), which could be related to small shifts in the type of OC input over time, which is less obvious in lake sediments that integrate over longer, annual, timescales. The radiocarbon content of all samples (Figures 4D, 5D) is very depleted. A number of other studies of the Mackenzie River system (on sediment and suspended OC) have reported similarly low radiocarbon contents (Figure 6A; Goñi et al., 2005; Drenzek et al., 2007; Hilton et al., 2015; Vonk et al., 2015). This evidence, combined with low carbon preference index values (CPI) for n-alkanes extracted from Mackenzie River sediments (Yunker et al., 2002; Drenzek et al., 2009) suggests that the river carries significant amounts of sedimentary rock-derived “petrogenic” OC as well as pre-aged terrestrial (permafrost) OC that mixes with more modern plant- and minor contributions of algal-derived OC (Goñi et al., 2005; Drenzek et al., 2007; Hilton et al., 2015). The presence of such ancient OC likely at least partially accounts for the old age of the POC we sampled.

Analysis of lignin phenols can provide additional insights into sources of OC to sediments. Lignin is a structural component of vascular land plant cell walls, and the concentration and composition of lignin-derived phenols is commonly used to trace higher plant-derived OC in the environment (e.g., Hedges and Mann, 1979a). The values (OC-normalized) observed in the suspended and lake sediments (Figure 8B) are similar to those observed in a number of Siberian rivers (Lobbes et al., 2000), with the exception of the Ob' and Yenisey, which drain large extents of peatlands and thus have higher values (Lobbes et al., 2000; Dickens et al., 2011). The lignin content in the Mackenzie suspended sediments is also lower than most values observed from temperate (Mississippi; Bianchi et al., 2002) and tropical (Fly-Strickland and Amazon; Hedges et al., 2000; Alin et al., 2008; Feng et al., 2016) rivers.

The ratios of different compound classes of phenolic monomers (e.g., S/V, C/V, and P/V) are frequently used to infer the types of plant precursors. For example, high S/V ratios (>0.75) tend to indicate the presence of angiosperm tissues, whereas high C/V ratios (>0.25) suggest the presence of non-woody tissues (Hedges and Mann, 1979b; Goñi and Hedges, 1992). Plotting these two ratios against each other shows that OC in the freshet SPM contains somewhat more woody tissue than lake sediments (lower C/V and S/V ratios for SPM compared to lake sediments; Figure 7A), which fits with our observations of woody debris in the river while sampling, and the water-logged woody SPM near the river bed (Hilton et al., 2015). Lake sediment OC appears to derive largely from gymnosperm woody tissue combined with lesser proportions of non-woody angiosperm material (Figure 7A).

The sources of p-hydroxy phenols are more ambiguous, and P/V ratios have been used less frequently than S/V and C/V ratios as source indicators. However, because mosses yield very high amounts of p-hydroxy phenols (Williams et al., 1998; Williams and Yavitt, 2003), this ratio may provide insight into the presence of moss- or peat-derived OC in environments where this is a major source (Dickens et al., 2011; Feng et al., 2013b). The P/V values for both suspended and lake sediments (Figure 8E) are similar to or lower than those observed in tropical (Alin et al., 2008; Feng et al., 2016) and temperate (Gordon and Goñi, 2003) rivers and (much) lower than the values of 1.0–1.4 observed in the Ob' River (Dickens et al., 2011) or 0.4–1.3 in the Lena River in Siberia (Winterfeld et al., 2015). This suggests that peat/moss-derived OC is not a major source of carbon to the Mackenzie River, at least during our sampling period.

