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ABSTRACT.  In this study, we test the possibility of using databases of radiocarbon ages to estimate boundaries of climatic
chronozones. The Alaska region was chosen and compared with chronozones of 2 European countries: Poland and the Neth-
erlands. The study included setting up a database of 14C ages published for climatic records from Alaska. Some 974 14C deter-
minations on organic samples were selected and used to establish chronozones for the Late Glacial and the Holocene for the
Alaska region. The selected data were calibrated and a summed probability density function (PDF) was calculated. The shape
analysis of the constructed frequency distribution of 14C dates on calendar timescales together with the assumption about pref-
erential sampling seems to be a useful tool for establishing calendar ages for boundaries of climatic periods, i.e. chronozones.

INTRODUCTION

Commonly used chronostratigraphical boundaries proposed by Mangerud et al. (1974) are typically
expressed in radiocarbon years. During the last 20 yr, the use of chronozones became less common
because of the discrepancy between 14C and calendar ages, and the common practice of correlation
to Greenland ice records. In 1995, the INTIMATE project was initiated as a core project of the
INQUA Paleoclimate Commission, which has a primary goal to establish timing of paleoenviron-
mental events in the North Atlantic region during the Last Termination. A protocol for time-strati-
graphic correlation over the time interval 30–8 ka BP was recently published (Hoek 2008; Lowe et
al. 2008). The INTIMATE Event Stratigraphy scheme was proposed as a standard against which
regional stratigraphies should be compared to look for synchrony (or asynchrony) of comparable
events. It is based on the new NGRIP isotopic record and associated Greenland Ice-Core Chronol-
ogy 2005 (GICC05) (Rasmussen et al. 2006).

Most of the records from terrestrial and marine environments are typically dated by 14C. Using the
OxCal or BCal programs (Bronk Ramsey 1995, 2001, 2008; Buck et al. 1996, 1999), which provide
appropriate statistical tools, it is possible to build an age-depth model and date the boundaries for
single investigated sites. 

In the last few years, MichczyÒska and coworkers pioneered a method to establish the calendar ages
for the boundaries of regional chronozones. The focus of these earlier studies was set on the territory
of Poland (MichczyÒska and Pazdur 2004; MichczyÒska et al. 2007; Macklin et al. 2006; Starkel et
al. 2006). 

MichczyÒska and Pazdur (2004) and MichczyÒska et al. (2007) used shape analysis of probability
density functions (PDFs) calculated for large sets of 14C dates to reconstruct past environmental
changes in Poland. Although this method was initially used to reconstruct paleohydrological condi-
tions in Poland, they observed a general tendency of collecting samples from specific horizons, i.e.
where changes in sedimentation or changes in pollen diagram are observed. Such a procedure results
in high and narrow peaks in the PDF near the Late Glacial and Holocene subdivision boundaries. An
extensive data set of 14C dates (785 dates for peat samples and ~330 for fluvial sediments) was used
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to establish calendar ages of chronostratigraphical boundaries of climatic changes that took place
during the last 16,000 cal BP in Poland (see Table 3) (MichczyÒska et al. 2008). 

Having developed this tool, we would like to apply it to data from various regions to see if there are
any similarities in climate change patterns that can be observed between distant regions of the
Northern Hemisphere. The calendar ages of regional climatic changes from part of Alaska were
established and compared with the timing of changes that occurred in selected regions of Europe
(Poland and the Netherlands). Alaska was chosen as a focus of this study because ecosystems of this
high-latitude region are highly sensitive to climatic change.

INVESTIGATED AREA AND TIME INTERVAL

Alaska is situated in the northwest extremity of the North American continent. It can be divided into
several regions characterized by different patterns of temperature, precipitation, permafrost, amount
of daylight, and topographic relief. The boundaries of each of these regions should not be thought of
as sharp lines of contrast but as gradual zones (Daly 2002; Shulski and Wendler 2007; http://akcli-
mate.org/; http://www.wrcc.dri.edu/summary/Climsmak.html; http://esp.cr.usgs.gov/research/
alaska/): 

Arctic. The northern part of Alaska, encompassing the area north of the Brooks Range, is known as
the Arctic. The local climate is severe with long, very cold winters and short, cool summers. It is
influenced by the Arctic Ocean. Even in July, the average temperature in Barrow (the northernmost
settlement) is 1 °C. The ground is permanently frozen (continuous permafrost) and during the sum-
mer, the soil thaws only a few inches. Precipitation is light, with many places averaging <250 mm/
yr, mostly in the form of snow that stays on the ground almost the entire year. For all areas in this
zone, the sun remains below the horizon from late November until mid-January, and is continuously
visible from the middle of May through the end of July.

Interior. This region is isolated by the Alaska Range to the south and the Brooks Range to the north.
Due to its isolation from the coast, Interior Alaska’s climate is strongly continental, with high sea-
sonal extremes. This region has the warmest summers in the state, as well as the lowest recorded
winter temperatures. Average temperatures range from 22 ºC in high summer to –28 ºC in winter.
The mountain ranges also limit the amount of precipitation that falls in the Interior by limiting the
advection of moisture. The average annual precipitation in Fairbanks (main city of this region) is
287 mm/yr. Most of this comes in the form of snow during the winter. The permafrost is discontin-
uous. In the midsummer, the time between sunrise and sunset is around 22 hr, and in midwinter, 4 hr.

West Coast. The climate is maritime, influenced by Bering Sea. In this zone, summer temperatures
are moderated by the open waters of the Bering Sea, but winter temperatures are more continental
in nature due to the presence of sea ice during the coldest months of the year. There is no natural
topographic barrier to separate this region from the Interior. The region is generally underlain by
discontinuous permafrost. Annual average precipitation varies between 250 and 500 mm/yr. The
mean annual temperature is below the freezing point. The daylight amount is similar to the Interior.

South-Western Alaska includes the Aleutian Islands. There are more than 200 islands in this chain
of islands. They separate the Bering Sea from the North Pacific Ocean. They are generally free of
permafrost. Due to the moderating effects of the ocean, it is difficult to define any seasonal periods.
Precipitation ranges between 250 (Seaward Peninsula) and 2500 mm/yr (some locations between
Dillingham and Bethel). The climate is maritime with mean annual temperatures above the freezing
point. In June, the day length is near 22 hr and in December, 4 hr.
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South-Central Alaska. This area is under a strong maritime influence and is characterized by high
annual precipitation and moderate temperatures. Regional precipitation ranges from 430 mm/yr in
drier areas to more than 5000 mm/yr in the coastal mountains. The first snowfall usually comes in
October or November. The average annual temperature is ~5 °C. Ground near the coast is free of
permafrost, and other areas of this zone are underlain by isolated masses of permafrost. In June, the
day length is near 18 hr and in December, 6 hr.

