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Abstract. A stratigraphy-based chronology for the North optimize the fit to timing constraints fro@t°N of nitrogen
Greenland Eemian Ice Drilling (NEEM) ice core has beenand high-resolution methane data during the abrupt onset of
derived by transferring the annual layer counted Greenlandsreenland interstadials.

Ice Core Chronology 2005 (GICCO05) and its model exten- The ice and gas chronologies and the corresponding thin-
sion (GICCO05modelext) from the NGRIP core to the NEEM ning function represent the first chronology for the NEEM
core using 787 match points of mainly volcanic origin iden- core, named GICC0O5modelext-NEEM-1. Based on both the
tified in the electrical conductivity measurement (ECM) and flow and firn modelling results, the accumulation history
dielectrical profiling (DEP) records. Tephra horizons found for the NEEM site has been reconstructed. Together, the
in both the NEEM and NGRIP ice cores are used to test thdimescale and accumulation reconstruction provide the nec-
matching based on ECM and DEP and provide five additionalessary basis for further analysis of the records from NEEM.
horizons used for the timescale transfer.

A thinning function reflecting the accumulated strain
along the core has been determined using a Dansgaardl—
Johnsen flow model and an isotope-dependent accumulation
rate parameterization. Flow parameters are determined frolgpe 2540 m long North Greenland Eemian Ice Drilling
Mo_nte Carlo analysis constrained by the observed depth-agENEEM) ice core was drilled during 2008-2010 through the
horizons. _ ice sheet in Northwest Greenland (77.45 51.07 W, sur-

In order to construct a chronology for the gas phase, the icgace elevation 2479 m). As for all palaeoclimate sediment
age—gas age differencagge) has been reconstructed using yecords, a (depth, age) relationship, or timescale, is needed

a coupled firn densification-heat diffusion model. Tempera-t, fy|ly utilize and interpret the measurements performed on
ture and accumulation inputs to tkeage model, initially de-  NEEM ice and gas samples.

rived from the water isotope proxies, have been adjusted to

Introduction
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2714 S. O. Rasmussen et al.: A first chronology for the NEEM ice core

The present-day annual snow accumulation at the NEEMty of data in sufficient resolution, different deep ice core
site is 0.22 m ice equivalent and, therefore, the core has arrecords are best suited for annual layer identification in dif-
nual layering similar to the GRIP and GISP2 ice cores. Onceferent age or depth ranges. For example, with a present-day
high-resolution measurements from the NEEM core becomennual accumulation of 0.56 m of ice equivalent, the DYE-3
available, annual layer identification in the NEEM core may ice core is optimal for dating the most recent millennia as the
be undertaken either by the manual identification of annuaDYE-3 §'80 record contains a well-developed annual sig-
layers as performed on data from the DYE-3, GRIP, andnal reflecting the seasonal temperature variation. However,
NGRIP cores in the construction of the Greenland Ice Corethe high accumulation rates lead to faster thinning of layers
Chronology 2005, hereafter GICCO5, (Vinther et al., 2006; with depth (Vinther et al., 2006). In contrast to DYE-3, the
Rasmussen et al., 2006), or by automated methods (Winstrupresent-day annual accumulation at the NGRIP site of 0.19 m
etal., 2012). of ice equivalent means that the NGRI®?O record only

At this point, however, data for annual layer identifica- marginally resolves the annual layers even at the top of the
tion are not available. Thus, to provide a first timescale forcore. However, the combination of the availability of high-
the NEEM core, the GICCO5 timescale and its model extenresolution continuous flow analysis (CFA) impurity records
sion GICC05modelext is adopted isfrom the NGRIP core  and comparably low thinning rates in the glacial section due
using linear interpolation between common reference horito bottom melting mean that the annual layer thickness re-
zons, ormatch pointsas identified from the electrical con- mains above 1cm allowing annual layer identification back
ductivity measurement (ECM), dielectrical profiling (DEP), to approximately 60 ka b2k (Svensson et al., 2008).
and tephra records of the two cores. The idea behind the design of the GICCO5 timescale is

Analysis of several ice- and gas-based records from théo exploit these differences, creating a multi-core timescale
NEEM core shows that the lower parts of the core, whichbased on layer counting, using those cores and records that
contain ice from the Eemian interglacial, have been sub-optimally resolve the annual layers at a given time period.
ject to folding, but no such discontinuities have been iden-The resulting timescale is based on identification of an-
tified in the upper 2203.6 m of the core (NEEM community nual layers ins180 records in the top section, using paral-
members, 2013). The GICCO5modelext timescale only exdel data from DYE-3 (most recent 8.3 ka), GRIP (most recent
tends to about 122 ka b2k (thousand years before 2000 CE3.8 ka), and NGRIP (most recent 1.8 ka) linked together us-
Wolff et al., 2010) — corresponding to the lower limit of the ing common volcanic signatures (Vinther et al., 2006). Be-
NGRIP core — and therefore does not cover the entire NEEMween 11.7 kab2k (the onset of Holocene) and 7.9 ka b2k,
Eemian record. The lower section of the NEEM core belowGRIP high-resolution CFA records of ammonium, hydro-
2203.6 m, having complex stratigraphy, was therefore tied togen peroxide, and calcium ions were used for annual layer
the Antarctic EDML1 timescale by NEEM community mem- counting supplemented by short sections of GR{#0 data.
bers (2013) using the methane (@Hand 81804 records  In the section older than 10.3kab2k, the multi-component
(Capron et al., 2010). NGRIP data set is also available (Rasmussen et al., 2006). In

The work presented here focuses entirely on the stratithe Holocene many different data series have been used and
graphically uncompromised section of the NEEM core, overlaps between the different data series ensure maximum
where it is reasonable to assume the existence of an ureonsistency.
ambiguous and continuous mapping between NEEM and Glacial annual layer thicknesses are much smaller than
NGRIP depths, which allows us to align common patternsHolocene values due to low glacial accumulation rates and
of peaks in the ECM and DEP records of the two cores. flow-induced thinning and therefore only the NGRIP CFA,

ECM and visual stratigraphy (VS) data can be used for

annual layer identification in the glacial (Andersen et al.,
2 Data 2006b; Svensson et al., 2006, 2008). Beyond 60 ka b2k, the

counted GICCO5 timescale is extended with the modelled
This work is based on the transfer of the existing SsO9seaO6brtimescale (North Greenland Ice Core Project
GICCO05modelext timescale, and on previously unpublishednembers, 2004) shifted 705 yr towards younger ages to en-
ECM and DEP data sets as well as a number of tephra horisure continuity (Wolff et al., 2010). The combined timescale
zons. The data used for theage calculations in Sect. 3.4 has later been named GICCO5modelext, and annual layer
are presented by Chappellaz et al. (2013) and Guillevic ecounting across Greenland Stadial 22 (GS-22) using new

al. (2013). high-resolution CFA data largely confirms the validity of the
GICCO0O5modelext estimates of the duration of GS-22 (Valle-
2.1 The GICCO05 and GICCO05modelext timescales longa et al., 2012).