The ratio of the acid-to-aldehyde component of vanillyl and syringyl phenols provides information about the extent of oxidation of lignin in a sample, with higher acid-to-aldehyde ratios indicating more highly oxidized OC (Hedges et al., 1988; Opsahl and Benner, 1995). These ratios from the Mackenzie freshet and lake sediments (Figures 7B, 8C) were similar to the values observed in many other polar, temperate and tropical rivers (Hedges et al., 1986; Lobbes et al., 2000; Farella et al., 2001; Gordon and Goñi, 2003; Aufdenkampe et al., 2007; Alin et al., 2008; Dickens et al., 2011) and are higher than those from fresh plant tissue (Goñi and Hedges, 1992). This indicates that the lignin in these sediments had been subject to some degree of oxidative degradation, most likely during storage in soils prior to entering the river system. In contrast, the values of another degradation indicator, the ratio of 3,5-dihydroxybenzoic acid to vanillyl phenols (3,5Bd/V) ranged from very low (0.04) to moderate (0.23) in the suspended and lake sediments (mean 0.11; Figure 8E). This ratio is often used as a tracer of soil-derived OC, and values less than 0.1 are assumed to indicate undegraded plant tissue whereas (low latitude) soils and other environmental samples tend to have values ranging between 0.1 and 0.4, indicating that they have undergone degradation (Gordon and Goñi, 2003). The very low values of this ratio in many of the suspended sediment samples (Figure 8E) suggest the presence of considerable proportions of undegraded and/or partially degraded plant-derived tissue in these samples. Alternatively, high latitude/permafrost soils may also be relatively undegraded and could contain rather low ratios of 3,5Bd/V.

Long-chain fatty acids with even numbers of carbons (C24–C30) are components of leaf waxes almost exclusively produced by higher plants (Eglinton and Hamilton, 1967), and rarely found in aquatic organisms (Schouten et al., 1998). These compounds are frequently used as vascular plant biomarkers, similar to lignin phenols (e.g., Eglinton and Eglinton, 2008). However, these biomarkers derive from different parts of the plant (lignin is found in the cell wall, whereas these fatty acids are primarily on the surface of the leaves) and have a different affinity for the inorganic matrix (i.e., leaf waxes tend to be bound to clay minerals in organo-mineral aggregates). Given their loci of production as well as their different physicochemical properties, these two suites of compounds may trace different fractions of plant-derived OC in the environment, and may be transported, stored and distributed differently, although relatively few studies have explored these differences (e.g., Prahl et al., 1994; Feng et al., 2013a,b). Short-chain fatty acids, C16 and C18,are produced from virtually all types of life and are abundant in both soils and aquatic environments. With average chain lengths of around 24 to 25, short-to-long fatty acid chain ratios of 0.72–6.8 (Figure 9C), and concentrations of even chain length, long-chain fatty acids (ΣC24–30) between 3.9 and 151 μg/g OC (Figure 9B, Table S3), it seems the Mackenzie Delta samples contain clear contributions of plant-derived OC. Total fatty acid concentrations observed in suspended and lake sediments in this study are relatively low; a study by Drenzek et al. (2007) on sediments on the Mackenzie shelf and studies on suspended and shelf sediments in Siberian coastal systems (Vonk et al., 2010; Karlsson et al., 2011) all showed higher concentrations.

Temporal and Spatial Variation in SPM Geochemistry

The surface suspended sediment samples, collected during a 2-week time period in 2008 from the side of the East Channel at Inuvik, do present some limitations. First of all, surface suspended sediment sampling was performed instead of the [more desirable] width- and depth-integrated sampling due to logistical constraints imposed by conditions associated with ice breakup. While surface water sampling may be fairly representative of the water and sediment entering the lakes (see Section Variation of Lake Sediment Geochemistry with Hydrology), a more comprehensive sampling approach would have been optimal. Secondly, we only sampled during a limited time period at the peak of the freshet, while the period of higher discharge and river level lasts much longer (Figure 2). Lake-river connection times vary spatially and annually, but can be up to several months (Lesack and Marsh, 2007), and the lakes will receive river sediments during this entire period. However, sediment concentrations peak during the onset of the freshet and therefore we consider our period of sampling is reasonably representative for the bulk of the lake sediment deposition, and certainly capture a crucial period of the annual cycle of sediment supply. Thirdly, we only sampled during a single year, whereas suspended sediment flux is likely to vary from year to year (Holmes et al., 2002). Finally, for logistical reasons, we sampled almost exclusively from the East Channel, close to Inuvik. Lake LD-1, however, derives most of its water and sediments from the Middle Channel, which we were unable to access. Despite these limitations, the current sample suite provides an important window on properties of the suspended POC during the spring freshet.