South-Eastern Alaska. The climate of southeast Alaska is primarily influenced by the adjacent
Pacific Ocean, and occasionally modified by dry continental air from Canada. This is the only
region in Alaska in which the average daytime high temperature is above freezing during the winter
months. The mean annual precipitation is 1560 mm. The zone is generally free of permafrost. Day-
light hours reach 17 hr/day in June and fall to 7 hr/day in December.

Division of Analyzed Time Interval

In the paper, the following terms are used: Wisconsin, Late Glacial, Bølling, Allerød, Younger
Dryas, Preboreal, Boreal, Atlantic, Subboreal, and Subatlantic.

The period from ~20 kyr until the end of Pleistocene was characterized by a great expansion of gla-
ciers. It has been given a series of local names: Pinedale or Wisconsin (in North America), Deven-
sian (in the British Isles), Würm (in the Alps), Weichselian (in Scandinavia and northern Europe),
Vistulian (in northern central Europe), and Valdai in eastern Europe. The location of the analyzed
area determined the term “Wisconsin” as most appropriate.

The term “Late Glacial” is used according to the definition from A Dictionary of Earth Sciences
(Allaby and Allaby 1999): “the term ‘late glacial’ is usually applied to the time between the first rise
of the temperature curve after the last minimum of the Devensian/Wisconsin/Vistulian/Würm glaci-
ation, and the very rapid rise of temperature that marks the beginning of the post-glacial, or
Holocene period.”

For the Late Glacial, names of climatic zones proposed in 1935 by Jessen (see Hoek 2008)—
Bølling, Allerød, Younger Dryas—and for the Holocene—Preboreal, Boreal, Atlantic, Subboreal,
and Subatlantic—proposed by Blytt and Sernander (see Mangerud et al. 1974) are used. Although
these zones were proposed for Scandinavia and for the British Isles, they are commonly accepted
and applied more widely than originally intended. This terminology was originally developed for
biostratigraphy zones, but it is frequently used in a chronostratigraphic sense, which is also the case
in this study.

Environmental Changes during Analyzed Time Period

This project focused upon the last 16,000 cal BP. During the analyzed time period, one of the most
important environmental changes was the global sea-level change. During the Late Wisconsin, the
global sea level was about 120 m below its present position and a natural land bridge, called the Ber-
ing Land Bridge (BLB) or Beringia, linked present-day Siberia and Alaska. At its greatest extent,
the land bridge was roughly 1600 km wide. Melting of glacier ice caused the sea levels to rise, grad-
ually flooding the land bridge. During the Late Wisconsin (Late Glacial), the climate of the BLB
was arid and cold. The land was not glaciated because snowfall was extremely light, and predomi-
nant vegetation was graminoid-herb-willow tundra (Ager 2003; Ager and Philips 2008). Rising sea
levels had began to flood the BLB about 13,500 cal BP (http://www.ncdc.noaa.gov/paleo/parcs/
atlas/beringia/lbridge.html) and climate became wetter with deeper winter snows, and moist, cool
summers with dwarf birch-heath-willow-herb tundra vegetation (Ager and Philips 2008).
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The abrupt climatic change—the transition from glacial to interglacial conditions—was recorded
clearly for many investigated sites in the Alaskan territory. On the whole, Alaskan climate became
warmer and moister than climate of the Late Wisconsin, and an almost synchronous change from a
herb-dominated to shrub-dominated tundra took place (Anderson and Brubaker 1993). The later cli-
mate changes were more complex in spatial and temporal patterns. Axford and Kaufman (2004)
pointed to the role of local- and regional-scale factors, especially moisture availability. These local
and regional factors acted as modulators of global-scale climate forcing.

METHODS

Usually, researches choose one or a few sites and, based on results of their studies, try to reconstruct
environmental changes concerning the studied region. The majority of these reconstructions are
supported by 14C dating; therefore, we propose another approach that is based on 14C ages available
from the whole region. Thus, we began by collecting information about 14C dating for the selected
region. After rejection of questionable dates, a frequency distribution of the dates on a calendar
timescale is constructed. The only assumption in our analysis is that samples are usually taken on
purpose. In other words, in the analysis the distinct tendency to collect samples from specific hori-
zons is taken into account. The assumption was testified for Poland (MichczyÒska and Pazdur 2004;
MichczyÒska et al. 2007).

It is a general rule to take samples for 14C dating from places of visible sedimentation changes or
changes in a pollen diagram. Thus, in the database for selected region there are 14C dates connected
with only local environmental changes, with regional or global environmental changes, as well as
random 14C dates, i.e. connected with dating organic material for every few centimeters in some
core. If we collect data from many places, then the common signal is increased, and the signals con-
cerning local changes (or connected with random dates) are smoothed. As a result, if there is any
common signal in the chosen set, we can expect peaks in the frequency distribution of dates. We
expect that dates connected with chronozones occur significantly more frequently, and therefore,
they produce peaks on PDFs. Moreover, the faster the environmental changes, a more distinct
boundary and a more distinct, narrow peak could be expected. Dates corresponding to such changes
encompass a smaller time period.

The methods employed in this study involve construction of a database of ~1000 14C dates for
organic samples collected from records of Alaska, i.e. “data mining.” The 14C database was com-
piled from dates lists published in Science and Radiocarbon journals, and from scientific papers
available via ISI Web of Knowledge (see Appendix) published up to date. The next step after col-
lecting the data was selection of dates. Excluded from the analysis were all dates suspected of con-
tamination by younger or older organic matter (on the base of inconsistency of 14C age and stratig-
raphy or palynology), connected with dating earthquake, volcano activity, human activity, and also
dates for driftwood. In total, the database includes 974 14C dates from 469 sites (see Figure 1). The
number of 14C ages obtained on different types of dated material is given in Table 1.

Our task was to reconstruct chronozones on a calendar timescale; therefore, the set of 14C dates was
calibrated and a summed probability density function (PDF) was calculated. The culminations of the
PDF represent periods of environmental changes on a regional or global scale and are helpful in
identifying the chronostratigraphical boundaries on a calendar timescale. We are looking for coinci-
dence of these peaks and localizations of chronozones (e.g. proposed by Mangerud et al. 1974) after
their calibration. This method was used also for estimating calendar dates of chronozones for
Poland.
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Figure 1 Alaska regions and sampling sites. South-Western, South-Central, and Maritime regions were joined
together for simplification.