With the aim of providing a common chronological frame-
Annual layers can be identified in all deep ice cores fromwork for the Greenland cores, the GICCO5 timescale has
Greenland, and due to differences in accumulation rates, icbeen transferred to the Renland and Agassiz ice cores
thickness, temperature, ice flow conditions, and availabil-(Vinther et al., 2008) and to the GRIP and GISP2 ice cores
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in the interval 32.45-11.7 kab2k (Rasmussen et al., 2008pf the ice core is polished with a microtome knife to produce
and further extended to 48 ka b2k for GRIP in Blockley et a level and freshly cleaned surface. The hand-held ECM in-
al. (2012) using an approach similar to the one applied herestrument consists of a pair of brass electrodes spackedm
Ongoing work will extend the GICCO5modelext to the full apart, between which a DC voltage difference of 1250V is
length of the stratigraphically uncompromised sections ofmaintained. This device is moved along the ice in a steady
the GRIP and GISP2 cores, and GICCO05 ages are also usddshion, while maintaining a constant pressure of the elec-
in integrated inverse modelling efforts aiming at construct-trodes onto the ice surface. The electrical field causés H
ing a common chronological framework for Antarctic and ions in the ice to be displaced resulting in a transient dis-
Greenland ice cores (Lemieux-Dudon et al., 2010; Veres eplacement current which is measured. Steady movement of
al., 2012) the ECM instrument over the ice surface prevents the ice

Once more data become available, NEEM data can potenfrom being polarized leading to a reduced current over time
tially contribute to the refinement of the GICC0O5modelext (Hammer, 1980). Based on comparisons to high-resolution
timescale, especially in the section older than approximatelychemistry measurements, it has been established that the
7.5kab2k. Here the resolution of the DYES3%0 record  recorded ECM signal is almost entirely a response to the
becomes increasingly marginal for resolving annual layersacidic components of the ice, even in the presence of large
and even when the GRIP CFA data becomes available in theoncentrations of neutral salt (Moore et al., 1992). Hence,
section older than 7.9 ka, the robustness of the annual layeECM is a fast and non-destructive technique for providing a
count is adversely influenced by the fact that the GRIP CFAhigh-resolution acidity profile for the ice core.
set consists of only two independent parameters at moder- The ECM technique is often used as one of the pri-
ate resolution. The section from about 10.3 ka b2k (deepemary tools for establishing an event stratigraphy for volcanic
than which NGRIP CFA measurements are available) toeruptions, which are detectable as high-acidity layers in ice
7.5kab2k is the weakest section data-wise, and although thisores. ECM was recorded continuously along the NGRIP
time period is partially overlapping with the brittle zone in and NEEM ice cores. For NGRIP, the upper part (down to
the NEEM core, there is potential for a strengthening of the1372 m) of the ECM profile was measured on the NGRIP1
annual layer identification across this interval once NEEM core, whereas the lower part (1346—-3085 m) is based on data
data are available. Another potential addition to the GICCfrom the NGRIP2 core. Inaccuracies in the logging of the
framework based on NEEM data is semi-automatic and obNGRIP cores have given rise to a small offsetqQ.43 m)
jective annual layer identification using VS and CFA data, between corresponding volcanic events recorded in the two
possibly in parallel between the NEEM and NGRIP cores,cores in the overlapping section, with NGRIP1 data being
for example, using the method developed by Winstrup etassigned the greater depth (Hvidberg et al., 2002).
al. (2012).

The uncertainty in GICCO05 annual layer identification 2.2.1 Calibration

is given as the so-called maximum counting error (MCE) i i i
derived from the number of uncertain annual layers, eachl e ECM signal is temperature dependent and was calibrated

counted as 1/& 1/2yr. Comparisons with other palaeocli- [0 @ Standard temperature 6f14°C by using an Arrhenius
mate records indicate that the GICCO5 has little or no sys/aW With an activation energy of 0.23 eV (Neftel et al., 1985).
tematic bias and confirms that the MCE probably is a conser- 1€ €xact conversion between ECM and ice acidity is am-
vative estimate of the total age uncertainty of the timescald?iguous. Even for a specific set of electrodes, the data display
(Svensson et al., 2008). In this work, we follow the same no-2 large amount of scatter, and several_callbranon curves have
tation and report all GICCO5 ages with corresponding MCEPeen suggested based on measuredidh concentrations.
values. It should be stressed that the MCE is not a Gaussiah!'€ Initial calibration curve suggested by Hammer (1980)
uncertainty measure and that MCE values strictly speakingteses_ a square-law relationship, but the appropriate parame-
cannot be compared to Gaussian-style dating uncertaintie§'s in this calibration seem to be ice-core dependent (Moore
of other records. However, in the absence of a more appro€t @l 1992). This is partly a result of different ambient con-
priate uncertainty estimate, we recommend that the MCE jdlitions and operational differences (e.g. pressure applied to
regarded as thes2uncertainty of GICCO5 in cases where the electrodes) during measurements. Also, the exact proce-

Gaussian uncertainties are needed (Andersen et al., 2006b)c_iures concerning storage and cleaning of the ice core surface
may play a role. For the NGRIP and NEEM cores, many op-

erators have been in charge of the ECM measurements, and
the ice core was subjected to varying conditions. Hence, the
Electrical conductivity measurements (ECM) were con- calibration is likely to be variable with depth. Here, the ECM
ducted in the field during the NGRIP (Dahl-Jensen et al.,current; (in LA) has been converted to ice acidity (in pequiv.

: : H* kg™) using the relationship [H] = 0.045x i1 as sug-
2002) and NEEM ice core campaigns. For both cores, th
ECM set-up and procedure are similar to the one describe@eSted by Hammer (1980).
in Hammer (1980): first, a flat surface along the depth axis

2.2 Electrical conductivity measurements (ECM)
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ment of the electrodes along the length of the core. The
depth uncertainty of 1-2 cm of the ECM data makes a de-
tailed comparison with, for example, high-resolution chem-
istry measurements of the ice core challenging. Data have
subsequently been interpolated to a depth resolution of 1 cm
measured for NGRIP1 and NEEM data and 1 mm for NGRIP2 data,

—— processed with the different resolution reflecting changes in the data
------- 10 meter average

permittivity

2.54

T
N
o

8 post-measurement treatment.
— threshold 3 . .
g Despite the rather low accuracy of the depth assignment,
205 the high resolution of the ECM records is important for the
> synchronization of the ice cores, as it permits robust pattern
: : 03 recognition of features found in both cores.
500 502 508 510

504depth , 506
2.3 Dielectrical profiling (DEP)

Fig. 1. Example of DEP data processing. The measured DEP record
is plotted in grey. Below the firn, the relative permittivity remains The dielectrical stratigraphy of the NEEM and NGRIP cores
just above 3, and sections with permittivity levels below a thresholdwere recorded in the field with the dielectric profiling (DEP)
(blue) defined as a constant value relative to the 10 m average Va'”ﬁ-:chnique (Wilhelms et al., 1998). Comparisons with high-
(dashed blue) are excluded from.the prgcessed data Set. (black). In@solution chemistry measurements suggest that the DEP sig-
second step we manually deal with obviously faulty sections. nal in Greenland mainly reflects the acidity of the ice and the
core’s content of ammonium and salts (Moore et al., 1994).
Ice core sections of 1.65-2.2m were usually analysed no
more than one day after drilling. The brittle zone ice could
not be handled directly after drilling and was stored and pro-
Ressed during the subsequent season, but all the data used
here comes from below the brittle zone.

