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Abstract A multidisciplinary study was made of lakes
and lagoons in a thermokarst embayment on Richards
Island, Canadian Beaufort Sea, in order to investigate
the response of the Mackenzie Delta shoreline to
changing hydrological influences. Seismo-acoustic profiles made from an amphibious vehicle, combined with
sediment core data, show that the deepest lakes contain up to 10 m of transparent or stratified silty mud
overlying the Kittigazuit sand basement. Palynological
and microfossil data from 21 surface samples allow
delineation of freshwater, saltmarsh, tidal flat and subtidal assemblages. These modern reference data allow
distinction of freshwater and marine facies in the cores
and subsequent interpretation of geochemical content
(carbon, ammonia, sulphate). Radiocarbon dates and
137
Cs show that sedimentation rates have increased by
an order of magnitude since drowning of the embayment during the past millennium, and that most of
this sediment is from the Mackenzie River plume.
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Thermokarst lake ´ Embayment ´ Arctic Cesium
radiocarbon ´ Geochemistry ´ Permafrost ´ Acoustic
stratigraphy
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Introduction
Arctic regions, such as the Beaufort and Laptev seas,
are dominated by large transgressive deltas and feature highly dynamic coastal zones (e.g. Ruz et al.
1992; Dallimore et al. 1996; Rachold et al. 2000). Like
most of the coast of the Canadian Beaufort Sea, the
shoreline of Richards Island is highly convoluted,
attesting to the inundation by rising relative sea levels
of the irregular thermokarst terrain. Embayments are
formed by the intrusion of the sea into valleys and
breached lake basins. They play a role in trapping and
storing sediments (and associated organic carbon) supplied by the Mackenzie River and by erosion of the
highland areas remaining above sea level (Ruz et al.
1992). In addition, the embayments are an important
habitat for waterfowl and fish on which the indigenous
people depend for part of their food supply and are
located within a region with significant hydrocarbon
development potential.
As part of a program to improve our understanding
of the nearshore environments in preparation for oil
and gas development in the Beaufort Sea, several surveys were undertaken in 1991 and 1993 to investigate
the embayments, and nearshore zones on Richards
Island (Solomon et al. 1992; Solomon 1993). In 1991,
acoustic, geological and oceanographic surveys were
performed in water depths which were <10 m and
mostly <5 m. The 1993 survey focused on coring and
electrical ground conductivity measurements. This
paper examines the sedimentological and micropalaeontological history, geochemistry and chronology of
a network of embayments within the influence of the
Mackenzie River sediment plume (Fig. 1). The data
provide a basis for identification of responses of the
coastline to changes in river discharge and an indication of the capacity of thermokarst lagoons for storage
of sediments and carbon.
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Fig. 1 Index map of the study
area

Environmental setting
Richards Island is located between the active main
channels of the Mackenzie Delta and the Mackenzie
East Channel which discharges into Kugmallit Bay,
west of the Tuktoyaktuk Peninsula (Fig. 1). Northern
Richards Island consists of a complex series of shallow
embayments set amidst low-relief tundra islands
(Fig. 2). In oceanographic terms, the area is an estuary
(sensu Pritchard 1967), but geologically it is more difficult to classify. Although most of the sediment is
derived from the Mackenzie River plume, there is
almost no direct freshwater run-off into the embayments, and marine processes (waves, tides and storm
surges) are the most important factors affecting sediment deposition.
The study area is centred on the North Head and
Reindeer islands area of Richards Island (Fig. 2). The
onshore surficial geology (Rampton 1988; Kurfurst
and Dallimore 1989) consists of discontinuous till
underlain by sands of the Kittigazuit and Kidluit formations. The area is within the zone of continuous
permafrost and ice bonding or visible ice occurs in
most of the sediments. In some locations, ice may represent up to 75% by volume of the upper 15 m of
ground (Dallimore et al. 1996).
The convoluted morphology of the coast in the
North Head area is controlled primarily by the pre-existing topography as determined by the distribution
and elevation of thermokarst lakes (ªthaw lakesº; see
Hill and Solomon 1999; cf. Ruz et al. 1992). Thermokarst lake formation in the study area started during a
climatic warm period which occurred between approximately 13,000 to 8000 BP (MacKay 1972). They
develop in areas underlain by ice-rich permafrost
when the active layer intersects and begins to melt the
ice-rich strata, thereby causing settlement of the
ground surface. Thaw lakes occupy 15±50% of the

land surface on Tuktoyaktuk Peninsula and Richards
Island (MacKay 1963) and approximately 31% of the
North Head study area. During the rise in relative sea
level since the retreat of the last glaciers (Hill et al.
1985), upland areas gradually have been submerged.
Along the outer coast, wind-driven waves accompanied by storm surges which exceed the tidal range by
a factor of 4±6 (Harper et al. 1988) rapidly reshape
the shoreline and infill irregularities to create a
smoothly sloping, barred shoreface. Within the protected embayments, however, relicts of the irregular
thermokarst morphology are preserved.
Water depth in most North Head embayments is
less than 2 m, which is the maximum depth to which
winter ice freezes to the seabed. Significant depth
anomalies mark thermokarst lake basins that have
been breached by rising sea levels (Solomon and
Forbes 1993; Forbes et al. 1994; Hill and Solomon
1999). The maximum depth of drowned thermokarst
lakes in the study area is 12 m (Fig. 2). Permafrost is
preserved or may be aggrading in water depths less
than approximately 1.5 m (Dyke 1991; Dyke and
Wolfe 1993). At greater water depths, permafrost will
either degrade, or in areas corresponding to the position of a former thaw lakes, an unfrozen talik zone
may be present. The extreme sensitivity of ice-bonding
to small changes in water depth means that the geotechnical properties of thaw lake sediments are highly
variable over distances of tens of metres (Dyke 1991;
Dallimore et al. 1996; cf. Sellman et al. 1975).
Freeze-up usually occurs in October and ice covers
the embayments until late June. During the winter,
Mackenzie River discharge decreases to <20% of
summer values and embayment basins become progressively more isolated from the Beaufort Sea waters
by bottomfast ice development. The coastal waters
outside the embayments are almost fresh to brackish
(Hill et al. 1991; MacDonald and Carmack 1991)
whereas, bottom water in isolated interior basins can
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be quite saline (up to 31) due to brine accumulation
and ground-water intrusion (Forbes et al. 1994; Campeau et al. 1999). Summer-time stratification exists in
deeper embayments where a cold saline layer lies
below a 3-m-thick warmer and brackish layer (Solomon 1994); however, it is not known whether stratification breaks down during parts of the year. Data
from Mason Bay to the south and Tuktoyaktuk Harbour (on the east side of Kugmallit Bay) suggest that
the stratification may be perennial (Hopky et al.
1990). Mixing by winds, storms and tides occurs in
shallow ponds and lagoons.
The tidal range is less than 0.5 m, winds from the
north and west generate positive surges (up to 2.4 m
above mean sea level; Harper et al. 1988) while winds
from the east cause negative surges. Positive storm
surges can produce water influxes to the embayments
of the order of 107 m3 in a few hours (Solomon and
Forbes 1993). Current velocities measured in channels
during surges are similar to those measured during
ordinary tidal flows (40±60 cm s±1). During late winter
(March and April), tidal currents are absent because
the embayment system is cut off by a fully developed
ice cover which is frozen to the seabed in most of the
embayment entrances (Solomon 1993).
The Mackenzie River typically discharges about a
volume of ca. 3.21011 m3 a±1 into the Beaufort Sea
(Hirst et al. 1987). Maximum discharge usually coincides with snowmelt runoff in late May and early
June, before the breakup of the bottomfast and landfast ice along the delta front. Part of the flow is forced
over the top of the ice and sediment is deposited on
the ice surface. Most of the sediment that reaches the
Beaufort Sea is in the form of suspended silt and clay.
The total sediment load delivered to the head of the
delta ranges up to 128 Mt a±1 (Carson et al. 1998).
Approximately half of that is delivered to the Beaufort Sea, the remainder being deposited in and on the
delta (MacDonald et al. 1998). MacDonald et al.
(1998) estimate 2.1 Mt of particulate organic carbon
are delivered to the Beaufort Sea from the Mackenzie
River, with small additional amounts derived from
coastal erosion and other rivers.
The composition of the coastal tundra vegetation
on Richards Island is not well documented in the scientific literature, in contrast to the Tuktoyaktuk Peninsula where many palynological studies have been
made of climate and vegetation change during the
past ~12,000 years (e.g. Ritchie 1984). On Richards
Island, most data is available for the Taglu area southwest of North Head (e.g. Dickson and Smith 1989).
Here, >35% of the ground above the storm tide-line is
covered by dwarf shrubs (heaths, birch and willow),
interspersed with areas dominated by tussock grass,
sedge and grass, or small ponds fringed by mosses,
sedges, aquatic herbs and grasses. This tundra vegetation gives way to white spruce ecosystems on the
active delta and further upstream (Pearce 1989) where
spruce, alder, poplar and willow are the main trees