From Figure 5, it appears that a shift in the geochemical composition of POC carried by the Mackenzie River at Inuvik occurred concurrent with a change in the amount of POC in the water column. The POC concentration shifted from high (>5 mg/L) to lower values (~2 mg/L) midway through the sampling period, with May 31 displaying transitional amounts. The shifts could either be due to changes in OC concentration or to changes in suspended sediment concentration. Unfortunately, we did not measure the latter, so the cause of the shift remains unknown. At this same time of the POC shift, the C/N ratio decreased from between 11 and 12 to values of 10 or lower (Figure 5B), mostly driven by changes in the POC concentration, and δ13C values shifted from a mean value of −26.8‰ to slightly more negative values (mean −27.6‰ Figure 5C). The radiocarbon signature also increased by about 50‰ from mean Δ14C −675‰ (14C age ~9000 years BP) to around −625‰ (~8000 years BP; Figure 5D). Lower POC concentrations at Inuvik may reflect receding water levels and reduction in discharge at Inuvik that caused settling of much of the suspended load. The changes in POC composition may result from additional inputs of detrital POC, potentially from more buoyant fresh vegetation debris or year-old POC from aquatic production that has been flushed from the lakes (Emmerton et al., 2008a). Lower C/N values could point toward detrital aquatic production, whereas more negative δ13C values can be explained by both (fresh or old) vegetation debris or aquatic sources (e.g., Tank et al., 2011), depending on the signature of the dissolved inorganic carbon used for photosynthesis. Both sources could be enriched in 14C (i.e., younger). Figures 7A,B, however, may suggest that the POC from the freshet in 2008 is a mixture of a petrogenic source and a source with high N/C, and relatively enriched Δ14C and δ13C. It is unlikely that the latter source is aquatic due to the old age and high N/C values. Perhaps the input of pre-aged permafrost OC plays a role here, but this remains speculative at this stage.

Lignin concentrations (normalized to both volume of water and mass OC) increased fairly steadily over the first half of the sampling period at Inuvik, to a peak on May 30 (Figures 8A,B). This day we observed large amounts of coarse woody debris in the river at Inuvik. Lignin concentrations decreased and remained fairly steady during the rest of the sampling period. Long-chain fatty acid concentrations (normalized to mass OC) remain fairly stable throughout the sampling period (Figure 9B). The ratio of short-to-long, even-carbon-numbered fatty acids decreases up to May 30, suggesting increasing proportions of plant-derived (long-chain) fatty acids (Figure 9C), followed by a shift to higher ratios later. The ratio remains fairly high for the last 5 days, suggesting significant contributions from non-plant sources, or shifts in the degradation status of plant-derived fatty acids. Lignin composition during the 2-week sampling period was somewhat variable but did not show distinct trends (Figures 8C–E). The S/V ratios (Figures 7A, 8C) are most variable suggesting the contribution of woody debris to the SPM on a few occasions during the sampling period. The sample collected at Tsiigehtchic, just upstream of the delta, showed geochemical concentrations and properties that fell within the range measured at Inuvik (Figures 5, 8). All lignin and lipid parameters suggest common vascular plant sources at Tsiigehtchic and Inuvik during the sampling period (Figures 8, 9).

Samples collected in late June and July of 1987 from sites located in the outer delta on the East, Middle, and Reindeer Channels (Figure 1) have been extensively characterized (e.g., Yunker et al., 1991, 2002; Goñi et al., 2000, 2005). They were collected from 1 m water depth using continuous flow centrifugation, and represent a period later in the summer when discharge is more stable. The bulk organic geochemical properties of these summer samples are fairly similar to those of our freshet samples, with C/N ratios and δ13C values that fall on the high end of our observations, and Δ14C values that overlap with the freshet values (Figures 5B–D; Goñi et al., 2000, 2005). The summer C/N ratios of 12–15 were lower than those observed in a different study for a similar time and region (16.5–18; Emmerton et al., 2008a). Suspended matter samples collected in June 2011 and September 2010 (Hilton et al., 2015) also show δ13C values that are more enriched than our 2008 samples, but the Δ14C values are of a similar range.

