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Abstract This study focused on the lumines-
cence dating of sediments from Lake El’gygytgyn,
a meteorite impact crater 100 km north of the
Arctic Circle in northeast Siberia, formed
3.58 Ma ago. The sediment is principally eolian
deposited in to a lake with nearly permanently
ice. The fine-grained polymineral and quartz
extracts taken from nine distinct levels from the
upper 123 m of sediment core PG1351 were
dated by infrared stimulated (IRSL) and green

This is the sixth in a series of eleven papers published in
this special issue dedicated to initial studies of EI’gygytgyn
Crater Lake and its catchment in NE Russia. Julie Brig-
ham-Grette, Martin Melles, Pavel Minyuk were guest
editors of this special issue.

S. L. Forman () - J. Pierson - J. Gémez
Department of Earth and Environmental Sciences,
University of Illinois, 845 W. Taylor Street, Chicago,
Illinois 60607-7059, USA

e-mail: SLF@uic.edu

J. Brigham-Grette

Department of Geosciences, University of
Massachusetts, Morrill Science Center, 611 North
Pleasant Street, Amherst, MA 01003-9297, USA

N. R. Nowaczyk
GeoForschungs Zentrum Potsdam, Telegrafenberg
Section 3.3, D-14473 Potsdam, Germany

M. Melles
Institute of Geophysics and Geology, University of
Leipzig, Leipzig, Germany

stimulated luminescence (GSL) using multiple
aliquot additive dose procedures. The veracity of
these ages is evaluated by comparing to an age
model for the core derived from magnetic
excursions and from correlation of variations of
the magnetic susceptibility record to similar
magnitude variations in ¢ '®O in the Greenland
Ice core record. The IRSL ages from the upper
9 m of core correspond well with the independent
age control for the past ca. 200 ka. However,
sediments deeper in the core at 12.3 m with an
inferred age of ca. 250 ka age yield a saturated
IRSL response and therefore a non-finite OSL
age. The youngest sediment dated from 0.70 m
depth yielded the IRSL age of ca. 11.5 ka, older
than the corresponding age of 9.3-8.8 ka, indi-
cating a discrepancy in dating the youngest sedi-
ments in the upper 1 m of core. This study
confirms the utility of IRSL by the multiple
aliquot additive dose method to date sediments
<200 ka old from eastern Siberia.

Keywords Luminescence dating - Arctic lake -
Geochronology - Siberia

Introduction

A prerequisite to forward paleoenvironmental

interpretations of lacustrine systems is the deter-
mination of an absolute chronology for individual
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lake sediment cores. An accurate chronology is
essential for assessing causative links between
proxy environmental indicators (e.g., diatoms,
magnetic susceptibility) and broader climate
drivers like changes in atmospheric chemistry,
solar insolation, and ocean circulation. Advances
in dosimetry-based geochronologic techniques in
the past decade, such as optically stimulated
luminescence (OSL) provide new capabilities for
dating Quaternary sediments (e.g., Aitken 1998;
Duller 2000, 2004; Forman et al. 2001; Murray
and Wintle 2000; Stokes 1999). Luminescence
geochronology has emerged as an important
approach for deciphering paleoliminologic
records because it is one of the few techniques
that can be applied to a variety of aquatic settings,
potentially dating environmental events spanning
the past ca. 200 ka (e.g., Berger et al. 2004;
Berger and Anderson 2000; Kaufman et al. 1996,
2001; Wolfe et al. 2000).

The focus of this study is evaluating the accuracy
of optically stimulated luminescence to date sedi-
ments from Lake El’gygytgyn, a meteorite impact

crater 100 km north of the Arctic Circle in north-
east Siberia (Fig. 1), created ca. 3.58 Ma (Layer
2000). These analyses are part of a larger effort to
study the hydrometeorology of the lake basin
(Nolan et al. 2002; Nolan and Brigham-Grette
2007) and to extract paleoclimatic inferences from
lake cores that span the past 300 ka (Brigham-
Grette et al. 1998, 2001; Nowaczyk and Melles
2007). The present crater-lake has a diameter of
12 km and maximum depth of 175 m (Nolan et al.
2002). The surface of the lake at 495 m above sea
level remains ice covered for ~9 months of the year
with open water historically documented as early
as mid-July and as late as mid-October (Nolan
et al. 2002). The basin is surrounded by hills that
rise to about 850-950 m asl along the west rim of
the crater. Fifty streams drain into the lake and are
nearly all <5 km long, limiting the catchment to
the crater rim; the Enmyvaam River is the only
outlet to the south. One source of sediment is
through freezing of particles into the ice at the
shore and with spring breakup this sediment is
released in to the lake (Nolan et al. 2002). Silts and
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Fig. 1 Basic geologic map of El'gygytgyn impact structure (left) located in northeastern Siberia, Russia (right). (from