and shrubs. Most of the riparian forest has been little
altered by recent expansion of anthropogenic activity
in the Beaufort Sea region. However, damage by
vehicles and camps at exploration sites on Richards
Island and the outer Mackenzie Delta has probably
increased the amount of weedy vegetation (e.g. Artemisia) during the past 50 years.
Several comprehensive studies have been made of
the plankton productivity of the thermokarst ponds
(Campeau et al. 1999) and shelf waters (e.g. Parsons
et al. 1988). These studies show that net primary production is relatively low in both the arctic ponds and
inner shelf. Previous marine geological surveys of the
Canadian Beaufort Sea have documented the distribution of foraminifera and molluscs in surface shelf
sediments (Vilks et al. 1979) and the recent palynological assemblages have been studied in core-top samples along a transect from the active delta to the shelf
edge (Mudie 1992; Mudie and Harland 1996). Other
palynological studies of Recent sediments in the Beaufort Shelf describe assemblages from early-mid Holocene freshwater or deltaic environments (Hill et al.
1985). Until now, however, there have been no published micropalaeontological studies on the modern
Richards Island environments.

Methods
Acoustics
In order to survey in the very shallow, uncharted embayments
around North Head, an arctic search and rescue vehicle (Canadian Coast Guard vessel Arktos-û) was adapted for geophysical
data collection (Solomon et al. 1992). The acoustic source used
was an EG&G model 230 Uniboom boomer. An IKB Technologies Seistek line-in-cone and a Nova Scotia Research Foundation (NSRFC) eel were the acoustic receivers. A Raytheon
global positioning system was interfaced to a portable computer
and navigation fixes were recorded every 2 s. Positions monitored while parked indicate that accuracy of the positions is
usually within 30 m.
Coring
Sediment cores were obtained April 1993 at 11 locations (Fig. 2;
Table 1) using one of three different systems, depending on
whether sediments were ice bonded or contained much inorganic matter. A modified Livingston coring system was used
where sediments were unbonded, very soft and organic (e.g. the
lake basins). A portable vibrocoring system was used in similar
shallow locations where sediments were too firm to be penetrated by the Livingston system. Ice-bonded material was collected using a CRREL auger system with a Stihl power head
mounted on a Winke Unipress drill stand. Ice-bonded cores
were collected in lengths up to 35 cm within the hollow auger
body and were extruded into plastic wrap, labelled and sealed in
plastic bags. Unfrozen cores were stored on the raised floor of a
heated tent in temperatures that were variable but below 10 C.
Frozen cores were maintained below freezing, but the temperature was allowed to fluctuate with ambient outside temperatures.
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Fig. 2 Map of core locations and acoustic figure locations in the
North Head embayments are shown overlain on an air photograph. The 2-m (solid line) and 5-m (dashed lines) isobaths are
shown; water depth in most of the study area is <2 m. Core
locations are identified by numbers and acoustic figure locations
are marked by solid lines

Table 1 North Head cores obtained in 1993. gs grain size; gc
geochemistry; s salinity; wc water content; c carbon; p palynology; mf microfossil; Cs cesium; rc radiocarbon date. Core locations are shown in Fig. 2. Note that in the text, cores are
referred to by their number only (e.g. 1, 2, 3...)
Core no.

Water
depth
(m)

Coring
method

Analyses

93-300-001
93-300-002
93-300-003
93-300-004
93-300-004b
93-300-005
93-300-006
93-300-007
93-300-010
93-300-011
93-300-012

13.0
12.4
17.9
16.4
16.2
12.1
12.2
12.7
12.4
10.8
10.9

Livingston
Livingston
Livingston
Livingston
Livingston
Livingston
Livingston
Livingston
Vibracore
CRREL
CRREL

gs,gc,s,wc,c,cs
gs,gc,s,wc,c, cs,p,mf
gs,gc,s,wc,c,cs,rc
gs,gc,s,wc,c,cs,mf
gs,gc,s,wc,c,cs,rc,p.mf
gs,gc,s,wc,c,p,cs,rc,mf
gs,gc,s,wc,ccs,
gs,gc,s,wc,c,cs,p,mf
gs,gc,s,wc,c,cs
gs,s,wc,c
gs,s,wc,c

