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Late Holocene diatom biostratigraphy and sea-
level changes in the southeastern Beaufort Sea

Stéphane Campeau, Arnaud Héquette, and Reinhard Pienitz

Abstract: Late Holocene sediments from the Atkinson Point area were analysed to provide quantitative reconstructions
of recent sea-level changes in the southeastern Beaufort Sea. The succession of diatom assemblages in five cores re
vealed paleoenvironmental changes induced by the transgression of the Beaufort Sea during successive periods of lac
ustrine conditions, breaching and flooding of thermokarst lakes by the sea, and the landward migration of sandy spits.
Based on radiocarbon dates and quantitative paleodepth determinations, a relative sea-level curve for the late Holocene
has been developed. Despite a loss of temporal precision due to old carbon contamination, an envelope of sea-level
change has been defined for the last 2 ka BP, suggesting a sea-level rise in the order of Iifarmtha last millen

nium. This paper presents the first sea-level reconstruction inferred from a diatom-based transfer function. It represents
an improvement over traditional methods which were limited to qualitative estimates of past sea levels.

Résumé Les sédiments tardi-holocénes de la région de la pointe Atkinson ont été analysés afin de reconstituer quanti
tativement les variations du niveau marin relatif de la partie sud-est de la mer de Beaufort. Les cing carottes analysées
comportent une séquence transgressive composée a la base de biofacies de lac de thermokarst surmontés par des biofa
cies lagunaires et d'avant-cote. Les paléoprofondeurs inférées par une fonction de transfert, associées a des datations au
radiocarbone, ont permis de préciser les taux de relevement du niveau marin précédemment publiés. Malgré une perte
de précision due a la contamination des sédiments datés par du vieux carbone, une courbe de la hausse du niveau ma-
rin relatif fut établie pour les deux derniers millénaires, laquelle suggére une hausse probable de T} poun ke

dernier millénaire. Cette étude présente la premiere reconstitution quantitative des variations du niveau marin effectuée

a partir d'une fonction de transfert basée sur les assemblages de diatomées. Elle représente une amélioration par rappor
aux procédés traditionnels qui ne fournissaient que des données qualitatives sur la position relative des anciens niveaux
marins.

Introduction erosion of ice-rich bluffs (Shaw et al. 1998). In a global
warming context, coastal retreat would be further acceler-

level variati Th theast Beaufort S ¢ h'_ ted by the generation of more energetic storm waves (due
evel varations. 1he south€astern beaulort sea coast, Whigly 5 jecrease in the extent and duration of sea ice) and en

forms part of the Arctic Coastal Plain, has been classified ag, .o thawing of ice-bonded sediments due to the warming
highly sensitive to a future rise in sea level due to the- pre ;¢ ground temperature (Harry and Dallimore 1989; Solomon

dominance of ice-rich unconsolidated sediments and W|deet al. 1994). Coastal erosion and flooding hazards in the

e sl resacbion. ayapealior Sea ae of concer for the o and s ndusty
a0es more tha 1 m at with’ maximum . rates exceedin barks development, land resource management, conservation
9 9 of waterfowl habitat, protection of coastal infrastructure and

10 m a' (Forbes and Frobel 1985; Harper et al. 1985; : :
Héquette and Barnes 1990; Héquette and Ruz 1991). Th%rcheologlcal sites, and problems of coastal property loss at

; D . uktoyaktuk (Shaw et al. 1998).
projected rise in sea level, estimated to reach 0.48 m I .
(Wigley and Raper 1992) or 0.34 m (Titus and Narayana Estimation of the magnitude of sea-level change over the
1995) by the end of the next century, would hasten the rat st millennium in the Beaufort Sea is necessary to evaluate
at which coastal freshwater lakes are breached and convert¥gether future rise in sea level in this area will occur at the

into brackish coastal embayments and result in more rapi§@me rate or faster than the projected eustatic rise due to
global warming. Vertical land movements occurred in the

Beaufort Sea during the late Quaternary as a result of col
Received March 25, 1999. Accepted October 26, 1999. lapsing forebulge and, to a lesser extent, basin subsidence,
. _ sediment loading, and consolidation of sediments (Hill et al.
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Low-lying coastal regions are particularly sensitive to sea
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Fig. 1. Location of the southeastern Beaufort Sea.
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from —140 m at 27 ka BP to a relative highstand of —40 m ational insights into the rate of sea-level rise during the late
approximately 15 ka BP and was then lowered to a LatéHolocene.

