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Introduction 

This chapter reviews the most relevant techniques for dating lake sediments from the 
Arctic and Antarctica, with specific reference to the challenges encountered in 
environments characterized by prolonged lake ice cover, low terrestrial and aquatic 
biological production, slow rates of organic matter decomposition, and periglaciation. 
We focus on applications of three general techniques: short-lived radioisotopes (210Pb
and 137Cs), radiocarbon (14C), and optically stimulated luminescence (OSL), which 
collectively offer the potential for dating sediments ranging from decades to 105 years in 
age. Our focus is placed on the strengths and weaknesses of these techniques in 
establishing a chronostratigraphic framework for reconstructing environmental change 
in high latitude environments, with only brief theoretical and methodological 
considerations. The underlying principles of each of these methods are covered 
extensively by complementary reviews in the DPER book series (Appleby 2001; Björck 
and Wohlfarth 2001; Lian and Huntley 2001), as are additional dating techniques 
including varved sediments (Lamoureux 2001) and tephrochronology (Turney and 
Lowe 2001). 

In general, high latitude lakes have significantly lower sediment accumulation rates 
relative to temperate counterparts. Cold climates (mean annual temperatures < 0°C) 
result in the prolongation of seasonal lake ice cover, coupled to a shortening of the 
hydrological season. Lake ice strongly limits biological production and hence 
autochthonous sedimentation. Lake hydrology is typically dominated by summer 
snowmelt and remains largely inactive during winter, thus narrowing the window 
available for clastic (allochthonous) sedimentation. Although these unique 
environmental attributes present several challenges for the successful development of 
arctic and antarctic lake sediment chronologies, recent progress suggests that most high 
latitude lake sediments can be successfully dated over a broad range of late Quaternary 
timescales.

Dating recent high latitude lake sediments using 
210

Pb and 
137

Cs

Sediment accumulations of fallout 210Pb and 137Cs have been used extensively to date 
recent events in lacustrine environments. 210Pb (half-life, t1/2 = 22.3 yr) is a natural 
radioactive daughter in the decay series of 238U and is produced both in the atmosphere 
and the subsurface. The decay of 226Ra (t1/2 = 1602 yr) in soil and rock produces 222Rn
(t1/2 = 3.82 days), a portion of which diffuses through particle interstices and escapes to 
the atmosphere. Fallout 210Pb is produced by the decay of emanated 222Rn and resides in 
the atmosphere in the order of 10 days. This is termed unsupported or excess 210Pb, 
which provides the basis for 210Pb geochronology. Terrestrial, or supported 210Pb, is 
produced by the in situ decay of particulate 226Ra and its daughter 222Rn, both associated 
with the presence of U-bearing mineral phases. In an ideal sediment profile, total 
(supported + unsupported) 210Pb activity decreases exponentially with depth to a point 
where it becomes constant, marking the depth at which only supported 210Pb exists. 
Given its relatively short half-life, 210Pb dating is only applicable to sediments younger 
than ca. 150 yr. Several assumptions must be made when applying the 210Pb
methodology as a recent geochronometer: (1) fallout of 210Pb has been constant over the 
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interval studied; (2) deposition of 210Pb in sediment occurs within a closed system; (3) 
210Pb is immobile within the sediment column; and (4) the sediment does not undergo 
extensive mixing once 210Pb is deposited. Although the first two assumptions generally 
appear valid, the last two are more frequently violated and may potentially introduce 
error to age determinations. 

Confidence in the 210Pb method is enhanced when coupled measurements of 137Cs
activity are available, or when cross-checked with annually-laminated sediments. 137Cs
is an anthropogenic radionuclide first introduced into the atmosphere in measurable 
quantities with the onset of nuclear weapons testing ca. 1954. The maximum 
atmospheric fallout of 137Cs occurred in 1963, immediately prior to the ban of nuclear 
testing. In some northern regions, the 1986 Chernobyl reactor meltdown has created a 
detectable secondary peak (Johnson-Pyrtle et al. 2000). Thus, 137Cs activity profiles 
within sediment columns may ideally encompass all three of these known marker 
horizons. 137Cs has a short half-life (t1/2 = 30.1 yr) and displays similar chemical and 
physical behaviour to 210Pb. Since the pioneering applications of 210Pb and 137Cs
geochronology to lake sediments (Krishnaswamy et al. 1971), both methods have been 
widely used in temperate and, more recently, high latitude lakes. Fundamental 
differences between these environments have important implications for their successful 
application.

Physical and chemical processes associated with 210Pb and 137Cs

Successful dating by 210Pb requires a progressive decrease in activity with increasing 
depth in the sediment, permitting the modeling of sedimentation rates using various 
approaches, most commonly the CRS (constant rate of supply) and CIC (constant initial 
concentration) models (Appleby and Oldfield 1992; Appleby 2001). However, lake 
sediments may experience various degrees of mixing by wave action, turbidity currents, 
turnover, bioturbation, and mass movement, which can homogenize or dilute the 
stratigraphic distribution of short-lived radionuclides. Transport of fine-grained littoral 
sediments into deeper regions of a lake can result in significant inter-basin variability of 
210Pb and 137Cs inventories in temperate lakes (Crusius and Anderson 1995a,b). In 
general, non-glacial high latitude lakes are less affected by these processes for several 
reasons. First, prolonged ice cover (8-12 months per year) greatly reduces, or even 
eliminates, sediment redistribution by wave and current energy. Second, burrowing 
communities attain lower densities in the benthos of most high latitude lakes, 
minimizing the potential of bioturbation. On the other hand, sparse vegetation, often 
accompanied by significant local relief, increases the potential for mass movements 
which are typically expressed in adjacent deep-water sediments as turbidites. Periglacial 
processes associated with seasonal freeze-thaw cycles also have the potential to 
remobilize hillslope sediments surrounding lake basins (e.g., French and Guglielmin 
2000). It is therefore imperative that the disruptive effects of low-frequency geomorphic 
events on radionuclide inventories be carefully assessed through critical visual or 
microscopic (thin-section) examinations of sediment lithology. Where these deposits are 
identified, the possibility must also be considered that they have eroded underlying 
sediments, thereby removing (and redepositing elsewhere) a portion of the nuclide 
inventory (Francus et al. 1998). 
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In addition to physical processes, post-depositional resolubilization of 210Pb and 137Cs
may influence their distribution in lake sediments. This is especially the case for 137Cs,
which is more soluble and less reactive than 210Pb. Four pathways exist for the 
scavenging of excess 210Pb to sediments: (1) cation exchange and surface complexation 
with clay minerals; (2) binding with negatively-charged functional groups in organic 
matter; (3) adsorption to Fe and Mn oxides; and (4) formation of PbS. In the case of 
137Cs, only (1) and (2) apply. Thus, there are several conditions under which particulate 
210Pb and 137Cs can be remobilized. The presence of anions such as Cl-, HCO3

- and SO4
-2

can induce desorption of Pb from clays, whereas elevated NH4
+ concentrations have 

been shown to displace 137Cs from clay mineral surfaces (Evans et al. 1983). Although 
210Pb bound to particulate organic matter generally remains immobile once deposited, 
complexation of 210Pb and 137Cs with dissolved organic matter has been documented in 
Alaskan lakes and ponds (Cooper et al. 1995). 210Pb bound to Fe and Mn oxides may 
also be released under changing sediment redox conditions (Benoit and Hemond 1990; 
von Guten and Moser 1993; Balistrieri et al. 1995; Canfield et al. 1995). Furthermore, 
the oxidation of 210PbS can revert Pb to more soluble minerals such as anglesite (PbSO4)
and cerussite (PbCO3) (Vile et al. 1999). Clearly, any significant remobilization of 
sedimentary 210Pb and 137Cs through combinations of physical or chemical processes 
will hamper or preclude accurate age determinations. Unfortunately, at present there is 
insufficient quantification of the relative importance of these processes in high latitude 
lakes.

Figure 1. Latitudinal distribution and range (shaded area) of 210Pb activity in surface air (redrawn 
after Robbins 1978). 
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210Pb and 137Cs behaviour in high latitude environments

The largest single problem associated with 210Pb dating in polar regions is that of low 
(Douglas et al. 1994; Appleby et al. 1995) to undetectable (Doran et al. 1999; Hodgson 
et al. 2001) excess 210Pb activities in lake sediments. Two factors appear responsible for 
this. First, the release of 222Rn from soil decreases with latitude (Table 1), due to the 
influence of permafrost on retarding its diffusion to the atmosphere (Wilkening et al. 
1975; Baskaran and Naidu 1995). This results in low ambient 210Pb fluxes at high 
increasing latitudes, especially in the southern hemisphere where the ice-free landmass 
is already limited (Figure 1). Secondly, the persistence of lake ice for all but a few 
weeks of the year limits the efficiency with which atmospheric 210Pb is transferred to 
lake sediments. For this reason, the successful development of 210Pb and 137Cs
chronologies is compromised in perennially ice-covered lakes of the High Arctic and 
Antarctic, with the exceptions of sites that effectively integrate melt from largely 
glacierized catchments, or for which ice-marginal moats are sustained through the 
summer season (see Doran et al. 1999, 2000). However, such ecosystems occur in only 
the most extreme polar climates, implying that, while the caveats above still apply, the 
majority of high latitude lakes have sufficient exchange with the atmosphere for 
adequate 210Pb and 137Cs incorporation into sediments. While prolonged ice cover may 
indeed influence the transfer of radionuclides to lake sediments, it also reduces or even 
eliminates sediment redistribution by physical processes, while restricting benthic 
communities and hence bioturbation. Furthermore, most high latitude lakes are far 
removed from direct anthropogenic influences on sedimentation. In these ways, many 

Table 1. Estimates of 222Rn emanation and 210Pb production rates, with standard deviations shown 
in parentheses, where available. 

Location 222Rn flux 210Pb production rate 
(Bq m-2 d-1) (Bq m-2 d-1)

Temperate land surfacesa

Western Europe 1505 (429) 259 (74) 
Central Europe 1100 (427) 189 (73) 
Former U.S.S.R. (European)   587 (219) 101 (38) 
Former U.S.S.R. (Central Asia) 1029 (414) 177 (71) 
U.S.A. (central) 2200 (1158) 378 (199) 
U.S.A. (east) 2054 (1450) 353 (249) 
Hawaii   962 (1243) 165 (214) 
Arctic land surfaces 

Alaskaa   600 (112) 103 (19) 
Alaskab   599 n/a 
Russiac   327 n/a 
Canadad

  671 n/a 
aadapted from Appleby and Oldfield (1992) 
badapted from Kirichenko (1970) 
cadapted from Anderson and Larson (1974) 
dadapted from Wilkening et al. (1975) 
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high latitude lacustrine environments remain highly promising for 210Pb and 137Cs
geochronology, provided that sufficiently high-resolution sampling equipment (e.g., 
Glew 1988, 1989) is available to resolve radionuclide inventories in lakes typically 
characterized by extremely low sediment accumulation rates (i.e., < 10 to ca. 
50 cm ka-1). For example, in non-glacial arctic lakes the entire unsupported 210Pb
inventory is frequently contained in the uppermost 5 cm or less of the core (Douglas et 
al. 1994; Bindler et al. 2001), mandating great care in sample collection and core 
sectioning.

Case studies 

Varves, or annually-deposited couplets of sediment laminae, provide the strongest 
independent chronometer against which 210Pb- and 137Cs-based ages for recent 
sediments can be rigorously assessed. Only recently have varved sediments been 
identified from lakes in the Canadian Arctic, and for the most part the confirmation of 
their annually-laminated character has relied on short-lived radioisotopes (Lamoureux 
2001). In cores from non-glacial lakes on Ellesmere (82°50’N, 78°00’W) and Devon 
(75°34’N, 89°19’W) islands, respectively, Zolitschka (1996) and Gajewski et al. (1997) 
were the first to produce sufficiently close correspondence between varve and 210Pb
chronologies to ascertain that couplets are in fact annual. Hughen et al. (2000) have 
documented even tighter correlations between 210Pb ages and varve counts in sediments 
from Upper Soper Lake on southern Baffin Island (62°55’N, 69°53’W), which have 
further been supported by correspondence between peak 239+240Pu activity and the 
1962-1964 varve years in a second core (Figures 2A and B). 239+240Pu is another 
anthropogenic by-product of nuclear testing, with a stratigraphic behaviour that mirrors 
that of 137Cs (Ketterer et al. 2002). 