Palynology and micropalaeontology
In 1991 a series of surface samples were taken along shoreline
transects and in other environments on Richards Island and the
inner Beaufort Shelf (Solomon et al. 1992) in order to provide
modern ground-truth data for interpretation of the thermokarst
lake cores. Subsamples of these surface samples were analysed
for microfossils (foraminifera, arcellacians, large tintiniids, diatoms and ostracods) and for palynomorphs, including pollen and
spores, dinoflagellate cysts, acritarchs and freshwater algal
spores, fungal spores and reworked pre-Quaternary palynomorphs. The microfossil subsamples were processed by wet sieving on a 63-m sieve and by microscope examination in water,
following the method of Scott et al. (1991). The palynology samples were processed by standard methods for Quaternary marine
sediments, as outlined herein. Samples from a range of depths in
cores 93300-2, 4b, 5 and 7 were processed and examined for
microfossils and palynomorphs. The samples were sieved at
150 m and the coarse fraction used for microfossil analysis.
The fine fractions were subjected to chemical processing for
palynomorphs and other acid-resistant organic matter (kerogen)
using standard methods for Quaternary marine palynology (Mudie 1982). Palynological residues were stained with Safranin-O
to assist in the recognition of reworked palynomorphs, using
interference light microscopy. The coarse fractions were examined in water, to allow direct comparison with the surface reference samples. For ease of comparison, palynomorph names are
those used by Mudie (1992) except where mentioned in the text.
Textural analysis
The samples were dried and sieved at 265 m and the fine fraction was analyzed in a three-tube coulter counter. This method
involves suspending an aliquot of the sample in a solution of
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sodium hexametaphosphate and measurement of particle size as
a function of its electrical resistivity. The resulting raw data is in
the form of the number of particles of a particular size per volume of suspension. This is converted to standard percent-finerthan notation after including the proportion of material greater
than 265 m. The finest particle size measurable using this
method is 8 m; thus, this method does not include the finest
clay particles and organic particles are not removed before the
grain size measurement.
Carbon and water content
Samples from 10-cm intervals in each core were analysed for
organic and total carbon using a Leco carbon analyser. Inorganic
content was calculated by subtraction from the total dry weight.
Water content was measured by oven drying a known volume of
sample at 50 C.
Pore-water salinity and redox chemistry
Sediment samples of 40 ml volume were taken at 10-cm intervals and centrifuged for 30 min at 2000 g. The pore water was
decanted and filtered through 1-m pore-diameter membrane
filters. For the salinity analysis, a 100-l portion of pore water
was diluted with 400 l of de-ionised water and the conductivity
was measured with a Horiba conductivity meter. IAPSO standard sea water was used to calibrate the instrument. Precision
and accuracy of the method is 0.3 e.c.u. Ammonium was analysed using the method described by Solorzano (1969). A 100-l
portion of pore water was analysed colorimetrically using a Milton Roy Mini-20 spectrometer. Standards were prepared from
ammonium chloride. Precision and accuracy are estimated to be
10%. A 50-ml portion of pore water was analysed for sulphate
using a barium sulphate turbidimetric method. The turbidity was
measured using a Milton Roy Mini-20 analyser fitted with a
nephelometer attachment. Standard seawater was used to calibrate the method. Precision and accuracy are estimated to be
10% of the amount present.
Cesium analysis
Sediment samples representing 2-cm intervals were freeze dried
and counted on a gamma ray spectrometer with a solid state Ge
(Li) detector for the naturally occurring radioisotopes of U, Th
and K in addition to the branched decay of 137Cs to 137Ba which
yields a gamma of 0.661 MeV. Counting procedures and spectral
reduction follow the method of Lewis (1974). 137Cs concentrations are reported as picocuries (pCi) per gram of freeze-dried
sediment.

Acoustic stratigraphy of the North Head embayments
Penetration of acoustic energy is largely a function of
water depth in the embayment environment, because
water depth controls the distribution of ice-bonded
permafrost (IBPF). Ice-bonded permafrost in shallow
water (<1±1.5 m) reflects most of the acoustic energy
and the acoustic record consists primarily of reverberations produced by water surface and seabed multiples
(Fig. 3a).
Within the drowned thermokarst lake basins where
water depth is greater than 1.5 m and sediments are
thawed, penetration of more than 20 ms (ca. 40 m) is
achieved. The basins are characterised by a transparent to acoustically well-stratified marine/lacustrine

unit draping a hummocky unconformity surface
(Fig. 3b,c). There are one or more strong reflectors
present beneath this surface at depths of approximately 40 and 50±55 m which are interpreted as
acoustic permafrost (APF). A well-stratified marine/
lacustrine unit is found in the more open embayment
environment of cores 6 and 7 (Fig. 3c). In the protected inner embayments of cores 2, 3, 4, 4b and 10,
the unit is more transparent (Fig. 3b). In both environments, the contact between the marine and lacustrine units is difficult to detect. An acoustic record
from the innermost thermokarst basin depicts a reflector at approximately 2.8 ms (ca. 2 m) below the
seabed, but this thickness is significantly greater than
marine unit thickness of ca. 0.5 m indicated by both
micropalaeontological and textural techniques for core
4b (see below).
The acoustic profiles show that drowned thermokarst basins may contain more than 10 m of relatively
transparent, stratified sediments which overlie a more
reflective, irregular surface. This reflector is interpreted to be the unconformity between lacustrine sediments and the Kittigazuit Sands which underlie the
organic muds (Solomon et al. 1992). HØquette and
Hill (1989) identified the truncated remains of Holocene thermokarst lake deposits preserved beneath a
transgressive unconformity on the inner shelf along
the Tuktoyaktuk Peninsula. Similar basins were found
beneath the inner shelf along North Head coast (Hill
and Solomon 1999).
In some areas, gas is present within the marine/lacustrine unit, partially or completely obscuring deeper
reflectors and enhancing some horizons. The transition
from the deeper parts of the basins onto the shallow
rims is often obscured by a distinctive reverberation,
which is associated with a highly reflective surface in
approximately 2±3 m water depth (Fig. 3c). This surface could be enhanced by gas migrating along bedding planes or unconformity surfaces or by the presence of near-surface IBPF.
Environments of deposition
Cores were acquired in locations (Fig. 2) that typify
the stratigraphies described previously. Representative
core logs are shown in Fig. 4. The results of a surface
sampling program are summarised graphically in
Fig. 5. These data (see http://link.springer.de/link/service/journals/00531/index.htm; supplementary Table 1)
from a transect on Richards Island, along with the
regional core-top data reported in Matthiessen et al.
(2000) are the primary basis for the palaeoenvironmental interpretations of the palynological and microfossil assemblages from selected core samples (see
http://link.springer.de/link/service/journals/00531/index.htm; supplementary Table 2).
Pollen assemblages throughout the cores contain
significant amounts of alder pollen (>25%) and low
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Fig. 3 a The acoustic record along the axis of an inter-embayment channel (see Fig. 2 for the location of the survey line)
illustrates near-surface ice-bonded sediment reverberations and
windows thought gas-enhanced reflectors. The windows depict
semi-transparent channel-fill of fine (probable silt/clay) sediments. b Semi-transparent to stratified lacustrine and marine
basin fill with a gas-enhanced base is seen in this acoustic record
across a drowned thermokarst lake basin in a protected setting
(see Fig. 2 for the location of the survey line). Near-surface icebonded sediments at the edge of the basin prevent acoustic penetration and create strong multiple reflections at depth. A strong

reflector at approximately 57 m may be hummocky acoustic permafrost. Core locations are depicted by the white bars in the
upper panel. c Well-stratified sediment fills the central portion
of a drowned lacustrine basin in an open setting (see Fig. 2 for
the location of the survey line). The well-stratified unit unconformably overlies probable Kittigazuit sands. A strong reflector
at approximately 42 m may be hummocky acoustic permafrost.
A highly reflective bench at approximately 2.5 m water depth
causes strong multiple reflections. Core 6 is located on the left
side and is shown as a black bar (upper panel)
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3b

