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Abstract. While there are no indications of mixing back to C. This approximation, however, does not always hold, as
800000 years in the EPICA Dome C ice core record, com-evidenced by the disturbances in the bottom of the Summit
parison with marine sediment records shows significant dif-Greenland ice cores (Fuchs and Leuenberger, 1996; Grootes
ferences in the timing and duration of events prior to stageet al., 1993).
11 (~430ka, thousands of years before 1950). A relation- The recent recovery of the 3260 m EPICA Dome C (EDC)
ship between the isotopic composition of atmospheric oxy-ice core extends the available Antarctic ice core record to 8
gen ¢80 of O, noteds804m) and daily northern hemi-  climate cycles (EPICA community members, 2004; Parrenin
sphere summer insolation has been observed for the youngest al., 2007a). The previous EDC chronology, named EDC2,
four climate cycles. Here we use this relationship with newwas derived using a one-dimensional glaciological model
8180 of O, measurements to show that anomalous flow in thewith optimised parameters determined with an inverse mod-
bottom 500 m of the core distorts the duration of events by upelling approach using 5 chronological controls tied to marine
to a factor of 2. By tuning1®04m to orbital precession we records for the period before 50 ka (thousand of years before
derive a corrected thinning function and present a revised ag&950) (EPICA community members, 2004). This modelling
scale for the interval corresponding to Marine Isotope Stagespproach provides consistent reconstructions of the accumu-
11-20 in the EPICA Dome C ice core. Uncertainty in the lation rate history and the mechanical strain imposed thin-
phasing 08180, with respect to insolation variations in the ning profile, such that the age at a given depttan be cal-
precession band limits the accuracy of this new agescale toulated as follows:
+6 kyr (thousand of years). The previously reporte2D kyr z 1 ,
duration of interglacial stage 11 is unchanged. In contrast,“‘(z) = / T/—/dz @)
o T(zNa(Z)

the duration of stage 15.1 is reduced by a factor of 2, fromlntuitively, the aged at a given depth is equal to the sum

3110 16kyr. from the surface tq of the inverse of the annual layer thick-

nesses, which are given by the accumulation ratg the

time of deposition adjusted by the thinning functidnthat

1 Introduction incorporates the physical flow effects related to variations in
ice sheet surface elevation and basal melting and sliding.

The physical constraints on ice accumulation and flow make Overall, the temperature record derived from the deu-
it possible to derive ice timescales using glaciological mod-terium (D) content of the ice is in excellent agreement with
els. One-dimensional models are genera”y deemed apprdhe LRO4 marine benthic stack back to 800 ka (LlSleCkl and

priate for cores drilled on ice domes, such as EPICA DomeRaymo, 2005), indicating that EDC preserves correct stratig-
raphy through at least 740ka. Mixing can be discounted

Correspondence to: G. B. Dreyfus due to the absence of abrupt changes in both ice and gas pa-
(gabrielle.dreyfus@cea.fr) rameters in the same depth interval that are characteristic of
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342 G. B. Dreyfus et al.: Oxygen-18 offQused to detect anomalous flow at EDC

ous fluctuations in the normalised sedimentation rate of the

T

(ﬁ : al 232 over 30 cores covering this interval. Similarly, matching to
Lo 1o o EDC2 over stages 16 and 17 required small variations in the
°—z°: : Eﬂi sedimentation rate. If we consider that normalised sedimen-
08 ; tation rate is a stringent constraint on the marine stack age
it DO scale, then the source of the disaccord must be due to prob-

Loz lems in the EDC2 chronology. Further evidence of problems

0.04 with the EDC2 agescale over this period comes from sedi-

mentation rate estimates at ODP Site 1093 in the Southern

Ocean that are in conflict with the overall pattern in biogenic

opal deposition when the EDC2 age scale is applied (R. Ger-
300 sonde, personal communication, 2006). These comparisons
with marine records suggest that EDC2 overestimates the du-
ration of the interval representing MIS 14 and 15.1 by about
a factor of two.

There are two possible causes for distortion of the duration
w? of events in EDC over the bottom 500 m of the core: i) the
0 accumulation rate parameterisation as a functiofoton-

prm P P tent (Jouzel et al., 1987) differs for this period, or ii) the 1-D
Age [years before 1950] mechanical flow model fails to capture the physical processes
operating on the bottom 500 m of the ice.

While trace gases permit the integrity of core stratigra-
ghy to be verified on a local scale, the isotopic composition

5"%0, e ool 87°0,,,, [%] EDC3

260
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Fig. 1. Orbital and climatic profiles since 800kda) §180atm
records from Vostok (triangles; Petit et al., 1999) on the FGT1

timescale (Parrenin et al., 2004) and EDC in blue (open square : ) 18 ]
LSCE, filled squares UNIBE) on the EDC2 timescale (EPICA f atmospheric oxygen(S( O of Oz, noted§~"Ogam) pro

