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Abstract. In the framework of the International Partnerships future ice core, orbital tuning of the ice-core age scale will be
in Ice Core Sciences, one of the most important targets idimited.

to retrieve an Antarctic ice core that extends over the last 1.5
million years (i.e. an ice core that enters the climate era when
glacial-interglacial cycles followed the obliquity cycles of
the earth). In such an ice core the annual layers of the olde
ice would be thinned by a factor of about 100 and the cli-
matic information of a 10 000 yr interval would be contained

SJt Introduction

In the framework of the International Partnerships in Ice Core
in less than 1 m of ice. Th di h an Antarctic i Sciences (IPICS), one target is to retrieve an ice core reach-
infessthan 1 motice. The gasrecordin such an Antarctic 'ang back in time as far as possible. The main objective of such

core can potentially reveal the role of gre_enhouse gas forcir_l% core would be to cover the Middle Pleistocene climate tran-
on these 40 000 yr cycles. However, besides the extreme th'ns'ition, the transition interval from the “40 kyr world” prior to

hing of th? gnnua! layers, also thg long r.esi(Ijence time of theatbou'[ 900 thousand years before present (kyr BP) (Elderfield
trapped air in the ice and the rglatlvely high ice tempera‘;ureset al., 2012), where full glacial-interglacial cycles occurred
near the bedrock favour diffusive exchanges. To mvesﬂgatein parallel to obliquity cycles, to the well-known “100 kyr

g(‘;gg?;gﬁ;g t\r/]vee%nNofj;ﬁg?j, ﬁwsevt\;?#uiisv;hg(rzigazoel %?theworld" thereafter, where rather short interglacials were ob-
’ _ _ served every about 100 kyr. Accordingly, such an ice core
trapped gases N, and CQ along the vertical axis. How- y y gy

the bound diti ¢ tential drill " should ideally disclose the last 1.5 million years (Myr) of
ever, the boundary condiions ot a poteéntial driiling Sie are ;o history. The conditions, where such an ice core can

nqt yet we!l f:onstralned "’?”d the 'uncerta_lntles n the PErMEy e found, are only satisfied in central East Antarctica where
ation coefficients of the air constituents in the ice are large

In our simulations, we have set the drill site ice thicknessIt is cold and dry enough (see Fischer etal,, 2013). The most

at 2700 m and the bedrock ice temperature at 5-10 K belo important boundary condition for finding such old ice is that

Yho melting occurs at the bottom of the ice sheet. Only in this

the ice pressure melting point. Using these conditions and 'nbase, the ancient ice may be preserved in the deepest part

cluding all further uncertainties associated with the drill S'te.of the ice sheet. In the case of the EPICA Dome C (EDC)

and the permeation coefficients, the results suggest that e core, about 0.6 mm ice per year is melting at the bedrock

th_e oldest ice the precessional variations in thd K ratio (Parrenin et al., 2007b), which limits the age of the deepest
will be damped by 50-100 %, whereas £€oncentration (undisturbed) ice to about 800 kyr

lqlr(l:ilngt)e N assouatzd vylthlglag|e(1jl—|ntgrgla50(|;l vl?rtlr;]atlons will A consequence of a frozen bedrock and the preservation
ke yI © ;:Elnsgrvel (§I|Ir;]1u a %. ampmgd 0). let T pret(r:]t_as-of ancient ice in the deep section of an ice core is that the an-
sional /N2 signal will have disappeared completely in this nual layers get extremely thinned in the deepest part. Since,

in theory, an annual layer could be conserved infinitely long
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at such a drill site, the annual layers would also be thinned2 Method
infinitely. Therefore, the question arises by how much the an-

nual layers can be thinned until gas diffusive processes sta#.1 Model set-up
to deteriorate and eventually remove the signal stored in the

trapped atmospheric air. In order to investigate this question' "€ 9as diffusion part of the model is based on the model

we modified the diffusion model of Bereiter et al. (2009) and Presented in Bereiter et al. (2009) with the difference that the
combined it with a one-dimensional ice flow and ice temper-d'ﬁus'on is calculated vertically (along the ice core axis) and
ature model. The diffusive exchange 0§, and CQ is not in radial direction of the ice core. The diffusion equation

calculated and the behaviour of an initially sinusoidal con- S 2djusted as follows:
centration sequences of these gases with different periods i8C,, 0 aC,
simulated along the ice core axis, while the ice is compressedy; ~ 5, \ " 57 )°

and moving down with the vertical ice flow (see results in . . .
whereC,, represents the concentration in the ice of the air