Wisconsinan lowstand of =70 m. During the Holocene, the

RSL rose from —70 m to its present position. The rate of

RSL rise during the Holocene was further investigated byStudy area

Hill et al. (1993). During the early Holocene, this rate was The Beaufort Sea is the southernmost part of the Arctic
on the orlder of 4t0 5 .mm‘é, and then increased t0 7 10 cean. The southeastern Beaufort Sea is bordered by the
14 mm a during the mid-Holocene. Over the last 3 ka, the tykioyaktuk coastlands, which are part of the Arctic Coastal
rate of RSL rise has slowed markedly. Recent radiocarbomain "petween the Mackenzie Delta and Amundsen Gulf
dates on peats from modern coastal marshes on th&ampton 1988) and comprise the Tuktoyaktuk Peninsula
Tuktoyaktuk Peninsula also suggest a slow rise in sea levglng Richards Island (Fig. 1). The southwestern part of the
during the last 1 ka (Hill et al. 1990). Although not statisti Tyktoyaktuk Peninsula is primarily formed of ice-contact
cally significant, tide-gauge data from Tuktoyaktuk indicate geposits, moraines, or morainal veneer overlain by lacustrine
that relative mean sea level is still rising at a rate of aboutediments of Holocene age, while the northeastern part con
1 mm a* (Forbes 1980). All these data suggest that the RSLsjsts of glacial outwash sands which are in places covered by
of the Beaufort Sea has risen at a rate between 1 and 4.4 mgylian or lacustrine sediments (Rampton 1988). The
a* during the late Holocene, but more precise data fromryktoyaktuk Peninsula is believed to have been continuously
coastal environments are required to determine what is thRe free for at least the past 13 ka (Ritchie 1984; Vincent
exact rate of RSL rise. 1989). Between 13 and 8 ka BP, the summer climate was
This paper reports on a five-core study from the southeastignificantly warmer than at present, as a result of an early
ern Beaufort Sea. Besides the analysis of the local paledHolocene Milankovitch insolation maximum (Ritchie et al.
environmental conditions and the composition of the related 983; Ritchie 1984). Thermokarst occurs widely on the
diatom assemblages, a paleodepth record was calculated uRuktoyaktuk coastlands (Rampton 1988; Mackay 1992), as
ing a diatom-based transfer function. This transfer functiorthe active layer deepened regionally and numerous retrogres
was derived from a training set of modern sedimentary-envisive thaw slumps developed (Rampton 1974). Rampton
ronments along the Beaufort Sea coast (Campeau et g11988) suggested that thermokarst basins formed where the
199%). In the present study, this model is applied to sedi deepening active layer intercepted massive icy beds. Ponds
ment cores from the Atkinson Point area to provide addi formed at such locations and developed into thermokarst
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lakes as the basins expanded, mainly by retrogressive thalay stable coastal ice (fast ice). The breakup season from
slumping. At the same time, lake sediment studies in the reJune to mid-July is associated with deterioration of the fast
gion showed that from approximately 9 to 5 ka BP, theice. This period is followed by the open-water season, from
northern treeline was located 75-100 km north of its preseniid-July to early October. During the open-water season,
position (Ritchie 1984). Part of the Tuktoyaktuk Peninsulawinds originate mainly from the east, southeast, and rorth
was covered with forest or forest—tundra vegetation. Thevest quadrants. Storm winds (>40 kmbhare usually from
paleoecological record from lake sites indicated that a-gradthe northwest. The presence of sea ice, during eight to nine
ual climatic cooling began ca. 8 ka BP. The limit of the-for months, limits wave activity during most of the year and,
ests shifted southwards, reaching its present position aven during the open-water season, wave generation is lim
about 4.5 ka BP (Spear 1983; Ritchie 1984). Wetlands of théed by the fetch-restricting pack ice. As a result, the Beau
peninsula also responded to the deterioration of climatefort Sea is a moderate wave-energy environment and nearly
with permafrost aggradation at about 6 ka BP and graduag0% of deep-water waves are less rthd m in height
transformation to peatlands by about 5-4.5 ka BP (Vardy efHarper and Penland 1982). Tidal range is small, with-typi
al. 1997). Thermokarst appears to have remained active beal ranges of 0.3 m for neap tides and 0.5 m for spring tides.
tween 8.5 and 4 ka BP, but with limited development of newStorm surges, however, are known to be significant. Surveys
thermokarst depressions. As the climate cooled further aftedf log debris lines stranded on the tundra during these storm
4.5 ka BP (Ritchie 1984), thermokarst activity diminishedevents indicate surge elevations up to 2.4 m above mean sea
(Rampton 1974). level in the Tuktoyaktuk area (Harper et al. 1988).

The present-day climate of the southern Beaufort Sea The Tuktoyaktuk coastlands are covered by low Arctic
coastlands is characterized by short cool summers and lorfgndra vegetation. Upland sites are dominated by dwarf
harsh winters. The mean annual temperature at Tuktoyaktuirubs and lichens, whereas poorly drained peaty areas show
is —10°C. Precipitation is low, with an annual mean ofice-wedge polygon and frost hummock development with
142 mm, roughly half of which is accounted for by winter dominance byEriophorum vaginatumand Carex stands
snowfall (Environment Canada 1993). Cold climatic condi-(Corns 1974). Sedge tussock flats occur around many lakes,
tions during the Pleistocene have led to the formation of peron the bottom of drained lakes, and along coastal lowlands
mafrost throughout the region. Permafrost is widespreadMackay 1963).
beneath land areas, ranging from 200 to 500 m in thickness
on the Tuktoyaktuk Peninsula, and over 700 m on RiChardiVIethods
Island (Judge et al. 1987). Much of the topography in the
area can be attributed to the presence of subsurface grougghring
and the Tuktoyaktuk Peninsula, and nearly 70% of the norththe Tuktoyaktuk Peninsula (Fig. 2) in 1992 and 1993.