Lignin analyses reveal that values for the 1987 summer samples overlap with those from the freshet (Figure 8B), whereas the summer samples yield higher S/V, C/V, and P/V ratios (Figures 8C,D). These higher ratios imply that the summer samples contain relatively more non-woody material (Figure 7A) than the freshet samples, and also relatively more angiosperm material. These differences might be explained by differences in local vegetation sources at the sampling locations, with boreal forest dominating in the upper/middle delta samples and tundra in the outer delta samples. This would imply that OC is added to the river throughout its reach and may replace or augment pre-existing OC. However, the higher S/V, C/V and P/V ratios could also have a hydrodynamic explanation. These ratios are measured in the summer samples (Figures 8C,D) that are located in the outer delta (Goñi et al., 2000, 2005) where finer material preferentially settles as coarser, more silty material has already accumulated further south (upstream). Comparison of the acid-to-aldehyde ratios shows that the two late-July 1987 samples have experienced more degradation as suggested by slightly higher ratios (Figures 7B, 8D). The 3,5Bd/V ratio of the summer samples falls within the range of values observed for the freshet samples, suggesting a similar input of soil-derived OC.

Temporal Variation in Lake Sediment Geochemistry

Based on the age model presented above, the 84-cm sediment core analyzed represents roughly 100 years of deposition in Lake LD-1 (core collected in 2009), with sediments deposited in annual laminations derived from both freshet and off-peak deposition. Graf Pannatier (1997) found that the coarser sediment layers in this lake were deposited during the spring freshet and the finer layers settled out of suspension during the summer months (off-peak deposition). We defined each layer with an evident density contrast from that underlying it, obtained from a radiograph scan, as a lamination; and the yearly pairing of two laminae a couplet. With little sedimentary input during non-flood times, each flood layer is deposited almost directly on top of sediment from the previous flood.

Overall, bulk and molecular profiles within Lake LD-1 sediments are fairly homogenous (Figure 4 and Figures S3, S4). The %OC profile shows that most horizons have %OC values between 1.20 and 1.35%, with some horizons having higher or lower OC concentrations, which could be related to hydrological characteristics of the freshet (see Section Variation of Lake Sediment Geochemistry with Hydrology). Middle Channel %OC values are similar with values between 1.0 and 1.5% (Hilton et al., 2015). There are no clear correlations between the %OC profile and other chemical profiles. The %OC profile also appears to become more variable above 40 cm. Most changes are rather small and sometimes approach the analytical uncertainty of the measurements, but there seems to be a small but discernable increase in C/N ratios and δ13C values that could imply a gradual change in carbon inputs to the lake or a shift in the inputs at 40 cm depth (Figures 4B,C). The radiocarbon signature shows the greatest variability, with the most enriched/youngest values in the upper 5 cm, as well as in the 36–37 cm and 37–38 cm horizons (Figure 4D). The most depleted/oldest values were in the 4–5 cm and 65–66 cm horizons.

In a parallel study of delta lake surface sediment properties across the Mackenzie Delta (Vonk et al., 2015) we found that low-closure lakes show a relatively large range in %OC, δ13C and Δ14C values reflecting their variability related to factors such as the length of lake-river connections and distance to sediment source. Vonk et al. (2015) reported a %OC average of 1.9 ± 1.0% (range 0.92–4.8%) and δ13C of −26.9 ± 1.3‰ (range −30.7 to −24.7‰) for 15 low-closure lakes (see also Figure 6A). The Lake LD-1 downcore data fall near the middle of this range for both parameters. Radiocarbon values from Vonk et al. (2015) were on average −552 ± 190‰ and ranged between −230 to −780‰ (Figure 6A), with lower values for sediments with low %OC content, consistent with our relatively depleted downcore radiocarbon values.

The OC-normalized lignin phenol concentration L profile (Figure 4F) of sediments from Lake LD-1 shows some subtle variations, and there appears to be a subtle increase in lignin phenols from the bottom of the profile to the 34–35 cm horizon, followed by significantly lower concentrations from 34 to 17 cm and another shift to higher concentrations above 17 cm. Profiles of the lignin phenol ratios show some variability but no clear trends (Figure S3).