Sect. 4). i . .
To calculate the diffusive exchange of the air constituentsconstituent (02, N2 or CQp), D, the corresponding dif-

in the ice, permeation coefficients (product of diffusion and fui|c())n t():ott:fflmetnt 'E ':Ie’ anfd the fvtehrtlc':al dL:ecilor]I_;rom
solubility) are required for each constituent. These coeffi-* = (bottom) toz . (surface o [he 1ce shee ): ‘he gas
cients for @, N, and CG are very small and a precise mea- exchange of the air enclosures with the surrounding ice is

surement is very challenging. Therefore, only a few estimatesc"’llcmated according to Bereiter et al. (2009). The diffusion

of these parameters, using different approaches, are found iWOdel IS run for d|scret_e intervals of the ice cor#, and
the literature. For @and No we use the “set B of Bere- the solubility are a function of the mean temperature of such

iter et al. (2009) and call it here “fast set’ (FS), but we do an interval, which means that they are kept independent of

not use the “set A’ as it provided unrealistic results in thatWlthln each interval. . .
work. In addition, we also use the permeation parameters In order 1o calculfate the annual layer tthk!’]QSS of the ice
of Salamatin et al. (2001) (referred to as “slow set” (SS)) anq the corre.spond_lng tgmperature at a_certam depth, the fol-
and a recent estimate of total air permeability of Uchida etlciwggoc;r;en—dlmensmnal ice flow model is used (Parrenin et
al. (2011). For CQwe use only the permeation parameter of al, ):
Ahn et al. (2008) due to the lack of other reliable estimatesw (z) = — (A —m) u (z) — m, 1)
(see Fig. 2 and Sect. 2.3 for more details).

The two parameter sets FS and SS ferdnd N show ) L X
differences of up to two orders of magnitudes. A possibility , ()=1— p (1_ _) + (1 ) ’ @)

to further constrain these parameters based on ice core mea- p+1 H p+1 H

surements of the £YN ratio is presented in Sect. 3. Sim- \wherew(z) denotes the vertical ice velocity at the height

ilar to the gas diffusion modelling work shown in Lithi et gyer the bedrocka the accumulation rate of ice at the sur-

al. (2010), which focused on the equilibration between layersgace 1, the melt rate at the bedrock, the vertical thickness

of different CQ concentrations below the bubble to clathrate of the ice sheet ang a tuning factor.A, m and H are ex-
transition zone (BCTZ), the observed equilibration betweenpressed in ice equivalent of constant density (921 k§m
layers of different @/N2 ratios in the Vostok ice core is  The velocity profile is based on the work of Lliboutry (1979)
compared with a model using the two parameter sets. Suchn( is also used for the latest ice-core age scales (Parrenin et
a layering is thought to be induced by a dynamic disequi-z|. 2007a).

librium during clathrate formation (Luthi et al., 2010). Ifthe  For the temperatur@ (z), besidesH and A, also the sur-
Vostok data indeed reflect the equilibration of layered face temperatur@s and the geothermal heat fluy are rel-

ratios on a scale of centimetre, as we think, the experimentgyant. Based on the heat diffusion and advection equation
allow us to better constrain the effective permeation coef- )

ficients for the temperature regime below the BCTZ. How- 97 _ . 0°T 0T 3)
ever, since this temperature regime is very different from the o¢ 072 az’

regime in which a possible equilibration in the oldest ice corethe following equation for the stationary temperature profile
takes place, our simulations in Sect. 3 do not allow us to ruler (z) can be derived:

out any of the two permeation data sets used in our simula-

tions. T(z)=Ts—Co (/ el @y — / ef(zl)dz’> , 4)
1 % 2 4 p+3

[(@) = (A-m) (z’+p1 (l - %) —p2 (1—%> )