510

(<20%) percentages of spruce pollen in addition to
the dominant sedge, cottongrass, willow and birch
pollen of the tundra vegetation. Alder and spruce do
not grow on Richards Island at present and therefore
reflect long-distance transport from the upper Mackenzie Delta by wind or water, as also reported for

lakes on the Tuktoyaktuk Peninsula (e.g. Ritchie
1984). The persistent dominance of alder over spruce
pollen also clearly establishes that the sediments were
deposited during Pollen Zone 5, ca. 3600±0 years BP
when spruce retreated from the outer Mackenzie
Delta (Ritchie 1984). Present sampling resolution for
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Fig. 4 Sedimentary logs from selected cores depict the sedimentary structures and location of palynology and micropaleontological samples. The marine-influenced portion of the cores are
identified by the vertical extent of the dashed line along the left
side of the logs. Note that the zone of marine influence for core
3 is based on organic carbon content and grain size. Locations
of the cores are shown in Fig. 2

consist of 10-mm-thick sharp-based layers of organic
debris which fine upwards. This suggests intermittent
resuspension and redeposition of bottom sediment,
probably as a result of storms.
Non-marine environments

the cores is insufficient for a finer zonation of this
interval; however, a rise in the percentage of Artemisia and other compositae pollen towards the tops of
the cores indicates disturbed soil conditions which are
consistent with the history of forest clearance and soil
disturbance since non-aboriginal settlement of the
region in 1789.
Cores from deeper portions (>6 m water depth) of
the protected embayments (cores 3, 4 and 4b) are
characterised by a delicately laminated upper unit
overlying a lower more massive unit (Forbes et al.
1994). Palynological and microfossil data (described
herein) indicate that the upper and lower units were
deposited under marine and lacustrine conditions,
respectively. This is consistent with the appearance of
core 5, taken from a persistent, deep lake, which is
more than 10 m above present sea level and inland,
several hundred metres. Cores taken from shallower
(ca. 2±3 m) parts of protected, marine-influenced
embayments (e.g. 2, 10) do not exhibit any stratification. They are soft, massive, silty clays with disseminated organic debris. In more open marine embayments (cores 6 and 7), laminations are faint and some

Lake core 5 (Fig. 2) exhibits a generally massive structure with 10-mm-thick laminations of organic material
in an organic-rich clayey silt with scattered sand
grains. It is equivalent to the mud/muddy peat thermokarst lake facies described by Murton (1996). The
sediments are characterised by abundant Beringiellia
decapitata (Neorhabdocoel flatworm eggs?) along with
Sigmopollis psilatum, Gelasinocysta (blue-green algae),
Pediastrum and Micrhystridium spores. Arcelliniids
dominate the microfossil assemblage with a shift from
agglutinating forms at the base to organic-walled taxa
at the top. Since abundant flatworms, blue-green algae
and arcellenids are all associated with eutrophic environments, this shift suggests a gradual paludification
of the lake.
Core 4b, from the innermost breached lake basin,
contains microfossils and palynomorphs which indicate
a transition (at 40±48 cm) from lacustrine conditions
at the base to marine conditions at the surface
(Figs. 4, 7). The lacustrine unit exhibits a massive to
mottled structure with diffuse organic-rich lamination
2±10 mm thick. Agglutinated-walled forms of arcelliniids dominate the freshwater portion of the core below
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RICHARDS ISLAND MARSH PROFILE
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Fig. 5 Profile of typical estuarine marsh at North Head shows
relationships between the five main marsh biozones (subtidal to
swamp environments) and the palynofacies found in surface
samples (denoted by dots on the elevation profile). EHW
extremely high water; MSL mean sea level; MHHW mean
higher high water; LLW lower low water at Tuktoyaktuk

48 cm. Coarse particulate organic matter (POM) in
this unit appears to be bound up in fecal pellets, possibly of nematodes and/or annelids. Palynological data
allow division of the freshwater unit into two ecofacies. The lower sub-unit (below 100 cm) is dominated
by a species of the acritarch Beringiellia (B. decapitata
of P.J. Mudie and E. Davies, in preparation), together
with abundant Sigmopollis psilatum, Zygnematalean
cysts and amorphogen. B. decapitata is most abundant
in supratidal ponds of Richards Island and is morphologically similar to palynological preparations of
Microdalyellia-type Neorhabdocoel flatworm eggs.
This assemblage therefore probably indicates a
eutrophic freshwater pond or lake. In contrast, the
unit between the marine-influenced unit and above
100 cm is marked by an abundance of Sigmopollis psilatum spores, sphagnum moss leaves, and desmid