Table 1 Number of samples vs. dated material in analyzed set of 14C dates.

Dated material Number of samples

Wood 407
Peat 207
Organic matter 174
Plant remains 89
Bulk sediment 21
Gyttja 17
Charcoal 16
Pollen 15
Macrofossils 8
Moss 5
Seeds 5
Soil 4
Detritus 3
Clay 1
Mud 1
Root 1
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Chronozones for Poland

The boundaries of chronozones proposed by Mangerud et al. (1974) were given as rounded numbers
on a 14C timescale. Similar chronozones for the Polish territory were proposed by Starkel (1977,
1999), but he proposed the additional divisions of Atlantic, Subboreal, and Subatlantic on 4, 2, and
3 subzones, respectively (see Table 2). Boundaries for Poland were established mainly on the basis
on fluctuations in rainfall and runoff regime reflected in fluvial and other facies of continental
deposits and also changes in pollen diagrams supported by 14C dating of organic material from the
appropriate horizons. Results of calibration of these 14C ages (with an arbitrary chosen uncertainty,
i.e. 50 or 100 yr) inform us roughly where chronozones could be located on a calendar timescale.
More precise localization can be obtained by combining this information (probability distributions
of calendar ages for chronozones) with the shape of the PDF constructed for a large set of 14C dates.
Calendar ages for the Late Glacial and Holocene chronozones in Poland were proposed on the basis
of analysis of 2 large sets of 14C dates: 785 dates of peat samples and 331 dates of fluvial sediments
(MichczyÒska et al. 2008) (Table 3).

Chronostratigraphy for the Netherlands

14C dates connected with dating zone boundaries for 102 pollen diagrams from the Netherlands,
northern Belgium, and northwestern Germany were collected by Hoek (1997). We used his data to
establish zone boundaries in calibrated years. These zones were established using the Sequence
function in OxCal (Bronk Ramsey 2008). As values of these boundaries, we proposed to use
expected values and dispersions (see Table 3).

RESULTS

The whole large set of chosen 14C dates was calibrated and a probability density function (PDF) was
constructed using the function Sum in OxCal (Bronk Ramsey 1995, 2001, 2008) and the IntCal09
calibration curve data (Reimer et al. 2009) (see Figure 2A). Similar PDFs for different climatic
regions of Alaska were also constructed (Figure 2B–G).

Alaska, the whole area, 974 14C dates, Figure 2A: The division of the analyzed time period was pro-
posed based on the shape of the constructed PDF. The clearest are the following boundaries: 11,200
cal BP, which is close to the Younger Dryas/Boreal transition (YD/BO); 9500 cal BP, which is close
to the Boreal/Atlantic (BO/AT); and 2750 cal BP, which is close to the Subboreal/Subatlantic (SB/

Table 2 Chronostratigraphical subdivisions of the Holocene according to Mangerud and Starkel.

Name of zones 
Mangerud et al. (1974)
14C yr BP

Starkel 1999
14C yr BP

Subatlantic SA2/SA3 500
SA1/SA2 2000

Subboreal/Subatlantic 2500 2800
Subboreal SB1/SB2 4200
Atlantic/Subboreal 5000 5000
Atlantic AT3/AT4 6000

AT2/AT3 6600
AT1/AT2 7700

Boreal/Atlantic 8000 8400
Preboreal/Boreal 9000 9300
Younger Dryas/Preboreal 10,000 10,250
Allerød/Younger Dryas 11,000 11,800
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SA). The peak near 12,850 cal BP could possibly correlate with the Allerød/Younger Dryas bound-
ary (AL/YD); however, no distinct boundaries close to the Preboreal/Boreal (PB/BO) and the Atlan-
tic/Subboreal (AT/SB) can be set, although there are visible changes at 10.2 and 6 ka cal BP. It is
possible that the gap near 14,000 cal BP could also be connected to the European Older Dryas event.

The following periods are clearly visible as wide peaks: 15,000–13,000, ~1200, and ~400 cal BP,
which might reflect the Bølling-Allerød warming, the Medieval Warm Period (MWP,) and the Little
Ice Age (LIA), respectively. There are visible differences between particular regions. Due to the
influence of local factors, not all changes are recorded in all the regions:

Maritime (South-Eastern Alaska), 156 14C dates, Figure 2B: The clearest boundaries are at 9500
and 2750 cal BP, which are close to the European BO/AT and SB/SA, respectively. The onset of the
Younger Dryas is not distinctly visible. The values of the curve during 0–2 ka cal BP are high due
to a large portion of 14C dates obtained for this time period (62 dates). These data reflect changes in
the local glaciers’ extent.

South-Western Alaska: there were only 8 14C dates for this region and they were added to the 14C
dates set for South-Central region.

South-Central, 213 14C dates, Figure 2C: There are visible boundaries at: 10,200, 9500, and 2750
cal BP, which might correspond to the PB/BO, BO/AT and SB/SA boundaries, respectively. There
are visible peaks at ~1200 and ~400 cal BP, which might show MWP and LIA periods, respectively.

South-Central and Maritime, 369 14C dates, Figure 2D: The shape of the PDF for the time period
0–2 ka cal BP confirms that peaks for the same period for the Maritime region reflected only local
changes. A rather flat part of the curve during the Late Glacial and the beginning of the Holocene is
connected with the fact that most of the landscape was buried under glacial ice during this time. 

Interior, 215 14C dates, Figure 2E: There are distinct boundaries: at 12,850, 11,200, 10,200, 9500,
6000, 4850, and 2750 cal BP, which might correlate with climatic chronozones as defined for
Europe (AL/YD, YD/PB, PB/BO, BO/AT, AT/SB1, SB1/SB2, and SB2/SA). There are clearly visi-
ble warming events before 13,000 and at ~1200 cal BP that can be correlated to the Bølling-Allerød
and the MWP, respectively. The peak at ~400 cal BP can be correlated with the LIA. Clearly, the
environmental changes in this region are the most distinct.

West Coast, 158 14C dates, Figure 2F: There is a visible warming at 16,000–13,000 cal BP that is
close to the Bølling-Allerød in Europe. Any boundaries that are near the European AL/YD and YD/
PB are hardly visible. The peak near 10.2 ka cal BP seems to be connected to the PB/BO boundary.
There are distinct boundaries at 6000, 4850, and 2750 cal BP that might correlate to the AT/SB1,
SB1/SB2, and SB2/SA, respectively. 