But more complicated results have also emerged. Varve, 210Pb, and 137Cs chronologies 
from Nicolay Lake on Cornwall Island (Lamoureux 1999a,b) exhibit three distinct 
stages of concordance: (1) excellent accord between varves and isotopes from the 
surface to ca. 10 cm, which includes the 1963 137Cs peak; (2) progressive divergence of 
varve and 210Pb chronologies to a depth of ca. 17 cm; and (3) a consistent 35-year offset 
below 15 cm (Figure 2C). Given that the 1963 and 1986 (Chernobyl) 137Cs peaks are 
separated by 23 couplets, and that the slopes of 210Pb and varve-based depth-age curves 
are identical below 17 cm, a compelling case can nonetheless be made that the 
sediments are indeed varves. The interval of pronounced divergence, in which 210Pb 
dates appear younger than the varves, is believed to reflect reduced clastic dilution of 
sediment 210Pb and hence higher 210Pb activity relative to adjacent levels, given that this 
interval is characterized by a reduction in couplet thickness (Lamoureux 1999b). 

In addition to strictly geochronological applications, 210Pb and 137Cs distributions may 
provide broader environmental inferences concerning sedimentary processes in high 
latitude lakes. For example, Hermanson (1990) measured 210Pb and 137Cs in multiple 
sediment cores from Imitavik and Annak lakes on Flaherty Island, the largest of the 
Belcher Islands in southeastern Hudson Bay (56°53’N, 79°25’W). Although each of 
seven cores analysed from Imitavik Lake showed good correspondence between 137Cs
and unsupported 210Pb, the three shallowest of these have significantly greater 
inventories than the four cores from deeper water, contrary to the predicted radionuclide 
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distribution if sediment focussing was preferentially moving flocculent material to the 
deepest portions of the lake. Instead, the anomalously large radionuclide inventories 
originate from regions of the lake that undergo periodic bottom-freezing. Hermanson 
(1990) suggests that significant transport of sediments frozen to the base of floating ice 
pans may effectively redistribute 210Pb, leading to preferential accumulations in shallow 
zones of the lake. Although this type of defocusing may be common in some shallow 
arctic lakes and ponds, it need not disrupt the overall stratigraphic integrity of 210Pb 
profiles. For example, shallow ponds on Ellesmere Island that freeze solid each winter 
nonetheless preserve intact 210Pb inventories, despite the influence of bottom-freezing 
(Douglas et al. 1994). 

Annak Lake, a small pond used to treat sewage from the nearby Inuit hamlet of 
Sanikiluaq, was also cored by Hermanson (1990) to investigate potential anthropogenic 
influences on sediment 210Pb distribution. Although the 137Cs profile from this core 
verifies its overall stratigraphic integrity, 210Pb activities decline sharply above 5 cm 
(Figure 3A). This closely matches the establishment of Sanikiluaq in 1968. Although 
the flux of 210Pb to the lake has remained constant since the community’s inception, as 
indicated by the results from adjacent Imitavik Lake, 210Pb has progressively become 
diluted by organic matter associated with sewage treatment. Annak Lake provides one 
of the first records of point-source pollution in an arctic lake, as well as a cautionary 
notice regarding anthropogenic effects on sediment 210Pb profiles. 

But dilution of sediment 210Pb activity is not solely associated with anthropogenic 
activity. For example, at Skardtjørna, a small coastal lake on western Svalbard 
(Spitsbergen; 78°00’N, 13°40’E), episodic reductions of sediment 210Pb activity 
preclude straight-forward modeling of isotopic decay (Figure 3B; Holmgren et al. 
unpublished data). However, the profile of 137Cs remains robust and interpretable, 
implying that the core retains stratigraphic integrity despite these 210Pb reversals. This 
implies that the 137Cs signal is less susceptible than 210Pb to short-term variations of 
sediment input at this site, likely because of efficient 137Cs sorption to mineral phases in 
these largely inorganic (< 3% total C) sediments. An abrupt decline in diatom 
concentrations closely matches the 210Pb anomaly between 9 and 12 cm, confirming the 
dilution of autochthonous sediment constituents by inputs of inorganic material that 
incompletely scavenges 210Pb. This is attributed to accelerated rates of allochthonous 
sediment transfer during these episodes. Indeed, sediment accumulation rates since ca. 
1960 at Skardtjørna are several times higher than the Holocene mean, even when 
corrected for the higher water content of surficial sediments. Possibly, increased erosion 
and mass movement may be associated with recent pan-Arctic warming (Overpeck et al. 
1997). The results from Skardtjørna, as well as additional sites on Svalbard (Appleby 
2004) illustrate the opposite phenomenon to that depicted in Figure 2C, where a 
reduction in mass sedimentation has led to relative 210Pb enrichment and, consequently, 
an underestimation of true (varve) age. The recommendation is that, in all 
investigations, the sensitivity of 210Pb activity and derived chronologies to rapid changes 
in sedimenation must be verified. 

Although measurements of 210Pb and 137Cs are most commonly performed on single 
cores that are assumed to represent average depositional conditions in a given lake 
basin, the few studies where multiple cores have been analysed generally reveal that 
sedimentation is far more complex than what may be inferred from a single core. For 
example, the distribution of 137Cs in multiple cores from Toolik Lake, Alaska (68°38’N, 
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Figure 2. Comparisons of short-lived radionuclide activities and their derived chronologies to 
varve counts. (A) 210Pb activity versus depth for Upper Soper Lake core 93-7 showing the 
excellent agreement between model 210Pb age and varve age-depth relationships. (B) 239+240Pu
activities versus depth for adjacent core 93-6, showing the degree of concordance between peak 
139+140Pu activity and the 1963 varve year. Both cores indicate average sediment accumlation rates 
of ca. 0.17 cm yr-1. (A) and (B) are adapted and redrawn after Hughen et al. (2000). (C) 137Cs
activity (left panel) and comparison of model 210Pb and varve ages (right panel) for Nicolay Lake 
core NL-2. Peak 137Cs activity provides a closer match to the varve chronology than does the CRS 
210Pb model, suggesting sensitivity of the latter to sedimentation rates, while confirming the 
annual cyclicity of couplets. Further divergence occurs below 8 cm, where varve thicknesses 
decrease, resulting in a fairly consistent ca. 35-year offset between chronometers below 15 cm. 
Adapted and redrawn from Lamoureux (1999a,b). 
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Figure 3. (A) Loss-on-ignition (LOI, an estimate of organic matter content), 137Cs activity, and 
excess 210Pb from Annak Lake core A-2 in the Belcher Islands, Canada (redrawn after Hermanson 
1990). The arrow indicates the year 1968 according to CRS 210Pb age modeling. This is also the 
year the hamlet of Sanikiluaq was established, resulting in effluent that has diluted recent 
sediment 210Pb activities above 5 cm in the core. The dashed line approximates decay of the 
unsupported 210Pb inventory and highlights the marked deviation from natural behaviour in near-
surface sediments. (B) Down-core 137Cs and 210Pb activities from Skardtjørna on 
Nordenskiöldkysten (Spitsbergen, Svalbard), shown alongside diatom valve concentrations. The 
shaded areas indicate dilution of the 210Pb signal due to increased siliciclastic sedimentation, as 
indicated most notably by the striking decline of diatom numbers between 9 and 12 cm. However, 
this dilution does not mask the prominence of the 137Cs peak. Dilution of 210Pb is also evident in 
the uppermost 4 cm of the core, but appears less extreme than the lower event. Note how removal 
of the shaded areas results in a more typical profile of down-core 210Pb activity. 
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149°39’W), indicate preferential radionuclide accumulation near the lake’s inflow 
(Cooper et al. 1995). This pattern is associated with enhanced fluxes of dissolved 
organic matter near the inflow, and its efficient scavenging of 137Cs from adjacent 
tundra. However, considerable spatial variability in 137Cs activities coupled to relatively 
large inventories imply that this is not the sole process involved, and that some degree 
of post-depositional Cs redistribution occurs in Toolik Lake. One possibility is that 
137Cs distributions are modulated by high soil ammonia concentrations under reducing 
conditions, resulting in competition between ammonium and Cs ion binding sites (e.g., 
Evans et al. 1983). More detailed studies of the nature of Cs binding to organic matter in 
arctic ecosystems are clearly needed to resolve questions concerning post-depositional 
mobility. 

Although few studies have addressed sources and fluxes of minerogenic sediments 
entering high-energy proglacial lakes using 210Pb and 137Cs, the methodology appears to 
have considerable promise. By comparing sediment 137Cs inventories between an ice-
contact lake and another one 5 km downstream of the Mittivakkat Glacier, southeast 
Greenland (65°40’N, 38°11’W), Hasholt et al. (2000) have quantified the direct 
influences of ice-proximal processes such as calving and ice-rafting on recent 
sedimentation. Although sedimentation rates are one to two orders of magnitude greater 
in the ice-contact lake, well-defined subsurface 137Cs peaks are nonetheless identifiable 
in six of eight cores. Predictably, 137Cs inventories nearest to the calving margin are 
greatly reduced by comparison to the main basin, demonstrating the effective dilution of 
137Cs by subglacially-derived sediments characterized by limited exchange with recent 
atmospheric fallout. This study illustrates that applications of 210Pb and 137Cs
geochronology need not be restricted to quiescent, low-energy lacustrine environments. 

Additional considerations

High latitude lakes present several challenges to successful applications of 210Pb and 
137Cs dating. Permafrost reduces 222Rn exhalation from arctic and antarctic land surfaces 
so that most atmospheric 210Pb originates from lower latitudes, resulting in reduced 
210Pb fallout over polar regions. Furthermore, stratospheric air masses may provide 
additional transport mechanisms for 210Pb to both the Arctic (Dibb et al. 1992) and the 
Antarctic (Pourchet et al. 1997), implying that a substantial (but as yet not quantified) 
fraction of the 210Pb flux to lake sediments depends on stratosphere-troposphere 
exchange processes. The additive effects of low atmospheric fluxes and severe lake ice 
regimes may, at their most extreme, preclude 210Pb and 137Cs from reaching lake 
sediments. However, in most cases where measurable 210Pb and 137Cs activities occur, 
their profiles may allow precise quantifications of sedimentation rates, and a variety of 
inferences concerning sedimentary processes. Ice cover may substantially reduce wave 
and current activity, resulting in more accurate 210Pb and 137Cs ages and accumulation 
histories. These conditions should prove conducive to future investigations of the 
chemical remobilization of these radionuclides. A final effect of ice cover is its role in 
the creation of complex and spatially heterogeneous sedimentary environments that 
integrate aeolian, colluvial, and/or ice-rafted materials, together complicating the 
evaluation of basin-wide sedimentation. Unlike sediment focussing, which is fairly well 
constrained (Rowan et al. 1995), deposition of sediments entrained on or within lake ice 
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remains largely unknown. By collecting and analysing multiple cores from both shallow 
and deep locations within the lake, 210Pb and 137Cs methods may provide greater insight 
into the sedimentation processes and into the large scale dynamics of high latitude 
lacustrine environments. 

Radiocarbon dating

Radiocarbon (14C, t1/2 = 5730 yr) is the primary geochronometer for lake sediments 
beyond the range of 210Pb and younger than ca. 40,000 yr. Radiocarbon is produced by 
cosmic ray bombardment of 14N in the upper atmosphere, where it is rapidly oxidized to 
14CO2. A poleward reduction of geomagnetic shielding, coupled to higher cosmic ray 
neutron densities near the geomagnetic poles, results in some degree of latitudinal 
variability in 14C production rates. However, 14CO2 is sufficiently well mixed and has a 
long enough atmospheric residence time to minimize this effect, particularly in the 
lower atmosphere where it enters the planetary carbon cycle. The fundamental 
assumption in radiocarbon dating is that metabolic uptake of 14C, primarily by 
photosynthesis, occurs in equilibrium with atmospheric 14C while the organism is alive. 
Once metabolism ceases upon death, decay of 14C in organic tissues is initiated. The 
residual 14C content in organic matter is the basis for its radiocarbon age, assuming that 
C isotopic composition has not been altered subsequent to death. The history and 
development of 14C dating can be read from many sources (e.g., Polach 1988; Taylor et 
al. 1992), and succinct reviews of the technique exist (e.g., Taylor 1992). Conventions
for the expression of sample 14C activities as radiocarbon ages are provided by Stuiver 
and Polach (1977). 