Concentration of long-chain, even-carbon-numbered fatty acids were only measured in eight downcore samples (Figure S4). Their concentrations were highest in the 1–2 cm horizon, and decrease with increasing depth, potentially reflecting diagenetic processes, i.e., degradation with depth. These changes in concentration appear to be accompanied by variations in the ratio of short-to -long-chain fatty acids (Figure S4). Comparison of the 40–41 cm and 42–43 cm horizons, as well as the 80–81 cm and 81–82 cm horizons, however, highlights that the variability could be relatively large between adjacent horizons.

Variation of Lake Sediment Geochemistry with Hydrology

We compared the geochemical properties of sediments with the hydrologic conditions of the spring freshet (Goulding et al., 2009) for the year we estimate that horizon was deposited (as determined using our age model assuming the uncertainty is < 1 year; Table S1). We found that %OC contents in lake sediments from 1974 to 2006 generally were lowest with higher peak discharge (Qmax; Figure 10A), higher backwater levels (ΔH; Figure 10B) and higher maximum peak water level during break-up (Hm; Figure 10C; for details on calculations of hydrological proxies see Goulding et al., 2009). The lowest %OC occurred in sediments deposited in years with high peak discharge but moderate to low backwater and maximum peak water levels (black circles in Figures 10A–C). The backwater level indicates the difference in height between ice-affected stage and height at equivalent discharge under open water conditions, and high backwater levels suggest that ice jamming is the main driver for increasing water levels (Goulding et al., 2009). It is interesting to note that the %OC in suspended sediments (deposited in delta lakes) apparently vary with the strength of landscape “flushing”; where high peak discharge carries more mineral sediments with lower OC contents. Furthermore, the 14C age of sediments also showed some trends with hydrological characteristics (Figures 10D–F). The data suggest that in years with high discharge and low ice jamming, relatively young but mineral-rich sediments (low %OC) are delivered to delta lakes, whereas in years with more ice jamming, high peak water levels but moderate discharge, sediments with moderate %OC content and also relatively young 14C age are transported to the delta lakes. Years with low discharge seem to deliver sediments with relatively old 14C-OC age.


[image: image]

FIGURE 10. Hydrological controls on bulk %OC and 14C-OC content of lake LD-1 downcore sediments, using hydrological data from 1974 to 2009 from Goulding et al. (2009), including (upper): %OC plotted against (A) Qmax, (B) ΔH, (C) Hm, and (lower) Δ14C (%¸) plotted against (D) Qmax, (E) ΔH, and (F) Hm. Qmax is defined as the maximum break-up discharge (m3/s), ΔH as the backwater level, indicating the difference in height between ice-affected stage and height at equivalent discharge under open water conditions (m), and Hm is the maximum peak water level during break-up (m). Years with high discharge and moderate ΔH and Hm are plotted as black circles, years with moderate discharge but high ΔH and Hm are plotted as white circles, years with low discharge, low ΔH, and low Hm are plotted as white triangles, and year(s) with moderate discharge, and low ΔH and Hm are plotted as black triangles. The gray circles show all other years. Note that (D–F) have fewer data points as we do not have 14C data for all samples.



These patterns may be explained by hydrodynamic sorting processes that affect the suspended load of the Mackenzie River with depth, and, consequently, the type of material that is transferred to delta lakes. Hilton et al. (2015) show that Mackenzie River surface suspended material is relatively old, fine (high Al/Si) and degraded (high N/C) whereas suspended material close to the river bed is relatively young, coarse (low Al/Si) and fresh (low N/C). Our data suggest that the delta lake sediments are biased toward the surface suspended load as seen in Figure 6B where lake LD-1 sediments show some of the most 14C-depleted samples with relatively high N/C ratios. The hydrological characteristics of the spring flood in a given year will generate variability in flow height, leading to a variability in the amount of surface SPM that can be transferred to the lakes. This will cause variability in the type of POC supplied to lakes as illustrated clearly in Figures 10D–F showing (i) youngest lake sediment OC in years with high peak discharge and high river water level (abundant, high flooding), as well as (ii) older lake sediment OC for years with low peak discharge and low river water level (gentle, low flooding). Even though the delta lakes are most likely only receiving the top few meters of the Mackenzie River suspended sediment load, we still observe hydrodynamic sorting effects in the lake sediments reflecting the flood characteristics.