At NEEM, approximately every day a free air measure-
ment was recorded for data calibration. For each measure-
ment the cable stray capacitance and conductance — as deter-

The quality of the ECM measurements is generally highermmed in the corresponding daily free air measurements — are
in ice than in the firn, where the lower density makes it dif- subtracted from the respective capacitance and conductance

ficult to maintain constant contact area between ice crystal§€c0rds. These measurements are not available for NGRIP,
and electrodes. This leads to generally lower currents an@nd the missing correction for cable stray conductance means

enhanced scatter in data from the uppermost part of the icd1at the NGRIP data set still contains a periodic variation
core. with amplitude of up to 2 % of the baseline conductivity and

To ensure the quality of the ECM data, the ECM profile & wavelength of 1.65m. After multiplying the conductance

was measured twice for each core section and the two profile¥ith the vacuum permittivity, permittivity and conductivity

were subsequently checked for agreement. In case of ma'€ calculated by division with the free air capacitance.
jor dissimilarities, measurements were repeated until repro- 1 1€ relative permittivity increases during the initial densi-
ducible results were obtained and a representative run coulfication in the upper part of the core and remains just above
be selected. In this way, the reproducibility of the ECM data €€ in deeper core sections. Therefore, permittivity val-
was continuously checked. ues significantly below this threshold are good indicators of
The manually operated ECM device is fast and simple, and€ctions with bad core quality influenced, for example, by
it allows the scientific investigator to take advantage of thePr€aks or missing pieces. Data from these sections are not

best-preserved section of the ice core surface by manoedfustworthy, and corrected data sets are created by remov-
vring the electrodes around cracks or other areas of poor"d Sections where the permittivity drops below a chosen

quality ice. Breaks across the entire core diameter cannot biireshold (see Fig. 1). L
avoided, and can be recognized as abrupt dips in the ECM The NEEM and_ NGRIP DEP data sets are provided n
profile. The location of breaks was logged as part of thepr_oce_ssed forr_n without correc_tlon for the temperature vari-
ECM measurements, and data from these sections have suption in the science trench or in the core-buffer. Therefore,
sequently been removed from the resulting ECM data sets. &€ should be taken when interpreting the absolute levels
A disadvantage of the handheld electrode approach is that€tween sections. For the identification of patterns of peaks
the depth assignment is only accurate to 1-2 cm, which idbetween different cores, however, this limitation is not im-

a consequence of the flexibility in the electrode set-up to-Portant.
gether with the uncertainty of the registration of the move-

For our purposes, however, a further fine-tuning of the
ECM calibration is unnecessary: the synchronization of the
two cores does not rely on absolute values, but solely on th
recognition of similar patterns of peaks in the two ice core
acidity records.

2.2.2 Data quality

Clim. Past, 9, 2713273Q 2013 www.clim-past.net/9/2713/2013/
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2.4 Tephra horizons A . Aig | R
O . 0 ¢ Sa
Glacial ice from both the NEEM and NGRIP ice cores is . oLt ] A‘%fg -
o S : . : . AR = 42
currently being intensively investigated with the aim of de- & %g@g. g a T
veloping a high-resolution tephrochronological framework, é: o e & f"’ * Z‘
linking the cores together and providing a robust template for © | é;,‘ e . o T3 .
correlating the ice-core records with other sediment records * M%% 2% S IR S
containing tephras (Lowe et al., 2008; Blockley et al., 2012; a8 Of—f“t? ST ) yy ’
Abbott and Davies, 2012). In this work we focus onthe iden- “& &% & g/‘gf ® & s2 10 15 20 25 30 35 40 45
tification of cryptotephra horizons (i.e. horizons that contain O i isoe eam] UMM
a low concentration of volcanic glass particles and are invisi- thises8em
H H < * C) o .
ble to the n_ake_d.eye). A sampling strategy was devised based's| 8}% '8 ¢
on three criteria: O . R
o R < L]

5 ae

— Ice spanning distinct sulfate peaks in the NGRIP CFA g
measurements following the approach of Davies et ¢

ob
a‘ »
A L]
TiOs (Wt%)
4.0

22 24 26 28 3

al. (2010) and Abbott et al. (2012). s, | o1
SHL
— Intervals spanning rapid climatic transitions in the . ’ By
5180 record. 90 95 100 105 110 115 s 10 EE 12 13
CaO (wt%) Ca0 (wt%)

A1 <9 m11°12 °14 28397 10

— Intervals corresponding to age ranges of known tephra 6 el 128 - 14n a0
layers not yet identified in the ice cores. S 120 14 -7

In the sampled sections, ice strips with a cross section of 9. 2. Biplots showing the tephra horizons matched between the

approximately 2 crwere cut from the 55 cm-long archive NEEM and NGRIP cores. The tephras are numbered according to

segments of the core stored at the University of CopenhagenTable 1. Correlative tephra horizons are represented by the same

. . shape and colour symbols, with NEEM layers represented by open
The sample preparation methodology followed that outI|nedSymbols and NGRIP layers by filled symbo{#) biplots for the

in Davies et al. (2008, 2010) and Abbott et al. (2012), andiepnra jayers included in the timescale transfai) plot of SiO,

involves centrifugation of the melted ice sample and prepas, cao andAii) plot of FeO/MgO vs. Ti@. (B) biplot of CaO

ration of the remaining particulate material onto ground glassys. Tio, for the remaining tholeiitic basalt layers a(@) biplot of

slides. The samples were then embedded in epoxy resin andaO vs. TiGQ for the remaining transitional alkali basalt layers.

high-magpnification light microscopy was undertaken to iden-

tify the presence of glass-shard particles. Samples found to

contain volcanic material were then ground and polished usD? values do not exceed the critical value of 23.21. Secondly,

ing different grades of diamond suspension (9, 6 and 1 um}he use of the similarity coefficient (SC) function of Bor-

to produce a polished surface suitable for analysing singlechardt (1972), which compares the average values for the 7

shards by electron microprobe. major elements exceeding 1 wt%, highlights the strong sim-
Electron-probe microanalysis (EPMA) of the identified ilarities between the correlated deposits as SC values all ex-

glass shards took place at the Tephra Analysis Unit based &eed 0.95. This is usually taken as the threshold for defining

the University of Edinburgh. A Cameca SX-100 electron mi- an identical geochemical sample (Begét et al., 1992).

croprobe with five vertical wavelength dispersive spectrome-

ters was used to analyse oxide values for 10 major and minog Method d it

elements within individual glass shards. The operating con- €thods and resufts

ditions followed those outlined by Hayward (2012). . Inthe logging and analysis of ice cores, the core length is the

Fifteen 'Fephra_s common to th_e NGR“D and NEEM ice fundamental parameter. The core is retrieved from a slightly
cores are identified and are outlined in Table 1. These arg, jinaq hore hole, and inaccuracies in the logged length ac-
Icelandic in origin with 8 of tholeiitic basaltic composition . o /12¢a along the core, especially in sections where drilling

and 7 F’f fcran5|t|onal _‘”‘Ika“ basgltlc compqsmon (Fig. 2). difficulties resulted in poor core quality; or in the brittle zone,
Statistical comparisons testing the major-element correla;

where the core quality is often compromised by depressuri-
tions provide support for the matching of horizons between d y b y cep

h bl rstlv. th ictical di sation of air bubbles within the ice. However, as all measure-
the cores (Ta e 1). Firstly, the statistical distance SH ments on the core are made relative to the same logged depth
test of Perkins (1995, 1998) which utilises the mean and

dard deviati tor the 10 el h 401 0/scale, no such inaccuracies are of any relevance to the syn-
standard deviations for the 10 elements that exceed 0.1 W%y oization of the ice cores or timescale transfer.