The advent and refinement of direct 14C measurement by accelerator mass 
spectrometry (AMS) has revolutionized radiocarbon dating over the last two decades 
(Linick et al. 1989; Stafford et al. 1991). In paleolimnology, AMS has essentially 
supplanted conventional dates obtained by -decay counting. This is because AMS 
enables much smaller samples (by as much as 6 orders of magnitude) to be analysed 
with precision. This is especially relevant for high latitude lakes characterized by low 
sediment accumulation rates, because the advantage of dating small samples is directly 
conveyed to the possibility of attaining high resolution chronostratigraphy. Furthermore, 
AMS has created new horizons with the ability to target discrete fractions of a given 
sediment, such as chemically extracted and purified organic macromolecules (Eglinton 
et al. 1997; Hwang and Druffel 2003) and particulate nanno-fractions including pollen 
(Mensing and Southon 1999) and insect chitin (Jones et al. 1993; Hodgins et al. 2001; 
Fallu et al. 2004). AMS has also refined studies of modern carbon cycling at the 
ecosystem scale, largely because anthropogenic 14C from thermonuclear testing in the 
1960s provides a useful signature for tracking the movement of newly accrued C in soil 
and biomass (Richter et al. 1999; Neff et al. 2002). Unfortunately, detailed studies of 
this type are still lacking for most high latitude terrestrial and aquatic ecosystems, the 
exceptions being Abbott and Stafford’s (1996) research on Baffin Island, and Doran et 
al.’s (1999) work in the McMurdo Dry Valleys of Antarctica. 

As a result of the expanded analytical capability afforded by AMS, it is an 
increasingly common strategy to date several individual fractions from the same depth 
in a sediment core (e.g., MacDonald et al. 1987; Lowe et al. 1988; Björck et al. 1998; 



30 WOLFE, MILLER, OLSEN, FORMAN, DORAN AND HOLMGREN 

Turney et al. 2000; Nilsson et al. 2001; Fallu et al. 2004). This approach is of great 
assistance in the critical selection of fractions most likely to produce accurate ages. In 
addition to being conducive to more robust sediment chronologies, in many instances 
the dating of multiple fractions also provides useful information on changes in lake 
basin carbon dynamics over time. For high latitude lake sediments, the following 
general guidelines have emerged. In regions underlain by crystalline bedrock 
lithologies, where hardwater effects are negligible, autochthonous aquatic macrofossils 
are an appropriate target for AMS 14C dating, because lake waters are generally 
equilibrated with the atmosphere with respect to their 14C activities. For hardwater 
lakes, terrestrial plant macrofossils or pollen are the most desirable targets for AMS 14C
dating, although the possibility of macrofossil redeposition from older sediments 
certainly exists (Lozhkin et al. 2001). Of all datable organic fractions, terrestrial plant 
material is clearly the most directly linked to atmospheric CO2 in the metabolic sense. 
However, slow rates of organic matter decomposition result in a reservoir of plant 
macrofossils that may yield apparent 14C ages hundreds to thousands of years too old 
(Oswald et al. 2004). In almost all cases, the least reliable fraction for 14C dating is 
undifferentiated organic matter from bulk sediment. This is because most bulk 
sediments comprise highly heterogeneous admixtures, in age and composition, of 
organic carbon. Clear warnings have been issued concerning problems associated with 
dating bulk sediments (Nelson et al. 1988; Colman et al. 1996), including specific 
examples from oligotrophic arctic lakes (Snyder et al. 1994; Child and Werner 1999; 
Gajewski et al. 2000). The practice of dating bulk sediments, whether by AMS or 
conventional counting, cannot be recommended under most circumstances. 

The targeting of optimal carbon-bearing targets for AMS 14C of arctic lake sediment 
has transformed the temporal control from an inherently uncertain effort with typical 
uncertainties in core chronologies of more than 1000 years, to a more reliable and more 
accurate science. Arctic and antarctic lake sediments have provided several challenging 
complications for dating. First, terrestrial plant production is low, so that terrestrial 
macrofossils are usually scarce. Moreover, the presence of permafrost and low 
temperatures, even in the active layer, retards the decomposition of what little terrestrial 
organic carbon is present, so that fluxes of old organic carbon are present in most 
catchments. Because low primary production is also the rule for high latitude lakes (e.g., 
Flanagan et al. 2003), the autochthonous carbon flux to sediments is also low, which 
increases the potential magnitude of contamination effects by ancient carbon derived 
from a variety of allochthonous sources. These sources include (1) dissolved organic 
carbon (DOC) sequestered from lake catchments; (2) dissolved inorganic carbon (DIC) 
from the weathering of carbonate-rich bedrock and surficial deposits; (3) particulate 
organic carbon (POC) including undecomposed plant tissues, as well as older materials 
such as pre-Quaternary palynomorphs and coal. The latter may be important in regions 
where poorly consolidated outcrops of Mesozoic-Cenozoic strata occur. In some cases, 
the input of DIC that is influenced by ancient CO2 in glacial ice must also be 
considered. Most of these problems are discussed in greater detail elsewhere (Björck et 
al. 1991; Snyder et al. 1994; Gajewski et al. 1995; Hall and Henderson 2001). We 
emphasize that, despite abundant sources of carbon depleted in 14C, radiocarbon dating 
of high latitude lake sediments can be optimized through careful selection of a subset of 
the total carbon pool preserved in the sedimentary record. Only polar lakes that are 
completely isolated from the atmosphere by perennial ice cover and thus do not 
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exchange 14CO2 (Blake 1989), and extreme hardwater lakes in carbonate terrain lacking 
terrestrial macrofossils, produce essentially intractable settings for radiocarbon dating. 

Rather than providing an exhaustive review of the evolving body of literature 
concerning applications of 14C dating to high latitude lakes, much of which has been 
treated in detail by Björck and Wohlfarth (2001), we provide instead a compilation of 
published and unpublished results from our ongoing research that serves to illustrate 
several facets of the application of AMS 14C to dating arctic and antarctic lake 
sediments. Unless indicated, all previously unpublished radiocarbon measurements are 
reported as uncalibrated 14C years using the Libby half-life of 5568 years, and corrected 
for fractionation effects. 

Radiocarbon geochemistry of arctic and antarctic lakes

The geochemistry of radiocarbon in modern arctic and antarctic lake systems is 
illustrated schematically in Figure 4. Whereas lakes on Baffin Island are seasonally 
open to the atmosphere, surrounded by herbaceous heath tundra, and underlain by 
crystalline bedrock, the McMurdo Dry Valley lakes have permanent ice cover, are 
glacier-fed or glacier dammed, and are surrounded by polar desert. The comparative 
radiocarbon geochemistry of these modern systems pertains directly to the dating of 
their sediment records. 

14C-depleted organic material at 
depths well above the permafrost table (i.e., 4 cm; Figure 4A). Individual soil organic 
fractions increase in age with depth without exception, indicating that permafrost 
restricts their vertical migration in the soil profile, in sharp contrast to the mobility of 
organic C observed in temperate peatlands (Charman et al. 1999). Because the 
decomposition of terrestrial organic matter is comparatively much slower on Baffin 
Island, there is evidence of 14C depletion in both POC and DOC pools in modern 
streams and lakes by as much as 20% relative to the atmosphere. Despite this, 
photosynthetic organisms in Baffin Island lakes (moss and algae) remain equilibrated 
with the atmosphere (Table 2). Only one of eight modern plant samples from six 
different lakes (all on crystalline bedrock) resulted in a 14C activity significantly 
different from the atmosphere at the time they were collected. These data suggest that, 
despite the short ice-free season, most arctic lakes exchange 14C with the atmosphere 
efficiently. The single depleted sample of modern photosynthate suggests that algae 
may occasionally incorporate some old C. This is most likely the result of DOC 
metabolism, resulting in a depletion of up to 10% relative to the atmosphere. However, 
relative to living plants and algae, 14C depletion is consistently more pervasive in 
detrital and dissolved organic C pools. This necessarily reflects photosynthetic 
assimilation of DIC, which is modulated by wind mixing of surface waters. Metabolism 
of DOC must be either secondary or insignificant as a carbon source to the modern plant 
samples in our data set. Summarily, despite the presence of old carbon in soils and its 
potential influence on several organic C pools in streams and lakes, there is acceptable 
overall equilibration with respect to atmospheric 14C, as the grand mean 14C activity of 
modern stream, lake and snowpack POC and DOC is Fm (fraction modern) 
= 1.06 ± 0.078 (n = 11). When algae and moss are added to this total, the mean 
increases to Fm = 1.08 ± 0.084 (n = 18). 

    On Baffin Island, soils have near surface pools of 
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Figure 4. Synthesis of radiocarbon geochemistry for lakes, lake inputs, and catchment soils on 
southern and east-central Baffin Island (A) and the McMurdo Dry Valley lakes of Antarctica (B). 
Most results are reported as Fm (fraction modern) with radiocarbon ages in parentheses when 
different from modern. Soil data in (A) are also in radiocarbon years before present. For pools 
with several individual measurements, the range of results is shown, which is more informative 
than the mean in terms of assessing degrees of potential contamination. Data for Baffin Island are 
from Abbott and Stafford (1996), Miller et al. (1999), and previously unpublished results, 
integrating measurements from seven lake basins on Meta Incognita, Hall, and Cumberland 
peninsulas (Avataq, Brevoort Water, Dyer Lower Water, Meech, Robinson, Totnes, and Tuktu 
lakes). Because all of these lakes are located on Precambrian crystalline bedrock, only DIC values 
from soft-water lakes (Robinson and Dyer Lower Water) are used (Table 3). Data from Antarctica 
are mostly from Doran et al. (1999, 2003), and include results from lakes Bonney, Fryxell, Hoare, 
and Vida. DOC values are from Aiken et al. (1996) and are limited to Lake Fryxell. Bottom water 
DIC 14C activity from this lake is not shown due to apparent accidental contamination (Doran et 
al. 1999). 
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Table 2. Radiocarbon activities of modern plants and algae from several Baffin Island lakes 
(Abbott and Stafford 1996; Miller et al. 1999). All samples have Fm > 1, and therefore contain 
bomb radiocarbon. The most common aquatic moss species is Warnstorfia exannulata.

Lake
Year

collected 
Material

14C activity 
(Fm)

Lab. accession 
no.

Totnes 1993 moss 1.1514 ± 0.0112 CAMS-7780 

Robinson 1993 moss 1.1788 ± 0.0077 CAMS-11334 

Brevoort Water 1990 moss 1.1867 ± 0.0094 AA-6532 

Avataq 1989 moss 1.2157 ± 0.0074 AA-5476 

Tuktu 1989 moss 1.1651 ± 0.0070 AA-5252 

Tuktu 1989 rooted aquatic vascular plant 1.1841 ± 0.0078 AA-5253 

Tuktu 1989 algal filaments 1.1536 ± 0.0096 AA-7006 

Meech 1989 algal filaments 1.0363 ± 0.0095 AA-7003 

Mean ± 1     1.1590 ± 0.0537 

The 14C activities of lake water DIC and mosses living in this water are available for 
three lakes from Arctic Canada, two in crystalline terrain, and one in carbonate bedrock 
(Table 3). In both lakes underlain by crystalline lithologies, lake water DIC and living 
moss 14C activities have reasonable concordance, which suggests the mosses represent 
appropriate targets for 14C dating in these systems. In our sole carbonate system (Hall 
Beach #1), which was sampled in early June near the end of the ice cover season, DIC is 
clearly influenced by contributions from 14C-depleted carbonate bedrock, resulting in an 
apparent age for late-winter water of almost 9000 years. However, moss collected at the 
same time from the same lake has no apparent hardwater effect and is nearly 
equilibrated with the atmosphere. The only tenable explanation for this result is that 
DIC from carbonate weathering accumulates beneath the ice during winter, when lake 
overflow ceases, but is rapidly flushed from the lake during snowmelt, when the lake’s 
water is recirculated and replaced. By the time seasonal moss growth begins, the DIC 
pool that was exploited metabolically had become largely re-equilibrated with the 
atmosphere. Of course, such findings must not be considered universal. For example, in 
hardwater seepage lakes, aquatic mosses are likely to remain susceptible to hardwater 
effects (MacDonald et al. 1991). Thus, our results suggest that the presence of carbonate 
bedrock does not necessarily preclude aquatic plants as potential 14C targets. On the 
contrary, our results from Baffin Island suggest that aquatic mosses are optimal dating 
targets irrespective of catchment lithology, provided that the lakes are well-mixed 
during the growing season. This conclusion can be generalized, given that aquatic plants 
have been shown to be suitable for 14C dating in lake sediments from western (Willemse 
2002) and southern (Björck et al. 2002) Greenland, as well as soft-water lakes on the 
Antarctic Peninsula (Björck et al. 1991). 