300

400

500

600

valves (mainly Cosmarium) and common Pediastrum.
This assemblage is characteristic of acidic-oligotrophic
arctic lakes (Hill et al. 1985; note Sigmopollis spores
in that paper were misidentified as Polytrichum-type
moss spores).
Marine conditions
Sediments in the deeper parts of protected embayments exhibit lamination in the marine units. The laminae are varve-like, but there is no evidence to suggest
that they represent annual events. Many of the thicker
laminae are composite (composed of a series of
thinner laminations). The laminations are defined by
colour (black and olive-green) which appears to be
related to their organic content. Olive-green laminations range from 5 to 20 mm, and are assumed to contain less organic material than the black laminations.
These tend to be thinner (1±3 mm) and somewhat wispy, but there are layers of plant debris which reach
10 mm in thickness.
Within the marine-influenced portion of core 4b,
there is an up-core trend from larger to smaller
numbers of Sigmopollis psilatum and sphagnum moss
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leaves are present in the lower part of the marine unit.
This trend indicates an increasing marine influence
akin to the transition from high to low salt marsh
(Fig. 5). There is no obvious similar trend in the
microfossil assemblages; however, the foraminiferal
assemblages are low in numbers and diversity, with
many specimens showing irregularities in growth form,
indicating stressed, possibly low to variable salinity
environments.
Core 2, collected in a shallow protected environment, is characterised by massive clay and silty clay
and the presence of the marine dinoflagellate cysts,
Brigantedinium, Operculodinium centrocarpum (var.
ªtruncatumº in Mudie 1992) and the acritarch Leiosphaeridia cf. Scrobiculata. The marine influence at the
base of the core is probably small as shown by the
presence of a low diversity assemblage of podocopid
ostracods with a low, reticulate ornamentation (i.e.
salinity stressed; Morkhoven 1972; Pokorny 1978; Brasier 1980; Harten 1986), low numbers of foraminifera,
and a marginal marine to freshwater arcelliniid assemblage. Foraminiferal assemblages in the upper 37 cm
of the core indicate that lower estuarine to marginal
marine conditions predominated throughout that interval (salinity range 20±30).
Core 7 represents the most open marine location.
Microfossil assemblages indicate a gradual up-core
increase in the influence of low-salinity marine conditions, with continued freshwater input. This is
expected of sedimentation within the influence of the
Mackenzie River plume. The dinoflagellate assemblage contains Naiadinium spp. (a new freshwater
genus described by P.J. Mudie and E. Davies, in preparation), Algidasphaeridium? minutum, and Votadinium cf. V.calvum, all characteristic of tidal flats bordering tidal marshes in this vicinity (Solomon et al.
1992). The abundance of spruce pollen in the upper
sample suggests increasing influx of POM from the
Mackenzie River which is bordered by white spruce
and is the source of most spruce driftwood on Arctic
sea ice (Dyke et al. 1997) The presence of Artemisia
and Hippuris pollen in this sample also indicate a tidal
pond environment in which accumulations of driftwood could account for the high levels of spruce
pollen.
Cores which record the transition from lacustrine
to marine environments (cores 4b, 4, 3) contain a
zone of abundant organic detritus in the form of moss
fragments and mats with a crude lamination. These
mats of organic matter are likely deposited during the
course of marine transgression, either as a result of
partial lake drainage by breaching or a rise in water
level that resulted in salt poisoning of tundra along
the lake edges.
In relatively unprotected areas where water depths
are less than 2 m (cores 11 and 12), ice is usually
frozen to the seabed during winter and cores are
devoid of sedimentary structures or overprinted (during the winter) by a cryo-texture consisting of reticu-

late networks of ice veins. Ice content decreases with
depth in these environments and water contents of
thawed sediments decreases to <20% within 60 cm of
the seabed despite a consistent grain size. In contrast,
water contents of the cores from deeper water, which
do not experience seasonal freezing (e.g. cores 2±7)
remain greater than 30% to depths of more than 1 m.
Texture
Sedimentary textures can be divided into three groups
based on grain size distribution (Fig. 6). These groups
correspond to three recognisable environments of deposition. Marine-dominated sediments are represented
by the uppermost samples from all cores except core
5. Most of the material ranges from 6 to 10 ù (fine silt
and clay), but textures are variable within the envelope defined by the extreme distributions. In particular,
cores 11 and 12 obtained from shallower water
(<1.5 m) and more exposed channel environments
(Fig. 2) contain a significant proportion of coarse silt
and fine sand. An example of the grain-size distribution from a surficial sample at an offshore site
within the influence of the Mackenzie River plume
plots well within the cluster of interpreted marine
facies distributions from the Richards Island cores.
Therefore, it is likely that the marine sediments within
the embayments are primarily sourced from a combination of fall-out from the Mackenzie River plume
(fine silt and clay) and marine sediment advected into
the bays during storms, with minor inputs of locally
derived coarse silt and fine sand from nearby bluff
erosion of Kittigazuit Sands.
The opposite end-member distribution is termed
ªnon-marineº relict sand because it closely resembles
the unimodal Kittigazuit Sands which are the dominant local sediment source. In at least one core (base
of core 10), it is probable that undisturbed Kittigazuit
Sand was penetrated. The Kittigazuit Sands are also
the likely source of silty sands at the base of cores 2
and 3. The presence of sand laminations at somewhat
random intervals (8, 48 and 58 cm) in the purely
lacustrine core 5 suggests that they might represent
depositional events such as storm winds which induce
aeolian transport and may trigger small debris slides.
An intermediate textural type lies in between the
non-marine relict and marine types. This intermediate
class includes lacustrine sediments found in lower
parts of cores 3, 4 and 4b, and in core 5 as well as
types that appear to be transitional to the end
members. We have called it the lake-transitional textural class; however, there is considerable overlap with
shallow-water, open-marine materials at the finer end
of the class. Grain-size distributions within this class
are highly variable and the materials are generally
poorly sorted. The members of the class are generally
coarser than the marine class because of the abundance of organic material in the coarse silt size,
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Fig. 6 Geochemical and 137Cs profiles are plotted vs depth.
Radiocarbon dates are plotted along the left axis and the boundary between the marine and freshwater sediments (based on
palynological results for all cores but core 003) is shown as grey
shading. In general, high ratios of organic carbon to total carbon
(OC/TC ratio) are the best indicator of lacustrine conditions.
This probably reflects dilution of organic carbon by mineralogical and carbonate carbon under marine conditions. 137Cs profiles in some cases have a distinctive onset and peak (e.g. core
002, 3, 004b) that corresponds to the beginning of atmospheric
atomic testing in 1953 and the peak of testing in 1964, respectively. Core 003 exhibits a conflict between the radiocarbon date
and the 137Cs profile

including fecal pellets, wood particles and moss fragments.

Sediment carbon, salinity and redox geochemistry
of the embayments
Total organic carbon (OC) content (as a percentage
of the dry weight of the sample) varied from less than
1% in fine sands to approximately 10% in silty clays
(http://link.springer.de/link/service/journals/00531/index.
htm; supplementary Table 3). The highest OC contents were measured in the portion of core 4b that
was interpreted as a freshwater deposit; elsewhere,
there is no systematic difference in the amounts of
OC between freshwater and marine units. However,
the ratio of organic to total carbon (OC/TC) is consistently higher in core 5 and the freshwater portion of
core 4b. The OC/TC ratio in freshwater environments
ranges from 0.75 to 0.9, whereas in the marine-influenced environment, it ranges from 0.45 to 0.6. This
could be explained in a variety of ways, including one
or more of the following factors: (a) increased suspended particulate matter (SPM) sedimentation from
the inner shelf (i.e. Mackenzie River plume), causing
a relative increase of inorganic carbon (IC); (b) lower
biological productivity in the fluctuating lagoonal environment; (c) greater production of inorganic carbon in
the marine biota; or (d) decreased preservation of the
deposited OC.
Previous studies of carbon production in the pond,
thaw lake and Beaufort Shelf environments indicate
that productivity reaches a maximum towards the
outer edge of the Mackenzie plume (Parsons et al.
1988), and the palynological samples do not indicate a
significant difference in refractive POM between the
marine and freshwater facies. It is also unlikely that
item (c) is a significant factor, given the scarcity of
calcareous marine microfossil in the cores
(http://link.springer.de/link/service/journals/00531/index.
htm; supplementary Table 2) and inner Beaufort Shelf
(Vilks et al. 1979). Therefore, it is most likely that the
predominant influence is from (a) above, i.e. increased
deposition of SPM from the Mackenzie plume. This
interpretation is further supported by the occurrence