community members, 2004), and the precession parameter shifte\éIdes a pacemaker. for large scale Chrono!ogy evaluation a's
younger by 5 kyr (Laskar, 2004fp) as in (a), but with Vostok and & consequence pf its s_trong c_oheren_ce with northgrn hemi-
EDC §180,im plotted on the new EDC3 tuned timescale (this work SPhere summer insolation variations in the precession band,
and Parrenin et al., 2007bjc) LR04 marine benthic stack on its as shown in the Vostok record for the last four climatic cycles
own timescale (Lisiecki and Raymo, 200%#) CO, record from  (Petit et al., 1999). The temporal variations$#iOam on the
Vostok (triangles; Petit et al., 1999) and EDC (Siegenthaler et al.,order of 1%, depend on ice volume, the hydrological cycle
2005) on EDC2 (grey) and EDC3 (green cross¢s),EDC deu-  and on the activities of the marine and terrestrial biospheres
terium on EDC2 (light grey) and EDC3 (black). Bow-ties on the (Sowers et al., 1991). Ice volume and the hydrological cycle
precession and'®0am profiles represent the age control points ¢ontrol the isotopic composition of oxygen in water, a sig-
used in determining the optimised chronology. nal that is transferred to the atmosphere via photosynthesis
and respiration with distinct isotopic signatures for the ma-
rine and terrestrial realms (Bender et al., 1994b). Modula-
the miXing observed at the bottom of the Greenland Summittion of the monsoon by precession of the equinoxes affects
cores (Fuchs and Leuenberger, 1996; Landais et al., 2003Rjctivity of the terrestrial biosphere and humidity, and has
Suwa et al., 2006) and in the Vostok core (Raynaud et al.peen linked to variations i68Oam (Hoffmann et al., 2004;
2005). Environmental changes affecting both gases and tem-euenberger, 1997; Maldizet al., 1999). Whilé180,, is
perature are recorded at greater ice depth in the core for thgn useful chronological tool (Bender, 2002), its precision is
§D-derived temperature than for the gas phase. This is a conimited by uncertainties in the processes controlling its phas-
sequence of the gas enclosure processes that occur approig with respect to insolation forcing. Previous authors have
mately 100 m below the surface of the ice sheet at EDC. Thi%ssumed an uncertainty afé kyr' equiva|ent to half a pre-
is indeed the case for the G@Biegenthaler et al., 2005) and cession cycle and the extrema in phase with respect to 21
CHa (Spahni et al., 2005) concentrations measured in EDCjyne 65 N insolation on the Vostok Extended Glaciological
back to 650 ka, and additional measurements show the exfimescale (Jouzel et al., 1996). This uncertainty estimate
pected depth offset through the end of stage 20. based on mechanistic assumptions has been empirically sup-
Closer comparison between the EDC isotopic record andgorted by the improved Vostok FGT1 chronology (Parrenin
the LRO4 marine stack (Lisiecki and Raymo, 2005) suggestst al., 2004).
problems with the duration of events in the EDC2 chronology Here we present the first measurements of the isotopic
over the interval covering Marine Isotope Stages (MIS) 12—composition of atmospheric oxygen extracted from the EDC
15, roughly 430 to 630ka, corresponding to 2780—3040 mice core. Assuming that similar mechanisms are at play prior
depth in the core (Fig. 1). The authors of the stack notedto 400 ka, we exploit the relationship betwe#fO4m and
that to match EDC2 over MIS 12-15 would require spuri- precession to provide additional evidence of a problem with
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the duration of events in the bottom 500 m of EDC. Several . TTT T |
observations including the phase between climate records ir§ o | n
the gas and ice phases allow us to distinguish between ac’s o0 J V‘/WW f \

. i S 3
cumulation rate and thinning as the source of the observed$ 002 520 &
perturbation. Finally, we propose a revised chronology using £ 0047 500 S
age control points derived from orbital tuning&f0 of O, ::28 8
with precession. = a0 [ 2

2 1 i&;
§ 520_. v /\ /V /\ A /\ ,\
2 Methods and measurements o 480 \
2.1 Measurements 6£80,m E "
~ 0.0 6
L 3
The isotopic composition of trapped air from the EPICA 04
Dome C core (7906’ S; 12321 E; 3233 m above sea level) | [
was measured at the Laboratoire des Sciences du Climat € 0 200000 400000 600000 800000
de 'Environnement (LSCE), France, and the Climate and Age

Environmental Physics Institut of the University of Bern _ ] ) o
(UNIBE), Switzerland. In total, measurements from 170 Fig. 2. Previous studies have compared variationsfOa¢m to the
’ ' various insolation curves shown here. From top to bottom: the pre-

depth levels between 2482.7 and 3191.1 m are reported giv-__ . . i ) )
. denth uti f4.9 ith 147 LSCE cession parametepé&e sin @) used in this study, mid-June inso-
Ing @ mean aeptn resolution of 4.2m, wi -5 MEa-151i0n at 20 N (Malaizé et al., 1999), mid-June insolation areé
surements and 23 UNIBE measurements. An additional 4%, ,7¢| et al., 1996; Petit et al., 1999), and the Shackleton (2000)

data points are presented between 357.3 and 572.3m, COYaning target (ShOTT) a combination of obliquity and precession
ering the last deglaciation, measured at LSCE in 2003. Thexdjusted to match the phase and amplitude for each band in the Vos-
UNIBE samples are measured using an on-line continuousok §1804mrecord. All orbital curves have been calculated with the
flow technique fully described elsewhere (Huber and Leuen-Analyseries 2.0.3.2 software (Paillard et al., 1996) using the Laskar
berger, 2004; Huber et al., 2003). Mean error for UNIBE et al. (2004) solution.

§1804m is 0.03%o, and is calculated by dividing the standard

deviation of the raw values by the square root of the mea-

surement duration (ranging between 142 and 901s). Sam$*®Oawm, respectivelys8Oum is defined ag!80 — 2xs1°N;

ples measured at LSCE were processed using a melt-refreefeis the 180 of paleoatmospheric Lafter correction for
method with 183 samples from 88 depths analyzed on gravitational fractionation in the firn.