In the McMurdo Dry Valleys, the situation is considerably more complicated (Figure 
4B). First, there are two additional sources of old DIC: glacial meltwater and pedogenic 
carbonate. Both of these pools are several millennia in 14C age. Although stream DIC is 
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clearly influenced by these sources, especially since all lakes are glacially-fed, there is 
strong evidence for the progressive re-equilibration of stream DIC with distance from 
the glacier (Doran et al. 1999 and unpublished data). As a consequence, and perhaps 
surprisingly, several pools have produced modern 14C activities: stream, lake margin, 
and lake ice microbial mats, as well as DIC and DOC samples collected immediately 
beneath lake ice. Given the sheer abundance of 14C-depleted materials in these 
catchments, these results are quite remarkable, as they suggest that: (1) soil carbonate 
dissolution in stream beds does not significantly affect DIC 14C activity; and (2) steep 
localized gradients in aquatic 14C activity are present. 

Table 3. Radiocarbon activities of modern moss and late-winter water column DIC (collected 
under ice in May-June, 1993) from three Baffin Island lakes. Only the Hall Beach site is underlain 
by carbonate bedrock (Paleozoic limestone). 

Lake Material 
14C activity 

(Fm)
14C age 

Lab. accession 
no.

Robinson moss 1.1788 ± 0.0077 modern CAMS-11334

Robinson DIC 1.1125 ± 0.0074 modern CAMS-12258

Dyer Lower Water moss 1.0607 ± 0.0072 modern CAMS-12293

Dyer Lower Water DIC 1.1079 ± 0.0073 modern CAMS-12259

Hall Beach #1 moss 1.1298 ± 0.0076 modern CAMS-12295

Hall Beach #1 DIC 0.3278 ± 0.0115 8960 ± 290 CAMS-12260

The second major complication is that these lakes have residence times in the order of 
millennia. Thus, DIC, DOC and POC pools are all severely depleted in 14C, especially 
in water depths > 5 m. However, a microbial mat at 12.5 m in the ice cover over Lake 
Vida, Victoria Valley (77°23’S, 161°45’E) has a 14C age of 2770 yr BP while 
preserving cyanobacterial cells that are viable upon thawing (Doran et al. 2003). In Lake 
Fryxell (77°37’S, 163°09’E), the upwards diffusion of relict DOC from ancient bottom 
waters (ca. 3000 yr) has been invoked to reconcile the gradient in water column 14C
activity (Aiken et al. 1996). However, there is evidence for periodic incursions of 
younger waters into the hypolimnion, perhaps associated with brine exsolution events 
when littoral moats refreeze at the end of summer. Despite these factors, the simplest 
explanation for hypolimnetic DIC and DOC dates is that they approximate the actual 
age of the water. Thus, water ages can be used to infer minimum ages for the last major 
disruption of water column stability associated with lake-level lowering. For example, 
in lakes Hoare (77°38’S, 162°55’E) and East and West Bonney (77°43’S, 162°20’E), 
the last major drawdowns appear no younger than 1100, 8000, and 23,000 yr BP, 
respectively (Doran et al. 1999 and unpublished data). 

Can cores from the Dry Valley lakes of Antarctica be dated with radiocarbon? Eight 
dates have been obtained on discrete microbial mat horizons in a core from Lake Hoare 
(Figure 5). Because the core was retrieved by SCUBA with an intact sediment-water 
interface, the surface mat is presumed modern, despite producing a 14C age of 2600 yr 
BP. The remaining dates progressively increase downcore to 4650 yr BP, with a single 
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reversal near the base (Doran et al. 1999). Collectively, these dates result in a linear 
sediment accumulation rate of 15 cm ka-1 (r2 = 0.97; n = 8), providing an estimated 
basal age for the core of ca. 2400 yr BP. This accumulation rate is comparable to earlier 
estimates based on fewer dates (Squyres et al. 1991). Clearly, the radiocarbon-inferred 
sedimentation history of Lake Hoare must be viewed as a first approximation. Indeed, it 
is somewhat disquieting that the 14C-based sediment accumulation rate produces a basal 
age that is somewhat younger (ca. 2400 yr) than the 14C age of the sediment-water 
interface (2600 yr BP). On the other hand, the possibility that the lake’s sediments have 
maintained a more or less constant old carbon effect of ca. 2600 yr during the late 
Holocene cannot be dismissed, given that hypolimnetic DIC has an apparent age of 
2670 yr BP (Doran et al. 1999). 

Figure 5. Radiocarbon age determinations from microbial mats in a SCUBA-collected core from 
Lake Hoare, McMurdo Dry Valley, Antarctica (Doran et al. 1999). Although the dates can be 
fitted satisfactorily by linear interpolation, this assumes that the large 14C age offset of modern 
microbial mat (ca. 2600 yr) has remained constant over the late Holocene. 

Humic acid 14C dating: panacea or further complication?

As outlined above, macrofossils are rare in many high latitude lake sediments, yet the 
dating of bulk sediment is clearly undesirable due to the compounded effects of long 
residence times for terrestrial carbon and low accumulation rates for autochthonous 
organic matter. Based on a series of paired dates (Table 4), Abbott and Stafford (1996) 
have shown that lake sediment humic acid extracts (HA: the base-soluble, acid-
precipitated fraction of organic matter) produce AMS 14C dates that are consistently 
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younger than other fractions, including bulk sediment, fulvic acids (the unprecipitated 
base-soluble fraction), and humins (acid-soluble). They consider that, next to terrestrial 
macrofossils, HA provide the most reliable dating target for the following reason. 
Although a proportion of HA is undeniably terrestrial in origin, there are strong 
geochemical indications that much of the HA in lake sediments have aquatic precursors 
(Nissenbaum and Kaplin 1972; Ishiwatari 1985), especially at high latitudes where 
terrestrial plant biomass is minimal (McKnight et al. 2001). One consequence of this 
ancestry has direct implications for radiocarbon dating: the aquatic HA pool can be 
rapidly delivered to sediments given a simplified depositional trajectory that involves 
degradation of organic matter from and in the water column, followed by the in situ

polymerization of HA. Humic acids are also sufficiently abundant for AMS 14C dating 
in almost all lake sediments, which may also reflect their predominantly aquatic origin. 

Table 4. Radiocarbon ages of discrete sediment fractions in a core from Baby Tuktu Lake, 
southern Baffin Island (Abbott and Stafford 1996). 

Depth
(cm)  

Humic 
acid

14C age 

Lab.
accession

no. 

Bulk
sediment 
(< 63µm) 

14C age 

Lab.
accession

no. 

Humin 
14C age 

Lab.
accession

no. 

Fulvic
acid

14C age 

Lab.
accession

no.

  1.0-2.0 1045 ± 50 AA-6026 1065 ± 50 AA-6045 1085 ± 60 AA-6038 n.a. n.a.

40.0-41.0 3015 ± 50 AA-6027 3420 ± 50 AA-6046 3230 ± 70 AA-6039 3385 ± 50 AA-6031

71.0-72.0 5675 ± 90 AA-6028 6040 ± 70 AA-6047 6260 ± 80 AA-6040 n.a. n.a.

76.0-77.0 6160 ± 90 AA-6029 6445 ± 90 AA-6048 6950 ± 70 AA-6041 n.a. n.a.

We have evaluated the precision of HA dates with a series of dates on 
stratigraphically adjacent HA extracts from Robinson Lake, Baffin Island (63°24’N, 
64°16’W). In all four pairs, the lower of the two is always older (Figure 6A). Indeed, in 
Baffin Island lake sediments we have observed fewer reversals in HA 14C dates than in 
macrofossil dates, irrespective of sediment accumulation rate. We have also noted that 
in older sediments approaching the limit of 14C dating, both HA and macrofossils 
become nonfinite (i.e., 14C depleted beyond instrument detection) at the same 
stratigraphic levels, lending further support to the contention that HA is immobile 
within the sediment column (Table 5). The higher molecular weight of HA relative to 
other humic fractions is likely to both promote its deposition and restrict its post-
depositional mobility. 

In resolving the question of accuracy, however, HA chronologies must be anchored to 
dates based on materials that are more directly associated with atmospheric 14CO2,
namely plant macrofossils. We have accumulated a set of paired dates from HA and 
macrofossils (Table 5, Figure 6B). Macrofossils are on average younger than HA, which 
reflects the lag time associated with the sequestration of the terrestrial fraction of HA to 
lake sediments. The magnitude of this lag depends on several factors, including the 
status of catchment vegetation, soils, and hydrology, as well as climate and basin 
topography. Furthermore, as the ontogeny of a given lake continues, so too will the 
relationship between autochthonous and allochthonous organic matter contributions to 
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lake sediments. For example, it is only in the early postglacial (> 9000 14C yr BP) that 
we have encountered sediments from which macrofossils produce older 14C dates than 
HA (Figure 6B), likely resulting from unresolved combinations of: (1) plants 
metabolizing DIC that is influenced by glacial melt; (2) redepositon of macrofossils 
from older deposits; and (3) the absence of an accumulated soil carbon pool during 
initial stages of ecosystem development. There is strong independent support for the 
importance of the latter phenomenon: at Kråkenes in Norway (62°02’N, 5°00’E); for 
example, there is no detectable offset between plant macrofossil and HA 14C dates 
during the Younger Dryas chron (Gulliksen et al. 1998). In contrast, the age offset 

Figure 6. Radiocarbon age determinations on humic acid extracts from adjacent 1 and 2 cm slices 
in Robinson Lake core 91-RL4 (A). In every case the age of HA increases with depth, indicating 
little or no migration within the sediment column and testifying to the technique’s high level of 
precision. Original data are from Miller et al. (1999). In (B), the temporal evolution in the offset 
between paired humic acid and macrofossil 14C dates is represented, using data from Table 5. The 
correction factor of 300 ± 300 years is shaded. 
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Table 5. Paired radiocarbon ages of macrofossils and humic acid extracts from five lakes on 
Baffin Island and one (Qipisarqo) in southwestern Greenland, arranged by increasing macrofossil 
age. The italicized mean and SD are for the subset that excludes pairs where humic acids are 
younger than macrofossils.

Lake Depth in 
core (cm)  

Macrofossil
radiocarbon

age

Lab.
accession

no. 

Humic acid 
radiocarbon

age

Lab.
accession

no. 

Humic acid 
macrofossil 

offset

Robinson 0.0-2.0 modern1 CAMS-11334 505 ± 70 CAMS-11127 505 

Birch 8.0-9.0 1000 ± 50 OS-25908 1700 ± 45 OS-25910 700 

Birch 28.0-29.0 2270 ± 60 OS-25911 2840 ± 55 OS-25912 570 

Qipisarqo 130.0-132.0 5610 ± 60 OS-25736 5840 ± 60 OS-25735 230 

Fog 45.5-46.5 6150 ± 70 CAMS-30535 6320 ± 50 CAMS-30534 170 

Robinson 64.0-66.0 7670 ± 85 AA-7589 8245 ± 85 AA-9002 575 

Birch 79.5-80.5 7670 ± 60 OS-17680 7330 ± 95 OS-20406 340 

Amakuttalik 208.0-209.0 9000 ± 60 CAMS-27574 9620 ± 60 CAMS-27264 620 

Robinson 94.0-96.0 9335 ± 80 AA-9012 9145 ± 65 AA-9005 -190 

Robinson 96.0-98.0 9575 ± 95 AA-9011 9235 ± 80 AA-9006 -340 

Robinson 110.0-112.0 10,160 ± 145 AA-9013 9955 ± 130 AA-9007 -205 

Donard 352.0-353.0 12,600 ± 60 CAMS-23555 11,970 ± 60 CAMS-23554 -630 

Fog 110.0-111.0 > 52,200 CAMS-28652 > 44,400 CAMS-31808 n/a 

     mean: 195 (464)

   SD: 438 (193)
1 Fm = 1.1788      

between HA and macrofossil dates increases with age in late-Wisconsinan sediments 
from Arolik Lake in Alaska (59°28’N, 161°07’W), implying the presence of a 
significant pool of ancient soil HA (Kaufman et al. 2003). 

As a first-order solution, we correct for the average influence of aged terrestrial HA in 
Baffin Island lakes by subtracting 300 years from HA 14C dates (Miller et al. 1999; 
Kaplan et al. 2002; Wolfe 2002, 2003). Two examples of this practice are illustrated on 
Figure 7, demonstrating its apparent suitability in this region. For example, the 
parabolic curves fitted to the corrected and calibrated dates on Figure 7 have not been 
forced through the origin, but intersect it naturally well within error. This is reassuring, 
since both cores were retrieved with undisturbed mud-water interfaces (Glew 1989). 