_%ng (5)
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Table 1. Drill site parameters for the different model experiments. The Vostok ice thickness (ice equivalent) is given by Salamatin et
al. (1998). The other Vostok parameters are derived from the calibration procedure. For the EDC parameters the accumulation rate (tem-
poral mean), the melt rate and the ice thickness (ice equivalent, temporal mean) of Parrenin et al. (2007a) are used. The EDC surface
temperature (temporal mean) is from Jouzel et al. (2007). The EDC tuning parameter and the geothermal heat flux are derived from the
calibration procedure. The oldest ice core parameters are artificial and set such that the age and temperature requirements (1.5 Myr 100r
above ground, bottom temperature below pressure melting point) are fulfilled.

Drill site parameters Vostok EDC Oldestice core
A Accumulation rate [mm y‘rl] 19 18.2 15

m  Meltrate [mmyrd] 0.8 0.7 0
H Ice thickness [m] 3690 3153 2700
p Tuning parameter 20 3.8 7.3
Ts  Surface temperature [K] 2145 212.2 213
Qg Geothermal heat flux [mW 7] 45 533 55

integrating the inverse of the vertical velociiy(z):

— Qg 1
Co= Texp<E<A—m><p1—pz)>, ©®)  age(r) = / ﬁdzq
pL= p_+2£ Then, this scale is divided into intervals of equal temporal
p+12 duration, meaning that an ice particle, which travels down in
1 H the ice sheet, would stay within each of these intervals for the
p2= p—+1p—+3’ same period of time. For each of these intervals an average
annual layer thickness and an average ice temperature is cal-
- 2.43£ culated using the temperature profile described from solving
mK’ Egs. (4) to (6) (see Fig. 1).
P The diffusion model is run for each of these intervals start-
K =1.42. 10—6’"_, ing with the upper most one with a given trapped air compo-
N

sition (see Figs. 4 and 6 for corresponding starting distribu-

wherex is the thermal conductivity, anfl the thermal dif-  tions). The simulation time for each interval corresponds to
fusivity of ice calculated for 243 K (Schwander et al., 1997). the residence time in the intervals. After the gas composi-
243K is about the mean ice temperature. Since we tune théon changes have been calculated for the first interval, the
ice temperature profile to measured borehole temperaturesesulting composition is used in the next step for the run in
our simulations are not sensitive to this valgh, is the part  the next lower interval where the length of the trapped gas
of the geothermal heat flux, which is not used for melting of section is scaled according to the new annual layer thick-
ice at the bottom and is diffusing upwards by heat conduc-ness, and the permeation coefficients are changed according
tion. In case of no melting at the bottom (oldest ice) this is of to the new temperature. This process is repeated downwards
course equal to the total geothermal heat flux. through all intervals until the lowest interval is reached.

Note that in realityh and K are functions of temperature.
Above, we assumg andK to be constant and calculate the 2.2 Input parameters for the ice core model
steady state, that is, we use average boundary conditions (sur-
face temperature, accumulation rate and ice thickness). Thik order to start the model, the boundary conditions for the
allows us to derive the semi-analytical solution f¢z) of ice flow and temperature model (ice parameters) need to be
Eq. (4). Therefore, the melt rates and geothermal heat fluxeset as well as the diffusion and solubility coefficients of the
derived in our model may differ quantitatively from the true gases in the ice (gas parameters). The ice parameters for the
values at Dome C. However, the temperature in the deepedifferent experiments are given in Table 1. In the case of the
part of the ice sheet is well represented as illustrated in Fig. 1Vostok and EDC parameters they have been tuned in order
The temperature profile of a potential oldest ice core site igto fit the available age—depth relations (ageénd borehole
expected to be similar with the difference — as mentionedtemperaturesi{(z)) as well as possible. However, the param-
above — that the bedrock temperature must be lower to avoiéters were kept as close as possible to independently pub-
ice melting. lished values. Since the ice flow and temperature model used

In a first step, the depth—age distribution (age(s cal- here assumes steady state conditions, the temporal average
culated for the given input parameteAs H, m and p by of the corresponding parameters are used.