Arctic, 232 14C dates, Figure 2G: There are distinct peaks at 13,400, 12,850, 11,200, and 9500 cal
BP. The 3 latter peaks are close to the European AL/YD and YD/BO transitions and to the BO/AT.
There is a visible warming at 15,000–13,000 cal BP close to the Bølling-Allerød timing. The
Holocene boundaries at 5600 and 2300 cal BP seem to be shifted in comparison with the other
regions and do not closely resemble the AT/SB and SB/SA boundaries from Europe. Because of the
presence of continuous permafrost, there is a big risk of contamination of 14C samples by older or
younger organic matter for this region. It is difficult to say if the differences between the shape of
the PDF for the Arctic and the rest of the regions are connected with different patterns of environ-
mental changes in the past or with contamination. 
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Figure 2 Probability density functions for Alaska and its different regions in comparison with environmental data. The pro-
posed chronozones for Alaska are marked in A.
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Data from the northwestern Pacific (reconstruction of SST, Yamamoto et al. 2005, Figure 2H),
Greenland ice core (changes of 18O in NGRIP core and methane concentration in GISP2, Rasmus-
sen et al. 2008; Brook et al. 1996; Figure 2 I–J), and chronozones proposed for Poland (Michc-
zyÒska et al. 2008, Figure 2K) were used to compare the division of the Late Glacial and the
Holocene period into chronozones with other environmental data.

DISCUSSION

Validity of Used Dates: Possible Influence of Contaminated Samples

Almost half of dates were obtained on samples of wood (407), charcoals (16), and seeds (5), which
are considered to be most suitable materials for 14C dating. Although contamination of the samples
cannot be excluded, the influence of incorrect dates on the shape of the probability density function
(PDF) constructed for a large set of 14C dates is limited. This fact was tested by MichczyÒska in her
PhD thesis (2003). It was shown that even in the case when 30% of samples are contaminated by
younger or older organic matter (e.g. 15% of all dates are younger by 10% and another 15% of all
dates are older by 10%), changes of the shape of the PDF are not significant. The experiment was
repeated many times and contaminated dates were chosen randomly. Moreover, the only region for
which contamination can play a significant role is the Antarctic. Nevertheless, a study based on 1
type of material could be more valid. The authors’ forthcoming study in the field of reconstruction
of chronozones is planned to focus on regional and interregional comparisons based on the same
type of dated material.

Influence of Chosen Divisions into Regions

A great diversity in the precipitation, temperature, topography, and glacial ice cover patterns within
a chosen region could result in asynchrony of chronozones from place to place (strong local effect).
Such a case takes place for the South-Central and Maritime regions. Consequently, only a few
boundaries are recorded in the shape of the PDFs.

Uncertainty of Established Chronozones

An uncertainty for the established chronozones expressed as a width of the peak at half of its height
seems to be an acceptable solution. The authors propose to set the value of the uncertainty as 100 yr
on average. The boundaries established for different regions of the Northern Hemisphere are pre-
sented in Table 3.

Alaska vs. Poland:

For detailed comparison, the frequency distributions of dates from Poland and Alaska are presented
in Figure 3. The curves during the Last Glacial-Interglacial Transition (LGIT) are correlated. For
both regions, a warming at 15,000–13,000 cal BP (Bølling-Allerød) is clearly visible. The onset of
the Younger Dryas is better marked for Poland than for Alaska. It should be stressed that the uncer-
tainty of the calibration curve for ages greater than 12,600 cal BP is significantly higher than for
lower ages. By contrast, the onset of the Holocene is more distinct for Alaska. The changes during
the YD/PB transition observed in the PDF curve for Poland are more smoothed than for Alaska. It
could also be cause by the geographical coordinates: high-latitude regions are more sensitive on cli-
mate changes. For Poland, the YD/PB boundary was chosen at the mid-point of the slope of the
curve. Such localization is in high concordance with boundaries established for Lake Goúciπø (Gos-
lar et al. 2000), one of the representative geo-sites selected for the European Network.
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The boundaries between the Boreal and Atlantic, and also between the Subboreal and Subatlantic
are distinct for both regions (and also Alaska subregions), near 9500 and 2750 cal BP, respectively.
It should be noted that the shape of the PDF curve for Alaska is highly influenced by the shape of
the PDF for the Interior region; therefore, the observed synchrony between Poland and Alaska con-
cerns mainly 2 areas with continental climate: Poland and the Alaskan Interior. 

Alaska vs. the Netherlands

For the Netherlands region, only data concerning LGIT are presented in Table 3. It is interesting that
the gap near 13,900–14,000 cal BP, which is visible for the Whole Alaska PDF and the PDFs of 3

Table 3 Proposed chronozones for Alaska (this study), Poland (MichczyÒska et al. 2008), and the
Netherlands (Hoek 1997, changed) compared with event stratigraphy for NGRIP (Hoek 2008;
Lowe et al. 2008) and Lake Suigetsu (Nakagawa et al. 2005). All boundaries are expressed in yr
BP. For NGRIP boundaries, maximum counting errors (MCE) are also given in parentheses.a

aBø: Bølling; OD: Older Dryas; GS: Greenland stadial; GI: Greenland interstadial; SGP: Suigetsu pollen (H: Holocene; S:
stadial; I: interstadial).

Figure 3 Comparison of the chronozones proposed for Alaska and Poland
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Alaskan regions, Arctic, Interior, and West Coast (cf. Figure 2), correlates with the Older Dryas
event recorded in the pollen diagrams from the Netherlands (cf. Table 3).

It is difficult to say if there are any offsets between boundaries marking the beginning of the cold
event (European AL/YD) for these regions. From a statistical point of view, 2 results (12,850 ± 100
and 12,750 ± 50 cal BP) are in agreement, but the next boundary marking the end of the cold event
(European YD/PB) for Alaska is distinctly younger (11,200 ± 100 cal BP) than the appropriate
boundary GS-1/Holocene for the Netherlands (11,800 ± 180 cal BP).

Alaska vs. NGRIP 

The gap near 13,900–14,000 cal BP visible for the Whole Alaska PDF and the PDFs of 3 Alaska
regions, Arctic, Interior, and West Coast (cf. Figure 2), is in correlation with the GI-1d event
recorded in the ice core NGRIP (14,025–13,904 cal BP). There is an excellent agreement between
the ages for the onset of the cold event (12,850 ± 100 cal BP) and GI-1a/GS-1 (12,846 cal BP with
maximum counting error of 138), but the ages for the end of this event in Alaska (11,200 cal BP) and
GS-1/Holocene (11,653 cal BP with maximum counting error of 99) are different. 