Despite the apparent successes in dating HA in Holocene sediments (Figure 7), some 
HA dates are highly misleading. In Fog Lake on Cumberland Peninsula, Baffin Island 
(67°11’N, 63°15’W), which escaped glacial erosion during the Late-Wisconsinan and 
consequently preserved organic-rich sediments of last interglacial age, we have obtained 
a series of HA ages that suggest, at face value, organic production in lakes during the 
15-33 ka BP interval. Although the possibility has been advanced that these dates 
indicate the existence of genuine full-glacial refugia (Steig et al. 1998; Wolfe et al. 
2000), it is now clear that these HA results integrate both contemporaneous and ancient 
carbon. In one example of this (Figure 8), dates on an individual moss fragment and on 
chironomid head capsules produce ages of 8530 ± 70 and 7590 ± 240 yr BP, 
respectively, in sediments for which HA are in the 14-16 ka BP range. Simple mixing 
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Figure 7. Age models for the upper 35 cm of gravity cores from (A) Kekerturnak (67°53’N, 
64°50’W) and (B) Fog (67°11’N, 63°15’W) lakes on Baffin Island separated by ca. 100 km. 
Humic acid extracts have been dated by AMS, a 300 year correction has been subtracted from 
these results, and the corrected dates then calibrated (Stuiver et al. 1998) to provide a timescale in 
calendar years (from Wolfe 2002). 

model calculations imply that, at these times, 60% of HA in Fog Lake sediments is 
reworked from interglacial carbon assumed to be exhausted in 14C. But this 
contamination is evidently short-lived: in sediments less than 5 cm above the highest 
erroneous date, the behaviour of HA appears to return to one dominated by 
contemporaneous sources, resulting in a suite of early Holocene ages that do not 
contradict the moss and chironomid ages (Figure 8). Our revised paleoenvironmental 
reconstruction is that the Fog Lake basin was geomorphically inactive and biologically 
sterile for tens of millennia prior to the early Holocene, under cold full-glacial climates 
(Dahl-Jensen et al. 1998). The return to conditions of summer thaw in the early 
Holocene remobilized organic matter of last interglacial age, leading to anomalously old 
HA ages. This example illustrates how, even in the absence of carbonates, ancient 
carbon may still be present. In resolving the problem of old apparent HA ages in early 
Holocene sediments, the ability to date chitin from chironomid head capsules has been 
instrumental. Despite representing extremely small samples (down to ca. 100 µg C), this 
material appears suitable for AMS 14C dating of lake sediments from the Arctic, and 
further tests of the isotopic integrity of lacustrine chitin should be undertaken. However, 
certain chironomids are detritivores, so that the incorporation of old carbon in chitin 
remains possible. For example, Snyder et al. (1994) demonstrated that chironimids are 
1200 years older than terrestrial plant macrofossils in hardwater Linnévatnet, Svalbard 
(78°03’N, 13°50’E). Our initial data from Baffin Island, as well as results from northern 
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Québec (Fallu et al. 2004) suggest a somewhat smaller effect, implying that 
chironomids in these instances consume well-equilibrated materials such as large 
benthic algae, as a higher-quality dietary source relative to detritus (e.g., Edlund and 
Francis 1999). 

Although the HA results presented on Figures 6B and 8 illustrate some of the 
complexities inherent to the development of lake sediment 14C chronologies in the 
Arctic, they also demonstrate how the dating of distinct organic fractions may 
contribute to the interpretation of ecological, biogeochemical, and sedimentological 
changes. A holistic approach to radiocarbon geochemistry in high latitude lakes is 
clearly desirable, as exemplified by recent successes in mid-latitude terrestrial (Neff et 
al. 2002) and riverine (Raymond and Bauer 2001) ecosystems. 

Figure 8. Compilation of (uncalibrated) radiocarbon and luminescence ages from Fog Lake 
percussion cores 96-05 and 04. The site presents significant dating challenges because reworked 
carbon of interglacial age has contaminated the HA pool in sediments of early Holocene age, 
resulting in apparent ages of 14-16 ka BP (box: 65-75 cm). Key dates from moss and insect chitin 
extracted from the same core depths (bold numbers) provide more accurate ages for these 
sediments. Dates in bolded italics are interpreted as minimum ages only, because luminescence 
dating of the equivalent lithostratigraphic unit in adjacent core 96-4 (correlated by magnetic 
susceptibility) are ca. 90 ka BP. Luminescence results are shown on the far right, derived from 
either infrared (IRSL: bold italics) or thermal (TL: plain type) stimulation. Modified from Wolfe 
et al. (2000). 
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Pushing the limits

Because 14C-free alanine blanks produce finite ages in the 48-56 ka range (Wolfe et al. 
2001), this must be considered beyond the range of interpretable results from most AMS 
laboratories. In reality, however, the upper limit may be somewhat younger. Humic acid 
dates from sediments with luminescence ages > 85 ka have produced finite ages in the 
36-39 ka range, even though these sediments should have no measurable 14C (Figure 8). 
Similar finite ages from lakes in other regions of the Canadian Arctic (e.g., Wolfe and 
Härtling 1996; Wolfe and King 1999) should therefore be reconsidered as minimum 
ages. It has been demonstrated that the contamination of macrofossil tissues by de novo

microbial synthesis can occur during prolonged core storage, leading to anomalously 
young 14C dates (Wohlfarth et al. 1998). This is perhaps the case for some, but not all, 
macrofossil samples from Robinson Lake, where non-finite moss remains occur 
adjacent to specimens producing finite ages in the 29-38 ka range, all of which occur in 
a lithostratigraphic unit independently dated by luminescence to the last interglacial 
(Miller et al. 1999). We recommend that all pre-Holocene lake sediment 14C dates 
should be confirmed using a second method, of which optically stimulated 
luminescence appears the most promising. The same recommendation has been reached 
for Holocene sediments in antarctic Dry Valley lakes (Doran et al. 1999, 2000). 

Optically stimulated luminescence

Luminescence geochronology is the most promising technique for dating aquatic 
sediments beyond the limit of 14C and potentially spanning the past ca. 200 ka. 
Luminescence dating is focus of many reviews (e.g., Aitken 1985; Berger 1988; Wintle 
1990; Stokes 1999; Lian and Huntley 2001). Optically stimulated luminescence (OSL) 
appears more sensitive than thermoluminescence (TL) for dating waterlain sediments, in 
part because effective zeroing of the OSL signal prior to deposition can be 
accomplished rapidly during transport over relatively short distances (Godfrey-Smith et 
al. 1988). A detailed examination of the theory and applications of OSL is provided by 
Aitken (1998), whereas applications specific to subaqueous sediments include Forman 
(1999) and Wallinga et al. (2001). Here, we emphasize aspects of OSL dating most 
relevant to high latitude lake sediments, based on a limited array of presently available 
results (Krause et al. 1997; Doran et al. 1999; Miller et al. 1999; Wolfe et al. 2000). The 
full potential of OSL dating is realized only when knowledge of sedimentary processes, 
efficiency of solar resetting, and environmental radioactivity are combined. 

Luminescence and geochronology 

Silicate minerals (e.g., quartz and feldspar) contain lattice charge defects formed during 
crystallization or from exposure to nuclear radiation. These defects are potential sites of 
electron capture over geological time and therefore a source of time-dependent 
luminescence. Luminescence reflects exposure to radiation from the radioactive decay 
of 238U, 235U, 232Th (and daughter isotopes), and 40K. The energy associated with the 
release of ,  and  particles from isotopic decay displaces lattice-bound electrons, 
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which are then captured in charge defects called electron traps. A population of these 
electrons is stored in deep traps that are theoretically stable for > 106 years (Aitken 
1985). 

Ideally, luminescence emitted by silicate minerals increases with time, reflecting 
progressively longer exposures to environmental radiation. Heating or light exposure of 
these minerals causes eviction of stored electrons, which are redistributed to 
luminescence centers where they recombine and emit light. This luminescence emission 
(at a particular wavelength) is proportional to the total environmental dose and is a 
function of time. The time-dependent luminescence of silicate minerals can be liberated 
either by heating (thermoluminescence, TL) or exposure to wavelengths from 400 to 
900 nm (optically stimulated luminescence, OSL). In dating sediments, a particular 
wavelength (e.g., 880 ± 80 nm) is used to excite mineral grains and the resultant 
emission is measured for a particular band (e.g., 400-500 nm). Luminescence 
laboratories often select blue emissions for measurement, reflecting the dominant 
response of quartz and feldspar (Krebetschek et al. 1997), and avoid ultraviolet 
emissions, which may yield age underestimates (Balescu and Lamothe 1992). 

Thus, silicate minerals are long-term radiation dosimeters for which naturally 
acquired luminescence is a measure of radiation exposure during the period of burial. 
The radiation measured in the laboratory approximates natural luminescence and is 
termed equivalent dose (DE, measured in grays (Gy), where 1 Gy = 1 J kg-1). DE is the 
numerator in the luminescence age equation: 

Luminescence age =
wDwDwDwD

D

cgba

E  (1) 

where Da =  dose including compensation for reduced efficiency of  radiation 
(Gy ka-1), Db =  dose (Gy ka-1), Dg =  dose (Gy ka-1), Dc = cosmic dose (Gy ka-1), and 
w = moisture content correction factor. The denominator in equation (1) is termed dose 
rate, and approximates the sample’s environmental radioactivity. Dose rate is typically 
assessed by measuring U, Th, and K concentrations and calculating a small contribution 
from cosmic sources. Water content is an important parameter because water strongly 
attenuates environmental radiation, reducing dose rate as a near-linear function (for fine 
grains). For many lacustrine sediments, moisture content is measured, reflecting 
variability in sediment particle size and compaction. 

There are two principal methodologies for translating stored luminescence to 
equivalent dose. The multiple aliquot additive dose method (MAAD) was initially 
developed for TL and is used primarily on fine-grained polymineral or quartz fractions 
(Singhvi et al. 1982). This method applies additional doses (  or ) to the natural 
luminescence of separate sample aliquots in order to build a dose-response curve, from 
which equivalent dose can be extrapolated. When applied to loess, MAAD yields ages 
concordant with other geochronometers for at least 50 ka (e.g., Berger et al. 1992; 
Forman et al. 1995; Forman and Pierson 2002). The second method is single aliquot 
regeneration (SAR), which determines an age for each aliquot by matching the 
regenerated signal to original natural luminescence (Murray and Wintle 2000). This 
technique can be applied to both fine and coarse fractions of either mono- or poly-
minerals. The SAR method is particularly useful for sediments that are < 15 ka old, as 
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there is evidence that it may yield underestimates for sediments > 50 ka old (e.g., 
Mangerud et al. 2001; Wallinga et al. 2001). 

Although solar resetting of luminescence is in principle rapid in aquatic environments, 
zeroing may be incomplete due to spectral attenuation associated with suspended 
sediment and water depth (Berger 1990). Turbid glacial meltwaters may also result in 
ineffective zeroing, especially if minerals are only transported short distances prior to 
deposition (Doran et al. 1999). Fine-grained (4-11 µm) lake sediments in non-glacial 
catchments are more likely to be fully reset, due to prolonged sunlight exposure during 
particle transport and deposition. In addition, most sediment transport occurs during 
summer when sunlight is abundant, and deposition occurs by hypopycnal flows (Retelle 
and Child 1996) that are also exposed to sunlight. On the other hand, fine-grained 
sediments may occasionally be deposited rapidly by turbidity currents or hyperpycnal 
flows with suspended sediment loads > 20 mg l-1, thus restricting sunlight exposure, 
elevating inherited luminescence, and yielding age overestimates. Variability in natural 
luminescence underscores the necessity of understanding lake sediment transport and 
deposition. 

On the other hand, dating coarse-grained fractions (ca. 100-200 µm) permits greater 
mineral specificity. With the advent of the SAR technique, analysis can extended to 
smaller samples with improved precision and speed (Murray and Wintle 2000). Several 
studies have defined the OSL response of coarse-grained quartz and feldspar fractions 
from waterlain sediments (e.g., Duller et al. 1995; Wallinga et al. 2001). The ability of 
OSL (514 nm) to date the coarse quartz fraction in very young sediments is well 
demonstrated in aeolian and fluvial environments (Stokes 1999). These sediments yield 
DE values of 0.05 to 0.3 Gy, equivalent to < 200 years. However, coarse fractions from 
high energy aquatic environments may also produce apparent OSL ages that are too old 
(Duller et al. 1995). This is because saltation of sand in turbid flow severely limits light 
exposure and hence the effective solar resetting (Ditlefsen 1992). Single-grain OSL 
provides a means of identifying incompletely reset grains, and restricting age 
determinations to the fully reset population (Roberts et al. 2000). 