eastern part of the peninsula. Coring operations were conducted from an inflatable boat,
The coastal areas of the Tuktoyaktuk Peninsula are geneexcept for core H-93-7 which was retrieved from a sandy
ally low lying with local relief less than 30 m. The coast spit. A Livingston coring system was utilized in breached
consists mainly of bluffs, developed in ice-bonded Quaterlake basins where sediments were unbonded, soft, and or
nary sediments, and of barrier islands and spits, enclosingjanic (cores C-92-16, C-93-8, C-93-13). A portable vibra
partially or completely, lagoons and embayments formed byoring system was used on the shoreface where sediments
the breaching of thermokarst lakes. Spits and barrier island&ere unbonded and firmer than could be penetrated by the
form approximately 30% of the length of the coastline eastLivingston system (core C-92-11). The water depth at each
of the Mackenzie Delta (Harper 1990). Héquette and Ruaf these coring sites was measured with a 200 kHz depth re
(1991) calculated that barrier islands migrate onshore at aorder (Raytheon Fathomet®r The ice-bonded material of
mean rate of 3.1 m-awhile spits are retreating at an aver a sand spit was collected in springtime using a CRREL au
age rate of 1.7 m3a Causes of the widespread coastal re ger system with a Stihl power head mounted on a Winke
treat along the southeastern Beaufort Sea include (1) wavédnipress drill stand (core H-93-7). Sediment subsamples
induced erosion, (2) thermal erosion (Harper 1990), and cm thick were taken from cores at the boundaries of
(3) the ongoing relative sea-level rise (Hill et al. 1993). Thelithological units and at varying intervals for diatom and
Canadian Beaufort Shelf extends offshore to 60—-100 m wasedimentological analysis. Grain size analyses were done by
ter depth and is characterized by a very gentle gradient. Thstandard sieving techniques. Organic matter contents were
area is divided into three distinct physiographic regions: theobtained by loss on ignition (550°C for 2 h).
narrow western shelf adjacent to the United States border,
the Mackenzie Trough, and the broad eastern shelf. The fingleaning and counting
surficial sediments (S”tS and Clays) of the inner shelf are In the Pa|eoeco|ogy |ab0ratory at Laval University, each
mainly derived from deposition of suspended sedimentgybsample was digested with acid (30%Q4). The silk
from the Mackenzie River. ceous material was then repeatedly washed and decanted to
The coastal ice regime is marked by four "seasons": operemove acids. Coarse sand was removed by decanting. An
water, freezeup, winter and breakup. Coastal ice forms andliquot of the resulting slurry was evaporated onto cever
becomes intermittently stationary during the freezeup seaslips, which were subsequently mounted onto glass slides
son, usually from October to mid-December. The winter seawith Naphra®. Diatoms were identified and enumerated
son, usually from mid-January through May, is characterizedlong transects using a Leica DMRB microscope under
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Fig. 2. The Atkinson Point area and location of coring sites.
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phase contrast illumination at a magnification of 1000x.1986), Bérard-Therriault et al. (1986, 1987) and Poulin et al.
When possible, 200-300 valves were counted per sampl€1990) from the Gulf of St.-Lawrence (Canada); Snoeijs
Broken valves, consisting of more than half of the valves,(1993), Snoeijs and Vilbaste (1994), Snoeijs and Potapova
were counted as one valve. Diatom identifications werg1995) and Snoeijs and Kasperoviciene (1996) from the Bal
made to the lowest taxonomic level possible. The results ofic Sea; and Witkowski (1994) from Gdansk Bay (Poland).
diatom analysis have been synthesized in the form of per

centage diagrams. The ecology (salinity preferences and lifeontemporary environments of the southeastern

forms) and taxonomy presented in diagrams are based dBeaufort Sea coasts

marine and freshwater floras. We referred mainly to the fol A detailed analysis of the contemporary diatom assem
lowing floras: Schmidt et al. (1874-1959), Hustedt (1930,blages associated with modern sedimentary environments of
1953, 1959, 1961-66) in combination with Simonsenthe Beaufort Sea has previously been conducted by
(1987), Brockmann (1950), Cleve-Euler (1951-55), van delCampeau et al. (1998). Surface sediment assemblages from
Werff and Huls (1957-74), Hendey (1964), Patrick and74 stations along the coast were analysed to provide modern
Reimer (1966), Molder and Tynni (1967-73), Tynni (1975—analogues for future stratigraphic studies. The modern-envi
80), Pankow (1976), Foged (1981), Germain (1981) andonments sampled are believed to represent the full range of
Krammer and Lange-Bertalot (1986, 1988, 1894). Publi  sedimentary facies that may have been preserved in-Holo
cations on the diatom flora of brackish waters have alse procene stratigraphic records of the Beaufort Shelf. Samples
vided useful help for identification, especially the works of were collected from coastal freshwater environments, back
Poulin et al. (1984, b, c, 1987), Cardinal et al. (1984, barrier environments, the shoreface, the inner shelf, and the
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Mackenzie Delta front area. The fossil assemblages presentacrofossils, marine shells, and foraminifera (e.g., Short et
in sediment cores have been compared with this set of modal. 1994). Total organic carbon dates on both marine and
ern samples, in terms of the percentage of the total diatorfacustrine sediments with low organic carbon content are
count per core sample present in both sets, to accurately resually regarded as unreliable (Fillon et al. 1981). However,

construct past environments. due to the lack of more reliable material, all the material se
lected in this study for radiocarbon dating is composed of
Paleodepth inferences organic sediments. Th&“C values of the dated material

Weighted-averaging (WA) regression was used bywere used to evaluate the source of the carbon. Asyge
Campeau et al. (1999 to develop a water depth inference plants dominate in the Arctic, terrestrial plants proddt€
model based on modern diatom assemblages from the-souttalues of-26to —30%. (Stuiver 1975; Peterson et al. 1986;
eastern Beaufort Sea coasts. Surface sediment samples wafichel et al. 1989), whereas Arctic algae produce values
collected at 74 stations along coasts. Surface grabs or togose to—20%o (Schell 1983). Thed*C values associated
core sediments were collected. In addition to the measurewith the dated core samples, ranging from —27.1 to —-36.1,
water depth at each station, the available environmental dagtiggested that terrestrial organic matter was the dominant
consist of some sedimentological data, such as the percergarbon source for these sediments. It is therefore likely that
age of sand %63 um), mud (<63um) and organic matter, the radiocarbon dates obtained from the cores yielded ages
and the distance of the sampling stations from the Mackenthat are older than the age of deposition as a consequence of
zie Delta mouth. All variables had skewed distributions andold terrestrial carbon being washed into lagoons by bank
were log-transformed (Im¢1)) prior to statistical analyses. collapse and slumping of tundra peat and dead vegetation.
In addition, the nine main sedimentary environments occurThese processes are very active along the Tuktoyaktuk Pen
ring in our set of sampling sites, including the freshwater eninsula coasts, where coastal retreat rates in exdessroa*
vironments (ponds, salt ponds, and coastal peats), sa#® common. Such contamination by old carbon has previ
marshes, semi-enclosed breached lakes, tidal channelRysly been reported in the Beaufort Sea area (Forbes 1980,
breached lakes and lagoons, shoreface, inner shelf, deltdill et al. 1993) and in other coastal areas (e.g., Zong and
front, and delta front lagoons, were included as dummyTooley 1996).