Finnigan MAT 252 isotope ratio mass spectrometer in 2004—

2005, and 126 samples from 59 depths were measured id.2 Orbital tuning

2006 using the same extraction procedure but a new Delta

V Plus (Thermo Electron Corporation) mass spectrometeiisible inspection of panel (a) in Fig. 1 reveals the strong
equipped with 10-cups permitting simultaneous acquisitionsimilarity between cyclical variations i&%04m and varia-

of m/z=28, 29, 30, 32, 33, 34, 36, 38, 40 and 44. Thetions in the precession of the Earth’s orbit. The significant
LSCE analytical method is described in detail in Landais etcorrelation betweed!®0 of O, and mid-June 65N inso-

al. (2003a). Briefly, the trapped air is extracted by melting lation (Jouzel et al., 1996) has prompted several workers to
~10g samples under vacuum. The water is then refrozengerive ice core chronologies assuming either that the mid-
and the gases remaining in the headspace are cryogenicaljope of a5'804m transition occurs at the same time as the
trapped in a steel tube at liquid He temperature. On the Finnimid-June 63N insolation maxima as for the last termination
gan MAT 252, dual detector measurements!in/1*N (ac-  (Petit et al., 1999) or a constant phase relationship between
tually m/z ratio 29/28) and®0/*%0 (m/z ratio 34/32) were  §1804mand an insolation curve, e.g. mid-Juné 65(Jouzel
made in sequential runs. Corrections are applied for preset al., 1996; Petit et al., 1999) or integrated JuneNe(Ben-

sure imbalance and chemical interference for all measureder et al., 1994b) or mid-June 28 (Malaizé et al., 1999).
ments. The working standard (ST2) is dried exterior lab airln order to make use of the strong amplitude modulation of
collected in 1998 stored in a 3-litre stainless steel canisterthe precession signal and to avoid a specific insolation curve,
The standard is calibrated against F8TP of dried exte-  Shackleton (2000) constructed a tuning target, referred to
rior air twice a week. All results are reported with respect to here as ShOTT, that combines obliquity and precession com-
atmospheric air. Each depth was measured at least twice, ambnents shifted and scaled to their respective lags and am-
the pooled standard deviation for replicate measurements atlitudes in the filtered Vosto&*®O4m record. Four of these
LSCE yielded precisions of 0.011%. (0.004%. on the Delta V reference curves are shown in Fig. 2: the precession parame-
Plus) and 0.04%o (0.028%o on the Delta V Plus) §&?N and ter (defined ag=e sinw wheree is the orbital eccentricity
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Fig. 3. Spectral properties of the precession parameter (solid grey
and §180,tm from Vostok (black; Petit et al., 1999) on the FGT1

timescale (Parrenin et al., 2004) and from EDC (this study) on theEDC data shown with open squares (this study), Vostok data with
EDC2 (red; EPICA it bers, 2004) and tuned EDC3 ) ) A
(re community membuers ) and tune filled triangles (Petit et al., 1999) and GISP2 data with dark grey

blue; this study). Coherency of each record with respect to the
( y) Y P 1994a; Sowers et al., 1997). Methane from

. . : . rosses (Bender et al.
precession parameter is shown in the bottom panel. The horizonta] . ' .
line indicates 90% significance level. Analysis was done with the EDC (Monnin etal., 2001) and GISP2 (Brook et al., 1996) is shown

Blackman-Tukey method using the Analyseries software (Paillardfor chronological context and comparison. All EDC data IS plotted
etal., 1996). on the EDC3 chronology, Vostok data on FGT1 (Parrenin et al.,

2004) and GISP2 data on the Meese/Sowers chronology (Meese et
al., 1994). All GISP2 data provided by the National Snow and Ice

. o . Data Center, University of Colorado at Boulder, and the WDC-A
andw is the angle of the perihelion with respect to the Ver- ¢, pajeociimatology, National Geophysical Data Center, Boulder,
nal point), mid-June 20N insolation, mid-June 69N in- Colorado.

solation, and the ShOTT tuning target (Shackleton, 2000).
Note that the influence of obliquity increases from the top to
bottom panel, and that the phasing of the top three curvesersed scale. We note that by considering only precession,
are very similar, whereas the phasing has been shifted bye ignore the significant obliquity component in the Vostok
5kyr and 3 kyr for the precession and obliquity bands, re-§1804m, record (Fig. 3). The implications of this choice are
spectively, in ShOTT. assessed by independently tuning to ShOTT, which has equal
Here we choose to compare th04m record with the  power in the 1/41 and 1/23 kyt bands.
precession parameter rather than with a specific insolation For the purposes of the orbital tuning presented here, we
curve to focus specifically on the precession component ohave assumed a constant phase lag betw&y,, and the
variation. Precession, the timing of the seasons with respeqbrecession parameter. Following Shackleton (2000), this lag
to perihelion, has a strong effect on the amplitude of thecan most accurately be assessed by looking at the timing for
seasons and on monsoon intensity in particular (Prell andhe most recent and best-dated transitiod#0aym, which
Kutzbach, 1987). Variations i804m have been linked occurred between roughly 14.6 and 8.6 ka, with a mid-point
to this modulation of the monsoons via associated changearound 11.5ka (Fig. 4). The mid-point of the transition in
in the hydrological cycle and terrestrial biospheric activity mid-June 65N insolation and the precession parameter oc-
(Malaize et al., 1999). The precession parameter is calcurred at 17 ka. By virtue of the layers present in Green-
culated using the Laskar et al. (2004) orbital solution with land records available for counting and the much smaller gas
the Analyseries 2.0.3.2 software (Paillard et al., 1996). Theage-ice age differences (several hundred years in Greenland
chosen definition of precession parameter is negative whesompared to several thousand in central Antarctica), we con-
insolation due to precession is increasing in the northerrsider the Greenland agescales to be the most precise, with
hemisphere. Sinc&®0,m has been shown to be coherent the new multiparameter GICCO5 chronology (Rasmussen et
with insolation variations in the northern hemisphere (Ben-al., 2006) confirming the GISP2 dating to within 100 years
der, 2002), we consider the precession parameter on a rdetween 8 and 15ka. For this reason we adopt a constant

}:ig. 4. Phasing between variations in the precession parameter
(solid grey line) and1804m over the most recent transition, with

Clim. Past, 3, 341-353, 2007 www.clim-past.net/3/341/2007/
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Table 1. Age control points for the optimised chronology (years before 1950).