In organic-rich silty sediments from Robinson and Fog lakes on Baffin Island, the 
concordance between TL, OSL, and 14C dates for Holocene sediments implies that 
effective zeroing of the luminescence signal occurs prior to mineral deposition in these 
lakes (Miller et al. 1999; Wolfe et al. 2000). This increases our confidence in 
luminescence dates obtained on lithologically similar sediments of pre-Holocene age, 
which yield, in both lakes, dates in the 85-95 ka range. Examples of these results are 
provided in Figure 8, and are discussed elsewhere (Wolfe and Smith; this volume). To 
date there are no applications of OSL to dating the coarse mineral fraction of arctic lake 
sediments. 

Time range and limitations 

The temporal limitation of luminescence dating is affected by several factors that 
influence the acquisition, retention, and measurement of luminescence. Dating precision 
is somewhat dependent on analytical approach, with MAAD yielding typical errors in 
the 5-15% range, and SAR potentially reducing error to as little as 3%. Furthermore, the 
development of quartz SAR has greatly improved the resolution of OSL dating over the 
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last 1000 years (e.g., Bailey et al. 2001). This advance implies that OSL may now 
provide dating control for the interval when radiocarbon dating becomes problematic, 
and 210Pb activities approach purely supported levels (i.e., 150-300 yr BP). When 
luminescence is acquired at a low rate, as in quartz in aeolian dune sands 
(environmental dose rate of ca. 0.5 Gy ka-1 and DE of ca. 350 Gy; Huntley and Prescott 
2001), the temporal range for dating beyond 400 ka and potentially to as much as ca. 
700 ka. In contrast, Baffin Island lake sediments have dose rates over four times higher 
(ca. 2-3 Gy ka-1), projecting an upper age limit of ca. 200 ka (Miller et al. 1999, Wolfe 
et al. 2000). The temporal limit of OSL is thus largely related to environmental dose 
rate, in conjunction with the density and stability of the charge stored in lattice defects. 
Sites with dose rates < 2.0 Gy ka-1 may extend the datable range beyond 200 ka, but will 
exhibit limited sensitivity over recent millennia. Conversely, sites with higher dose rates 
(e.g., > 4 Gy ka-1) approach saturation ca. 200 ka, but remain sensitive over the past ca. 
100 ka. 

This assessment underscores several fundamental aspects of luminescence 
geochronology: the ability of silicate minerals to store and retain charge over geological 
time, the spatial and temporal variability of environmental dose rates, and the range of 
analytical approaches for measuring the stored charge and translating luminescence into 
an equivalent dose. OSL dating achieves the greatest utility for lacustrine systems when 
facies analysis is used to identify sediments having maximum potential for full solar 
resetting, and multiple luminescence sensors are used to extract credible ages. 

Future directions in high latitude lake sediment geochronology

The need for accurate post-1950 sediment chronologies has increased sharply with 
pressing scientific agendas concerning high latitude climate change and air-borne 
pollution. Furthermore, as existing anthropogenic radioisotope marker horizons such as 
137Cs progressively decay, there are strong incentives to develop and apply additional 
isotopic suites that may be applicable to the development of chronologies for recent lake 
sediments (e.g., Am, Np, Pb, Po, Pu and U). Advances in rapid and precise isotope 
quantification by inductively coupled plasma mass spectrometry (ICP-MS) is an integral 
component of this research (Ketterer et al. 2002). Atmospheric radionuclide fluxes are 
insufficiently constrained at high latitudes. Thus, precipitation sampling and 
measurements, coupled to more detailed coupled soil and sediment inventories (e.g., 
Appleby et al. 2003), are still needed to adequately quantify nuclide mass balances at 
the basin scale. 

With respect to radiocarbon dating of humic acids and other fractions isolated from 
sediment, there remains a need for more detailed characterizations of organic matter in 
high latitude lakes, work that has only recently been initiated (Sauer et al. 2001). For 
example, fractions such as HA are operationally and not functionally defined, which 
complicates the task of reliably assigning provenance. The powerful allegiance of 
organic geochemistry and AMS has had a significant impact in oceanography 
(Ohkouchi et al. 2002; Hwang and Druffel 2003; Smittenberg et al. 2004). Applications 
of techniques developed in the marine sciences can only benefit our understanding of 
high latitude lacustrine environments. 
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Although OSL has tremendous promise for dating lake sediments both within and 
beyond the useful range of 14C, additional calibration using independent chronometers is 
still needed, particularly in the upper age range (i.e., > 50 ka). Possible candidates for 
the testing of OSL dates in ancient aquatic sediments include U-Th where carbonates 
are present (Hall and Henderson 2001), and amino acid racemization of the protein 
fraction within diatom silica (Harada et al. 2002). Finally, considerable potential exists 
for the application of micro-tephra techniques to faciliate correlations between lake 
sediment records from high latitude regions (e.g., Turney et al. 1997). These techniques 
exploit the widespread, and potentially inter-hemispheric (Palais et al. 1992), 
distribution of volcanic ash particles that occur distally to their source in such low 
concentrations that they are not visually apparent in sediments. We are confident that 
high latitude lake sediment geochronology will directly profit from rigorous 
applications of multiple dating techniques, each of which are constantly being refined. 

Summary

Providing accurate chronologies for high latitude lake sediments requires a degree of 
understanding concerning the environmental and limnological uniqueness of these 
systems. Biological production is typically low both on land and in water, resulting in 
generally low sediment accumulation rates. Slow organic matter decomposition, severe 
lake ice regimes, and permafrost strongly influence the transfer of radioisotopes to lake 
sediments used for dating purposes. On the other hand, cold temperatures and prolonged 
lake ice cover serve to buffer lake sediments from a variety of physical disturbances, so 
that most high latitude lakes have sedimentary sequences that preserve stratigraphic 
integrity, and can be dated with accuracy and precision. The various applications of 
short-lived radioisotopes (137Cs and 210Pb), radiocarbon (14C), and optically stimulated 
luminescence (OSL) presented in this chapter verify this to be the case. In most 
instances, the development of sediment chronologies provides complementary 
information concerning lacustrine sedimentary processes, which may assist in refining 
paleoenvironmental reconstruction. Examples of this, among others, include the dilution 
of excess 210Pb inventories in recent lake sediments, and the influence of organic matter 
provenance on 14C dating results. 

Acknowledgements

Our research on dating high latitude lake sediments has been supported by various 
grants from the U.S. National Science Foundation and the Natural Sciences and 
Engineering Research Council of Canada. We thank Art Dyke and the volume editors 
for their constructive comments. 



46 WOLFE, MILLER, OLSEN, FORMAN, DORAN AND HOLMGREN 

References

Abbott M.B. and Stafford Jr. T.W. 1996. Radiocarbon geochemistry of modern and ancient arctic 
lake systems, Baffin Island, Canada. Quat. Res. 45: 300-311. 

Aiken G.R., McKnight D.M., Harnish R.A. and Wershaw R.L. 1996. Geochemistry of aquatic 
humic substances in the Lake Fryxell Basin, Antarctica. Biogeochemistry 34: 157-188. 

Aitken M.J. 1985. Thermoluminescence Dating. Academic Press, New York, 359 pp. 
Aitken M.J. 1998. An Introduction to Optical Dating: The Dating of Quaternary Sediments by the 

Use of Photon-stimulated Luminescence. Oxford University Press, New York, 267 pp. 
Anderson P.M., Bartlein P.J. and Brubaker L.B. 1994. Late Quaternary history of tundra 

vegetation in northwestern Alaska. Quat. Res. 41: 306-315. 
Anderson R.V. and Larson R.E. 1974. Atmospheric electric and radon profiles over a closed basin 

and the open ocean. J. Geophys. Res. 79C: 3432-3435. 
Appleby P.G. 2001. Chronostratigraphic techniques in recent sediments. In: Last W.M. and Smol 

J.P. (eds), Tracking Environmental Change Using Lake Sediments. Volume 1: Basin 
Analysis, Coring, and Chronological Techniques. Kluwer, Dordrecht, The Netherlands, pp. 
171-203.

Appleby P.G. 2004. Environmental change and atmospheric contamination on Svalbard: sediment 
chronology. J. Paleolim. 31: 433-443. 

Appleby P.G. and Oldfield F. 1992. Application of lead-210 to sedimentation studies. In: 
Ivanovich M. and Harmon R.S. (eds), Uranium Series Disequilibrium: Applications to 
Environmental Problems, 2nd edition. Clarendon Press, UK, pp. 731-778. 

Appleby P.G., Jones V.J. and Cynan-Ellis J.C. 1995. Radiometric dating of lake sediments from 
Signy Island (maritime Antarctic): evidence of recent climate change. J. Paleolim. 13: 
179-191.

Appleby P.G., Haworth E.Y., Michel H., Short D.B., Laptev G. and Piliposian G.T. 2003. The 
transport and mass balance of fallout radionuclides in Blelham Tarn, Cumbria, (UK). J. 
Paleolim. 29: 459-473. 

Bailey S.D., Wintle A.G., Duller G.A.T. and Bristow C.S. 2001. Sand deposition during the last 
millennium at Aberffraw, Anglesey, North Wales as determined by OSL dating of quartz. 
Quat. Sci. Rev. 20: 701-704. 

Balescu S. and Lamothe M. 1992. The blue emissions of K-feldspar coarse grains and its potential 
for overcoming TL age underestimates. Quat. Sci. Rev. 11: 45-51. 

Balistrieri L.S., Murray J.W. and Paul B. 1995. The geochemical cycling of stable Pb, 210Pb, and 
210Po in seasonally anoxic Lake Sammamish, Washington, USA. Geochim. Cosmochim. Acta 
59: 4845-4861.

Baskaran M. and Naidu A.S. 1995. 210Pb-derived chronology and the fluxes of 210Pb and 137Cs 
isotopes into continental shelf sediments, East Chukchi Sea, Alaskan Arctic. Geochim. 
Cosmochim. Acta 59: 4435-4448. 

Benoit G. and Hemond H.F. 1990. 210Po and 210Pb remobilization from lake sediments in relation 
to iron and manganese cycling. Environ. Sci. Technol. 24: 1224-1234. 

Berger G.W. 1988. Dating Quaternary events by luminescence. Geol. Soc. Am. Special Paper 
227: 13-50. 

Berger G.W. 1990. Effectiveness of natural zeroing of the thermoluminescence in sediments. J. 
Geophys. Res. 95B: 12375-12397. 

Berger G.W., Pillans B.J. and Palmer A.S. 1992. Dating loess up to 800 ka by 
thermoluminescence. Geology 20: 403-406. 

Bindler R., Renberg I., Appleby P.G., Anderson N.J. and Rose N.L. 2001. Mercury accumulation 
rates and spatial patterns in lake sediments from western Greenland: a coast to ice margin 
transect. Env. Sci. Technol. 35: 1736-1741. 

Björck S. and Wohlfarth B. 2001. 14C chronostratigraphic techniques in paleolimnology. In: Last 
W.M. and Smol J.P. (eds), Tracking Environmental Change Using Lake Sediments. Volume 



 GEOCHRONOLOGY OF HIGH LATITUDE LAKE SEDIMENTS 47 

1: Basin Analysis, Coring, and Chronological Techniques. Kluwer, Dordrecht, The 
Netherlands, pp. 205-245. 

Björck S., Hjort C., Ingólfsson O. and Skog G. 1991. Radiocarbon dates from the Antarctic 
Peninsula regions - problems and potential. In: Lowe J.J. (ed.), Radiocarbon Dating: Recent 
Applications and Future Potential. Quaternary Research Association, Cambridge, UK, pp. 
55-65.

Björck S., Bennike O., Possnert G., Wohlfarth B. and Digerfelt G. 1998. A high-resolution 14C
dated sediment sequence from southwest Sweden: age comparisons between different 
components of the sediment. J. Quat. Sci. 13: 85-89. 

Björck S., Bennike O., Rosén P., Andresen C., Bohncke S., Kaas E. and Conley D. 2002. 
Anomalously mild Younger Dryas summer conditions in southern Greenland. Geology 30: 
427-430.

Blake Jr. W. 1989. Inferences concerning climatic change from a deeply frozen lake on 
Rundfjeld, Ellesmere Island, Arctic Canada. J. Paleolim. 2: 41–54. 

Canfield D.E., Green W.J. and Nixon P. 1995. 210Pb and stable lead through the redox transition 
zone of an Antarctic lake. Geochim. Cosmochim. Acta 59: 2459-2468. 

Charman D.J., Aravena R., Bryant C. and Harkness D.G. 1999. Carbon isotopes in peat, DOC, 
CO2, and CH4 in a Holocene peatland on Dartmoor, southwest England. Geology 27: 
539-542.

Child J.K. and Werner A. 1999. Evidence for a hardwater radiocarbon dating effect, Wonder 
Lake, Denali National Park and Preserve, Alaska, U.S.A. Geogr. Phys. Quat. 53: 407-411. 