Alaska vs. Suigetsu 

There is an agreement between the gap near 13,900–14,000 cal BP visible for the Whole Alaska PDF
and the PDFs of 3 Alaska regions, Arctic, Interior and West Coast (cf. Figure 2), and boundary SGPI-
1c/SGPI-1b (13,950 vyr BP). There is an excellent agreement between ages of the change at 11,200 ±
100 cal BP and the SGPS-1/SGPH boundary (11,250 vyr BP). There is a distinct shift between the
onset of the cold event at 12,850 ± 100 cal BP and the SGPI-1a/SGPS-1 event (12,300 vyr BP).

Influence of Calibration Curve

Changes in the shape and uncertainty of the calibration curve influence the shape of the constructed
PDFs. This effect can be seen in Figure 4 where results received for Alaska and Poland are presented
for 2 versions of the calibration curve: IntCal04 (Reimer et al. 2004) and IntCal09 (Reimer et al.
2009). Application of the updated version of the calibration curve resulted in a shift of the onset of
the cold event of the European Younger Dryas. This boundary is now marked as a lower peak (due
to the higher uncertainty of IntCal09 compared to IntCal04 for ages older than 12,600 cal BP).

CONCLUSIONS

Changes in environmental conditions are often recorded as changes in the type of sediment. Prefer-
ential sampling from such horizons results in notably greater numbers of 14C dates in the literature
that correspond to chronostratigraphical boundaries. Shape analysis of the frequency distribution of
14C dates could be useful in the reconstruction of the environmental changes. On the curve of the
probability density function, chronostratigraphical boundaries are marked by peaks. The faster and
stronger the environmental change, the more distinct and steeper the peaks observed.

The wide peaks at 15,000–13,000, ~1200, and ~400 cal BP, might correspond to the Allerød-Bølling
warming, the Medieval Warm Period, and the Little Ice Age, respectively. The cold event during the
LGIT, marked in the PDF curve for Alaska, seems to be correlated with the changes in the concen-
tration of 18O in the NGRIP ice core and with the sea surface temperature in the NW Pacific region.

The peak near 12,850 cal BP in the PDF for Alaska correlates well with the European boundary AL/
YD for Poland (12,650 ± 100 cal BP) and the Netherlands (12,750 ± 50 cal BP), as well as with the
GI-1a/GS-1 boundary for the NGRIP core (12,846 (138) cal BP). Higher resolution of the calibra-
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tion curve during Last Glacial-Interglacial Transition is needed to set more precise boundaries for
this time interval.

The boundaries for the Whole Alaska PDF (11,200, 9500, 6000, 2750 cal BP) are distinctly visible
and near the following European boundaries: YD/PB, BO/AT, AT/SB, and SB/SA, respectively.
There is a good correlation between the established chronozones for Alaska and Poland, although
they are not simultaneous. This means that environmental changes were similar for the whole hemi-
sphere, but some shifts can be observed from region to region. Our results show synchrony and
asynchrony of events that could be helpful in the discussion of abrupt climate changes.

ACKNOWLEDGMENTS

We would like to thank both reviewers, Dorothy Peteet and Wim Hoek, for their valuable comments.
This study was performed in the framework of the Marie Curie Programme, Transfer of Knowledge
Action, ATIS Project (MTKD – CT – 2005 – 029642). 

REFERENCES

Figure 4 The influence of the calibration curve on the shape of PDFs. Changes in a course of the calibration curve and
its higher uncertainty during the interval 12,600–16,000 cal BP resulted in changes of the PDFs constructed for Poland
and Alaska. The onset of Younger Drays for Poland and Alaska is now shifted towards younger ages.

16000 14000 12000 10000 8000 6000 4000 2000 0
Cal age (yr BP)

0

0.2

0.4

0.6

0.8 Alaska, 974 dates

0

0.2

0.4

0.6

0.8
Poland, 785 dates

In black - IntCal04
In red - IntCal09

Ager TA. 2003. Late Quaternary vegetation and climate
history of the central Bering land bridge from St.
Michael Island, western Alaska. Quaternary Research
60(1):19–32.

Ager TA, Philips RL. 2008. Pollen evidence for Late
Pleistocene Bering land bridge environments from
Norton Sound, northeastern Bering Sea, Alaska. Arc-
tic, Antarctic and Alpine Research 40(3):451–61.

Allaby A, Allaby M. 1999. A Dictionary of Earth Sci-
ences [WWW document]. http://www.encyclope-
dia.com.

Anderson PM, Brubaker LB. 1993. Holocene vegetation
and climate histories of Alaska. In: Wright HE, Kutz-

bach JE, Webb III T, Ruddiman WF, Street-Perrott FA,
Bartlein PJ, editors. Global Climates since the Last
Glacial Maximum. Minneapolis: University of Min-
nesota Press. 

Axford Y, Kaufman DS. 2004. Late Glacial and Ho-
locene glacier and vegetation fluctuations at Little
Swift Lake, southwestern Alaska, U.S.A. Arctic, Ant-
arctic, and Alpine Research 36(2):139–46.

Bronk Ramsey C. 1995. Radiocarbon calibration and
analysis of stratigraphy: the OxCal program. Radio-
carbon 37(2):425–30.

Bronk Ramsey C. 2001. Development of the radiocarbon
calibration program. Radiocarbon 43(2A):355–63.

https://doi.org/10.1017/S0033822200046129 Published online by Cambridge University Press

https://doi.org/10.1017/S0033822200046129


Frequency Distribution of 14C Ages for Chronostratigraphic Reconstructions 1053

Bronk Ramsey C. 2008. Deposition models for chrono-
logical records. Quaternary Science Reviews 27(1–2):
42–60.

Brook EJ, Sowers T, Orchardo J. 1996. Rapid variations
in atmospheric methane concentration during the past
110,000 years. Science 273(5278):1087–91.

Buck CE, Cavanagh WG, Litton CD. 1996. The Bayesian
Approach to Interpreting Archaeological Data.
Chichester: Wiley. 402 p.

Buck CE, Christen JA, James GN. 1999. BCal: an on-line
Bayesian radiocarbon calibration tool. Internet
Archaeology 7 :http://intarch.ac.uk/journal/issue7/
buck_index.html.