Tie-Point Depth [m]  Precession Age (-5kyr) ED@2ge Tie-Point Ice Age

2707.65 398095

2714.32 398 396 2144 400540
2749.04 408621 2001 410622
2772.27 422036 2461 424498
2799.36 440995 4620 445615
2812.69 454294 4864 459158
2819.2 464557 4802 469358
2829.36 474756 3621 478377
2841.75 485293 2913 488 206
2856.27 495921 3125 499046
2872.56 506 642 3617 510259
2890.33 517602 3027 520630
29133 532027 4196 536224
2921.99 545313 4547 549860
2938.24 556414 3454 559869
2968.08 567 606 2569 570175
2998.96 578627 3317 581944
3008.93 589460 3467 592927
3017.25 600078 3434 603512
3027.54 610875 2424 613299
3035.41 622074 2703 624777
3043.01 634419 5033 639452
3048.51 649 064 4404 653468
3056.77 660789 4731 665520
3065.93 671703 4440 676142
3077.74 682326 3608 685934
3093.51 693159 2628 695787
3112.43 703964 3106 707070
3119.57 714369 3385 717754
3124.27 724376 4080 728 456
3136.18 733949 3298 737247
3143.2 741944 5055 747000
3152.25 749184 4860 754044
3158.91 758 069 4027 762096
3166.87 767679 3562 771241
3174.81 777607 2769 780377
3180.6 787736 2399 790135
3189.83 797 460 4979 802439

phase lag of 5000 years, closer to the observed GISP2 agef air to changes in seawatét®0 and biospheric activity

as did Shackleton (2000). It should be noted that the las{Bender et al., 1994b; Hoffmann et al., 2004; Jouzel et al.,
deglaciation is peculiar in its sequence of interruptions by the2002; Leuenberger, 1997; Maléizt al., 1999; Parrenin et
Balling-Allergd/Younger Dryas and Antarctic Cold Rever- al., 2001). For example, changes in biospheric carbon inven-
sal, which may impact the inferred phasing. It is, however,tory during glacial and interglacial periods imply changes in
the best available constraint. We applied a similar procedurexygen flux and reservoir age (Leuenberger, 1997). With-
of identifying mid-points in the precession parameter curveout a mechanistic understanding of these processes, however,
and the Vostols180,m record (Petit et al., 1999) on the im- we cannot predict how the response time varied, and for this
proved FGT1 age scale (Parrenin et al., 2004), and found aeason assume a constant phase lag and assign a conserva-
mean phasing of 5:B1.6 kyr with a range of 3-10kyr. That tive 3kyr Gaussiand uncertainty based on analysis of the
the phase betweeh'®O4m and precession is not constant Vostok record and modelling studies (Hoffmann et al., 2004;
within several thousand years is expected given the numereuenberger, 1997).

ous and complex processes influencing the respons€of
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346 G. B. Dreyfus et al.: Oxygen-18 offQused to detect anomalous flow at EDC

T T T T We have repeated the correlation using the tuning target de-
700 rived by Shackleton (2000). Age controls using each tuning
600 target differ by no more than 3 kyr and on average indicate
older marker ages by 0.6 kyr using the ShOTT target.
Since these age controls are derived fi&¥0am, which
400 is in the gas phase, they must be corrected for the gas age —
ice age differenceAage) to be transferred to the ice chronol-
ogy. As shown in Table 1, we use the EDC3 modeiges,
-380 calculated using a firn densification model (Goujon et al.,
2003). The uncertainty in thaage evaluation @=0.5 kyr
C! . at maximum) is already included in the 3 kyr uncertainty de-
10 Nl il -420 scribed above.

nN ~n
[qdd] *HD

500

CO, [ppm]

"~ 1.5 y N -400

[e%1a¢e

440 2.3 Adepth markers

Depth 8 D [m]

The age difference between the trapped gas and the ice
(Aage) is a function of the ice-equivalent lock-in depth (LID)
divided by the accumulation rate. The in-situ depth separat-
ing gas from ice of the same agAdepth), in contrast, is
2700 2800 2900 3000 3100 3200 equal to the ice-equivalent LID multiplied by the amount of
Depth [m] thinning the intervening ice layer has undergone. Nage
and LID can be calculated with a firn densification model
Fig. 5. (a)Measured C@ (green crosses; Siegenthaler et al., 2005) (Goujon et al., 2003), where we use a factor of 0.7 to con-
and CH; (purple diamonds; Spahni et al., 2005) plotted againstvert to ice equivalent depth. For EDC, the LID varies by less
depth.(b) Inverse of the derived correction factor (red) shown with than 20% over 800 kyr, thusage is primarily a function of
the 8D profile and tie-points (bow-ties). Values of C(Z)greater  accumulation rate anddepth a function of thinning. In cal-
than 1 contract the original expected agescale (equivalent to an inculating the modellechdepth, we assume a 10% uncertainty

creased accumulation rate or stretchgd ice inter(ab).Compgri- in both the modelled LID and thinning function. By identify-
son of observed C®depthsD depth (circles shaded according to ing ice and gas markers of the same age and comparing with
confidence, where lighter values are more uncertain) with modelle(i