Colman S.M., Jones G.A., Meyer R., King J.W., Peck J.A. and Orem W.H. 1996. AMS 
radiocarbon analyses from Lake Baikal, Siberia: challenges of dating sediments from a large, 
oligotrophic lake. Quat. Sci. Rev. (Quat. Geochron.) 15: 669-684. 

Cooper L.W., Grebmeier J.M., Larsen I.L., Solis C. and Olsen C.R. 1995. Evidence for re-
distribution of 137Cs in Alaskan tundra, lake, and marine sediments. Sci. Tot. Env. 160/161, 
295-306.

Crusius J. and Anderson R.F. 1995a. Evaluating the mobility of 137Cs, 239+240Pu and 210Pb from 
their distributions in laminated lake sediments. J. Paleolim. 13: 119-141. 

Crusius J. and Anderson R.F. 1995b. Sediment focusing in six small lakes inferred from 
radionuclide profiles. J. Paleolim. 13: 143-155. 

Dahl-Jensen D., Mosegaard K., Gundestrup G., Clow G.D., Johnson S.J., Hansen A.W. and 
Balling B. 1998. Past temperature directly from the Greenland ice sheet. Science 282: 
268-271.

Dibb J.E., Talbot R.W. and Gregory J.L. 1992. Beryllium 7 and lead 210 in the western 
hemisphere Arctic atmosphere: Observations from three recent aircraft-based sampling 
programs. J. Geophys. Res. 15D: 16709-16715. 

Ditlefsen C. 1992. Bleaching of K-Feldspars in turbid water suspensions: A comparison of photo- 
and thermo-luminescence signals. Quat. Sci. Rev. 11: 33-38. 

Doran P.T., Berger G.W., Lyons W.B., Wharton R.A., Davisson M.L., Southon J. and Dibb J.E. 
1999. Dating Quaternary lacustrine sediments in the McMurdo Dry Valleys, Antarctica. 
Palaeogeogr. Palaeoclim. Palaeoecol. 147: 223-239. 

Doran P.T., Wharton R.A., Lyons W.B., DesMarais D.J. and Andersen D.T. 2000. Sedimentology 
and geochemistry of a perennially ice-covered epishelf lake in Bunger Hills Oasis, East 
Antarctica. Antarct. Sci. 12: 131-140. 

Doran P.T., Fritsen C.H., McKay C.P., Priscu J.C. and Adams E.A. 2003. Formation and 
character of an ancient 19-m ice cover and underlying trapped brine in an ice-sealed east 
Antarctic lake. Proc. Nat. Acad. Sci. 100: 26-31. 

Douglas M.S.V., Smol J.P. and Blake Jr. W. 1994. Marked post–18th century environmental 
change in high Arctic ecosystems. Science 266: 416–419. 

Duller G.A.T., Wintle A.G. and Hall A.M. 1995. Luminescence dating and its application to key 
pre-late Devensian sites in Scotland. Quat. Sci. Rev. 14: 495-519. 



48 WOLFE, MILLER, OLSEN, FORMAN, DORAN AND HOLMGREN 

Edlund M.B. and Francis D.R. 1999. Diet and habitat characteristics of Pagastiella ostansa

(Diptera: Chironomidae). J. Freshwat. Ecol. 14: 293-300. 
Eglinton T.I., Benitez-Nelson B.C., Pearson A., McNichol A.P., Bauer J.E. and Druffel E.R.M. 

1997. Variability in radiocarbon ages of individual organic compounds from marine 
sediments. Science 277: 796-799. 

Evans D.W., Albers J.J. and Clark R.A. 1983. Reversible ion-exchange fixation of 137Cs leading 
to mobilization from reservoir sediments. Geochim. Cosmochim. Acta 47: 1041-1049. 

Fallu M.-A., Pienitz R., Walker I.R. and Overpeck J.T. 2004. AMS 14C dating of tundra lake 
sediments using chironomid head capsules. J. Paleolim. 31: 11-22. 

Flanagan K.M., McCauley E., Wrona F. and Prowse T. 2003. Climate change: the potential for 
latitudinal effects on algal biomass in aquatic ecosystems. Can. J. Fish. Aquat. Sci. 60: 
635-639.

Forman S.L., Oglesby R., Markgraf V. and Stafford Jr. T.W. 1995. Paleoclimatic significance of 
late Quaternary eolian deposition on the Piedmont and High Plains, central United States. 
Glob. Planet. Change 11: 35-55. 

Forman S.L. 1999. Infrared and red stimulated luminescence dating of late Quaternary near-shore 
sediments from Spitsbergen, Svalbard. Arct. Ant. Alp. Res. 31: 34-49. 

Forman S.L. and Pierson J. 2002. Late Pleistocene luminescence chronology of loess deposition 
in the Missouri and Mississippi river valleys, United States. Palaeogeogr. Palaeoclim. 
Palaeoecol. 186: 25-46. 

Francus P., Bradley R.S., Abbott M.B., Partridge W. and Keimig F. 1998. Paleoclimate studies of 
minerogenic sediments using annually resolved textural parameters. Geophys. Res. Lett. 29. 
doi: 10.1029/2002GL015082. 

French H.M. and Guglielmin M. 2000. Frozen ground phenomena in the vicinity of Terra Nova 
Bay, Northern Victoria Land, Antarctica: A preliminary report. Geogr. Ann. 82A: 513-526. 

Gajewski K., Garneau M. and Bourgeois J.C. 1995. Paleoenvironments of the Canadian high 
arctic derived from pollen and plant macrofossils: problems and potentials. Quat. Sci. Rev. 
14: 609-629. 

Gajewski K., Hamilton P.B. and McNeely R.N. 1997. A high resolution proxy-climate record 
from an arctic lake with annually-laminated sediments on Devon Island, Nunavut, Canada. J. 
Paleolim. 17: 215-225. 

Gajewski K., Mott R.J., Ritchie J.C. and Hadden K. 2000. Holocene vegetation history of Banks 
Island, Northwest Territories, Canada. Can. J. Bot. 78: 430-436. 

Glew J.R. 1988. A portable extruding device for close interval sectioning of unconsolidated core 
samples. J. Paleolim. 1: 235-239. 

Glew J.R. 1989. A new trigger mechanism for sediment samplers. J. Paleolim. 2: 241-243. 
Godfrey-Smith D.I., Huntley D.J. and Chen W.H. 1988. Optical dating studies of quartz and 

feldspar sediment extracts. Quat. Sci. Rev. 7: 373-380. 
Gulliksen S., Birks H.H., Possnert G. and Mangerud J. 1998. A calendar age estimate of the 

Younger Dryas-Holocene boundary at Kråkenes, western Norway. The Holocene 8: 249-259. 
Hall B.L. and Henderson G.M. 2001. Use of uranium-thorium dating to determine past 14C

reservoir effects in lakes: examples from Antarctica. Earth Planet. Sci. Let. 193: 565-577. 
Harada N., Kondo T., Fukuma K., Uchida M., Nakamura T., Iwai M., Murayama M., Sugawara 

T. and Kusakabe M. 2002. Is amino acid chronology applicable to the estimation of the 
geological age of siliceous sediments? Earth Planet. Sci. Let. 198: 257-266. 

Hasholt B., Walling D.E. and Owens P.N. 2000. Sedimentation in arctic proglacial lakes: 
Mittivakkat Glacier, south-east Greenland. Hydrol. Proc. 14: 679-699. 

Hermanson M.H. 1990. 210Pb and 137Cs chronology of sediments from small, shallow Arctic 
lakes. Geochim. Cosmochim. Acta 54: 1443-1451. 

Hodgins G.W.L., Thorpe J.L., Coope G.R. and Hedges R.E.M. 2001. Protocol development for 
purification and characterization of sub-fossil insect chitin for stable isotopic analysis and 
radiocarbon dating. Radiocarbon 43: 199-208. 



 GEOCHRONOLOGY OF HIGH LATITUDE LAKE SEDIMENTS 49 

Hodgson D.A., Noon P.E., Vyverman W., Bryant C.L., Gore D.B., Appleby P., Gilmour M., 
Verleyen E., Sabbe K., Jones V.J., Ellis-Evans J.C. and Wood P.B. 2001. Were parts of 
Larsemann Hills, Antarctica, ice free through the Last Glacial Maximum? Antarctic Science 
13: 440-454. 

Hughen K.A., Overpeck J.T. and Anderson R.F. 2000. Recent warming in a 500-year 
palaeotemperature record from varved sediments, Upper Soper Lake, Baffin Island, Canada. 
The Holocene 10: 9-19. 

Huntley D.J. and Prescott J.R. 2001. Improved methodology and new thermoluminescence ages 
for the dune sequence in southeast Australia. Quat. Sci. Rev. 20: 687-699. 

Hwang J. and Druffel E.R.M. 2003. Lipid-like material as the source of uncharacterized organic 
carbon in the ocean? Science 299: 881-884. 

Ishiwatari R. 1985. Geochemistry of humic substances in lake sediments. In: Aiken G.A., 
McKnight D.M. and Wershaw R.L. (eds), Humic Substance in Soil, Sediment, and Water. 
Wiley, New York, pp. 147-180. 

Johnson-Pyrtle A., Scott M., Laing T. and Smol J.P. 2000. 137Cs distribution and geochemistry of 
Lena River (Siberia) drainage basin sediments. Sci. Tot. Env. 255: 145-159. 

Jones V.J., Battarbee R.W. and Hedges R.E.M. 1993. The use of chironomid remains for AMS 
14C dating of lake sediments. The Holocene 3: 161-163. 

Kaplan M.R., Wolfe A.P. and Miller G.H. 2002. Holocene environmental variability in southern 
Greenland inferred from lake sediments. Quat. Res. 58: 149-159. 

Kaufman D.S., Hu F.S., Briner J.P., Werner A., Finney B.P. and Gregory-Eaves I. 2003. A 
~33,000 year record of environmental change from Arolik Lake, Ahklun Mountains, Alaska, 
USA. J. Paleolim. 30: 343-362. 

Ketterer M.E., Watson B.R., Matisoff G. and Wilson C.G. 2002. Rapid dating of recent aquatic 
sediments using Pu activities and 239Pu/240Pu as determined by quadrupole inductively 
coupled plasma mass spectrometry. Environ. Sci. Technol. 36: 1307-1311. 

Kirichenko L.V. 1970. Radon exhalation from vast areas according to vertical distribution of its 
short-lived decay products. J. Geophys. Res. 75D: 3539-3549. 

Krause W.E., Krbetschek M.R. and Stolz W. 1997. Dating of Quaternary lake sediments from the 
Schirmacher Oasis (east Antarctica) by infra-red stimulated luminescence (IRSL) detected at 
the waavelegth of 560 nm. Quat. Sci. Rev. 16: 387-392. 

Krbetschek M.R., Gotze J., Dietrich A. and Trautmann T. 1997. Spectral information from 
minerals relevant for luminescence dating. Radiation Measurements 27: 695-748. 

Krishnaswamy S., Lal D., Martin J. and Meybeck M. 1971. Geochronology of lake sediments. 
Earth Planet. Sci. Let. 11: 407-414. 

Lamoureux S.F. 1999a. Catchment and lake controls over the formation of varves in monomictic 
Nicolay Lake, Cornwall Island, Nunavut. Can. J. Earth Sci. 36: 1533-1546. 

Lamoureux S.F. 1999b. Spatial and interannual variations in sedimentation patterns recorded in 
nonglacial varved sediments from the Canadian High Arctic. J. Paleolim. 21: 73-84. 

Lamoureux S.F. 2001. Varve chronological techniques. In: Last W.M. and Smol J.P. (eds), 
Tracking Environmental Change Using Lake Sediments. Volume 1: Basin Analysis, Coring, 
and Chronological Techniques. Kluwer, Dordrecht, The Netherlands, pp. 247-260. 

Lian O.B. and Huntley D.J. 2001. Luminescence dating. In: Last, W.M. and Smol J.P. (eds), 
Tracking Environmental Change Using Lake Sediments. Volume 1: Basin Analysis, Coring, 
and Chronological Techniques. Kluwer, Dordrecht, The Netherlands, pp. 261-282. 

Linick T.W., Damon P.E., Donahue D.J. and Jull A.J.T. 1989. Accelerator mass spectrometry: the 
new revolution in radiocarbon dating. Quat. Internat. 1: 1-6. 

Lowe J.J, Lowe S., Fowler A.J., Hedges R.E.M. and Austin T.J.F. 1988. Comparison of 
accelerator and radiometric radiocarbon measurements obtained from Late Devensian 
Lateglacial lake sediments from Llyn Gwernan, North Wales, UK. Boreas 17: 355-369. 