Daly C. 2002. Alaska average monthly or annual precip-
itation, 1961–90. Corvallis: Spatial Climate Analysis
Service at Oregon State University (SCAS/OSU).

Goslar T, Arnold M, Tisnérat-Laborde N, Hatté C, Pa-
terne M, Ralska-Jasiewiczowa M. 2000. Radiocarbon
calibration by means of varves versus 14C ages of ter-
restrial macrofossils from Lake Goúciπø and Lake Pe-
respilno, Poland. Radiocarbon 42(1):335–48.

Hoek W. 1997. Palaeogeography of Lateglacial Vegeta-
tions. Aspects of Lateglacial and Early Holocene Veg-
etation, Abiotic Landscape and Climate in the Nether-
lands. Utrecht: Netherlands Geographical Studies
230. 147 p.

Hoek WZ. 2008. The Last Glacial-Interglacial transition.
Episodes 31(2):226–9.

Lowe JJ, Rasmussen SO, Björck S, Hoek WZ, Steffensen
JP, Walker MJC, Yu ZC, the INTIMATE group. 2008.
Synchronisation of palaeoenvironmental events in the
North Atlantic region during the Last Termination: a
revised protocol recommended by the INTIMATE
group. Quaternary Science Reviews 27(1–2):6–17.

Macklin MG, Benito G, Gregory KJ, Johnstone E, Lewin
J, MichczyÒska DJ, Soja R, Starkel L, Thorndycraft
VR. 2006. Past hydrological events reflected in the
Holocene fluvial record of Europe. Catena 66(1–2):
145–54.

Mangerud J, Anderson ST, Berglund BE, Danner JJ.
1974. Quaternary stratigraphy of Norden, a proposal
for terminology and classification. Boreas 3:109–28.

MichczyÒska DJ. 2003. Statystyczna analiza danych ra-
diowÍglowych w badaniach zmian úrodowiska wnatu-
ralnego w przesz≥oúci (Statistical analysis of radiocar-
bon data for investigations of past natural environmen-
tal changes). PhD thesis. Institute of Physics, Silesian
University of Technology. 120 p. In Polish.

MichczyÒska DJ, Pazdur A. 2004. A shape analysis of
cumulative probability density function of radiocar-
bon dates set in the study of climate change in the Late
Glacial and Holocene. Radiocarbon 46(2):733–44.

MichczyÒska DJ, MichczyÒski A, Pazdur A. 2007. Fre-
quency distribution of radiocarbon dates as a tool for
reconstructing environmental changes. Radiocarbon
49(2):799–806.

MichczyÒska DJ, MichczyÒski A, Pazdur A, Starkel L.
2008. Kalendarzowe wartoúci granic chronostraty-

graficznych dla terenu Polski oszacowane na pod-
stawie duøych zbiorów dat 14C (Calendar values of
chronostratigraphical boundaries for Poland based on
large sets of 14C dates). Prace Komisji Paleogeografii
Czwarorzedu PAU VI:163–71. In Polish.

Nakagawa T, Kitagawa H, Yasuda Y, Tarasov PE,
Gotanda K, Sawai Y. 2005. Pollen/event stratigraphy
of the varved sediment of Lake Suigetsu, central Japan
from 15,701 to 10,217 SG vyr BP (Suigetsu varve
years before present): description, interpretation, and
correlation with other regions. Quaternary Science
Reviews 24(14–15):1691–701.

Rasmussen SO, Andersen KK, Svensson AM, Steffensen
JP, Vinther BM, Clausen HB, Siggaard-Andersen ML,
Johnsen SJ, Larsen LB, Dahl-Jensen D, Bigler M,
Rothlisberger R, Fischer H, Goto-Azuma K, Hansson
ME, Ruth U. 2006. A new Greenland ice core chronol-
ogy for the last glacial termination. Journal of Geo-
physical Research-Atmospheres 111: D06102, doi:
10.1029/2005JD006079.

Rasmussen SO, Seierstad IK, Andersen KK, Bigler M,
Dahl-Jensen D, Johnsen SJ. 2008. Synchronization of
the NGRIP, GRIP, and GISP2 ice cores across MIS 2
and palaeoclimatic implications. Quaternary Science
Reviews 27(1–2):18–28.

Reimer PJ, Baillie MGL, Bard E, Bayliss A, Beck JW,
Bertrand CJH, Blackwell PG, Buck CE, Burr GS, Cut-
ler KB, Damon PE, Edwards RL, Fairbanks RG,
Friedrich M, Guilderson TP, Hogg AG, Hughen KA,
Kromer B, McCormac G, Manning S, Bronk Ramsey
C, Reimer RW, Remmele S, Southon JR, Stuiver M,
Talamo S, Taylor FW, van der Plicht J, Weyhenmeyer
CE. 2004. IntCal04 terrestrial radiocarbon age calibra-
tion, 0–26 cal kyr BP. Radiocarbon 46(3):1029–58.

Reimer PJ, Baillie MGL, Bard E, Bayliss A, Beck JW,
Blackwell PG, Bronk Ramsey C, Buck CE, Burr GS,
Edwards RL, Friedrich M, Grootes PM, Guilderson TP,
Hajdas I, Heaton TJ, Hogg AG, Hughen KA, Kaiser KF,
Kromer B, McCormac FG, Manning SW, Reimer RW,
Richards DA, Southon JR, Talamo S, Turney CSM, van
der Plicht J, Weyhenmeyer CE. 2009. IntCal09 and
Marine09 radiocarbon age calibration curves, 0–
50,000 years cal BP. Radiocarbon 51(4):1111–50.

Shulski M, Wendler G. 2007. Climate of Alaska. Fair-
banks: University of Alaska Press.

Starkel L. 1977. Paleogeografia Holocenu. Warsaw:
PWN. In Polish.

Starkel L, editor. 1999. Geografia Polski. årodowisko
przyrodnicze. Warsaw: PWN. In Polish.

Starkel L, Soja R, MichczyÒska DJ. 2006. Past hydrolog-
ical events reflected in Holocene history of Polish riv-
ers. Catena 66:24–33.