(value 0 or 1) passive variables. The relationship between di- To quantify the effect of old carbon contamination and
atom species distribution and water depth was examined ugventually correct thé“C ages, we submitted surface la-
ing canonical correspondence analysis (CCA) and partiggoonal sediments (surface grabs) for conventional radiocar-
CCA. The water depth accounted for 9.7% of the variance irbon dating. One would expect to get a recent age for the
the data set. WA regression was used to describe the réurface lagoonal sediments, assuming that the organisms liv-
sponse of diatom species (optima and ranges) as a functidng in this material grew in situ, reflecting atmospheric ra-
of water depth. The optimum water depth of deposition is arfliocarbon content. However, the results't€ dating on the
estimate of the value along a water-depth gradient at which top 5 cm of lagoonal surface sediments at two sampling sites
taxon achieves its highest abundance relative to other taxén the Atkinson Point area yielded ages of 2890 + 110 BP
The optimum of a particular species is estimated by takindUL-1763) and 4400 + 90 BP (UL-1762), clearly indicating
the average of all the measured water depths at the statiogontamination by old terrestrial carbon. This suggests that
in which the taxon occurred, weighted by the taxon's relativeall dates from core sediments should be corrected. Gonse
abundance at each station. Using the computer prograsuently, the mean value of these dates (3645 BP) has been
WACALIB version 3.3 (Line et al. 1994), WA calibration used to adjust th&'C ages obtained from downcore samples.
was performed in the present report based on these speciébe range between these dates, including one standard devi
optima to directly infer the position of past relative sea-lev ation on each side, has been used as an estimate of the error
els from fossil core diatom assemblages. Thedoferred  associated with the adjustment (1510 + 110 + 90 = 1710 +
water depths were back-transformed to the original unit (m)2 = +855 yrs). The error associated with the correctil
Core assemblages contained some taxa absent in the modéges is thus considerable and will limit the accuracy of the
data set and vice versa. Only taxa present in both sets wegga-level reconstruction. However, this correction is essential
included in the analyses, which represent 71.3-96.8% of thas it provides a more accurate picture regarding the actual
total diatom count per core sample. The high similarities beage of deposition of autochthonous lagoonal organic carbon.
tween fossil and recent diatom assemblages allowed to pro