Nowaczyk et al. 2002)
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clays, presumably of eolian origin, accumulate on
the surface of the ice and with melting are deliv-
ered to the lake bottom (Brigham-Grette et al.
1998, 2001). This fine-grained sediment is the tar-
get for luminescence analyses to evaluate the
suitability of infrared stimulated luminescence
(IRSL) for dating sediments deposited in the past
ca. 200 ka.

Glacial geologic research clearly indicates that
Lake El’gygytgyn and much of eastern Siberian
Chukotka remained unglaciated during the Qua-
ternary (Brigham-Grette et al. 2001, 2003; Gual-
tieri et al. 2000; 2003; Heiser and Roush 2001).
Lake cores extracted from Lake El’gygytgyn
confirm a non-glacial influence, consisting of non-
laminated muds alternating with finely laminated
grayish to greenish muds with little to no sand.
Previous research concentrated on providing a
geochronologic framework largely from biostati-
graphic, magnetic susceptibility and rock mag-
netic properties for a 12.7 m-long core (PG1351)
(Nowaczyk et al. 2002; Nowaczyk and Melles
2007). An age model for the past 300 ka for the
core is based on identified time horizons, such as
the Blake Event (115 ka), the base of the Eemian
(130 ka) and Holocene (10 ka) pollen zones and
tuning of the magnetic susceptibility series to
highly similar variations in the oxygen isotope
record of the Greenland Ice sheet (Fig.2)
(Nowaczyk et al. 2002; Nowaczyk and Melles
2007). The errors associated with this age model
have yet to be calculated but probably do not
exceed 10% (Nowaczyk pers. com., 2003). This
age model provides a metric to evaluate the
veracity of luminescence dating for 9 distinct
levels from the upper 12.3 m of core PG1351.

Luminescence geochronology

Luminescence geochronology is based on the time-
dependent dosimetric properties of silicate min-
erals, predominately feldspar and quartz (Aitken
1985, 1998). The technique has been used to date
sediments usually <200 ka old that received pro-
longed sunlight exposure prior to deposition (e.g.,
Berger and Anderson 2000; Duller 2000; Forman
and Pierson 2002). Exposing sediment to sunlight
for hours (e.g., Godfrey-Smith et al. 1988) or

heating to >300°C eliminates most of the previ-
ously acquired luminescence from mineral grains.
After the sediment is buried and shielded from
further light exposure ionizing radiation from the
decay of naturally occurring radioisotopes of U,
Th, and K produces free electrons which are sub-
sequently trapped in crystallographic charge
defects in silicate minerals. Excitation of these
minerals by heat or light results in recombination
of the stored charge that yields luminescence
emissions. The intensity of the luminescence is
calibrated in the laboratory to yield an equivalent
dose (De), which is divided by an estimate of the
radioactivity that the sample received during burial
(dose rate, D,) to render a luminescence age.

The OSL is reset to a low readily definable
level by exposure of sediment to sunlight prior to
deposition. In turn, optical dating techniques use
light (e.g., infrared) to rapidly release electrons
from light sensitive traps (e.g., 1.41 ev, Hiitt et al.
1988) within the mineral lattice. A key advantage
of OSL is the rapidity and the completeness of
solar resetting of the signal compared to ther-
moluminescence. For example, the green OSL
emission from quartz and potassium-feldspar
grains are reset after exposure to sunlight for as
little as 20 s and is similar to the reduction in the
TL signal after a 20-h sunlight exposure (e.g.,
Godfrey-Smith et al. 1988), attesting to the broad
utility of optical techniques for dating eolian
sediments.