demonstrates that none of the correlations being tested are
statistically different at the 99 % confidence interval as the

www.clim-past.net/9/2713/2013/ Clim. Past, 9, 2713#3Q 2013



2718 S. O. Rasmussen et al.: A first chronology for the NEEM ice core

Table 1. Summary table of tephra horizons identified in the NEEM and NGRIP ice cores. Horizons used for the timescale transfer are marked
by &, while the other horizons are consistent with the synchronization but not used for the timescale transfer as they are located too close
to better-resolved ECM match points. Previously published major element data for NGRIP horizons 1-3 are from Mortensen et al. (2005)
and horizons 5 and 7 are from Davies et al. (2010). Major element results for horizons 11-15 are reported in Bourne et al. (2013) and the
remaining data sets will be available in forthcoming publicatiéhihe tephra at NGRIP 2066.95 m was originally identified by Davies

et al. (2010) and new geochemical data reported by Bourne et al. (2013) and used in this work demonstrate that this horizon correlates to
NEEM 1756.90-1757.10 nf. Major element results for NEEM 1764.05-1764.25 m are indistinguishable from two closely-timed tephras

in NGRIP (2077.90-2078.01 m and 2078.30-2078.37 m) (see Fig. 2) and based solely on the geochemical signatures it is uncertain which
one is the NGRIP correlative. However, only the correlation to NGRIP 2077.90-2078.01 m is consistent with the ECM-based match. The
columns SD() and SC provide the statistical distance and similarity coefficient values, respectively (see Sect. 2.4 for further details).

NEEM NGRIP Geochemistry  Tephra name if SBiD SC
depth (m) depth (m) reported previously
1 1363.78-1363.79 1409.83 Tholeiitic Saksunarvatn Ash 7.406 0.963
basalt
2 1429.08-1429.13 1506.11-1506.18 Transitional Vedde Ash 10.12 0.967
alkali basalt
3 1472.20-1472.35 1572.90-1573.00 Transitional NGRIP 1573 5.385 0.971
alkali basalt
42 1648.75-1648.90 1881.95-1882.10 Transitional 0.453 0.981
alkali basalt
52 1656.45-1656.50 1895.23-1895.24  Transitional NGRIP 1895.24 m 3.569 0.979
alkali basalt
62 1664.85-1664.95 1908.50-1908.70 Tholeiitic 1.887 0.985
basalt

7 1669.10-1669.25 1915.10-1915.50 Transitional NGRIP 1915.5m 2681 0.977
1915.50-1915.63  alkali basalt NGRIP 1915.63m

8%  1677.50-1677.60 1929.80-1929.95 Transitional 2.771 0.973
alkali basalt
9 1689.05-1689.25 1950.30-1950.50 Tholeiitic 0.868 0.985
basalt
10 1690.15-1690.35 1951.95-1952.15 Transitional 1.691 0.974
alkali basalt
11 1755.45-1755.60 2064.15-2064.35 Tholeiitic 2.014 0.985
basalt
12 1756.90-1757.10 2066.93-2066.95 Tholeiitic NGRIP 2066.95m 4,151 0.982
basalt
133  1759.65-1759.85 2071.30-2071.50 Tholeiitic 1.814 0.970
basalt
14 1764.05-1764.25 2077.90-2078.01 Tholeiitic 0.870 0.976
(2078.3-2078.37)  basalt
15 1780.00-1780.20 2103.92-2103.98 Tholeiitic 6.600 0.954
basalt

A potential offset between true depth and logged depthof true-depth ice flow modelling results and core-depth mea-
could be of relevance when records from the ice core aresurements is negligible.
compared to in-hole measurements or modelled quantities.

We have no direct way of estimating the magnitude of thisg 1 Synchronization of the NEEM and NGRIP cores
offset, but the NEEM drilling and logging procedures are

similar to those employed at NGRIP where the drilling and To allow for the investigation of differences, including pos-

Ioggmg of tW.O parallel ice cores down to a de_pth of 1.3.72 M sible leads and lags, between the climate records of the two
made it possible to evaluate the NGRIP2 logging precision to : . .

. cores, the transfer of the timescale is based on reference hori-
about 0.5m at 1372m depth (Hvidberg et al,, 2002). As the ons of non-climatic origin only. Ideally, only horizons that
estimated uncertainty on the logged depth therefore is smaff 9 Y- Y, only

. . .__can be uniquely identified in both cores should be used. Ex-
and varies slowly with depth, the effect on the comparison : ) . o
tensive ongoing work on locating tephra in ice cores and

geochemically characterizing these tephras is providing an
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ever-growing number of such horizons that tie different iceinduced by ice flow, and are expected to change only slowly
cores together with high confidence (Mortensen et al., 2005(especially within a certain climatic state) as long as the spac-
Narcisi et al., 2005, 2012; Coulter et al., 2012). However,ing between a and b is large enough to eliminate the effect
the number of available tephra horizons is still far from suf- of short-term accumulation variability, surface redistribution,
ficient to provide the sole basis for the transfer of GICCO5and uncertainties in the ECM depth scale (Andersen et al.,
to the NEEM core. Instead, the synchronization is based or2006a).
the identification of common patterns in the continuous and The match points and the annual layer thickness ratps
highly resolved ECM and DEP records with the tephra hori-are shown on Fig. 4 together with the location of the tephra
zons providing an independent check of the synchronizatiorhorizons described in Sect. 2.4. Long sections without match
and five additional match points. points occur during glacial stadial conditions where the rela-
Peaks in the ECM records originate from many sourcestively high dust levels make the ice alkaline, thus muting the
with sulfuric acid of volcanic origin being a common source, ECM acidity record (Ruth et al., 2003). As seen in Fig. 4, the
while dips in the ECM record often are correlated to high higher NEEM accumulation leads to thicker annual layers in
NH; concentrations, which are thought to be caused, for exNEEM than NGRIP down to a depth of about 700 m, after
ample, by episodes of high biomass burning activity (Fuhrerwhich the increased flow-induced thinning at NEEM leads
etal., 1996; Taylor et al., 1996). ECM peak heights vary sig-to NGRIP annual layers being thicker by a factor of 1.5-2
nificantly between cores probably due to differences in bothduring most of the glacial.
transport and depositional conditions as well as variations in The (NGRIP depth, NEEM depth) relation has a small
the background amount of alkaline dust and other impuri-kink at the 2087.698 m match point and clear kinks at the
ties. Significant differences are seen even between replicat2166.449m and 2195.630m match points. The first two
cores obtained from the same site (Wolff et al., 2005). How-kinks probably represent the boundaries between sections
ever, even when individual peaks in themselves cannot be rothat have undergone different amounts of strain due to com-
bustly matched between the cores, characteristic sequencedex ice flow patterns that lead to overturned folds deeper
of peaks and/or dips in the ECM signals can be used for roin the ice (NEEM community members, 2013), but we be-
bust climate-independent synchronization of ice cores (Rasheve that the ice stratigraphy is still undisturbed. Below the
mussen et al., 2008). In the section of NEEM below 1757 m2195.630 m match point, the match between the cores is less
depth, DEP data was used to support the matching. robust, and there is a significant risk that the ice below this
The matching was performed by several investigators indepth is stratigraphically disturbed. However, we do not have
parallel using the tool “Matchmaker” (available upon requestenough data of significant resolution at this point to shed light
from S. O. Rasmussen). All sections were matched indeon this issue, and we therefore transfer GICCO5modelext
pendently by at least two investigators or groups of inves-to NEEM down to a depth of 2203.597 m (or 108.2 ka b2k)
tigators. No significant differences between parallel matchedbelow which the ice core is known to be stratigraphically
were observed, although the number of match points differeccompromised, noting that the section below approx. 2150 m
markedly among investigators. In the second phase, a con93.6 kab2k) is less certain and that the section below the
sensus set of match points was agreed upon by the investig&195.630 m match point (107.0 ka b2k) must be considered
tors, excluding points only supported by one investigator. Atentative.
total of 383 match points were identified between the NEEM
and NGRIP1 cores with an additional 423 match points ty-
ing together the NEEM and NGRIP2 cores (of which 19 are
in the zone of overlap between NGRIP1 and NGRIP2 mea-
surements, leading to a total of 787 match points). The match
points are provided in the data file accompanying this papes described in Sect. 2.4 and Table 1, fifteen tephra horizons
and a typical sequence of ECM and DEP data with matchcommon to the NGRIP and NEEM cores have been located.
points is shown on Fig. 3. All of these are fully consistent with the ECM-based syn-
During both phases of match-point identification, the chronization.
Matchmaker tool is used to continuously evaluate whether The tephra particles are found in ice samples with a typical
the proposed match is glaciologically realistic (i.e. compat-length of 15—-20 cm, but their precise locations have not been
ible with reasonable assumptions about the flow and accudetermined by higher-resolution sampling and the tephra lay-
mulation regimes of the two core sites). As outlined in Ras-ers are not visible. In contrast, the ECM record has a much
mussen et al. (2008), the most useful diagnostic variable idiner depth resolution and precision. More than half of the
the ratioran= (Da— Dp) !/ (da— dp) of annual layer thick- tephra horizons sit on top of (or very close to) one or more
nesses between neighbouring match points a and b found &CM-based match points, in which case only the more pre-
depthsD, and Dy, in the NEEM core andl; anddp, in the cise ECM-based match points are used for the timescale
NGRIP core. The values of, depend on both the relative transfer. Five tephra horizons are located in areas without
accumulation rates of the cores and the amount of thinningadjacent ECM-based match points and are included in the