Adepth calculated as the product of the densified lock-in-depth an he mpdelledﬁdepth, It .ShC.’UId then.’ in principle, be possible
thinning (). The untuned EDC2 (thin dotted) and EDC3 (thick to_ e.stlm_ate the total thinning fungtlon at these depths and to
black) modelledAdepths are compared with the tuned EDC3 as- d!stlngwsh between the two possible sources of an age-scale
suming anomaloug (solid red) and anomalous accumulation (dot- distortion.
ted red). The observed depth differencesdepths) between icgD
content and C@ concentration (Siegenthaler et al., 2005)
for 23 events have been calculated (Fig. 5). The selected
To reduce errors associated with identifying extrema in apoints are assigned different confidence ranks depending on
low-resolution record, we choose 33 tie points on the mid-the ease of identification of events in each record (Table 2).
slopes and 2 tie-points on shoulders or inflections during aGlacial inceptions have been avoided, as,Génds to de-
period of combined strong ice volume signal over MIS 12 to crease during glacial inceptions aft& content (Cuffey and
11 and low precession variability (Table 1 and Fig. 1). Ide- Vimeux, 2001). Uncertainty in observetidepth is deter-
ally, such orbital tuning should be done with®O4m cor- mined by the sample resolution and ability to identify the
rected for the ice volume signal by subtracting the appro-depth of the selected feature. For the purposes of this study,
priate seawater oxygen-18 profile. Separating local hydrowe have assumed th&d content and C@vary in phase for
graphic and temperature effects from the ice volume signathe selected events. It should be noted that the Gfcen-
in 8180penthic hOwever, is a complex task. Recently Bintanja tration increase appears to lag slightly the increag®iratio
et al. (2005) deconvoluted the LR04 benthic isotope stackof the ice by 808600 years at the start of the last glacial ter-
(Lisiecki and Raymo, 2005) to isolate an ice volume com-mination (Monnin et al., 2001). Studies of the Vostok record
ponent. We find that subtracting this profile from our EDC found similar lags of around 1000 years at the start of glacial
81804tm record (after matching to account for EDC agescaleterminations (Caillon et al., 2003; Fischer et al., 1999; Petit
distortion) does not appreciably improve the tuning profile, et al., 1999). One exception to the exclusion of early glacia-
but rather adds sharp variations presumably due to dating anions is the minimum before 14.3, which occurs during the
deconvolution uncertainties. early cooling phase between interglacial 15 and glacial stage
The precession period is 22—23 kyr according to spectrall4. We may underestimate thedepth separating ice and
analysis, so we choose 2 tie-points per cycle, evety kyr. gas of the same age for this event by assuming synchronicity.

Depth CO, -
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Table 2. Selected markers for observed depths separating synchronous changesdari€éntration (Siegenthaler et al., 2005) and deu-
terium content of ice (temperature proxy). Default uncertainty in depth attributiofDfés 0.55 m, equivalent to bag resolution.

Event 3D depth sDuncert CQ depth CQuncert Adepth Adepth Confidence
Uncertainty
[m] [m] [m] [m] [m] [m]

TV end TV 2775.3 0.55 2780 0.5 4.7 0.74 Low
st-end/2 2780.525 1.1 2786.485 1.05 5.96 1.52 Mid
start-TV 2785.75 0.55 2792.97 0.55 7.22 0.78 High

Stage 12 MIS 12.5 2822.6 0.55 2826.42 1 3.82 1.14 High
MIS 12.7 2828.1 0.275 2831.93 0.7 3.83 0.75 High
MIS 12.8 2829.75 0.275 2834.12 0.5 4.37 0.57 High

Stage 13 spikeon 13.1 2842.4 0.275 2847.7 0.36 5.3 0.45 Low

TVI end-TVI 2902.35 0.55 2906.72 0.4 4.37 0.68 High
st-end/2 2904975 1.1 2908.69 0.95 3.715 1.91 Mid
start-TVI 2907.6 1.1 2910.66 0.55 3.06 1.23 Mid

Stage 14 MIS 14.3 2932.05 0.55 2939.27 0.5 7.22 0.74 High
start 2939.2 0.275 2943.7 0.5 4.5 0.57 Low

Stage 15.1 end 2993.1 0.55 2996.92 0.55 3.82 0.78 High
st-end/2 2996.4 1.1 2999.485 1.1 3.085 1.56 Mid
start 2999.7 0.55 3002.05 0.55 2.35 0.78 High

Stage 15.3 MIS 15.3A 3006.3 0.55 3007.9 0.5 1.6 0.74 High
MIS 15.3 B 3007.4 0.55 3010.8 1 3.4 1.14 Mid
MIS 15.3C 3010.7 0.55 3012.65 0.35 1.95 0.65 Mid
MIS 15.3 D 3012.9 0.55 3014.5 0.6 1.6 0.81 High

TVII end-TVII 3036.6 0.55 3037.6 0.85 1 1.01 Mid
st-end/2 3038.225 1.1 3039.26 1.35 1.035 1.76 Mid
start-TVII 3039.85 0.55 3040.92 0.5 1.07 0.74 Mid

Stage 16 MIS 16 3051.95 0.55 3053.93 0.4 1.98 0.68 Low

Moisture source effects could cause the deuterium contentions have a disproportionate effect on the EDC mean value.
to decrease earlier (hence deeper in the ice) than the assodihe highest1804m enrichment of 1.48%. is observed dur-
ated CQ change. This may partially explain the disaccord ing Termination V ¢~425ka). We note that the second and
between the modelled and observedepth at the minimum  third most enriched80,m values in the EDC record are
before stage 14.3. associated with transitions from relatively cold to relatively
warm conditions within interglacial stages 13 and 17 (with
the §1804im maximum occurring 20 kyr after the cold period