duce reliable paleodepth inferences. Results

Radiocarbon dating Diatom zones
Five samples from the cores were submitted for accelera Comparison of core diatom assemblages with contempo
tor mass spectrometry (AMS) dating and standard radiocarary assemblages of the Beaufort Sea coast (Campeau et al.
bon dating. The submitted samples were composed df998) allows identification of five diatom zones, each of
organic sediments. According to their diatom assemblageshem corresponding to a modern analogue
these sediments were deposited in breached lakes and saltDiatom zone A. This assemblage is largely dominated by
marshes. These levels were selected due to their proximity toligohalobian-indifferent species such Rsgilaria pinnata
an isolation contact and (or) for the reliability of the inferred and its varieties,F. construens F. brevistriata Amphora
water depth. pediculus and Achnanthes minutissimahese benthic spe
Previous studies have demonstrated that the most reliabldes dominate the modern assemblages of thermokarst lakes
radiocarbon ages are those obtained from wood, plamn the Tuktoyaktuk Peninsula. They may withstand slightly
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brackish water conditions, which reflects the maritime ehar though this assemblage has no analogue in the modern set of
acter of these lakes. Benthic algal growths are favoured bgoastal environments described by Campeau et al. (1998),
the shallowness of the lakes and the resulting high levels athe abundance of freshwater planktonic species and the scar
available light reaching the bottom. On the other hand, theity of epipsammic taxa is indicative of a deep breached
long duration of ice cover and the shallowness of these lakelake influenced by influx of water from terrestrial sources.
may be responsible for the lack of planktonic species. The relatively great water depth (5.7 m) inferred by the WA
Diatom zone B. This assemblage is characterized by thenodel, as compared with the typical water depth (1.6 m) of
occurrence of aerophilic species includin®iploneis  contemporary backbarrier environments, supports this-inter
interrupta, Naviculaaff. margalithii, N. cincta andCaloneis  pretation. The epipsammic taxa increase towards the upper
bacillum These diatoms are usually accompanied bypart of zone C, whereas planktonic species decrease. This
mesohalobian epipelic and epipsammic taxa. Zone B eorreshift is associated with a lowering of the water depth as in
sponds to the contemporary salt marsh diatom flora. Salferred by the WA model. The decrease in water depth proba
marshes commonly developed on drained lake shelves alorgy resulted from the infilling of the lagoon by increasingly
the southeastern Beaufort Sea coasts and are exposed to hjgioximal washover sands as the barrier island (see Fig. 2)
tides and storm surges. migrated landwards during the late Holocene. The transition
Diatom zone C. The most prominent feature of this-dia between zone C and E is marked by an erosive contact. Ex
tom zone is the dominance of mesohalobian epipsammic dicept forAchnanthes delicatulasp.delicatula zone E shows
atoms including Achnanthes delicatulassp. hauckiana  a decline in epipsammic species and an increase in epipelic
A. lemmermannjiOpephoracf. parva O. olsenij Fragilaria  taxa.Petroneis marineand P. humerosawhich were abun
cassubicaF. schulzij and Navicula perminutaThese spe dant in zone C, are replaced bymphora coffeaeformjs
cies, usually accompanied by some epipelic taxa, are chara€aloneis schumannian&avicula cancellataN. directavar.
teristic of modern lagoonal assemblages. Along thdgavanica and other epipelic diatoms frequently encountered
Tuktoyaktuk Peninsula, lagoonal environments are made dfi shoreface environments. This assemblage is completed by
embayments formed by the breaching of thermokarst lakessome planktonic species, such Aslacoseira islandicaand
As a consequence of the highly variable environmental conStephanodiscusf. rotula. As mentioned above, the occur-
ditions and the predominance of sandy material, lagoonal agence of a few epipsammic and planktonic diatoms in assem-
semblages are dominated by euryhaline epipsammic diatontdages dominated by epipelic taxa is a common feature of
with broad ecological tolerances. The epipsammon consistgpper shoreface sediments. This sequence therefore repre-
of small appressed species or species with very short stalksgnts a shoreface environment that has transgressed over a
which occupy depressions in the surface of sand graindackbarrier environment. The dated sample is from the up-
Such epipsammic taxa occur generally in intertidal environfpermost part of zone C. It provided an age (after correction
ments with pronounced currents and sediment displacemenfor old carbon contamination) of 2555 + 895 BP. This level
Diatom zone D. This zone is exclusively composed ofhas been chosen over the lowermost part of the zone, as it is
allochthonous diatoms transported from the shoreface to thassociated with reliable water-depth inferences, which is not
surface of sand spits by storm waves and surges. This asseithe case for the base of the core due to the lack of a modern
blage only contains a few individuals, usually strongly frag analogue.
mented. The species encountered includehnanthes
delicatula ssp. delicatulg Navicula bipustulata Caloneis  Core C-92-16
crassa and Petroneis humerosavhich are common taxa of  The top and bottom sections of Core C-92-16 consist of
shoreface assemblages. clean sand with a thin peat layer between 30 and 33 cm and
Diatom zone E. The assemblage of zone E is dominategin organic-rich silty sand unit between 33 and 67 cm
by mesohalobian epipelic diatoms, such &aloneis (Fig. 4). The lowermost diatom zone (A) is composed of
schumanniana Navicula  salinarum N. oestrupii  freshwater species includingchnanthes minutissimand
N. jamalinensis and Amphora coffeaeformisThis assem  Fragilaria spp. which are characteristic taxa of thermokarst
blage is completed by some epipsammic species, in particlake assemblages. This zone is bounded at the top by a sharp
lar Achnanthes delicatulassp. delicatula which is a contact with zone C. The occurrence of a number of
common diatom of surf zone sediments, and by p|ankt0ni(aerophi|ic species, such a®iploneis interrupta and
species associated with the Mackenzie River plume anginnularia cf. streptoraphe on both sides of the erosional
common in inner shelf sediments, such Aslacoseira contact suggests that deposition occurred in close proximity
islandica The occurrence of a few number of epipsammicto a salt marsh. Salt marsh sediments have probably been
and planktonic diatoms in assemblages dominated bygroded during the subsequent marine transgression. In zone
epipelic taxa is characteristic of contemporary upperc, diatom assemblages show the replacement of

shoreface sediments. oligohalobian taxa by mesohalobian epipsammic species,
dominated byAchnanthes delicatulassp. hauckiana Ac-
Core C-92-11 cording to contemporary assemblages and the water-depth

In core C-92-11, an organic-rich silty sand unit is overlaintransfer function, this zone is associated with a shallow
by a sand deposit (Fig. 3). The lower boundary of the lewer breached lake with relatively high current velocities. This se
most diatom zone (C) is dominated by mesohalobian diaquence, therefore, represents a lagoonal environment that
toms, such adiploneis interrupta Petroneis marinaand has transgressed over a thermokarst lake. The peat layer,
P. humerosa and by planktonic oligohalobian species, barren of diatoms, located between 30 and 33 cm, is-inter
mainly Asterionella formosand Aulacoseira alpigenaAl- preted as a block of peat derived from bank collapse. These
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Fig. 3. Diatom diagram for core C-92-11. Diatoms are classified according to the Halobian system of Hustedt (1953). The biostratigraphic zones wérasddfioed
detailed analysis of the contemporary diatom assemblages associated with modern sedimentary environments of the Beaufort Sea (Campeau Bakod®8th values
were inferred from a diatom-based transfer function developed by Campeau et alb)(1888y weighted-averaging (WA) regression and calibration.
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Fig. 4. Diatom diagram for core C-92-16. See Fig. 3 for explanations.
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Fig. 5. Diatom diagram for core C-93-8. See Fig. 3 for explanations.
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blocks occur in great numbers in present-day lagoonal forereached the basin. The WA-inferred water depth is close to
shore sediments. The dated sample is from the lowermogtero. The abundance of mesohalobian taxa and the drop in
part of zone C and provided an age (after correction) obligohalobian species clearly indicate that this assemblage

1195 + 895 BP. was permanently tidally influenced. The sand layer, between
zones B and C, which contains only fragments of
Core C-93-8 mesohalobian diatoms, probably originates from an intensifi