3.1.1 The relation between tephra horizons and the
ECM synchronization
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Fig. 3. Example of ECM and DEP data across a synchronized section of the NEEM and NGRIP cores. The grey bands mark the match points
used for the timescale transfer.
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Fig. 4. ECM/DEP-based match points between the NEEM and NGRIP1 (red) and NGRIP2 (blue) ice cores and the tephra horizons (black
squares). In green (right axis), the NGRIP/NEEM annual layer thickness-ggti® shown. The insert shows the details of the match points
andrgp over the lowest 150 m of the core, where kinks in the (NEEM depth, NGRIP depth) relation and corresponding juyp psoist

likely indicate areas subject to differential strain.

timescale transfer data set using the middle of the tephra saners defines the (depth, age) relation for NEEM, named
pling intervals (see Table 1 for details). GICCO05modelext-NEEM-1. The accuracy of the timescale
at these points depends on three factors:
3.2 Transfer of the GICCO5modelext timescale from
NGRIP to NEEM — The NEEM timescale inherits the maximum counting

error (MCE) of the NGRIP GICCO05 timescale.
The transfer of the timescale is based on the ECM and

DEP-based match points and the five tephra horizons lo- — Differences between the shape of peaks and inac-
cated away from ECM-based match points. Using the match curacies in the depth registration of the ECM data
points’” NGRIP depths and the NGRIP GICCO05modelext set introduce synchronization uncertainty on the or-
(depth, age) relationship, the ages of the 787 ECM-based der of centimetres. The estimated synchronization un-
match points and 5 tephras are calculated. This set of mark- certainty was estimated to 10 cnmo(Lby Rasmussen
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et al. (2008), and here we tentatively estimate itsmay introduce artificial offsets between the NEEM records
magnitude by calculating the effect on the (NEEM and other records on the GICCO5 timescale. These offsets
depth, NGRIP depth) relation of removing every sec- are generally much smaller than the MCE and mainly matter
ond match point. The results support the estimatedwhen discussing the relative timing between events as ob-
synchronization uncertainty of 10 cmd(}, leading to  served in records from different cores.
timescale transfer uncertainties ranging from a few As an estimate of the upper bound of the interpolation un-
years to a maximum of a few decades at the deepestertainty, the effect of leaving out individual match points
part of the record. has been calculated. The interpolation was repeated using the
i , entire set of match points except one (thave-one-outp-

— Although we bell_eve the set of matqh points to be ro'rproach). Going through all the match points in turn, inter-
bust, there is a risk that Some sections have been ?[‘)olation differences of typically a few tens of centimetres or
roneously matched up, leading to a larger systematiGogg ore ohserved, with differences peaking at 95 cm when the
depth offset. This concern is particularly relevant for o, .\, ded match point is the last point within GI-17 where the
the NEEM ice below 2150 m (93.6 ka b2K). distance to the neighbouring match points is unusually large.

As the MCE is typically 2 orders of magnitude larger than Using linear interpolation between match-point depths
certainly is an approximation and it is not straightforward

the matching uncertainty (when assuming no large system* _ X
atic errors), we report GICCO5modelext-NEEM-1 ages with to evaluate its uncertainty. However, the smooth shape and
the MCE uncertainty estimates only, but stress that observedMall curvature of the (NEEM depth, NGRIP depth) curve

phasing differences of up to a decade at the match-poin'?een on Fig. 4 illustrates that it is hard to justify more com-
depths could be artefacts from the timescale transfer. plex interpolation schemes. To test the influence of different

As seen on Fig. 4, there is a section across parts of thdhterpolation schemes, interpolation was also performed us-
brittle zone (8451026 m NEEM depth) with only few match ing cubic spline interpolation. The change in interpolation
points and a section of alkaline ice of GS-2 (1511-1595 mmethod results in differences in the interpolated timescale
NEEM depth) with no match points at all. In addition, many of only 0-2yr fo.r the most recent 16ka and no more than
shorter periods (mainly in the stadials) do not contain matchZ0 ¥" for the period 96-69 and 60-23kab2k. These uncer-
points. Even in the absence of match points, we provide fof@inties are smaller than or equivalent to the synchronization

convenience an interpolated (depth, age) relation for eac|J.[|ncertainty disqussed in Sec_t. 3.2. Exceptions are the long
0.55m depth increment, corresponding to the “bag” units -2 Match-point gap spanning 1511-1595m NEEM depth

used when cutting and packing the ice core. NEEM bagand periods of similar duration without match points in GS-

depths are first translated to NGRIP depths by linear inter-18 and GS-19. Here the possible offset could be larger, but

polation using the (NEEM depth, NGRIP depth) relation es- e have little data from which to estimate this. Rasmusse_:n
tablished by match points and tephra horizons. By using lin-t @- (2008) found unexpected offsets of a few metres in
ear interpolation, we assume a slowly varying ratio of annualth® (depth, depth) refations of the NGRIP, GRIP, and GISP2
layer thicknesses between the cores, which appears to beGPreS across the GS-2 match-point gap interval, and although
reasonable assumption both from our understanding of accyhese may be related to ice d'V'de, mlgratlgn or lee-side ef-
mulation variability and from the smoothness of the (NEEM [€CtS near the GRIP and GISP2 drill sites, it cannot be ruled
depth, NGRIP depth) curve on Fig. 4. From the interpo- out that similar issues exist for the NGRIP-NEEM synchro-

lated NGRIP depths, the ages are obtained from the NGRIFIZation. _ _ _ _
GICCO5modelext (depth, age) relation. Based on this and on visual inspection of the (NEEM