Evaluating the Use of Lake Sediments to Reconstruct Fluvial SPM Input

In order to evaluate whether the sedimentary records from lakes in the Mackenzie River delta can be used to reconstruct past riverine SPM sources and dynamics it is essential to compare the properties of riverine POC during the spring freshet, when high water levels in the delta cause low-closure lakes to be flooded with river water and sediments (Marsh et al., 1999), to those of the lake sediments themselves. Lake LD-1 is a representative lake for studying riverine sediment and OC deposition as it is a flow-through lake located near the Mackenzie River main channel. This lake has been accumulating laminae of fluvial input for nearly 200 years, which has been demonstrated to be on an annual scale at least since the 1960s (Table S1).

Comparison of the Mackenzie river SPM samples (Hilton et al., 2015; and this study) to the Lake LD-1 sediments reveals that the lake sediments reflect the surface suspended matter load (Figure 6B). The organic geochemical properties of riverine suspended sediments at the freshet are similar to lake sediment properties, with particularly close correspondence to the riverine sediments collected during rising water. For example, C/N ratios of the lake sediments overlap with those from the first half of the sampling period (Figure 5B), and the δ13C signatures of lake sediment bulk OC are similar to those of the most 13C-enriched POC sample at Inuvik (collected during rising water) and the single sample from Tsiigehtchic (Figure 5C). Bulk OC radiocarbon signatures and plant wax biomarker concentrations showed the greatest deviations from suspended POC, with lake sediments being significantly more 14C-depleted (“older”) than suspended sediments (Figure 5D) and having considerably lower plant wax lipid concentrations (Figure 9B).

As OC in lake sediments is up to a few thousand years older than POC, one explanation is that aged mineral-associated OC is preferentially deposited in the lakes. This could involve ancient kerogen (14C-dead) intimately associated with (relatively dense) mineral particles derived from sedimentary rocks or coal-deposits (Cameron and Beaton, 2000). Another likely source, however, could be pre-aged soil-derived OC that is likely also closely associated with minerals. In contrast, much of the younger, plant- and potentially algal-derived OC could be free of minerals or associated in less dense aggregates or associations. At the same time, preferential degradation of the younger, more labile POC could play a role in explaining the age difference between lake sediment and POC. Furthermore, sorting of different size or density particles could also explain the discrepancy in plant wax lipid concentrations between suspended sediments and lake sediments (Figure 9B). Prahl et al. (1994) suggested that wax lipids are bound to a relatively fine sediment fraction, in contrast with, e.g., lignin. Feng et al. (2013b) inferred different mobilization pathways for lignin and plant waxes in Siberian river watersheds, with the latter inferred to exhibit stronger mineral associations. Relative to the bulk sediment, fine-grained sediments enriched in lipids would be likely to remain in suspension and be carried through the delta to the ocean. Drenzek et al. (2007) extracted and analyzed fatty acids from shelf sediments offshore of the Mackenzie River mouth and found concentrations that were much higher than we observed in either the suspended or the lake sediments, with values for ΣC24−30 even homologs ranging from 230 to 600 μg/g OC (Figure 9B). These differences suggest that higher plant wax lipids could be associated with fine sediments that are preferentially transported through the delta to be deposited on the Mackenzie shelf, and likely farther offshore in the Beaufort Sea. In contrast, lignin concentrations are similar or slightly lower on the continental shelf (Goñi et al., 2000), suggesting that lignin-containing particles are not as prone to selective sedimentation processes. Nevertheless, lipid distribution patterns are similar in the suspended sediments, lake and shelf sediments, except for a slight shift to longer chain lengths in the lake and shelf sediments.

Lignin concentrations and intrinsic properties in lake and SPM sediments are also generally similar (Figures 8A,B; Figure S3), except from the C/V ratios. The latter are higher for most lake sediments than for the 2008 suspended sediments, indicating that the lake records greater amounts of non-woody angiosperm tissue (Figure 7A). In fact, the lake sediments cluster in between the freshet and summer suspended sediments in Figure 7A. Grain size-associated shifts in S/V and C/V ratios (e.g., more non-woody tissue with smaller grain size; Goñi et al., 1997; Keil et al., 1998) could, however, also play a role here. Alternatively, it may be due to a long interval of connection of the lake to the main channel that allows organic material derived from a broader period of the freshet to be deposited in the lake. For all other lignin parameters, including the acid-to-aldehyde ratio, the lake and riverine suspended sediments are virtually indistinguishable.