of Mesozoic and Paleozoic reworked spores in the
marine facies: these are absent in the surface
sediments of the modern freshwater ponds
(http://link.springer.de/link/service/journals/00531/index.
htm; supplementary Table 1) and must be derived by
erosion in the Mackenzie River watershed.
The OC/TC ratio can be used to differentiate
marine and lacustrine materials where the grain-size
distribution proves to be ambiguous, but only between
end members. In transitional environments (lacustrine
becoming marine, e.g. core 4b, 40±50 cm, very high
OC/TC ratios (approaching 1.0) are probably associated with vegetation die-off from a change in water
level or increased salinity. A palynological sample
from 38±40 cm depth also shows an abundance of
moss fragments, suggesting large-scale die-off of this
salt-sensitive plant. In general, however, all the lacustrine samples contain a higher proportion of organic
carbon at any given grain-size distribution. This may
be a relatively quick method for helping to differentiate between the two environments in cores.
Gradients in sulphate and ammonia concentrations
have been used to estimate rates of sedimentation and
organic matter burial in environments ranging from
coastal estuaries in Atlantic Canada to the open Arctic Ocean (Cranston 1997, 1999). Distinct gradients in
salinity, sulphate and ammonia were found in cores
4b, 7 (Fig. 7) and 10 (not shown). More subtle gradients were present in cores 2 and 3 and, as expected,
no discernible gradient was present in core 5. The
tops of the deeper water cores 3, 4b and 7 exhibit
near-normal Beaufort Sea bottom water marine salinities of 30 and above. Salinities at the tops of the shallower cores 2 and 10 are 10 and 20 respectively,
whereas the surface of the isolated pond core 5 is
approximately 3. Salinities in marine cores taken in
shallow water (i.e. which experience seasonal freezing)
have been known to exceed 100 as a result of brine
concentration during the freezing process (Osterkamp
et al. 1989).
Salinity tends to decrease downcore because freshwater sediments were deposited prior to marine inundation of the sites. In core 4b, salinity decreases on
the order of 8 m±1, suggesting that cores would have
to be at least 5 m long in order to find salinities
approaching 0. From simple diffusive flux calculations,
in order for salt to diffuse on the order of 4 m, at least
hundreds of years must pass after the introduction of
saline water. In core 003, the salinity gradient is only
3 m±1, with overlying salinity of 35. Extrapolation
downcore suggests salinities of 0 would be reached at
a depth of approximately 10 m, suggesting close to
1000 years since the first introduction of marine
waters. The lacustrine core 5 has fresh pore water
throughout and the outer marine channel core 7 contains low-salinity marine water.
Ammonium ions are released as a product of
organic matter oxidation. The rate at which ammonium is released is affected by the increase in ammo-
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Fig. 7 Three sedimentary environments are defined by texture
envelopes, which were manually drawn to enclose all of the
grain size curves for the identifiable groups. The finest textural
group includes marine samples deposited in more than 2 m
water depth. These samples are finer than the sediment in the
Mackenzie River plume and very similar to offshore marine sediments. Non-marine relict sediments (see text for details) are the
coarsest group and are very similar to the grain size curve from
the Kittigazuit Sand. An intermediate group is comprised of
those samples from the lacustrine and transitional (lacustrine to
marine) units. The surface sample from the modern lake bottom
falls within this group. Samples which are from the shallow
(<2 m) open marine environment overlap the deeper marine
and transitional groups

nium concentration downcore (i.e. the ammonium gradient increases as the organic carbon burial rate
increases). In order for organic matter to be oxidised,
oxidising agents, such as oxygen, nitrate, iron, manganese and sulphate, are required. In oxidising zones,
oxygen is depleted downcore by the organic matter
oxidation. In anoxic cores, sulphate becomes the dominant oxidant and it is consumed by the process of
organic matter oxidation; therefore, the sulphate consumption gradient increases with an increase in
organic carbon burial rate.
An estimate of organic carbon and sediment burial
rates can be obtained from the ammonium and sulphate gradient (Cranston 1997, 1999). Carbon burial
rates are lowest at the freshwater site of core 5,
increasing by an order of magnitude for the most
marine site which is receiving particulate matter from
the Mackenzie River (core 7). Using this method, sed-

imentation rates vary from 8 cm ka±1 (0.008 cm a±1 in
core 5) to 100 cm ka±1 (0.1 cm a±1 in core 7).

Cesium stratigraphy, radiocarbon dates
and sedimentation rates
Cesium profiles for 5 cores are plotted with other geochemical parameters for 5 of the cores (Fig. 7) and for
all cores (Fig. 8). There is a range of curve shapes
which provides some indication of the degree of reliability of the 137Cs stratigraphy obtained. Cores 2, 3, 4,
4b and 10 show distinctive peaks (Table 2) before subsiding to near zero. Curves from core 1 and 7 have a
more diffuse peak, and core 6 is flat. In core 5 the first
sample analysed was also the highest 137Cs count
recorded, which means it can only be taken as the
lower boundary for the peak.
The interpretation of sedimentation rates based on
concentrations of 137Cs through the cores (Table 2)
will be affected by the degree of mixing of the sediments after deposition. In cores where fine stratification is preserved, we can be confident that mixing by
burrowing organisms did not occur to any great
extent. This is likely true for cores 3, 4 and 4b. Cores
3, 4, 4b and 5 are the least likely to have experienced
disturbance by waves or currents because of the relative depth of water at those sites. However, redeposition of previously deposited material from shallower
water is possible. This could make the peak more diffuse, but would be unlikely to mix younger material
with older sediments. Cores 4 and 4b were taken
approximately 1 m apart and illustrate the range of
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Fig. 8 137Cs concentrations [reported as picocuries (pCi) per
gram of freeze-dried sediment] vs depth plots for all cores show
the range of behaviour of the Cs signal. Although several cores
were noisy, cores 1 and 6 were the only ones which did not
exhibit an identifiable peak

combined uncertainty in method and the degree of
variability in this environment. The results agree quite
well. Cores 2 and 10 were taken within 2 m of each
other and in this case the results differ to some extent,
possibly as a result of mixing and wave interaction
with the seabed at this relatively shallow site.
Sedimentation rates based on 137Cs vary from less
than 0.03 cm a±1 in the modern lake basin to nearly
2 cm a±1 in the outer lake marine environment and in
the open marine embayment at the core-7 location.
These rates are average estimates for the past several
decades and care should be taken in extrapolating
those rates too far into the past or the future. These
137
Cs estimates also agree well with C14 ages for the
lacustrine sediments (Table 3). On the other hand,
sedimentation rates that are calculated for the lacustrine sediments using geochemical methods are an
order of magnitude smaller than those estimated using
the 137Cs technique. Bioturbation and wave disturTable 2 Depth of