Note that obtaining the bag ages directly from the 792_depth, NGRIP depth) curve, we estimate that the likely max-

NEEM (depth, age) match points by interpolating the age lin-imum depth offsgt caused by interpolation across the GS-2
early between match points gives a different result. This ap-Match-pointgap is 1 m, corresponding to around 80 yr. How-
proach corresponds to assuming constant annual layer thicl€Ve": the unusually strong accumulation variability across

nesses between the NEEM match points, which, especiall{>S-2 could potentially introduce an interpolation-based off-
in sections with match points in interstadials only, is an unre-S€t significantly larger than this. Similarly, across th8 kyr

alistic assumption given the large variations in :51ccumulation|9ng_GS'18 and GS-19 sections Where t_he' synchroniza-
rates across stadial-interstadial boundaries. tion is based on only two match points within GI-18, an

interpolation-based offset of 1 m (here corresponding to
3.2.1 The precision of the interpolated timescale around 200yr) is conceivable.

As described in Sect. 3.2, the NEEM and NGRIP ice cores3.3 Estimating the thinning function

are precisely aligned at the match points and the accuracy

of the NEEM timescale at the match points is thus essenfast accumulation rates can be inferred from the observed
tially quantified by the MCE of GICCO05. However, the in- annual layer thicknesses in an ice core if the strain history at
terpolation applied to provide a continuous NEEM timescalethe drilling site is known. A thinning function, reflecting the
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the flow parameters due to the accumulation ratio kinks dis-
cussed in Sect. 3.2 and shown in Fig. 4, which cannot be ade-
quately described using a D—J model. As the ice is disturbed
and folded below 2203.6 m, the layers immediately above are
likely to be influenced and adequate dating with the simple
D-J model cannot be expected.

The Monte Carlo analysis reveals an average ice equiv-
alent accumulation rate over the last 3ka of 0.221mtyr
(10 =0.003myrY), a typical glacial accumulation rate of
0.05 min the stadials, and about twice this value in interstadi-
als. However, it is not possible with this simple model to ob-
tain a good correspondence between modelled and observed
depth-age horizons in the Holocene. The modelled depths are
‘ ‘ ‘ ‘ ‘ too shallow for match points younger than8 ka and too
0 0.05 0.1 0.15 0.2 025 03 deep for Holocene points older than this. To further inves-

Annual layer thickness (m) . . .

tigate this discrepancy, we look at the average annual layer
Fig. 5. Mean NEEM annual layer thicknesses between the matchthicknesses between the match points presented in Sect. 3.1.
points presented in this work (blue dots) and predicted HoloceneThese are shown in blue in Fig. 5 together with the annual
annual layer thicknesses calculated from a Dansgaard-Johnsdayer thicknesses calculated for a constant Holocene accu-
model with constant accumulation rate of 0.221 mYyiand flow mulation rate of 0.221 myrl using a thinning function cal-
parameters determined from Monte Carlo analysis constrained byylated from the Monte Carlo estimated parameters (Fig. 5,
c_)bserved depth-agt_a horizons back to 85_ ka b2k (red line). The greepaq curve). A prominent kink is seen in the observed annual
Ilqe shows the predicted annual Iay_erthlcknesses from a D-J modqlayer thicknesses around 1200 m depth corresponding to an
\évcl)t:silr(;vi\;]gjrgmetgr \gﬂutehs iet:rnzgg;?rgmogtftﬁs:g %ngfz'skage of approximately 7.9 ka b2k. This kink cannot be simu-

y Dy cepin, ag young ' lated with the simple D—J model, so in order to obtain a rea-

The transition from the glacial to the Holocene (11.7 kab2k) is - . . )
marked with a horizontal grey line. High-frequency variability in sonable strain history for the ice above the kink, the Monte

the observed annual layer thicknesses caused by closely spacée@rlo analysis is carried out constrained only by match points
match points in the top part of the core has been removed. younger than 7.9 ka b2k. This leads to a better agreement be-

tween observed and modelled annual layer thicknesses for
the period back to 7.9 ka b2k (Fig. 5, green curve).

accumulated vertical strain along the NEEM core, has been The NGRIP and NEEM annual layer thicknesses show
calculated using a Dansgaard—Johnsen (D-J) model (Dans parallel behaviour with early Holocene layers being rel-
gaard and Johnsen, 1969). atively thin compared to what is expected from the model.

As discussed by NEEM community members (2013), theAlso, annual layer thicknesses from GISP2 seem to be some-
stratigraphy of the NEEM core has been compromised bewhat thinner than expected from the model of Alley et
low 2203.6 m and, therefore, we do not attempt to model theal. (1993) between 11.7 and 9 ka b2k, whereas no such shift
strain in the deepest part of the core. A D—J model includingaround 10-8 ka b2k is found in the Holocene annual layer
basal melt and sliding (Buchardt, 2009) has been fitted to theéhicknesses from GRIP (Vinther et al., 2006).
(depth, age) relation of Sect. 3.2. The basal melt and sliding To further pursue the idea of a different early Holocene ac-
have no straightforward physical interpretation given the dis-cumulation pattern, we compare observed mean annual layer
turbed and folded stratigraphy but has been included in thehicknesses between match points with layer thicknesses de-
model in order to properly represent the flow regime of therived by the fitted D-J model (black curve in Fig. 6). A
NEEM area as reflected in the upper 2203.6 m of core. large discrepancy is seen in the early Holocene, across Gl-