Eolian silts are common in eastern Siberia
sourced from the many northward flowing rivers
(e.g., Zander et al. 2003; Waters et al. 1999).
Optically stimulated luminescence is most
appropriate to date sediment from Lake El’gy-
gytgyn because fine-grained silt particles
(4-11 pm) are derived from nearby sources by
eolian transportation and deposited on the lake
ice and were surely exposed to unfiltered sunlight
for >1 h prior to deposition in the lake. Light
exposure is effective in eliminating most, if not
all, of the inherited luminescence signal (Fig. 3)
and thus, the luminescence signal reflects the time
since burial of the silt grains. Once deposited, silt
grains are shielded from further light exposure
and subsequently acquire time-dependent lumi-
nescence properties with exposure to ionizing
radiation.
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Fig. 2 Marine oxygen
isotope records from
ODP Site 677, equatorial
Pacific and the GRIP ice
core record versus time
together with high-
resolution record of
magnetic susceptibility
and simplified pollen
diagram from Lake
El'gygytgyn core PG1351.
Location of infrared
stimulated luminescence
(IRSL) samples and
laboratory numbers are
shown in the pollen plot.
Dashed lines show IRSL
age ranges incorporating
errors and sampling
interval. (from Nowaczyk
et al. 2002; Nowaczyk and
Melles 2007)
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Infrared-stimulated luminescence and green
stimulated luminescence (GSL) ages are deter-
mined on the fine-grained (4-11 pm) polymineral
and quartz fractions for nine and three levels
from Lake El’gygytgyn core PG1351, respectively
(Table 1). The fine-grained quartz fraction was
isolated from three levels (UIC706, UIC759 and
UIC675) by digestion in hydrofluosilicic acid sat-
urated in respect to quartz, and thus preferen-
tially dissolves non-quartz minerals (Berger
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et al. 1980). The low photon output (<~8000
counts) and lack of response with infrared stim-
ulations confirms the purity of the quartz sepa-
ration. Multiple-aliquot additive-dose procedures
(Singhvi et al. 1982) are used to generate IRSL
and GSL ages because this approach has yielded
finite and apparently accurate ages for loess and
other fine grained deposits spanning the past ca.
150 ka (e.g., Berger et al. 2004; Forman 1999;
Forman and Pierson 2002; Frechen and Yamskikh
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Fig. 3 Solar resetting of natural luminescence for a fine-
grained polymineral extract (UIC675) with infrared excita-
tion. This sample yielded infrared stimulated luminescence
age of 159.5 + 13.1 ka (Table 1). Luminescence is reduced
to a low definable level after 5 min light exposure

1999; Frechen et al. 2001; Lang 1994; Richardson
et al. 1997) and most recently for eastern Siberian
loess (Zander et al. 2003), a sediment genetically
related to that dated from Lake El’gygytgyn.

Optical stimulation of sediments was accom-
plished using an automated Daybreak 1100
reader with infrared emission (880 + 80 nm) from
a ring of 30 diodes (Spooner et al. 1990) and
green emission (514 =40 nm) from a filtered
halogen (100 W) light-source. The infrared diode
array and green light source delivers approxi-
mately 17 mW/cm? and 7.4 mW/cm?, respec-
tively, to the sample. The resultant blue emissions
were measured at elevated temperature (125°C)
by a Thorn-EMI 9635 Q photomultiplier tube
coupled with one 3-mm-thick Schott BG-39, and
one 3-mm-thick Corning 7-59 glass filters that
blocks >90% luminescence emitted below 390 nm
and above 490 nm from the sediments. Blue-
dominated emissions were chosen for measure-
ment because previous studies indicate greater
suitability as a chronometer than ultraviolet
wavelengths (e.g., Balescu and Lamothe 1992,
1994; Berger et al. 1994; Lang and Wagner 1996;
Rendell et al. 1995). The background count rate
for measuring blue emissions was low
(<80 counts/s), with a signal-to-noise ratio of
>20. Samples were excited for 90s, and the
resulting IRSL or GSL signal was recorded in 1 s
increments.