137

bance should not be a problem in the deeper parts of
the thermokarst lakes, although it may affect some of
the more exposed outer embayment sites (e.g. core 6).
Alternatively, geochemical gradients may be affected
by slower rates of bacterial degradation under arctic
conditions and the presence of large amounts of relatively refractory terrestrial organic materials found in
close proximity to the Mackenzie Delta. Other tests of
the method have concentrated on temperate coasts
where the bulk of the organic matter is of marine
origin (Cranston 1991, 1994, 1997, 1999).
Accelerator mass spectrometry (AMS) radiocarbon
dates (Table 3) were obtained on samples of fresh-appearing (autochthonous?) sedge and moss fragments
in cores 3, 4b and 5. The dates are reported as conventional C14 ages. No reservoir correction was
applied since all of the material is terrestrial. The four
dates from core 4b span the pre- and post-inundation
periods and indicate that sedimentation rates approximately double during and following inundation. The
long-term average sedimentation rates in the lake core
(core 5) and in the lacustrine environment from the
marine core (core 4b, 110 cm) are virtually identical.
Sedimentation rates estimated using the radiocarbon
method ªsplit the differenceº between the other two
methods. The sedimentation rate during modern and

Cs datums and estimated sedimentation rates

Core no.

Onset: 1953
(cm)

Peak: 1964
(cm)

Sedimentation rate
(onset; cm a±1)

Sedimentation rate
(peak; cm a±1)

Mean sedimentation rate
(cm a±1)

11
12
13
14
14b
15
17
10

24
?
64
23
25
11
66
29

13
19
54
21
21
11
43
15

0.60
?
1.60
0.58
0.63
0.03
1.65
0.73

0.45
0.31
1.86
0.72
0.72
0.03
1.48
0.52

0.52
0.31
1.73
0.65
0.67
0.03
1.57
0.62
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Table 3 Radiocarbon ages,
C13/C12 ratios and comparison of estimated sedimentation rates based on C-14, Cs
and geochemical data for
selected Richards Island cores,
Beaufort Sea

Core
no.

Depth
(cm)

C14
(conventional)

4b
110
2890
4b
174
1500
4b
161
1020
4b
145
1710
3
140
1990
5
190.5
2260
Sedimentation rate (cm a±1)
Lacustrine
Protected marine

ancient lacustrine periods converges on 0.03±0.05 cm
a±1 according to both the cesium and radiocarbon
methods (an order of magnitude higher than for the
ªmarineº geochemical method). Thicknesses of lacustrine mud/muddy peat in drained lake basins on Richards Island range up to 8 m (Murton 1996). Two
radiocarbon dates in one section on North Head yield
a sedimentation rate of 0.018 cm a±1 (Murton 1996),
also similar to estimates in this study using radiocarbon and cesium techniques, but an order of magnitude
larger than for the geochemical gradient. If MacKay's
(1972) estimate of the initiation of thermokarst activity is correct (13,000 to 8000 BP), then deposition of
8 m of muddy peat requires a sedimentation rate of
0.06±0.1 cm a±1, similar to, but higher than, the estimates based on AMS and 137Cs dating. Sedimentation
rates are likely to be variable during the course of
thermokarst lake evolution.
Post marine-inundation radiocarbon dates from
core 003 (40 cm) and a probable post-inundation date
from core 004b (45 cm) yield sedimentation rates of
0.04 to 0.06 cm a±1 (radiocarbon and geochemistry).
The 137Cs-derived rate ranges up to 0.7 cm a±1 (137Cs),
differing by a factor of nearly 20.
It is difficult to determine which of the marine sedimentation rates is correct. It is possible that all are in
error because the rates were variable during inundation, and because post-inundation rates of sediment
influx into the embayments vary with river discharge
and storm surge events. Lacustrine sedimentation
rates would be expected to be more stable since the
systems are usually closed; however, local rates may
vary with very large storms and with thaw lake expansion and associated slope failure.
Historical air photos from 1935 clearly show that
both inner and outer thermokarst basins (cores 2, 3, 4,
4b and 10) had a marine connection at that time. This
fact constrains the marine sedimentation rate to a
maximum of approximately 0.75 cm a±1 (44 cm in
58 years). This is about the same as the 137Cs-derived
sedimentation rates which imply that the inner thermokarst basin was breached between 61 and 72 years
before the cores were obtained (1921±1932). Recent
air photos (1985 and 1993) show that the opening in
the inner lake has not enlarged much since 1935 which
suggests that inundation had taken place earlier than
1935 and that sedimentation rates were lower. Radio-

C13/C12

Sedimentation rate
(bulk cm a±1)

±33.3
±33.8
±32.8
±31.6
±28.8
±29.3
Radiocarbon
0.025±0.040
0.040±0.063

0.038
0.049
0.060
0.063
0.040
0.040
Cesium
0.03
0.6±0.7

Sedimentation rate
(interval cm a±1)
0.026
0.027
0.052
Geochemical Gradients
0.008
0.04±0.09

carbon and geochemistry-derived dates suggest that
inundation occurred 700±800 years BP (1100±
1200 AD) Typical rates of erosion at the outer coast
of the study area are 0.5±1.2 m a±1 (R. Covill, unpublished data) which means that 700±800 years BP the
coastline would have been 0.35±1.2 km further seaward. This is not difficult to reconcile with inundation
of the thermokarst basins by rising sea levels nearly a
millennium ago, since modern drowned lakes exist
which are more than 1 km for the coast (Fig. 2). It
does suggest that sedimentation rates could vary considerably (and should increase) over that period of
time, since long, complex passages will transmit less
material to the end of the transport pathway.