The ice flow model is driven by a dynamical accumulation 1, and during the late glacial. If th#20-inferred accumu-
model, where the accumulation rate is calculated from thdation rates are reduced by 30% during the glacial and the
dateds180 record through an exponential relation (Johnsenreduction in accumulation rate is linearly phased out from
et al., 1995). The measuret!®0 values have been cor- 30% at 11.7 kab2k to zero at 7.9 ka b2k, the match between
rected for changes in oceatfO (Bintanja and van de Wal, the Monte Carlo-tuned D-J model and observed annual layer
2008), and an extended thickness history based on Vinther ghickness improves dramatically (green curve in Fig. 6).
al. (2009) is used. The inverse problem of determining the The origin of the changed accumulatiafO relation-
values of the unknown parameters in the ice-flow model andship in the early Holocene is unclear, and could be caused
the accumulation model is solved using Monte Carlo analy-by changes in the accumulation—-temperature relationship,
sis constrained by the observed (depth, age) relation. Thougbhanges in the temperatusé€O relationship, limited abil-
match points are identified back to 108 kab2k, only depth-ity of the flow model to represent a changing flow regime,
age horizons younger than 85 ka b2k are used to constraior a combination hereof (Vinther et al., 2009). Possible
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Fig. 6. Observed NEEM annual layer thicknesses (blue) and an- X A X X X ‘
nual layer thicknesses inferred by applying the thinning function 44 42 40 38 36 34 32
obtained from the D-J model to the accumulation rates calculated GICCO5modelext age (ka b2k)
from thes180 record (black). By reducing the calculated accumu-
lation rates by 30 % in the glacial and phasing out the reductionFig. 7. NEEM data used image reconstruction at the onset of in-
linearly from 30 % at 11.7 kab2k to zero at 7.9 kyr b2k, a signifi- terstadials 8-11(a) 180 of precipitation as a proxy for site tem-
cantly better fit to the observed annual layer thicknesses is obtaine@erature with 0.55 m averages in light blue, and a 5-point running
(green). mean in dark blue(b) §15N of N, from Guillevic (2013) (black
dots) and model output (green curvg)) methane data from con-
tinuous flow analysis: PICARRO instrument (orange) and SARA
explanations include (i) ice ridge movements causing theinstrument (red) (Chappellaz et al., 2013).
need for the flow parameters in the D—J model to be adjusted,
(ii) circulation and accumulation pattern changes caused by
changes in Greenland ice sheet height and geometry and the . ] ] ] ]
gradually diminishing effects of the Laurentide ice sheet, andfional isotopic fractionation (Sowers et al., 1992). Okdri-
(iii) changes ins180 caused by elevation changes and up- at|or_ls are in phase with Greenland temperature, with CI—_I
stream effects. lagging temperature by 0—70yr (Huber et al., 2006; Landais
The reconstructed accumulation history with the above-€tal-, 2004; Severinghaus and Brook, 1999; Vallelonga et al.,
mentioned forced accumulation reduction in the glacial and2012)- Thus, we obtain additional timing constraints by as-
early Holocene is presented in Fig. 9. suming the midpoint of th.e_ CHransition to slightly lag the
midpoint in thes80 transition at the abrupt onset of Green-
3.4 Establishing the gas chronology by estimatingage land interstadials (Gl); for simplicity we use a constant lag
of 30 yr for most transitions, with the exception of intersta-
Air bubbles are trapped at the firn—ice transition, leadingdials 9-11 where availabt#°N data indicate no lag. In sev-
to an ice age—gas age offset that is commonly referred teral cases abrupt GHinds80 features are observed within
as Aage (Schwander and Stauffer, 1984). To obtain a ga®n interstadial, providing additional timing constraints. The
chronology for the NEEM core, we model the evolution of CHy tie points for interstadials 5-11 are indicated by white
Aage in the past using a coupled firn densification-heat dif-circles in Fig. 7.
fusion model, with additional gas phase data to constrain the For the gas chronology presented hef¥N data were
reconstruction (Fig. 7). We us$é®N of atmospheric nitrogen available for the last glacial termination-(15—11 ka b2k)
(N2) where available as well as methane (@data obtained and for interstadials 8-11 and 21, reliable £ebnstraints
through a combination of discrete sampling (Mitchell et al., were available for the glacial termination and interstadials 2—
2011; Rosen et al., 2013; Guillevic et al., 2013) and contin-22. TheAdepth constraints from the gas data were converted
uous flow analysis (Stowasser et al., 2012; Schupbach et altp Aage constraints through the NEEM ice chronology as
2009; Chappellaz et al., 2013). presented in Sect. 3.2. A final constraint is the modeage
The §1°N provides a strong constraint on both the timing of 188 yr as derived from firn air measurements (Buizert et
and magnitude of abrupt temperature changes over Greeral., 2012).
land through the imprint of thermal isotopic fractionation  Due to the many modelling uncertainties, the data-derived
(Leuenberger et al., 1999; Severinghaus et al., 1998) and otiming constraints must be considered more accurate than
past firn column thickness through the imprint of gravita- the modelledAage. Because of the strong variability in
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Greenland temperature and accumulation during the glacigbroduce the present-dayage of 188 yr correctly (Buizert et
period, Aage can change by hundreds of years in betweeral., 2012). While yielding a more accurate present-dage,
the tie points, precluding the use of simple interpolation including the dust effect does not influence the results in the
schemes. The philosophy behind asage reconstruction is  deep part wherdage is constrained by*°N and CH, data.
to use densification models to obtain a realistic, physicallyln Appendix A we modelAage for the last deglaciation (20—
meaningful interpolation between the data-derived tie points10 ka b2k) usinge =0, = 0.0021, andr = 0.0042, and find
Past changes in accumulation rate and surface temperatutkat the results are identical within the uncertainty (Fig. A2).
are the main drivers ohage variability, but both input func- The initial estimate fof'(¢) is based on thé180 palaeo-
tions are poorly known back in time. We adjust the accumu-thermometer, using a sensitivity of 0.562%K and a
lation (A) and temperaturef() input to minimise the RMS  sea-waters*0 correction (Waelbroeck et al., 2002). The
difference between the modelled ages and the timing conisotope sensitivity used here is found BY°N calibra-
straints. tion of the §180 palaeo-thermometer over interstadials 8—
We use two different firn densification models in this 10 at NEEM (Guillevic et al., 2013). The initial estimate
study, with supporting information given in the Appendix. for the accumulation is based on a combination of strain-
The first is the model by Goujon et al. (2003), which is a dy- corrected annual layer thicknesses (similar to the red curve
namical version of the 1-D densification model by Arnaud etof Fig. 9), and a relationship witldi'80 for the deeper
al. (2000). The heat diffusion in the ice is calculated acrosscore where the strain correction becomes unreliafle:
the entire ice depth using a simplified version of the modelexp(0.144 X 8180+3.245). These initialA and T recon-
from Ritz (1989). The model uses a time step of one year forstructions are subsequently adjusted to optimize the fit to
both densification and heat diffusion calculation. The spatialthe data; this is done manually for the Goujon model, and
resolution in the top 150 m is 0.25 m; it decreases with depthwith an automated gradient method in the D-HL model. Ad-
to 25m at bedrock. The lock-in depth (LID), below which justedA andT profiles, as well as modellelage values are
the air is no longer exchanging with overlaying layers, is de-shown for both models in Appendix A, while the final accu-
fined as the depth where the ratio of closed to total porositymulation histories for the D-HL and the Goujon models are
reaches 0.13. This LID definition based on the porosity of theshown on Fig. 9. The D-HL model provides a better fit to
ice is in agreement with the LID density threshold proposedboth thes'>N and CH,Aage constraints; we attribute this to
by Schwander et al. (1997). A constant convective zone othe automated calibration routine, rather than differences in
2m is used. This model is validated for present-day condi-the model physics. The root-mean-square (RMS) offset be-
tions in Greenland and Antarctica (Landais et al., 2006; Ar-tween model and Cltie points is 19 yr (66 yr) for the D-HL
naud et al., 2000). (Goujon) model, while the average tie point uncertainty is
The second model is a dynamical version of the Herron-63 yr. The RMS offset to th&'°N data is 0.011 %o (0.018 %o)
Langway model (D-HL) (Herron and Langway, 1980). The for the D-HL (Goujon) model, compared to an analytical pre-
model has 0.5 m spatial resolution along the depth axis, wittcision on the order of 0.007 %.. Consequently we use the D-
the model domain extending down to 1000 m. The heat dif-HL model result for periods where we have sufficient tim-
fusion model uses implicit Crank—Nicolson time stepping, ing constraints; while during two periods without constraints
a zero gradient boundary condition at 1000 m depth and arf108-90 and 23-17 ka b2k), output from both models is aver-
advective heat flux based on the 1-D ice flow model pre-aged. The combinedage curve is shown in Fig. 8 together
sented in Sect. 3.3. The densification and heat diffusion modwith the Aage constraints from CH The Aage uncertainty
elsuse 1.0 and 0.2 yr time steps, respectively, with isochronesaageis estimated in two ways. First, at the Gt points we
tracked downwards every fifth year. Lock-in density is set atsetoaage €qual to the uncertainty in that tie point (the error
14 kg nm3 below the mean close-off density from Martinerie bars shown on Fig. 8) plus the absolute value of the model-
etal. (1994) as suggested by Schwander et al. (1997); lock-itie point mismatch. In between the tie points we &ghge
gas ages are calculated using the parameterization of Buizetd the linearly interpolated uncertainty of the two adjacent
etal. (2013). Following recent work by Horhold et al. (2012), tie points plus 0.0% At¢, with At being the distance to the
the model includes an empirical softening of ice that scalemearest tie point in years; after the last tie point at 88 ka b2k
with the logarithm of the C& concentration, where we use we keepraageconstant. As a second estimate we use the ab-
C&t data from Greenland summit (Fuhrer et al., 1993) assolute value of the Goujon minus D-HL model difference.
a measure of the dust content. The softening is achievedor the glacial period (108-11.7 ka b2k) we use the larger of
by multiplying the thermal activation energy by the factor the above two estimates as the finalge uncertainty (shaded
1—aln (ﬁ X [Ca2+]) (J. Freitag, personal communication, area on Fig. 8). In the Holocene we tentatively Sghge at
2012); the fitting factorst = 0.0021 andd =3 ppb ! were  9kab2k to 30yr, and again use linear interpolation to find
calibrated for modern NEEM firn where accurditgAd, Aage  0aageat other times.
and [C&*] data are available. Without including this empir-
ical dust softening term, the densification model does not re-
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Fig. 8. Evolution of NEEMAage with timing constraints from Cttlata (green curve and shaded area indicating the estimated uncertainty).
Also shown are the results from the Goujon (blue) and dynamical Herron—Langway (orange) modetégjarabnstraints derived from GH
data (black dots).