Core C-93-8 consists of clean sand with organic-rich s“tycation of sea influence and may be interpreted as a storm de

sand layers at 16-17 cm and 35-45 cm (Fig. 5). The lewerP0Sit. Zone C is marked by an increase in mesohalobian
most diatom zone (A) contains only fragments of freshwate€PIPSammic species, dominated Bchnanthes delicatula
diatoms. The scarcity of diatoms may be indicative of aSsp-hauckiana and a further decline in freshwater taxa- Al
sandy shallow nearshore shelf of a thermokarst lake. Thedgough present at the boundary between the sand layer and
shelves surround the central deeper basins of thermokarépn€ C. aerophilic species decrease upwards, as the water
lakes and are usually free of diatoms (Campeau et al. 1998§/€Pth increased. This assemblage has been deposited in a
This may be the result of a number of factors, such as th reached lake. The entire sedimentary sequence, therefore,
constant reworking of nearshore bottom sediments by wave&€Presents a lagoonal environment that has transgressed over
wind-driven currents and ice-scouring. The upper boundar@ thermokarst lake. The dated sample from the uppermost
of zone A contains well preservefragilaria species and Part of zone B provided an age (after correction) of 1915 +
other freshwater taxa. This zone is bounded at the top by §9° BP, which gives a good indication of the timing of local
sharp contact with zone C. The latter is marked by the apMarine transgression.

pearance of mesohalobian species, dominatefldiyanthes

delicatula ssp. hauckiana and a decline in freshwater dia |_g3.7

toms, except foFragilaria pinnatawhich remains the most

abundant species. The occurrence of epipsammic taxa arbq o . Lo .
Lo LI i ganic-rich silty sand unit (Fig. 7). The lowermost diatom
the abundance dfragilaria pinnataare indicative of a shal zone (C) is dominated by species characteristic of breached

low breached lake influenced by freshwater inputs from thq .
ake assemblages. A sharp contact separates this zone from
land. Subsequently, the record shows a reduced abundan ne D whichgcontains o?ﬂy a few ingividuals of species

e e e e Ame e S psggTImorly folnd n e shoreface This Core has been re
velocities towards the top of the core. Thus, this sequenc ('fn\gd tfr:gmi;gﬁir?urfgf ea0f|: %%r;]dybsplghghgesd?g:;rgge c:fe p;e—
seems to represent a lagoonal environment that has tran Sqrating spit Thge dated sa?n le frgm the lowermost part of
gressed over a thermokarst lake. The dated sample is fro oge C grO\F/)id.ed an age (after?:orrection) of 1755 + 92p5 BP
the lowermost part of zone C and provided an age (after cor- P 9 - '

rection) of 455 + 895 BP.

Core H-93-7 consists of a clean sand unit underlain by an

Sea-level index points

Core C-93-13 The overall stratigraphic successions in the five cores are

The base of core C-93-13 consists of an organic-rich siltyshown in Fig. 8. The cores are positioned relative to the
sand layer overlain by muddy peat (Fig. 6). The middle- secpresent-day mean sea level. Each of the five dated samples,
tion of the core is composed of organic-rich silty sand be associated with the water-depth values inferred by the WA
tween 66 and 72 cm, followed by a clean sand layer at 59-+model, represents a sea-level index point. The vertical-com
66 cm. The uppermost zone of the core consists of muddponent of each index point (11th column, Table 1), i.e., its
peat. The lowermost diatom zone (A) is dominated byindicative meaning (sensu van de Plassche 1986), was-calcu
Fragilaria spp. characteristic of thermokarst lake assemlated by adding the depth of the dated core section to the
blages. The lower boundary of this zone contains only-fragwater depth at the core station, and by subtracting the WA-
ments of freshwater diatoms. This layer may represent thinferred water depth from this value. As coring was con
initial phase of the lake. The transition between zones A andlucted from an inflatable boat (except for core H-93-7) and
B is marked by a gradual contact, as all the freshwater spdidal range is small, the reference datum-level used was the
cies occurring in zone A are also present in zone B. Thdocal mean sea level. The vertical error associated with the
lower boundary of zone B is distinguished by the appearancadex points was thus calculated by adding the range of
of epipsammic and aerophilic species, the latter includingspring tides (£0.25 m) to the error associated with each WA-
Diploneis interrupta Navicula eidrigiana N. aff. inferred water depth. In areas with a small tidal range, the
margalithii, and Caloneis bacillumwhich are characteristic magnitude of water-level variations resulting from meteoro
species of salt marsh assemblages. This assemblage intbgical conditions may exceed that of tidal fluctuations be
cates that the thermokarst lake has been breached and wamgeen spring tides. Such is the case in the Beaufort Sea
periodically, but not frequently, inundated by sea water. Thavhere storm surges up to 2.4 m have been reported (Harper
low abundance of epipsammic taxa and the dominance aft al. 1988). However, these sea-level fluctuations had little
Fragilaria species suggest that the basin was influenced onlgffects on the measurement of the water depth as field epera
by high tide levels and storm surges. The upper boundary dfons were carried out only in fairweather conditions. As
zone B shows an increase in episammic and aerophilic taxaand is little subjected to compaction (over a geologically
the appearance of epipelic diatoms, and a drastic decline ishort period of a few thousand years and at shallow depths;
freshwater species. This indicates that the mean sea lev&reensmith and Tucker 1986) and coastal sediments of the

© 2000 NRC Canada



epeued DHN 000C @

Fig. 6. Diatom diagram for core C-93-13. See Fig. 3 for explanations.
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Fig. 7. Diatom diagram for core H-93-7. See Fig. 3 for explanations.
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no correction was made for sediment compaction.