50 WOLFE, MILLER, OLSEN, FORMAN, DORAN AND HOLMGREN 

Lozhkin A.V., Anderson P.M., Vartanyan S.L., Brown T.A., Belaya B.V. and Kotov A.N. 2001. 
Late Quaternary paleoenvironments and modern pollen data from Wrangel Island (Northern 
Chukotka). Quat. Sci. Rev. 20: 217-233. 

MacDonald G.M., Beukens R.P., Kieser W.E. and Vitt D.H. 1987. Comparative radiocarbon 
dating of terrestrial plant macrofossils and aquatic moss from the "ice-free corridor" of 
western Canada. Geology 15: 837-840. 

MacDonald G.M., Beukens R.P. and Kieser W.E. 1991. Radiocarbon dating of limnic sediments: 
a comparitive analysis and discussion. Ecology 72: 1150-1155. 

Mangerud J., Astakhov V.I., Murray A. and Svendsen J.I. 2001. The chronology of a large ice-
dammed lake and the Barents-Kara Ice Sheet advances, Northern Russia. Glob. Planet. 
Change 31: 321-336. 

Mensing S.A. and Southon J.R. 1999. A simple method to separate pollen for AMS radiocarbon 
dating and its application to lacustrine and marine sediments. Radiocarbon 41: 1-8. 

McKnight D.M., Boyer E.W., Westerhoff P.K., Doran P.T., Kulbe T. and Andersen D.T. 2001. 
Spectrofluorometric characterization of dissolved organic matter for indication of precursor 
organic material and aromaticity. Limnol. Oceanogr. 46: 38-48. 

Miller G.H., Mode W.N., Wolfe A.P., Sauer P.E., Bennike O., Forman S.L., Short S.K. and 
Stafford Jr. T.W. 1999. Stratified interglacial lacustrine sediments from Baffin Island, Arctic 
Canada: chronology and paleoenvironmental implications. Quat. Sci. Rev. 18: 789-810. 

Murray A.S. and Wintle A.G. 2000. Luminescence dating of quartz using an improved single-
aliquot regenerative-dose protocol. Radiation Measurements 32: 57-73. 

Neff J.C., Townsend A.R., Gleixner G., Lehman S.J., Turnbull J. and Bowman W.D. 2002. 
Variable effects of nitrogen additions on the stability and turnover of soil carbon. Nature 419: 
915-917.

Nelson R.E., Carter L.D. and Robinson S.W. 1988. Anomalous radiocarbon ages from a Holocene 
detrital organic lens in Alaska and their implications for radiocarbon dating and 
paleoenvironmental reconstructions in the Arctic. Quat. Res. 29: 66-71. 

Nissenbaum A. and Kaplan I.R. 1972. Chemical and isotopic evidence for the in situ origin of 
marine humic substances. Limnol. Oceanogr. 17: 570-582. 

Nilsson M., Klarqvist M., Bohlin E. and Possnert G. 2001. Variation in 14C age of macrofossils 
and different fractions of minute peat samples dated by AMS. The Holocene 11: 579-586. 

Ohkouchi N., Eglinton T.I., Keigwin L.D. and Hayes J.M. 2002. Spatial and temporal offsets 
between proxy records in a sediment drift. Science 298: 1224-1227. 

Oswald W.W., Anderson P.M., Brown T.A., Brubaker L.B., Hu F.S., Lozhkin A., Tinner W. and 
Kaltenrieder P. 2004. Effects of sample mass and macrofossil type on radiocarbon dating of 
arctic and boreal sediments. The Holocene (in press). 

Overpeck J.T., Hughen K.A., Hardy D., Bradley R.S., Case R., Douglas M.S.V., Finney B., 
Gajewski K., Jacoby G., Jennings A.E., Lamoureux S., Lasca A., MacDonald G.M., Moore J., 
Retelle M., Wolfe A.P. and Zielinski G. 1997. Arctic environmental change of the last four 
centuries. Science 278: 1251-1256. 

Palais J., Germani M.S. and Zielinski G.A. 1992. Inter-hemispheric transport of volcanic ash from 
a 1259 A.D. volcanic eruption to the Greenland and Antarctic ice sheets. Geophys. Res. Lett. 
19: 801-804. 

Polach D. 1988. Radiocarbon Dating Literature: The First 21 Years 1947-1968. Academic Press, 
London, 370 pp. 

Pourchet M., Bartarya S.K., Maignan M., Jouzel J., Pinglot J.F., Aristarain A.J., Furdada G., 
Kotlyakov V.M., Mosley-Thompson E., Preiss N. and Young N.W. 1997. Distribution and 
fallout of 137Cs and other radionuclides over Antarctica. J. Glaciol. 43: 435-445. 

Raymond P.A. and Bauer J.E. 2001. Riverine export of aged terrestrial organic matter to the 
North Atlantic Ocean. Nature 409: 497-499. 

Retelle M.J. and Child J.K. 1996. Suspended sediment transport and deposition in a high arctic 
meromictic lake. J. Paleolim. 16: 151-176. 



 GEOCHRONOLOGY OF HIGH LATITUDE LAKE SEDIMENTS 51 

Richter D.D., Markewitz D., Trumbore S.E. and Wells C.G. 1999. Rapid accumulation and 
turnover of soil carbon in a re-establishing forest. Nature 400: 56-58. 

Robbins J.A. 1978. Geochemical and geophysical applications of radioactive lead. In: Nriagu J.O. 
(ed.), The Biogeochemistry of Lead in the Environment Vol. 1. Elsevier, New York, pp. 
285-337.

Roberts R.G., Galbraith R.F., Yoshida H., Laslett G.M. and Olley J.M. 2000. Distinguishing dose 
populations in sediment mixtures: a test of single-grain optical dating procedures using 
mixtures of laboratory-dosed quartz. Radiation Measurements 32: 459-465. 

Rowan D.J., Cornett R.J., King K. and Risto B. 1995. Sediment focusing and 210Pb dating: a new 
approach. J. Paleolim. 13: 107-118. 

Sauer P.E., Eglinton T.I., Hayes J.M., Schimmelmann A. and Sessions A. 2001. Compound-
specific D/H ratios of lipid biomarkers from sediments as a proxy for environmental and 
climatic conditions. Geochim. Cosmochim. Acta 65: 213-222. 

Singhvi A.K., Sharma Y.P. and Agrawal D.P. 1982. Thermoluminescence dating of dune sands in 
Rajasthan, India. Nature 295: 313-315. 

Smittenberg R.H., Hopmans E.C., Schouten S., Hayes J.M., Eglinton T.I. and Sinninghe Damsté 
J. 2004. Compound-specific radiocarbon dating of the varved Holocene sedimentary record of 
Saanich Inlet, Canada. Paleoceanography 19, PA2012, doi: 10.1029/2003PA000927. 

Snyder J.A., Miller G.H., Werner A., Jull A.J.T. and Stafford Jr. T.W. 1994. AMS-radiocarbon 
dating of organic-poor lake sediments, an example from Linnévatnet, Spitsbergen. The 
Holocene 4: 413-421. 

Squyres S.W., Andersen D.T., Nedell S.S. and Wharton R.A. 1991. Lake Hoare, Antarctica: 
sedimentation through a thick perennial ice cover. Sedimentology 38: 363-379. 

Stafford Jr. T.W., Hare P.E., Currie L.A., Jull A.J.T. and Donahue D. 1991. Accelerator 
radiocarbon dating at the molecular level. J. Archaeol. Sci. 18: 35-72. 

Steig E.J., Wolfe A.P. and Miller G.H. 1998. Wisconsinan glacial refugia on eastern Baffin 
Island: coupled evidence from cosmogenic isotopes and lake sediments. Geology 26: 
835-838.

Stokes S. 1992. Optical dating of quartz from sediments. Quat. Sci. Rev. 11: 153-159. 
Stokes S. 1999. Luminescence dating applications in geomorphological research. Geomorphology 

29: 153-171. 
Stuiver M. and Polach H.A. 1977. Discussion: reporting of 14C data. Radiocarbon 19: 355-63. 
Stuiver M., Reimer P.J., Bard E., Beck J.W., Burr G.S., Hughen K.A., Kromer B., McCormac 

F.G., van der Plicht J. and Spurk M. 1998. INTCAL98 radiocarbon age calibration 24,000-0 
cal. BP. Radiocarbon 40: 1041-1083. 

Taylor R.E. 1992. Radiocarbon dating. In: Nierenberg W.A. (ed.), Encyclopedia of Earth System 
Science Vol. 3. Academic Press, San Diego, pp. 963-703. 

Taylor R.E., Long A. and Kra R. 1992. Radiocarbon After Four Decades: An Interdisciplinary 
Perspective. Academic Press, Orlando, 596 pp. 

Turney C.S.M. and Lowe J.J. 2001. Tephrochronology. In: Last W.M. and Smol J.P. (eds), 
Tracking Environmental Change Using Lake Sediments. Volume 1: Basin Analysis, Coring, 
and Chronological Techniques. Kluwer, Dordrecht, The Netherlands, pp. 451-471. 

Turney C.S.M., Harkness D.D. and Lowe J.J. 1997. The use of micro-tephra horizons to correlate 
late-glacial lake sediment successions in Scotland. J. Quat. Sci. 12: 525-531. 

Turney C.S.M., Coope G.R., Harkness D.D., Lowe J.J. and Walker M.J. 2000. Implications for 
the dating of Wisconsinan (Weichselian) late-glacial events of systematic radiocarbon age 
differences between terrestrial plant macrofossils from a site in SW Ireland. Quat. Res. 53: 
114-121.

Vile M.A., Wieder R.K. and Novák M. 1999. Mobility of Pb in Sphagnum-derived peat. 
Biogeochemistry 45: 35-52. 

Von Guten H.R. and Moser R.N. 1993. How reliable is the 210Pb dating method? Old and new 
results from Switzerland. J. Paleolim. 9: 161-178. 



52 WOLFE, MILLER, OLSEN, FORMAN, DORAN AND HOLMGREN 

Wallinga J., Murray A.S., Duller G.A.T. and Tornqvist T.E. 2001. Testing optically stimulated 
luminescence dating of sand-sized quartz and feldspar from fluvial deposits. Earth Planet. Sci. 
Let. 193: 617-630. 

Wilkening M.H., Clements W.E. and Stanley D. 1975. Radon-222 flux measurements in widely 
separated regions. In: Adams J.A.S. (ed.), The Natural Radiation Environment Vol. 2. US 
Energy Research and Development Agency, Washington, pp. 717-730. 

Willemse N.W. 2002. Holocene sedimentation history of the shallow Kangerlussuaq lakes, west 
Greenland. Medd. Grønland, Geosci. 41, Danish Polar Center, Copenhagen, 48 pp. 

Wintle A.G. 1990. A review of current research on TL dating of loess. Quat. Sci. Rev. 9: 385-397. 
Wohlfarth B., Skog G., Possnert G. and Holmquist B. 1998. Pitfalls in the AMS radiocarbon-

dating of terrestrial macrofossils. J. Quat. Sci. 13: 137-145. 
Wolfe A.P. 2002. Climate modulates the acidity of arctic lakes on millennial timescales. Geology 

30: 215-218. 
Wolfe A.P. 2003. Diatom community responses to late Holocene climatic variability: a 

comparison of numerical methods. The Holocene 13: 29-37. 
Wolfe A.P. and Härtling J.W. 1996. The late Quaternary development of three ancient tarns on 

southwestern Cumberland Peninsula, Baffin Island, Arctic Canada: paleolimnological 
evidence from diatoms and sediment chemistry. J. Paleolim. 15: 1-18. 

Wolfe A.P. and King R.H. 1999. A paleolimnological constraint to the extent of the last glaciation 
on northern Devon Island, Canadian High Arctic. Quat. Sci. Rev. 18: 1563-1568. 

Wolfe A.P., Fréchette B., Richard P.J.H., Miller G.H. and Forman S.L. 2000. Paleoecological 
assessment of a > 90,000-year record from Fog Lake, Baffin Island, Arctic Canada. Quat. Sci. 
Rev. 19: 1677-1699. 

Wolfe A.P., Steig E.J. and Kaplan M.R. 2001. An alternative model for the geomorphic history of 
late Wisconsinan surfaces on eastern Baffin Island: a comment on Bierman et al. (1999). 
Geomorphology 39: 251-254. 

Zolitschka B. 1996. Recent sedimentation in a high arctic lake, northern Ellesmere Island, 
Canada. J. Paleolim. 16: 169-186. 