Sediment and carbon input and storage
in thermokarst embayments
The range of outer estuarine depositional settings
mediates sediment and carbon input and storage in
inundated tundra and thermokarst basins of the Beaufort Sea. The estuarine nature of the Richards Island
area is a function of its proximity to the Mackenzie
River mouth and the convoluted and drowned morphology of the coast that acts to trap sediments supplied by both hydrological and oceanographic processes. Marine sediment facies consist of both massive
muds, which characterise shallow open embayments
subject to annual ground freezing and stratified muds
typical of more quiescent conditions. In more open
and energetic conditions, there is evidence for resuspension and wave reworking. At the shoreface, wave
activity winnows the finer materials and these sediments grade into sandier facies (Hill and Solomon
1999).
In terms of sediment budgets, only the basins that
are below the storm wave base within the embayments
are likely to experience uninterrupted sedimentation
from the Mackenzie Plume. More energetic environments show evidence of periodic resuspension in the
form of thin graded beds (cores 6 and 7). The grading
of most of the embayment floors to a depth of approximately 2 m also suggests some control due to the
wave-induced resuspension of plume-derived fines.
Deposition probably occurs beneath the winter ice
cover, but is also likely to be transient and will be
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resuspended unless a particular open water season is
very calm.
Identification of drowned and filled (or partially
filled) basins using seismic techniques allows a preliminary assessment of the quantities of organic carbon
stored in sediments in the northern Richards Island
embayments. Drowned lakes and their remnants
occupy a total of 10.34 km2 (of a total approximate
embayment area of 33.4 km2) and sediment thickness
varies from 10±20 m where measured. The ratio of 1:3
lakes to 2:3 land agrees with the present distribution
of terrestrial and lake environments. Using a 10-m
thickness, a conservative estimate of sediment volume
is 1.03108 m3 with a water content of approximately
50% upon deposition. The estimated wet bulk density
(assuming a weighted average particle density of
2.49 g cm±3) is 1750 kg m±3, results is a dry mass of
solids of 875 kg m±3, or approximately 900108 kg
(9104 tonnes) total mass of dry sediment stored in
the drowned lakes. If the average organic carbon content is similar to the average carbon content of the
sampled cores (2.75±3% of the dry weight), then the
total mass of carbon stored in the study area embayments is ca. 25104 tonnes of carbon (25,000 tonnes km±2). This represents the total amount of TOC
deposited since the development of the thermokarst
lakes (over a time period of as much as 8±13 ka).
The primary source of sediment is the fine silt- and
clay-rich Mackenzie River plume (cf. Forbes el al.
1994). The river discharges from five main distributary
channels, four of which are on the west side of Richards Island and one on the east side (Kugmallit Bay).
According to Carson et al. (1998), the mean annual
suspended sediment discharge of the Mackenzie River
to the Delta is 1.28108 tonnes consisting of approximately equal amounts of silt and clay. The sediment
is dispersed during the open water season as a low-salinity, buoyant plume which maintains a strong vertical
stratification (Hill et al. 1991). Satellite images indicate a strong gradient in concentration within the
plume north of the study area, between the 5- and
10-m isobaths (e.g. Harper and Penland 1982). The
plume can also be seen invading the embayments on
Richards Island forming complex mixing patterns
which appear to be related to bathymetry. Salinity
measurements made as part of an electrical resistivity
sounding survey (Solomon 1993) illustrate the mobility
of the plume under varying wind conditions with
westerly wind causing a rise in salinity in the embayments concomitant with movement of the plume
towards the east with replacement by Beaufort Sea
waters (cf. Fissel et al. 1987; Hill and Nadeau 1989).
A set of CDT casts within one of the breached lakes
(Solomon 1994) shows the preservation of a highly
stratified water column with surface temperatures and
salinities indicative of the relatively fresh plume overlying a much colder, more saline water mass with a
likely source in the open Beaufort Sea. The stratification induced by the estuarine setting and the relatively

protected nature of the embayments play a significant
role in sedimentation patterns and helps explain the
presence of a mixed microfossil assemblage.
Sediment concentrations of more than 100 mg/l
characterise water leaving Mackenzie Delta distributaries (Hill et al. 1991) and greater concentrations
(up to several grams per litre) are known to occur
during storms along the Richards Island coast (Hodgins et al. 1986, cited in Hill and Nadeau 1989). Waters
containing these concentrations of sediment are
advected into the embayments during both normal
tidal exchanges and storm surges (Solomon and
Forbes 1993). Once inside the protected thermokarst
embayments, sedimentation from suspension takes
place undisturbed. The CDT casts made on 6 August
1994 indicate that the fresh Mackenzie Plume layer
within the thermokarst basin was 3 m thick. The
approximate surface area of a 500-m-diameter inundated lake is 200,000 m2; thus, the volume of Mackenzie River water is 600,000 m3. Associated sediment
volumes at 100 mg/l and 1000 mg/l are 6104 to
respectively,
which
would
deposit
6105 kg,
0.02±0.2 cm of sediment at 50% porosity. Achievement of sedimentation rates of the magnitude estimated using either the cesium and geochemical methods would require complete settling of the sediment
content of approximately 6106 m3 of water with a
concentration of 1000 mg/l. Tidal pumping alone could
account for twice daily exchanges of 30,000 m3 for
120 days (7.2106 m3). Surge events of 1 m or more
occur several times during most open water years with
accompanying resuspension of shoreface and shallow
marine deposits. It thus appears that, within an order
of magnitude, the requisite amount of material is
available to achieve sedimentation rates as estimated
herein.

Conclusion
The following conclusions were reached as a result of
this study:
1.1Seismic profiles of freshwater ponds, thermokarst
lakes and lagoons on the Richards Island area of
Mackenzie Delta show the presence of thaw
depressions more than 20 m deep, half filled with
stratified sediments.
2.1Radiocarbon, 137Cs derived sedimentation rates of
0.03±0.05 cm a±1, supported by regional palynozone
ages, indicate that thermokarst lakes with ca. 6±8 m
of lacustrine sediment formed during past ca.
10,000±15,000 years. Geochemical methods which
indicate sedimentation rates an order of magnitude
less are inconsistent with data on the timing of
thermokarst development and do not appear appropriate for freshwater arctic sediments.
3.1Palynological and microfossil data from surface
sediments in freshwater, shoreline and nearshore
marine areas of the Mackenzie Delta provide environ-
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mental reference data for palaeoenvironmental interpretation of sediment cores from the thermokarst
lakes. Freshwater algal indicators (e.g. Pediastrum,
Cosmarium ) and arcelliniid species are particularly
valuable indicators of salinity in the thermokarst lake
environments because pore water salinity measurements are problematic in permafrost environments.
4.1Pore water salinity in cores is highly variable in
inundated thermokarst embayments as a result of
flooding of terrestrial landscapes by marine and
brackish waters, and because of brine exclusion in
zones of bottom-fast ice. It cannot be used as an
indicator of environment of deposition.
5.1Freshwater lake facies exhibit a high ratio of
OC/TC (0.7±0.9) as expected for small water bodies
isolated from storm inundation and influx of detrital-rich Mackenzie River water, where carbon input
is primarily from primary production and decay of
pond vegetation. These environments lack redeposited palynomorphs, indicating minimal input of sediment from the Beaufort Shelf and Mackenzie
drainage basin.
6.1Sedimentation rates for the brackish-water marine
facies are up to 0.7 to nearly 2 cm a±1 for the past
ca. 50 years (137Cs data). The OC/TC ratios are
lower for this facies, as expected for environments
within the Mackenzie Delta, and where influxes of
coarse silt or fine sand record more exposure to
erosion and storm deposition. The presence of
reworked Cretaceous and Paleozoic palynomorphs
also traces the influx of Mackenzie River water.
High-resolution sampling of the marine facies and
time-series analysis of the storm and river flooding
events may provide a proxy-signal of hydrological
events for the past 1000 years.
7.1A quantitative assessment, using the seismic data to
estimate the volume of drowned lakes and sediment fill on Richards Island, and estimated sediment input from the Mackenzie River plume,
shows that most of the sediment in the marine
facies can be accounted for by tidal exchange with
inner shelf water and by storm surges. A total mass
of 250,000 tonnes of TOC may be stored in the
thaw lakes of northern Richards Island, compared
to the annual delivery of 2.1 million tonnes from
the Mackenzie River.
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