www.the-cryosphere.net/8/245/2014/ The Cryosphere, 8, 24556, 2014
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Fig. 1. Age of ice(A, C) and ice temperatur@, D) profiles of the VostoKA, B) as well as of the EDC and oldest ice c¢ D). Red

lines: reference records for tuning the ice paramet®rEGT20 age scale (Petit et al., 1999); EDC3 age scale (Parrenin et al., 2@)7a);

Vostok bore hole temperature (Salamatin et al., 19@2);EDC bore hole temperature measured in December 2004). Blue lines: modelled

ice age and ice temperature profiles using the Voé#kB) and EDC(C, D) ice parameters (Table 1). Green lines: modelled ice age and

ice temperature profiles using the oldest ice core ice parameters. The grey shaded area marks the depth below the BCTZ for which the
simulations of Sect. 3 have been performed. The depth level zero corresponds to the model ice sheet thicknes§gtRpatakEDC(C,

D) drill site inm ice equivalent. The depth of the oldest ice core is shifted by 453 m such that the bedrock is reached at the same depth as for

the EDC core.

For most of the EDC ice parameters corresponding valueghat the bottom ice temperature is 4-5K below the pressure
can be found in the literature. The factots m, H and Ts melting point of the ice. The reason for the 100 m criterion
are set such that they lie within their uncertainties or agreeas that several ice cores show disturbed ice layering due to
within 2 % with the values reported in Parrenin et al. (2007a)irregular flow below a certain depth (e.g. EPICA commu-
and Jouzel et al. (2007). The factpris modified relative  nity members (2006), NEEM community members (2013)).
to the corresponding value given in Parrenin et al. (2007b)in the EDC ice core this depth lies at about 100 m above the
(1.97+£0.93) in order to improve the agreement of the mod- bedrock. The tuning parametgris estimated using the the-
elled agef) with the ED3 age scale (Parrenin et al., 2007a). oretical calculation of Parrenin et al. (2007b). However, in
The factor Qg is set such that'(0) fits the EDC bedrock the case of the EDC and Dome Fuiji ice cores this theoretical
temperature (see Fig. 1). value was found to be too high. Parrenin et al. (2007b) sug-

In the case of Vostok, corresponding values for all ice gest that the bedrock topography might cause this discrep-
parameters are not found in the literature, and if so, theyancy. Another reason might be that Eq. (2) has been derived
are mostly less precise compared to the EDC parameterfor ice sheets far away from ice divides and ice domes (LlIi-
and/or do not cover the full extent of the ice core. However, boutry, 1979), which is not fulfilled for the two ice cores.
for the simulations performed under Vostok conditions (seeAccordingly, also the value for an oldest ice core might be
Sect. 3), it is only necessary that the modelled ggaefd  closer to the EDC value, which results in less thinning of the
T (z) roughly represent the corresponding reference recordsleep ice and, hence, a weaker gas diffusion effect. The influ-
below the BCTZ, between 1250 and 2500 m depth (greyence of this different thinning profile is discussed in Sect. 4
shaded area in Fig. 1), and not down to the bottom of theand in the Supplement.
ice core (3379 m depth). We calibrate our models with the As mentioned in Sect. 1, for finding such old ice it is of
EGT20 age scale of Petit et al. (1999) and the borehole temfundamental importance that the ice does not melt at the
perature of Salamatin et al. (1994). For the tuning of the Vos-bedrock. Only in this case, old ice is preserved in the deep
tok ice parameters, the parameter H was kept fixed at theart of the ice sheet. In order to ensure a cold bedrock, the
value presented in Salamatin et al. (1998) and the other pace thickness is not allowed to be too large. Otherwise, the
rameters were varied. insulating effect of the ice enables the geothermal heat to

The artificial parameters of the oldest ice core are chosetring the bottom ice to the pressure melting point. Observing
such that the ice 100 m above the bedrock reaches an aghis constraint we have arbitrarily chosen an ice thickness of
of roughly 1.5 million years (aim of IPICS oldest ice) and

The Cryosphere, 8, 245256, 2014 www.the-cryosphere.net/8/245/2014/
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2700 m which permits a cold bedrock under the geothermal  1g-024
conditions we have set.