Yamamoto M, Suemune R, Oba T. 2005. Equatorward
shift of the subarctic boundary in the northwestern Pa-
cific during the last deglaciation. Geophysical Re-
search Letters 32: L05609, doi:10.1029/
2004GL021903.

https://doi.org/10.1017/S0033822200046129 Published online by Cambridge University Press

https://doi.org/10.1017/S0033822200046129


1054 D J MichczyÒska & I Hajdas

APPENDIX: LIST OF PUBLICATIONS CONTAINING 14C DATES USED IN PDF ANALYSIS

Abbott MB, Finney BP, Edwards ME, Kelts KR. 2000.
Lake-level reconstruction and paleohydrology of
Birch Lake, central Alaska, based on seismic reflec-
tion profiles and core transects. Quaternary Research
53(2):154–66.

Ager TA. 1999. Holocene vegetation history of the
Northern Kenai Mountains, South-Central Alaska. In:
Gough LP, Wilson FH, editors. Geologic Studies in
Alaska by the U.S. Geological Survey. U.S. Geological
Survey Professional Paper 1633. p 91–107.

Ager TA, Philips RL. 2008. Pollen evidence for Late
Pleistocene Bering land bridge environments from
Norton Sound, northeastern Bering Sea, Alaska. Arc-
tic, Antarctic and Alpine Research 40(3):451–61.

Anderson PM, Bartlein PJ, Brubaker LB. 1994. Late
Quaternary history of tundra vegetation in northwest-
ern Alaska. Quaternary Research 41(3):306–15.

Anderson RS, Hallett DJ, Berg E, Jass RB, Toney JL, de
Fontaine CS, De Volder A. 2006. Holocene develop-
ment of Boreal forests and fire regimes on the Kenai
Lowlands of Alaska. Holocene 16(6):791–803. 

Bigelow NH, Edwards ME. 2001. A 14,000 yr paleoen-
vironmental record from Windmill Lake, Central
Alaska: Lateglacial and Holocene vegetation in the
Alaska Range. Quaternary Science Reviews 20(1–3):
203–15.

Broecker WS, Kulp JL. 1957. Lamont natural radiocar-
bon measurements IV. Science 126(3287):1324–34.

Broecker WS, Kulp JL, Tucek CS. 1956. Lamont natural
radiocarbon measurements III. Science 124(3223):
154–65

Buckley J, Valdes-Pages C. 1981. Teledyne Isotopes ra-
diocarbon measurements XII. Radiocarbon 23(3):
329–44.

Buckley JD, Willis EH. 1969. Isotopes’ radiocarbon
measurements VII. Radiocarbon 11(1):53–105.

Buckley JD, Trautman MA, Willis EH. 1968. Isotopes’
radiocarbon measurements VI. Radiocarbon 10(2):
246–94.

Heusser CJ. 1959. Radiocarbon dates of peats from North
Pacific North America. American Journal of Science,
Radiocarbon Supplement 1:29–34.

Carlson LJ, Finney BP. 2004. A 13000-year history of
vegetation and environmental change at Jan Lake,
east-central Alaska. The Holocene 14(6):818–27.

Crane HR, Griffin JB. 1968. University of Michigan ra-
diocarbon dates XII. Radiocarbon 10:61–114.

Daigle TA, Kaufman DS. 2009. Holocene climate in-
ferred from glacier extent, lake sediment and tree rings
at Goat Lake, Kenai Mountains, Alaska, USA. Jour-
nal of Quaternary Science 24(1):33–45.

Delibrais G, Guillier M-T. 1988. Gif natural radiocarbon
measurements XI. Radiocarbon 30(1):61–124.

Delibrais G, Guillier M-T, Labeyrie J. 1986. Gif natural
radiocarbon measurements X. Radiocarbon 28(1):9–
68.

Dorn TF, Fairhall AW, Schell WR, Takashima Y. 1962.
Radiocarbon dating at the University of Washington I.
Radiocarbon 4:1–12.

Fairhall AW, Young JA, Erickson JL. 1976. University of
Washington dates IV. Radiocarbon 18(2):221–39.

Gfeller C, Oeschger H, Schwarz U. 1961. Bern radiocar-
bon dates II. Radiocarbon 3:15–25.

Hu FS, Brubacker LB, Anderson PM. 1993. A 12000
year record of vegetation change and soil development
from Wien Lake, central Alaska. Canadian Journal of
Botany 71(9):1133–42.

Ives PC, Levin B, Oman CL, Rubin M. 1964. U.S. Geo-
logical Survey radiocarbon dates IX. Radiocarbon 9
505–29.

Ives PC, Levin B, Robinson RD, Rubin M. 1964. U.S.
Geological Survey radiocarbon dates VII. Radiocar-
bon 6:37–76.

Kaufman DS, Hu FS, Briner JP, Werner A, Finney BP,
Gregory-Eaves I. 2003. A ~33,000 year record of en-
vironmental change from Arolik Lake, Ahklun Moun-
tains, Alaska, USA. Journal of Paleolimnology 30(4):
343–62.

Kowalski SJ. 1965. Pacard Instrument Company radio-
carbon dates I. Radiocarbon 7:200–4.

Kowalski SJ, Schrodt AG. 1966. Pacard Instrument
Company radiocarbon dates II. Radiocarbon 8:386–9.

Krueger HW, Weeks CF. 1966. Radiocarbon 8:142–60.
Kulp JL, Feely HW, Tryon LE. 1951. Lamont natural ra-

diocarbon measurements I. Science 114(2970):565–8
Kulp JL, Tryon LE, Eckelman WR, Snell WA. 1952. La-

mont natural radiocarbon measurements II. Science
116(3016):409–14.

Lawn B. 1975. University of Pennsylvania radiocarbon
dates XVIII. Radiocarbon 17(2):196–215.

Levin B, Ives PC, Oman CL, Rubin M. 1965. U.S. Geo-
logical Survey radiocarbon dates VIII. Radiocarbon
7:372–98.

Levy LB, Kaufman DS, Werner A. 2004. Holocene gla-
cier fluctuations, Waskey Lake, northeastern Ahklun
Mountains, southwestern Alaska. Holocene 14(2):
185–93.

Libby WF. 1951. Radiocarbon dates II. Science 114:291–
6.

Liu CL, Coleman DD. 1981. Illinois State Geological
Survey radiocarbon dates VII. Radiocarbon 23(3):
352–83.

Long A. 1965. Smithsonian Institution radiocarbon mea-
surements II. Radiocarbon 7:245–56.

Lynch JA, Hollis JL, Hu FS. 2004. Climatic and land-
scape controls of the boreal forest fire regime: Ho-
locene records from Alaska. Journal of Ecology 92:
477–89.