The IRSL and GSL ages were determined on
the fine-grained (4-11 pm) corresponding poly-
mineral and quartz fractions of sediments
(Table 1). Prior to analysis aliquots for IRSL and
GSL dating were preheated at 140°C for 10 h and
150°C for 1 h, respectively and then stored for
24 h. These preheats, similar to previous studies
(e.g., Berger 2003; Kaufman et al. 1996, 2001;
Frechen et al. 2001; Forman 1999; Forman and
Pierson 2002; Nowaczyk et al. 2001; Ollerhead
et al. 1994; Stokes 1992; Watanuki and Tsukam-
otto 2001), are effective in largely circumventing
an unstable luminescence component (anomalous
fading) (Wintle 1973) associated with laboratory
irradiation and yield IRSL ages in agreement with
independent chronologic control. Tests on lumi-
nescence signal stability were completed by
comparing changes in IRSL emissions for an
additive dose between 0.74 and 1.52 kGy after
preheating at 140°C for 10 h and storage for 24 h;
separate aliquots were measured immediately and
after storage at 25°C for 31-47 days (Table 1).
Stability of the laboratory dose-induced lumines-
cence is indicated by the ratio of luminescence
emission after storage divided by the immediate
measurement; a ratio of 1.0 indicates stable
luminescence. The stability ratio for the lacustrine
sediments studied range between 0.92 and 0.99,
which indicates little to no signal instability and
the detected deviation from a ratio of 1.0 is within
analytical resolution. There may be a small dim-
inution of the additive dose signal by 5-10% for
some samples but this is well within other asso-
ciated dating errors. Another indication of IRSL
stability is the age concordance to GSL mea-
surements on the fine-grained quartz fraction
(Table 1). Quartz luminescence is a magnitude
lower than the corresponding polymineral infra-
red emissions and is known not to exhibit signal
instability (Wintle 1973; Roberts et al. 1994).
These observations indicate that the preheated
feldspar grains do not display significant signal
instability and may reflect an inherent property of
the dated feldspars, rather than a response to the
preheat (Spooner 1992; Spooner et al. 1990;
Huntley and Lamothe 2001). There is no clear
evidence for instability of the IRSL or systematic
age underestimation, which obviates the need for
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a correction factor (e.g., Mejdahl and Christensen
1994; Huntley and Lamothe 2001).

All samples were analyzed by the total-bleach
method (Singhvi et al. 1982), with the solar-reset
residual level measured on four aliquots of each
sample. The luminescence of Lake El’gygytgyn
sediments is rapidly reset with sunlight exposure
with a >90% diminution of signal after 10 min
light exposure (Fig. 3). The lowest solar reset le-
vel is obtained after exposure to 1 h of sunlight,
which results in near-total resetting of the IRSL
signal (Fig. 3). The rate of IRSL growth was
evaluated by applying additive beta doses to the
natural IRSL signal by a series of irradiations
with a calibrated *°Sr/*°Y source. The highest
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Lake El’gygytgyn. Inset (a) show IRSL shine down curves

radiation dose added to the natural IRSL signal
was at least five times the calculated De, which is
usually sufficient for accurate extrapolation
(Fig. 4). The natural and additive-dose data were
fitted by a saturating exponential function (cf.
Grilin 1996; Huntley et al. 1987) for emissions
from the 2nd to 89th second of infrared excitation
that encompasses over 95% of the measured
IRSL signal and exhibits a pronounced plateau in
De values (Fig. 4). However, De determinations
are limited by the extent of growth of lumines-
cence with additive dose; if there is little increase
in the resultant luminescence the response is
considered ‘‘saturated” (Mejdahl 1988). Similar
to a previous effort (Forman and Pierson 2002)
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we consider De’s calculated with <150% increase
in luminescence emission with additive beta
compared to the natural level (Fig. 4; UIC760)
to provide insufficient differentiation in dose
response to calculate a finite equivalent dose.

Dose rate measurements

A critical parameter for luminescence dating is
the dose rate (D,), which is an estimate of the
exposure of the sediment to ionizing radiation
during the burial period (Table 1). Most ionizing
radiation in the sediment is from the decay of
isotopes in the U and Th decay chains and “°K.
The U and Th content are determined by thick-
source alpha counting, which assumes secular
equilibrium in the decay series. The radioactive
potassium component (*’K) is determined from
the assayed K,O content of the sediment by
inductively coupled plasma-mass spectrometry by
Activation Laboratory LTD, Ontario, Canada. A
small cosmic ray component, 0.10 + 0.01 Gy/ka,
is included in the estimated dose rate following
calculations of Prescott and Hutton (1994) which
largely reflects attenuation by 175 m of water that
overlies the core site. The alpha efficiency value
(a-value; Aitken and Bowman 1975) is deter-
mined under infrared stimulation for multiple
aliquots of the polymineral fraction and ranges
from 0.03 to 0.11 (Table 1). The present moisture