The horizontal component of each index point (8th-col Relative sea-level change

umn, Table 1) consists of the conventional radiocarbon date Despite the relatively large error associated with the cor
corrected for old carbon contamination (—3645 a). The errorsected radiocarbon ages, the Atkinson index points and the
associated with these ages have been obtained by adding thata previously published by Forbes (1980) from the Yukon
standard deviation of the conventional radiocarbon years tooast can be used to define an envelope of RSL rise for the
half the range (855 a) observed in the radiocarbon ages dést 2 ka BP. The Atkinson index points are direct indicators
lagoonal surface sediments. The age—depth data are plottefl sea level, whereas the data from Forbes (1980) indicate
in Fig. 9, along with the sea-level data previously publishedhat deposition occurred above sea level. According to the
by Forbes (1980) and Hill et al. (1993). A band incorperat estimated curve drawn on Fig. 9, which links the Atkinson
ing the error bars has been drawn, and an estimated cuniedex points, the rate of RSL rise was 1.7 mmt hetween
within the band has been constructed. 2 ka BP and 1 ka BP. For the last millennium, the estimated

: Organic-rich silty sand + Diatom fragments
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Fig. 8. Overall stratigraphic successions of cores and position of the inferred paleo-sea levels.
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—4.45+1.67
-1.34+1.67
—-0.19+1.67
—2.59+1.66
-2.35+1.67

Inferred
paleo-sea
levef (m)

water depth
1.84+1.42
0.66+1.42
1.17+1.42
0.07+1.41
1.54£1.42

(m)

WA-inferred

-31.6
-30.0
-36.1
-31.9
-27.1

(%0)

3

Conventional
radiocarbon
years corrected
for old carbon
contaminatiof
+(855 + 1sd)
2555+895 BP
1195+895 BP
455+895 BP
19154895 BP
17554925 BP

Conventional

radiocarbon

years (x1sd)
6200+40 BP
4840+40 BP
4100440 BP
5560140 BP
5400+70 BP

Lab code
Beta-110635
Beta-110636
Beta-110637
Beta-82037

Zone B Top of salt Beta-110638

lagoonal sediment
Zone C Base of
lagoonal sediment
Zone C Base of
lagoonal sediment
marsh sediment
Zone C Base of
lagoonal sediment

#The depth in cores from which organic sediments were collected for dating.

PAMS dating.

Stratigraphic position
Zone C Top of

Organic sediment
Organic sediment
Organic sediment
Organic sediment
Organic sediment

Material dated

dated (m)
0.29-0.30
0.65-0.66
0.16-0.17
0.66-0.67
4.25-4.38

Level

6.0
1.35
1.2

Measured water
2.0

depth at core
station (m)
+0.25

-0.4
“The conventional radiocarbon years corrected for old carbon contamination (-3645 years). The errors associated with these ages were obiaintk tsteamihrd deviation of the conventional

radiocarbon years to half the range (855 years) observed in the radiocarbon ages of lagoonal surface sediments.
The inferred paleo-sea levels were obtained as follows (from table): ((Measured water depth at core station + Level dated) — WA-inferred waléedaptin)associated with these values was

“The paleodepth values inferred from a diatom-based transfer function developed by Campeau et l3)l.ugiB§veighted-averaging (WA) regression and calibration.
calculated by adding half the value of spring tides (0.25 m) to the error associated with the WA-inferred water depths.

‘Standard radiocarbon dating.

Table 1. Sea-level index points.

Core
C-92-11
C-92-16
C-93-8
C-93-13
H-93-7

Can. J. Earth Sci. Vol. 37, 2000

curve follows the maximum side of the error band which is
constrained by the "above datum” indicators reported by
Forbes (1980). The resulting minimum rate of RSL rise is
1.1 mm a’. According to the minimum side of the error
band, the maximum possible rate of RSL rise for the last
millennium is 2.5 mm a.

These results are similar to the data previously published
by Hill et al. (1993) which suggested that the maximum
probable rate was 2.5 mnt'a However, the actual rate for
the last millennium was probably lower. A rise in sea level
at the maximum rate implies that all dates would have to be
placed on the minimum side of their error bars, which is not
probable. For this reason, it is suggested that the most proba
ble rate for the last millennium corresponds to the minimum
possible rate (1.1 mm~—3, which follows the estimated
curve that links the Atkinson index points. No small-scale
oscillations are inferred from the age—altitude data plotted in
Fig. 9, and there is no evidence for such oscillations within
the litho- and biostratigraphic data either.

This reconstruction should be seen as exploratory at this
stage, due to the imprecise time control. To obtain a definite
pattern of late Holocene sea-level fluctuations in this area,
three improvements over the present data would be needed.
First, a better chronological constraint should be placed on
the curve by adding radiocarbon dates from shell material. If
shell material is lacking, which is common in sediment
cores, a series of surficial sediment samples should be dated
to yield more accurate rates of old terrestrial carbon input in
Arctic lagoonal basins. Such data would allow the calcula-
tion of a more reliable correction for old carbon contamina-
tion. Secondly, subsidence due to the degradation of
permafrost in coastal areas would have to be quantified. As
other subsidence processes, such as forebulge collapse, basin
subsidence, sediment loading, and consolidation of sedi-
ments, have been minor as compared to periods preceding
the late Holocene (Hill et al. 1985), degradation of perma
frost may be responsible to a great extent for the low RSL
rise observed during the last millennium. Thirdly, the late
Holocene RSL in the Mackenzie Delta and the western part
of the Beaufort Shelf may have risen at different rates than
in the Atkinson Point area. This may be due to differential
crustal movements, which, although of small amplitude, may
have occurred in the eastern, central, and western parts of
the shelf. More data are needed to establish separate curves
for these three sections of the shelf.