e 1E-025
2.3 Input parameters for the gas diffusion model °

The main reason for a limited predictability of the gas ex- % 1E-026 §
change effects in the oldest ice core is the uncertainty of
the gas parameters (solubility and diffusion coefficients) of
N2, O2 and CQ. As mentioned in Sect. 1, these parameters
are very difficult to assess since they are very small, making &
measurements under lab conditions very challenging. There- 1E'°28215 220 295 230 235 240 245 250 255 260 265 270 275

fore, the parameters have been estimated in an indirect way. Temperature [K]

The experimental approaches that were used do not permit

to estimate solubility and diffusivity of the gases separatelyFig. 2. Comparison of the different estimates of gas permeation co-
but only the product of both, the permeability. In fact, it is efficients inice. The black dashed line denoted with “total air” rep-

the permeability that determines the magnitude of the dif-ésents the total air p_ermeation value of Uchida et al. (2011). The
fusive gas transport in the ice from one air inclusion to an-Plack lines denoted with “fast” represent the “fast set” (FS) (Ikeda-

other. Thus, an increase of the diffusion coefficient can beFukazawaetal.,2005) and the grey lines denoted with “slow” repre-

compensated by a corresponding decrease of the squbiIitsemthe “slow set” (SS) (Salamatin et al., 2001) used for the simula-
F.) . y P 9 Xon presented here. The GQermeation coefficient is the same for
coefficient and vice versa.

o . . both sets (Ahn et al., 2008) (solid black line). Most permeation co-
For the CQ permeability only one reliable estimate of eficients shown here consist of a solubility and a diffusion parame-
Ahn et al. (2008) is found which is used in all simulations. ter. In all these cases the diffusion parameters of Ikeda-Fukazawa
This estimate is based on analysis of the,Gfncentra- et al. (2004) are used whereas the solubility is adjusted accord-
tion around a layer of refrozen melt water in the Siple Domeingly. The crosses indicate for which ice temperature regime the
ice core. Older estimates for the permeability exist, but havecorresponding parameters have an experimental support and, hence,
shown unrealistic results in a previous diffusion study (Bere-show which parts of the parameters are extrapolated. In the case of
iter etal., 2009). Note, however, that also the estimate by Ahﬁhe_ tot_al air parameter the temperature regime covers a larger range

et al. (2008) is missing an independent experimental proofas indicated by the crosses.
For the permeability of Bland Q we use two sets, which
are based on different approaches and demonstrate the large
spread of such estimates (see Fig. 2). The origin of the “slowtemperature sensitivities of the parameters are rather uncer-
set” (SS) is the work of Salamatin et al. (2001) in which the tain and the extrapolation of these parameters to tempera-
parameters are estimated by reconstructing theNd ratio tures far away from the observed regime may be inaccurate.
fractionation between bubbles and clathrates in the BCTZIn contrast to that, the molecular simulations used for the
The “fast set” (FS) is based on the work of Ikeda-FukazawaFS parameters have been performed over a wide range of
et al. (2004) and Ikeda-Fukazawa et al. (2005), who havedce temperatures (230-270K) allowing to derive a theoret-
calculated the parameters based on a computer model sinieal temperature dependence of the parameters for the full
ulating the behaviour of the gas molecules in the ice latticetemperature range of our study. These temperature sensitiv-
(molecular simulations). The second set corresponds also tiies are much smaller than the ones of the SS parameters.
the “set B” parameters used in Bereiter et al. (2009). SinceHowever, since there is not enough independent proof for or
the gas diffusion model requires a solubility and a diffu- against one of these parameter sets, both sets are used in our
sion coefficient for each gas species, but in most cases onlgimulations.
the permeation coefficients are available, we used for all A recently published estimate of total air permeability in
gas species and throughout our calculations diffusion coefice (Uchida etal., 2011) is also shown in Fig. 2. This estimate
ficients derived by lkeda-Fukazawa et al. (2004), which areis based on a model that reconstructs observed growth of
also based on molecular simulations, and adjusted the solwlathrates in the Dome Fuji ice core due to air permeation in
bility coefficients accordingly. ice. The growth of the clathrates takes place over a large tem-
The FS parameters are entirely synthetic based only omperature range from about 240K to 270K (indicated by the
molecular simulations (Ikeda-Fukazawa et al., 2004, 2005)crosses). Therefore, this estimate does not suffer from the ex-
The SS and the COparameters are based on a model thattrapolation uncertainty of the other observationally based pa-
simulates observed air fractionation and diffusive smoothing,rameters. Provided that the reconstruction model is valid, this
respectively, in an ice core (Salamatin et al., 2001). The temestimate suggests even weaker temperature sensitivities of
perature regimes at which the observations have been pethe parameters compared to the other sets and shows the low-
formed are indicated by the crosses in Fig. 2. Since theyest permeabilities for temperatures above 263 K, which are
cover only a small temperature range of a few degrees, thenost relevant for our oldest ice core experiments (Sect. 4),