3 Results and discussion preceding 17.3). Glacial stage 16, which is highly enriched
in the marines'®0penthic Stack (Lisiecki and Raymo, 2005)
3.1 800ka history 08180m suggesting expansive ice sheets, is associated with only a rel-

atively weeks'80,im maximum of 0.97%o, although the low
The measure@lBOatm in EDC is in very good agreement data resolution over this interval does not exclude our having
with that measured in Vostok between 300 and 400 ka (overmissed the peak enrichment.
lap of 30 points EDC and 46 points Vostok, wii?=0.94), A period of very lows1804, variability (0.11%. standard
as shown in Fig. 1. Both show variations between approxi-deviation compared to 0.34%o. for the entire 300 to 800 ka
mately 1.3 and —0.3%o., with the ice volume signal becomingrecord) is notable between 710 and 780ka, which corre-
most apparent with the strong enrichments occurring severatponds to a period of low precession variability. This vari-
thousand years after glacial maxima. While the mean of meaability is still significant compared to the measurement pre-
sureds180,m is 0.39%. for both Vostok over 0-400ka and cision of 0.028%. for these samples, so that mid-slopes can
EDC over 300-800ka, there is a small difference in medianstill be determined for orbital tuning. Measurement preci-
values with 0.38%. for Vostok and 0.32%. for EDC. This may, sion also has implications for the choice of a control point at
however, be due to the greater sample resolution for Vostola shoulder ir81804, over the transition from stage 12 to 11.
(mean 1300 years) compared to EDC (mean 3000 years)lhe difference between the two points defining the shoulder
such that the strong enrichments associated with terminais 0.067%o, hardly significant compared to the 0.04%. pooled
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standard deviation for these data. A break in the slope of the8.3 Chronological correction

transition is evident at this depth, supporting the presence of

a shoulder despite the strong ice volume signal and low prewe have derived a tuned timescale for the interval 2707.65—
cession peak. Apart from these two regions of low precessior8189.8 m (398-802 ka) using a least squares method to min-
variability, the determination of mid-slopes is unambiguousimize the age difference betweéOqrderived orbitally

and preferable to correlating peaks given the 3000-year temtuned control points (Table 1) and the corrected age scale:

poral resolution. z /

A = / C() 2

o T(@)a(@)

whereC is the best-fit correction factor for each depth. The
As discussed in the previous section, the 400ka Vostokmethod has been constructed to give a correction function
record showed that'8O.m is characterised by strong co- that is close to 1, smooth, differentiable and continuous (see
herence with mid-June 8% insolation (Petit et al., 1999). Appendix). We adjusted two parameters, smoothing length
The ice volume, hydrological cycle and productivity pro- scale and regularity, to determine the optimum fit. Given a
cesses producing this signal are not expected to have varieshean depth between age control markers of 13 m and a max-
in the preceding 400kyr. Hence, the 40kyr length of theimum separation of 34.7 m, we find that a smoothing length
cycle centred over stage 15.1 in th&Ogm record on the  scale of 20 m is appropriate. Combined with a regularity fac-
EDC2 agescale is surprising. To determine whether this extor of 0.5, this set of parameters results in a mean distance
tended cycle is anomalous, we performed multi-taper methodrom control points of 0.9 kyr. Using length scales of 30 m
spectral analysis on comparable 80 kyr periods in the Vostokand 10 m changes the mean distance from the control ages
record, as well as on the precession parameter and the ShOTy 12.5 and —7.4%, respectively. Reducing the regularity was
composite precession and obliquity tuning target (Shacklenot found to reduce significantly the mean age difference.
ton, 2000) over the same periods. As noted above, the global The calculated correction factor is shown in Fig. 5b as
ice volume signal ir8*80am is most pronounced at glacial C(z)~1 such that a value greater than 1 represents compres-
terminations and could bias the analysis, so these periods akgon of the original expected age scale, equivalent to either a
excluded. According to the marine LRG4%0penmic stack  positive accumulation anomaly or lower than expected thin-
(Lisiecki and Raymo, 2005), glacial stage 14 and stage 15.2ing (larger thinning function). Over the corrected depth
do not appear to have been strongly glaciated, these periodgainge, there are three intervals requiring compression of the
are thus expected to show smaléfO.m enrichments than  EDC2 agescale by a factor of 1.5 to 2, compared to a longer
that observed for stage 12. In contrast to the strong 22 kyr peinterval of smaller amplitude expansion of the agescale be-
riodicity found in the insolation curves and tsO 4 of the tween 2707 and 2865 m.
four Vostok intervals (on the FGT1 timescale), EB¥Oatm Previous studies have pointed out the exceptional dura-
(on the EDC2 agescale) between 530 and 625ka presentfons of interglacial stages 11 (EPICA community members,
a 56 kyr cycle. This exceptional deviation from the preces-2004) and 15.1 (Siegenthaler et al., 2005). If we define an
sional pacing is especially surprising given the large ampli-interglacial as a period when the temperature deviation from
tude of variation in precession during this period (Fig. 1).  the mean of the last millennium is above <5 the dura-

We conclude that the durations of stages 14 and 15.1 aréion of stage 11 on the corrected timescale is insignificantly
too long by approximately a factor of two in the EDC2 longer than on the EDC2 agescale: 30kyr on EDC2 versus
chronology. While the deviation af*®O,m from the ex- 32 kyr on the corrected timescale. This is in contrast to the
pected relationship with precession is most notable ovesignificantly reduced duration of stage 15.1 from 31kyr to
stages 14 and 15.1, close inspection of Figure 1a reveals sel6.4 kyr. The corrected agescale reduces the 2000 yr lead of
eral periods of incoherence, suggesting the presence of mor€Q, and CH, versussD content at MIS 14.3 to a50 yr lag.
agescale anomalies. There are indications of “skipped” pre- As one would expect given the tuning approach used, the
cession cycles between stages 12 and 13, and again durin@rrected agescale restores power in the precession band of
stage 16. This reduced coherence with precession is visibl§80g,, and, more interestingly, also shifts the peak power
in the low spectral power in the precession band’8Dam associated with obliquity into better agreement with the Vos-
on EDC2 between 300800 ka compared to Vostok over O+tok record (Fig. 3). We assess the influence of tuning ex-
400ka (Fig. 3). These observations indicate that while theclusively to precession by repeating the above least-squares
EDC2 agescale extends the duration of some intervals, itinalysis using the same control points tied to ShOTT (Shack-
shortens the duration of others. leton, 2000). The agescale correction agrees to within 2.6 kyr