content (by weight) of core PG1351 is rather well
known with analyses for water content by weight
determined at nearly 2 cm intervals (Fig. 5),
which serves as a basis for estimating the moisture
content during the burial period. Moisture con-
tent is highest at ~70-80% in the uppermost
30 cm of the core reflecting limited compaction
and with increasing overburden decreases to
30-40% at 800-900 cm depth. Moisture content
used for age calculation is approximately 5%
wetter than the measured values to reflect an
earlier history of wetter conditions, of unknown
duration and, possible loss of sediment pore water
with core retrieval and extraction. This inferred
added moisture content results in ages ~4% older
than calculated for the original measured mois-
ture content.

Discussion: assessing the accuracy of IRSL ages

An a priori assumption is that the magnetic/tuned
timescale generated for core PG1351 is accurate
and this certainty reflects the definition of known
time markers (e.g., Blake Event 115 ka) and
subsequent tuning against temperature proxies
(6'®0) from the Greenland ice cores (Nowaczyk
et al. 2002; Nowaczyk and Melles 2007). This
tuning of the Lake El’gygytgyn record is justified
because both records primarily reflect changes in
solar insolation, the principal driver in Quaternary
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climate changes in high latitudes (e.g., Bradley
1990; Kutzbach et al. 1998). There are two pos-
sible sources of error with the core age model.
The first is the age span for intervals (3—-15 cm) of
sediments that are dated by IRSL that reflect
<1000 years to ~5000 years (Table 1). The other
source of error is associated with the tuning of the
Lake El’gygytgyn time series to the Greenland ice
core records, which remains unevaluated for po-
tential leads and lags and may account for addi-
tional errors of + 10%.

The oldest sediment dated by luminescence is
from 1224 to 1232 cm depth (UIC674) with an
inferred age of ca. 250 ka (Nowaczyk et al.
2002; Nowaczyk and Melles 2007). This
sediment exhibits a rather modest response to
additive f dose with <100% in growth in IRSL
emissions above the natural response which, is
insufficient to interpolate an accurate equivalent
dose. Thus, the IRSL age of >162.5 + 11.8 ka
(UIC674) (Table 1) is not finite or reliable
because the response to additive beta dose is
near saturation (Mejdahl 1988; Forman and
Pierson 2002). Younger sediment from 878-
895 cm depth (UIC760) with a correlated age of
185.8-187.2 ka (Nowaczyk and Melles 2007)
showed an increase in IRSL emissions of
~160% above the natural luminescence, just
sufficient to calculate an accurate equivalent
dose. This analysis yielded an IRSL age of
2123 +16.1 ka (UIC760) is concordant at 2
sigma with the correlated age of 185.8-187.2 ka
(Nowaczyk and Melles 2007). The available
analyses indicate that the upper limit for IRSL
dating sediment from Lake El’gygytgyn is at least
150-200 ka, well within the inferred ages for
sediments in the upper 700 cm of core PG1351
that were subsequently dated (Table 1).

An important chronostratigraphic marker is
the first occurrence of Eemian pollen assemblage,
at ca. 130 ka at 589 cm depth. Lake sediment
above at 459—474 cm and below at 678-693 cm
this marker were dated by IRSL (Table 1). The
deepest sediment yielded the IRSL age of
159.5 + 13.1 ka (UIC675) and a duplicate analysis
gave an age of 148.9 + 11.1 ka (UIC675a); both
ages concordant with independent age control
(152.7-155.7 ka) at one sigma (Table 1). These
pre-Eemian sediments showed >150% rise in

luminescence above the natural emission and a
non-saturated response with additive f dose of
>2 kGy, indicating a geochronologically sensi-
tive response. A corresponding (UIC675g) fine-
grained quartz extract showed less response to
additive beta dose and yielded the minimum
limiting age of >112.1 + 8.8 ka. The sediment
at 460 cm depth vyielded an IRSL age of
1042 + 7.5ka (UIC759) and GSL age of
82.1 + 5.9 ka (UIC759g) on the fine-grain quartz
extract, which overlap at two sigma. These ages
are consistent with the post-Eemian pollen
assemblage and a documented shift in magnetic
intensity immediately below the dated sediments
associated with the Blake Event, at ca. 115 ka
(Nowaczyk et al. 2002).