Mann DH, Heiser PA, Finney BP. 2002a. Holocene his-
tory of the Great Kobuk Sand Dunes, Northwestern
Alaska. Quaternary Science Reviews 21(4–6):709–
31.

https://doi.org/10.1017/S0033822200046129 Published online by Cambridge University Press

https://doi.org/10.1017/S0033822200046129


Frequency Distribution of 14C Ages for Chronostratigraphic Reconstructions 1055

Mann DH, Peteet DM, Reanier RE, Kunz ML. 2002b. Re-
sponses of an arctic landscape to Lateglacial and early
Holocene climatic changes: the importance of mois-
ture. Quaternary Science Reviews 21(8–9):997–1021.

Marsters B, Spiker E, Rubin M. 1969. U.S. Geologigal
Survey radiocarbon dates X. Radiocarbon 11(1):210–
27.

McKay NP, Kaufman DD. 2009. Holocene climate and
glacier variability at Hallet and Greyling Lakes,
Chugach Mountains, south-central Alaska. Journal of
Paleolimnology 41(1):143–59.

Mielke JE, Long A. 1969. Smithsonian Institution radio-
carbon measurements V. Radiocarbon 11(1):163–82.

Muhs DR, Ager TA, Been J, Bradbury JP, Dean WE.
2003a. A late Quaternary record of eolian silt deposi-
tion in a maar lake, St. Michael Island, western
Alaska. Quaternary Research 60(1):110–22.

Muhs DR, Ager TA, Bettis III EA, McGeehin J, Been
JM, Beget JE, Pavich MJ, Stafford Jr TW, Stevens De
ASP. 2003b. Stratigraphy and palaeoclimatic signifi-
cance of Late Quaternary loess-palaeosol sequences
of the Last Interglacial–Glacial cycle in central
Alaska. Quaternary Science Reviews 22(18–19):
1947–86.

Olson EA, Broecker WS. 1959. Lamont natural radiocar-
bon measurements V. American Journal of Science,
Radiocarbon Supplement 1:1–28.

Olson EA, Broecker WS. 1961. Lamont natural radiocar-
bon measurements VII. Radiocarbon 3:141–75.

Oswald WW, Brubaker LB, Hu FS, Kling GW. 2003. Ho-
locene pollen records from the central Arctic Foot-
hills, northern Alaska: testing the role of substrate in
the response of tundra to climate change. Journal of
Ecology 91(6):1034–48.

Pardi R, Newman ER. 1980. Queens College radiocar-
bon measurements III. Radiocarbon 22(4):1073–83.

Pearson Jr FJ, Davis EM, Tamers MA, Johnstone RW.
1965. University of Texas radiocarbon dates III. Ra-
diocarbon 7:296–314.

Reeburgh WS, Young MS. 1976. University of Alaska
radiocarbon dates I. Radiocarbon 18(1):1–15.

Robinson SW. 1977. US Geological Survey, Menlo Park,
California, radiocarbon measurements I. Radiocarbon
19(3):460–4.

Robinson SW, Trimble DA. 1981. US Geological Sur-
vey, Menlo Park, California, radiocarbon measure-
ments II. Radiocarbon 23(2):305–21.

Rubin M, Alexander C. 1960. American Journal of Sci-
ence, Radiocarbon Supplement 2:129–85.

Sheppard JC, Chatters RM. 1976. Washington State Uni-
versity natural radiocarbon measurements. Radiocar-
bon 18(1):140–9.

Spiker E, Kelley L, Oman C, Rubin M. 1977. US Geo-
logical Survey radiocarbon dates XII. Radiocarbon
19(2):332–53.

Spiker E, Kelley L, Rubin M. 1978. US Geological Sur-
vey radiocarbon dates XIII. Radiocarbon 20(1):139–
56.

Steventon RL, Kutybach JE. 1985. University of Wis-
consin radiocarbon dates XXII. Radiocarbon 27(2B):
455–69.

Steventon RL, Kutybach JE. 1988. University of Wis-
consin radiocarbon dates XXV. Radiocarbon 30(3):
367–83.

Stipp JJ, Davis EM, Noakes JE, Hoover TE. 1962. Uni-
versity of Texas radiocarbon dates I. Radiocarbon 4:
43–50.

Stuckenrath R, Mielke JE. 1973. Smithsoniana Institu-
tion radiocarbon measurements VIII. Radiocarbon
15(2):388–424.

Stuiver M. 1969. Yale natural radiocarbon measurements
IX. Radiocarbon 11(2):545–658.

Stuiver M, Deevey ES. 1961. Yale natural radiocarbon
measurements VI. Radiocarbon 3:126–40.

Stuiver M, Deevey ES Jr, Rouse I. 1963. Yale natural ra-
diocarbon measurements VIII. Radiocarbon 5:312–
41.

Trautman MA. 1963. Isotopes Inc. radiocarbon measure-
ments III. Radiocarbon 5:62–79.

Trautman MA. 1964. Isotopes Inc. radiocarbon measure-
ments IV. Radiocarbon 6:269–79.

Trautman MA, Walton A. 1962. Isotopes Inc. radiocar-
bon measurements II. Radiocarbon 4:35–42.

Trautman MA, Willis EH. 1966. Isotopes Inc. radiocar-
bon measurements V. Radiocarbon 8:161–203.

Trimble DA, Robinson SW. 1989. US Geological Sur-
vey, Menlo Park, California, radiocarbon measure-
ments IV. Radiocarbon 31(1):69–84.

Walton A, Trautman MA, Friend JP. 1961. Isotopes Inc.
radiocarbon measurements I. Radiocarbon 3:47–59.

Wiles GC, Calkin PE. 1994. Late Holocene, high-resolu-
tion glacial chronologies and climate, Kenai Moun-
tains, Alaska. Geological Society of America Bulletin
106(2):281–303.

Wiles GC, Jacoby GC, Davi NK, McAllister RP. 2002.
Late Holocene glacier fluctuations in the Wrangell
Mountains, Alaska. Geological Society of America
Bulletin 114(7):896–908.

Wiles GC, Barclay DJ, Calkin PE, Lowell TV. 2008.
Century to millennial-scale temperature variations for
the last two thousand years indicated from glacial geo-
logic records of Southern Alaska. Global and Plane-
tary Change 60(1–2):115–25.

https://doi.org/10.1017/S0033822200046129 Published online by Cambridge University Press

https://doi.org/10.1017/S0033822200046129


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue true
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU (Use these settings to create PDF documents suitable for reliable viewing and printing of business documents. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [612.000 792.000]
>> setpagedevice