In the following sections, we use gas tracers 4bdcon-  along the entire tuned section, with a mean difference of
tent of the ice to distinguish between accumulation and thin-0.6 kyr (ShOTT tuning older). Tuning®Om to a record
ning as the source of the age-scale distortion, and we useith a strong obliquity component does not significantly
orbital tuning ofs1804m to define age control points that are change the relative spectral power or peak frequency in the
used to constrain a correction function. obliquity band.

)

3.2 Confirmation of an age-scale anomaly
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Comparison of théD record on the corrected chronol- in the form of flux profiles of chemical species measured in
ogy with the LR04 marine$80penthic Stack (Lisiecki and  the ice. At low accumulation sites such as EDC, dry deposi-
Raymo, 2005) in Fig. 1 gives us confidence in the proposedion is the dominant mechanism, so that measured concentra-
agescale correction. Whereas the timing of climatic transi-tions must be corrected for accumulation rate to give fluxes.
tions differed by up to 20 kyr for the EDC2 chronology, the The 740 ka sulphate, calcium and sodium flux records show
two records agree to withitt5 kyr for the corrected chronol- the same relationship t8D content both before and after
ogy. We note that the tuning method used for LR04 and for440 ka (Wolff et al., 2006), giving no indication of an ac-
the chronological correction involve different assumptions cumulation anomaly. The distortion must then be mostly or
and tuning targets: an orbitally forced ice volume model for entirely due to a flow anomaly.

LR04 and the precession parameter for EDC. From a material science point of view, ice is a polycrys-
As calculated above, the correction factor does not assumtalline material with an hexagonal structure. Due to the
the source of the dating anomaly. In the next section westrong anisotropy of the ice crystal, c-axes rotate towards
use in-situAdepth separating synchronous events recordedompressional axes and away from tensional axes (Azuma
in CO, concentration andD content of the ice to distinguish  and Higashi, 1985). Under a dome, the ice experiences an
between accumulation and thinning as the source of the agesniaxial compression (Alley, 1988). This leads to the pro-

scale distortion. gressive formation of a vertical single maximum fabric along
the EDC core (i.e. c-axes are clustered around the in-situ ver-
3.4 Nature of the age-scale distortion tical) (Wang, 2003). However, below 2810 m, a sharp weak-

ening of the fabric is observed in EDC as well as a tilting

In Fig. 5¢, modelledAdepths for different scenarios of up to 20 degrees from the vertical of the fabric maximum.
uncorrected, corrected assuming a pure thinning anomalyoreover, the clustering of the fabric presents large fluctu-
or corrected assuming anomalous accumulation are comation below this depths. No large, interlocking grains have
pared to the observefidepth separating synchronous events been observed, suggesting that migration recrystallization is
recorded in the gas and ice phases (Table 2). AHepth  not affecting the fabric within the considered depth range.
profiles of the previously uncorrected glaciological mod- Thus, the fabric should still reflect the strain history experi-
els (EPICA community members, 2004; Parrenin et al.,enced by the layers, and the observed anomaly in the fabric
2007) show similar decreasing trends following the mod-could be an indicator of strong flow disturbances.
elled thinning profile with low variability. The observed It is difficult at this stage to find a scenario fully coher-
Adepths, however, differ significantly from these modelled ent with these observations. The corrected thinning profile
profiles around 2830, 2932 and 3000-3013 m, most notablyndicates that the layer spanning 2920-3000 m has experi-
for the peak of MIS 14.3 where the observaalepth of  enced approximately half as much thinning as expected. This
7.22£0.74m is close to double the modellesidepth of  could correspond to a stiffer layer that resists vertical com-
4.45£0.9m. While not perfect, the scenario assuming apression. In this case, we would expect to see a clear corre-
pure thinning anomaly better captures the amplitude of thes¢ation between fabric variations and the correction function,
Adepth variations (Fig. 5c, thick red line). In contrast, the which we do not observe. Moreover, this scenario does not
scenario assuming anomalous accumulation fails to capturexplain the tilt of the fabric orientation maximum. Another
these features. This is not surprisingedepth is linearly de-  plausible scenario could be as follows: a layer presenting a
pendent on the thinning function and only weakly dependentwell marked vertical single fabric is subjected to an horizon-
on the accumulation rate, as discussed in Sect. 2.3. tal compression, causing the c-axes to progressively rotate