Diatom-based paleodepth inferences

This paper presents the first sea-level reconstruction de
rived from a diatom-based transfer function. The use of a
water-depth transfer function represents an improvement
over traditional methods of sea-level reconstructions which
usually provided qualitative estimates of past RSL. Tradi
tional approaches mostly relied on the identification and
analysis of transgressive and regressive overlaps by analys
ing stratigraphic boundaries between terrestrial freshwater
sediments and marine littoral facies. In these studies, diatom
analysis was used to validate sea-level index points by con
sidering changes in the composition of diatom groups of dif
ferent salinity preferences. This approach was widely used at
the interface between fresh and saline environments tc iden
tify lake isolation from the sea in areas of land uplift (e.g.,

© 2000 NRC Canada
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Fig. 9. Envelope of late Holocene relative sea-level changes in the Canadian Beaufort Sea.

Present-day mean sea level
0 S == E——t
—{HH T _
F T =H

Yukon Shelf Above Datum (Forbes 1980)
Eastern Shelf Below Datum (Hill et al. 1993) I
East Coast Marshes (Hill et al. 1993)

Elevation (m)

e o p [

Atkinson Point on Datum (this report)

10 — Rate of relative sea-level rise for the last millenium:
Minimum and most probable rate: 1.1 mm yr‘l A

Maximum possible rate: 2.5 mm yr'

’—I—< Error bars Errorband N\ Estimated curve

15 | |

0 1000 2000 3000
Age (*C years BP)

Kjemperud 1986; Stabell 1987; Pienitz et al. 1991), or to in-of salt marshes along the southeastern Beaufort Sea coast al-
dicate marine and brackish water transgressions (e.glpws accurate reconstruction of past mean sea levels, but
Digerfeldt 1975). Most of these paleo-sea-level reconstruclimits their preservation in the sedimentary record. Although
tions were constrained by the lack of well-established quansalt marshes are very common along the Tuktoyaktuk Penin-
titative relationships between modern diatom assemblagesula, especially on former lake shelves and in low-lying
and sea level, and, therefore, none of the index points usetbastal areas, salt marsh biofacies were absent in most
were direct sea-level indicators. The radiocarbon dates usddansgressive contacts in the cores, probably as a result of
in these studies only yielded minimum or maximum ageswave and current erosion during transgression. The only salt
depending on which side of the isolation contact they weranarsh biofacies identified, however, yielded valuable infor
obtained. Recently, more accurate methods were developedation on the paleoenvironment. The dated sample from
to record the late Holocene rates of sea-level fluctuationscore C-93-13 is believed to yield the most accurate index
Most of these studies have been conducted in the intertidgdoint as both the paleoenvironment reconstruction and the
zone, especially in salt marshes. The analysis of th&/A model indicate that deposition occurred close to the
altitudinal relationships between contemporary diatorm asmean sea level. In addition, the great floristic similarity ob
semblages and water levels in salt marshes allowed mere aserved between fossil and modern salt marsh assemblages
curate reconstructions of small-scale sea-level changes (e.@nd the small vertical extent of the salt marsh zone in core
Nelson and Kashima 1993; Shennan et al. 1995, 1996). C-93-13 suggest that palectidal ranges were similar te con
None of these methodologies is appropriate for examinindémporary ranges.
the Holocene record of the Beaufort Sea, for two reasons. By determining the relationship between water depth and
First, the traditional approach, which consists of identifyingdiatom species distributions and abundances in modern envi
isolation contacts, is inappropriate in thermokarst environronments, it has been possible to overcome the limitations of
ments. This method requires an accurate evaluation of theaditional approaches and quantitatively infer past relative
lowest sill elevation which controls the occurrence of thesea levels. The water-depth model was especially useful in
first marine influence during a transgression, or the last maincomplete sequences in which the transition between the
rine effects during a regression. The former sill elevations ofacustrine and marine zones was marked by an erosional
thermokarst lakes cannot be accurately determined as thepntact. In the case of a gradual contact, dating of the lacus
have been partly eroded by thermo-erosion and by wavesine or the brackish side of an isolation contact represents a
and currents during transgression. Furthermore, the first mayood approximation of the first intrusion of salt waters if the
rine influence in a breached lake is likely to occur throughsill elevation is known. However, in the case of an erosional
salt water intrusions via an outlet channel or an ice-wedgeontact, part of the sequence is missing and radiocarben dat
system. In that case, the former sill elevation of the lake igng will only provide minimum or maximum ages. The wa
meaningless, and the elevation of the base of the chann&tr depth transfer function eliminates the need of a
cannot be determined precisely. Secondly, the small exteriteshwater-marine contact. Any section of the brackish-
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marine sequence may thus be dated and serve as a sea-leb@erfeldt, G. 1975. A standard profile for Litorina transgressions
index point, as long as datable material is available and wa in western Skane, South Sweden. Boreis]25-142.

ter-depth inferences are based on reliable modern analogudgivironment Canada 1993. Canadian climate normals 1961-1990.
The index points of cores C-92-11 and H-93-7 are good ex Vol. 3, Yukon and Northwest Territories. Atmospheric Environ
amples of the usefulness of the water-depth transfer-func ment Service.

tion. Since these cores had no lacustrine—marine contadtairbanks, R.G. 1989. A 17 000-years glacio-eustatic sea level re
they could not have provided precise information on the po cord: influence of glacial melting rates on the Younger Dryas

sition of paleo-sea levels without using the water-depth €vent and deep-ocean circulation. NatBd2 637-642.
model. Fillon, R.H., Hardy, L.W., Wagner, F.J.E., Andrews, J.T., and
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