3.5 Reconstructing past accumulation rates 4 Summary and perspectives

From the ice flow and firn modelling, we obtain four different The GICCO5modelext timescale has been applied to the
estimates of past accumulation rates: NEEM ice core by transfer from NGRIP using 787 hori-
zons identified in the ECM and DEP records. Tephra layers
— A §180-based accumulation profile entering the ice copfirm this synchronization and add five additional match
flow model of Sect. 3.3 is determined from the Monte Points for the tlme_scale transfer.. The gas .recorq has been
Carlo analysis. dated by determininghage from firn modelling with con-
straints froms1°N, CH4 and modern-day age values, while
) the flow-induced strain history is determined from an ice flow
— Observed annual layer thicknesses (here we use 20 Yhodel.
means) fr.om NGRIP can be transferred _to NEEM " The accumulation reconstructions from the ice flow and
depths using the match points as Qescrlbed n Sect. 3-%irn models show significant differences, in particular during
and by correcting for the ice-flow-induced thinning us- o giadials in the middle part of the glacial (5530 ka b2k).
ing the m_odelled strain (Sect. 3.3), past accumulatlon-l-he firn model reconstruction can be improved wiérN
rates are inferred. data becomes available, while the ice flow model based re-
sults can be improved with improved ice flow models and
— As outlined in Sect. 3.4, past accumulation rates areadditional knowledge on the evolution of the ice sheet. In
estimated by two different firn models by adjusting ac- addition, steps should be taken to treat ice flow and firn pro-
cumulation and temperature histories to optimize thecesses in an integrated way with the use of common accumu-
fit to the Aage constraints. lation and temperature input profiles.
The presented GICCO5modelext-NEEM-1 timescale is in-

The four different estimates are shown back to 85 ka b2k orfénded as a first chronology for the NEEM ice core facil-
Fig. 9, and it is clear that there is considerable disagreemeritating the analysis of existing and forthcoming data sets
between the results especially in the 55-30 ka b2k intervalfrom the NEEM core. When more tephra horizons and high-
with the estimates based on firn modelling being typically resolution CFA data from NEEM become available, a more
30% lower than the estimates based on ice flow modelling detailed synchronization will be possible, hopefully also pro-
We want to stress that without knowledge of past convec-Viding more match points within stadial periods and thereby
tive zone thicknesses and surface densities, and in the appcreasing the precision of the timescale transfer. Future in-
sence of high resolutiodit>N data for most of the core, firn vestigations will also show if NEEM data can be used to re-
modelling-derived past accumulation rates are fundamentalljine the annual layer identification in ice cores from Green-
under-constrained. Similarly, the ice flow modelling is based!and, €.g. in the period 10.3—7.9 ka b2k.

on a simple one-dimensional D-J model at a location where

the basal ice is folded and disturbed. However, we believe

that the combined results provide a realistic range of pasb Data access

NEEM accumulation rates, and we therefore provide the

mean and & envelope of the estimates (black curve and greyThe following data sets are made available vaivw.
shaded area in Fig. 9). iceandclimate.dk/datand WDC Palaeo:

www.clim-past.net/9/2713/2013/ Clim. Past, 9, 2713#3Q 2013
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th68180-based parameterization with 30 % reduction in glacial ac-D-HL model. Green curve with uncertainty enve|0pe g|\Mge
cumulation that is used in the ice flow model (red), and inferredwhen using dust sensitivity = 0.0021; blue and red curves use
by transferring 20 yr mean annual layer thicknesses from NGRIP tqy = 0 anda = 0.0042, respectively.

NEEM and taking modelled strain into account (green). The black
curve and grey envelope show the mean amna®the four individ-

ual reconstructions.

— ECM data sets from NGRIP and NEEM in 1cm

resolution.

Appendix A

Figure Al shows the temperatufeand accumulation rates
A used in theAage modelling. The densification models are
essentially run as inverse models, where one is looking for

— NEEM DEP data from 1757 m depth downwards and the A and T that optimize the fit to the CHtie points and

NGRIP DEP data.

815N data. The models start from an initial guessicdndT’,
given by the grey curves. A description of the initial curves

— The match points (including the five tephra horizons) iq given in Sect. 3.3. Modifications to theandT curves are

used for the timescale transfer.

done manually for the Goujon model and using an automated

— The NEEM (depth, age) relation in 0.55m (“bag”) 9radient method for the D-HL model. For most of the core,

resolution for ice and gas.

resolution.

timates cf. Sect. 3.5).

Clim. Past, 9, 27132730 2013

Aage CH tie points and the GI-8-16'°N data.

Modelled total strain and accumulation in 0.55m

only CHj, tie points are available, which leaves theand T
under-constrained. Therefore no firm conclusions should be
drawn from these reconstructions.

Figure A2 illustrates the influence of changing the param-
etera quantifying the importance of the dust softening term
described in Sect. 3.4.

Combined accumulation reconstruction (mean of 4 es-

www.clim-past.net/9/2713/2013/
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