Additional physical and indirect arguments support a thin-towards the horizontal. Such horizontal compression could
ning over an accumulation anomaly. Precipitation in centralaccount for lower than expected thinning, hence stretching
Antarctica is deduced as a function of the condensation temin the age-scale. This is conceivable if the ice layer had to
perature, which can be estimated from the deuterium contentnove up a hillside. This is not unrealistic considering that
of the snow (Jouzel et al., 1987). The 2-fold correction re-the dome at EDC may have moved in the past. The ice col-
quired over stages 14 to 15.1 implies an accumulation rataimn beneath the dome coupled to this motion could then
increase from 2.3 cm water equivalentyto 5 cmw.e. yrt. have been subjected to the effects of bedrock irregularities,
Variations in the accumulation rate of up to 40% comparedwhich vary by up to 500 m within 50 km of the EDC drill site
to the traditional accumulation-temperature-isotope relation{Remy and Tabacco, 2000). We note that such a deformation
ship have been suggested by volcanic matching of EDC andavould probably involve the ice column all the way from the
Vostok (Udisti et al., 2004). A 100% change, however, would bed up to a height more than double the topographic relief.
imply significant modifications in the moisture transport to While there are indications of anomalous flow over 500 m
central Antarctica and/or the thermodynamics controlling thein the core, the deviation from the expected thinning profile
inversion temperature over the site. No such changes are sugaries in direction. Additional work is needed to understand
gested from the deuterium excess record (Stenni et al., 2007}he physical processes that are behind the observed hetero-
An additional indirect constraint on accumulation rate comesgeneities, but this is beyond the scope of the present work.
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Interpreting the correction function in terms of anoma- Limited understanding of the mechanisms controlling the
lous thinning has important implications for the flow around phasing ofs1804m response to ice volume changes and in-
EDC. Firstly, the large amplitude and rapid changes in thin-solation forcing restrict the accuracy of the derived corrected
ning are difficult to explain in steady state conditions, sug-chronology, however, new gas phase parameters, such as
gesting that non-steady state processes have occurred aroudi@®,/N2 and air content, both physically linked to local inso-
Dome C. These could be due to dome movements, or tdation variations (Bender, 2002), hold promise for further im-
chaotic effects induced by feedbacks between the fabric angroving the chronology. Such improvements will enable the
the ice flow, or both. Indeed, recent mechanical studies havexpected small deviations in phasesdfO4m with respect
shown that dust load can affect ice rheology (Durand et al.to northern hemisphere summer insolation to be studied in
2007). While this may play a role in the anomalous flow at detail, providing additional information on the;@ycle over
EDC, it is likely not the main effect as there is no clear pat- the last 800 kyr.
tern between thinning anomaly and climate condition (with
colder periods being associated with high dust concentra- )
tions). Appendix A

Finally, we note that the correction was determined us-
ing control ages derived usidg8O4m tied to precession and
converted to ice age controls usitgage. As noted above,
Aage depends on accumulation rate but is almost indepe
dent of thinning. This is confirmed when theage calcu-

We considetmin andzmax the limits of the interval where the
thinning function is corrected. We discretize the dep#nd
we denote 1,...N the depth intervals of lengthz. In prac-
r}'ice, we will useAz=0.55m, i.e. each interval corresponds to

lated using the corrected agescale is compared 1o that usi a bag in the ice core. We further denatethe accumulation
using 9 ! P USINBte for each depth interval, affgits total thinning, as given

the uncorrected agescale and found to differ by less than 4853 the 1-D ice flow model. The age ain is denotedAo,

years. and the modelled age at the bottom of intervel given by:
i
4 Conclusions AM = Ao+ ) (A1)
=aiT;

Ice core age scales depend on the accumulation rate (pararwe further modify the total thinning function by a correction

eterised as a function .Of site temperature) an_d strain ralt(?actor 1€; for eachinterval, so that the corrected age is given
(flow or thinning). While the physical constraints on ice

flow generally imply that ice cores provide more reliable in-

formation on event duration than other sedimentary records, c Lo

disturbances are known to occur, such as at the bottom ofi; = Ao + Z o (A2)
the Summit Greenland cores (Fuchs and Leuenberger, 1996; j=0"/"J

Grootes et al., 1993) and at Vostok (Raynaud et al., 2005) D 1 .
Here we have used the strong coherence between oxygen-1 Sgenote bi?]f (kh_l’t;"nA) th? igedma:]k_ers g|.VIen by the
of atmospheric @ and precession to confirm problems with 7 Oatm recor orthe _ottom ofthe dept mtervg .

the EDC2 agescale below 2700 m. Further, by comparing gas The aim of th? foIIowmg_ least sguares met.hoq Isto f".qd the
tracers and deuterium content of this ice we have determine§°€ction functiorC(z), with the following criteria: 1)C is

that physical flow anomalies and not accumulation rate vari-aS, close ,?S possible to 1; 2) the f|rst a”f? secon(j derivatives,
andC”, are as small as possibl€ (s “smooth”); 3)C

ations are responsible for the agescale distortion. Analysi 4’ ) _ q - and 4) th q
of the ice fabric over the interval reveals perturbation in the " ¢ are con'qn_uous &min 8NdZmax an ) the correcte
age for intervaly, is as close as possmle,tq?.

crystal orientation consistent with anomalous flow. We thus trv to minimize the followi t function:
Orbital tuning of §*0,m and application of a least- ¢ thus Try o minimize the foflowing cost function:

squares method allows us to propose a corrected chronology — pR . pR1 | pR2 |, pC | pA (A3)
with an accuracy of better thah6 kyr, and to derive a cor-

rected thinning function. The duration of stage 15.1 is re- R 1 N (c; —1)?

duced by a factor of two in the corrected chronology, while £~ = Az (Ad)

. ) Zmax — Zmin R)?
the ~30 kyr duration of stage 11 is unchanged. As a con- max - =min i=0 (0 )
sequence of these flow anomalies, the phasing beté®en N—1 )
1 ((Ciy1—Ci) /Az)

content and C@ concentration cannot be accurately deter- pR1 _ Az (A5)
! . : 2 -
mined at EDC prior to 400 ka. Zmax — Zmin j=g (k1)
This §1804m-derived correction is applied to a new glacio-
logical chronology below 2700 m to give the new recom- 5
mended agescale for EDC, EDC3, which will be fully de- x> _ 1 =2 (2C; = Cipa — Cim1) /AZP) A (AB)

scribed elsewhere (Parrenin et al., 2007Db). Zmax — Zmin 1= (URZ)Z
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