Overall, the potential of sediments in Mackenzie River deltaic lakes to yield high-resolution records of drainage basin processes appears promising. Many of these lakes display regular, thick, annual laminations, aiding in the development of detailed chronologies (Graf Pannatier, 1997). The organic geochemical properties of the lake sediments closely resemble those of the upper few meters of surface suspended sediments collected at peak flow from Inuvik and Tsiigehtchic, suggesting that the chemical signatures of the finer, surface suspended sediments are faithfully preserved in these sedimentary deposits. Differences in the fatty acid concentration, lignin composition and radiocarbon content, show that discrepancies do exist, however these may either reflect differences between sampling interval (suspended sediments at freshet vs. annually integrated signals) or processes that do not interfere with reconstruction of past behavior of the river system. For example, preferential settling of 14C-dead kerogen OC would have no influence on biomolecular OC signals emanating from terrestrial vegetation and soils (e.g., plant waxes, lignin). Similarly, preferential settling of coarser/denser sediments should have little impact on leaf wax lipid signals that are associated with finer-grained components of the riverine suspended sediments.

SUMMARY AND CONCLUSIONS

The Mackenzie delta lakes are characterized by different sediment depositional regimes that are reflected in the properties of the lake sediments (dominant facies, presence and thickness of laminae, sub-laminae, organic-rich layers). Our data show that the sediment depositional regimes of Mackenzie delta lakes can shift on relatively short timescales (decades, centuries) causing lakes to dry up and be reactivated depending on, e.g., a change in a river channel course or changing flood stages.

Bulk geochemical composition of both lake and SPM sediments suggest a mixture of modern higher-plant derived OC with pre-aged terrestrial (permafrost) OC and rock-derived “petrogenic” OC. Freshet suspended sediments occasionally contain considerable proportions of undegraded and/or partially degraded plant-derived tissue originating from woody debris. The age of lake sediment OC is older than freshet SPM which we explain by preferential deposition (or preservation) of aged mineral-associated OC in lakes which has shown to be preferentially enriched in surface waters of the Mackenzie River. Comparison with river depth profiles (Hilton et al., 2015) also shows that delta lake sediments reflect the upper few meters of the Mackenzie river suspended sediment load. Hydrodynamic sorting processes initiated by spring flood characteristics affect the geochemical composition of lake sediments. Whereas lipid properties are similar between lake and SPM sediments, concentrations are higher in the latter, likely due to binding of lipids to the finer sediment fraction.

Lake sediments of the Mackenzie Delta hold records of deposited POC stretching back decades, centuries, and possibly millennia, offering the possibility of examining how this major river system has behaved in the past and is changing in the present. Interpreting the signals embedded in these deltaic lake sediments in terms of drainage basin properties and riverine POC concentrations over time will require careful evaluation. Investigation of a range of high-, low- and no-closure lakes from the upper, middle and lower delta, as well as utilization of a range of proxies will provide additional valuable information on provenance and characteristics of sedimentary signatures. Clearly, however, these deltaic lake sediment records hold great promise for addressing many important questions, including whether there is a historical precedent for recent and on-going changes in the Arctic.
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Cores marked with () were analyzed for bulk density, high-resolution x-radiographic scanning and radioisotopic dating. Sedimentation rates are calculated using Equation (1), and
ceposition frequency using Equation (2). The total records for the two methods are calculated using the low-closure section of the cores and the 1964-2009 values for the section of
the core above the 97Cs peak, and the 1951~1964 values below. Mass accumulation rate is the product of the average buk density (g cm') and the sedimentation rate (cm year'")

for the dated interval.

"sed. rate, sedimentation rate; mass acc. rate, mass accumulation rate; dep. freq. depositional frequency; LG, low closure; NC, no closure; HC, high closure; N/A, ot applicable.
b ake MD-1 was a low closure lake prior to 1980.
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