Five levels in the upper 330 cm of core PG1351
are dated by IRSL spanning the past ca. 70 ka
(Fig. 2, Table 1). Sediment from 321-327 cm and
271-275 cm yielded the respective IRSL ages of
635 +45ka (UIC717) and 61.6 +43ka
(UIC720) which over lap at two and one sigma
levels, respectively with correlative ages of
72.3-73.7 and 58.8-59.4 ka (Table 1). The IRSL
ages on fine-grains from 244 to 247 cm and from
116 to 120 cm depth are 48.2 + 3.9 ka (UIC662)
and 17.5 + 1.3 ka (UIC706), are in close agree-
ment with correlative ages of 54.5-55.3 ka and
17.1-17.9 ka, respectively (Table 1). A quartz
extract from the 116-120 cm level yield the age of
20.2 + 1.6 ka (UIC706g), within one sigma of the
corresponding IRSL age of 17.5+ 1.3 ka
(UIC706) (Table 1). The uppermost sediment
dated from core PG1351 from 66 to 70 cm yielded
IRSL age of 11.5 + 0.8 ka (UIC705), which is
somewhat older than the correlative age of
9.3-8.8 ka (Table 1). However, the modeled
timescale for the upper 1 m of the core is prob-
lematic because of the lack of calibration points
and loss of sediments with coring. Eight out of the
nine levels in core PG1351 dated by IRSL overlap
well within 2 sigma errors with the associated
correlative age (Fig. 6).

The growth of luminescence with additive f
dose in the laboratory shows distinguishable
trends for the different age sediments dated from
core PG1351 (Fig. 4). The luminescence emis-
sions for the youngest lake sediment, 66-70 cm
and 116-120 cm below the surface increased
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Fig. 6 Comparison between IRSL ages and corresponding
ages determined from sediment magnetic data and tuning
to other dated records (Nowaczyk and Melles 2007)

nearly at a linear rate up to an additive dose of
approximately 0.26 Gy. Sediments from depths of
2-5 m show linear growth up to approximately
0.20 Gy. The oldest sediments dated below
678 cm do not exhibit linear response to additive
dose but show instead saturation in luminescence
emissions with an additive dose >1 kGy. This
progressive non-linear luminescence response to
laboratory irradiation down core PG1351 and
clear saturated exponential luminescence
response to additive  dose from the deepest
sediments reflect a dynamic equilibrium between
continuous electron trap occupation, associated
with an infinite matrix dose and long term trap
emptying (Mejdahl 1988). These competing
processes for electron capture and trap emptying
within the mineral lattice result in an upper
age limit for IRSL dating by additive dose
techniques for Lake El’gygytgyn sediments of ca.
200 ka.

Conclusion

1. Eight of the nine fine-grained polymineral
extracts from the upper 9 m of sediment from
Lake El’gygytgyn yield IRSL ages that cor-
respond well with the magnetic/tuned time-
scale for the past ca. 200 ka (Nowaczyk and
Melles 2007). Ages on fine-grained quartz
extracts from three levels are consistent with
corresponding IRSL ages and thus confirms
the temporal sensitivity of the IRSL signal.

@ Springer

2. The uppermost sediment dated from core
PG1351 from 66 to 70 cm yielded an IRSL
age of 11.5 + 0.8 ka (UIC705), which is older
than the correlative age of 9.3-8.8 ka. This
discrepancy highlights chronologic uncer-
tainties for sediments deposited in the past ca.
15 ka, within the upper 1 m of retrieved
sediments.

3. Sediment from 12.3 m depth yielded a rather
modest response to additive f dose with
<100% in growth in IRSL emissions above
the natural and this response is insufficient to
interpolate an accurate equivalent dose.
Therefore, the corresponding IRSL age of
>162.5 + 11.8 ka (UIC674) is not finite or
reliable because the response to additive beta
dose is near saturation. IRSL is an effective
geochronometer for light-exposed Arctic
sediments for the past ca. 150-200 ka, con-
sistent with previous results of Berger et al.
(2004) and Zander et al. (2003). The apparent
upper limit for effective dating largely reflects
electron trap saturation effects, rather than
signal instability documented for coarse grain
feldspars (Huntley and Lamothe 2001).
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