1E-027

ermeation coefficient [m%/s/Pa]
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since the deep ice is exposed to such temperatures for sev ¢
eral 100 kyr. However, we can not directly use this estimate

for our simulations since separate parameters for the differ-

ent air constituents are required in order to simulate the effect 5 % |
on the mixing ratios. Nevertheless, we estimate the effect of "i 01
such a low air permeability on the;®ONj> ratio in the oldest 20 { 3¢
ice core simulations by running the model with the FSand SS ~ _,, |4 !
parameters scaled down with a constant factor to match the
total air permeability of Uchida et al. (2011) at about 265K

I ﬁm]

0,/N

Fit through residuals from spline (below) [ 40 g

(see Sect. 4). Equation Y = A*EXP(B * X ) @

A=222 S

B =-1.83E-5 1303

R-squared = 0.405 ]

. e e ie]

3 A constraint for the gas permeability in ice 3 1205

¥ ' z

In this section an experimental constraint for the permeation s _ 100
coefficients is described which is based on a natural phe- e S il
nomenon in deep ice cores. Based or_1 t@e!lﬂ)z ratio data 0 50 100 150 200 250 300 350 400 450

from the Vostok ice core, the constraint is used to test the Age [kyr]

permeation coefficients of Nand Q of the two parameter
sets used in this work. Fig. 3. Top: O,/ N> ratio data from the Vostok ice core (Bender,

Liithi et al. (2010) showed that in the BCTZ of differ- 2002) (grey dots) and the data spline with a cut-off frequency of

ent Antarctic ice cores the £DN> ratio and the C@ con- 11.kyr (Enting, 1987) (black que). Bottom: residuals of the/Bi; .
. . . ratio values relative the the spline (grey crosses) and the exponential
centration of Fhe trapped ,a'r vary betwegn honzqntal, Iay_ersfit through the residuals older than 83 kyr (black line). The text in
of a few centimetres vertical extent. This non-climatic Sig- he middie of the figure shows the fit results.
nal is explained by a layer-wise transformation of bubbles
to clathrates in the BCTZ and the preferential trapping of
O and CQ in the clathrates relative to A\ leading to lo-
cal fluctuations in the C®concentration and £ N» ratio fusive exchange in the ice. Therefore, the exponential fit
between these layers. The amplitude of thex@Gctuations  through the residuals older than 83 kyr BP (black line) is a
declines exponentially below the BCTZ presumably due torepresentation of the average diffusive decline of the layers
gas diffusion through ice. The model presented in Sect. 2 alwith time.
lows us to simulate the decline of these fluctuations, which In order to simulate this measured decline, the model of
are compared with the decline in the signal amplitude ofSect. 2 is run with an &' N> ratio distribution at the start
such layers found in ice core records. However, the avail-as shown in the example of Fig. 4 (blue line). This distribu-
able Q /Ny records do not all resolve the decline. In order to tion in Fig. 4 represents a layered N, ratio with a layer
do so, the record must cover the ice core section of approxithickness of 3cm and an amplitude of 4.8 %.. The amplitude
mately 1000 m just beneath the BCTZ with an adequate reseorresponds to the exponential fit value at the bottom of the
olution and the vertical extent of the individual ice samplesBCTZ, where we set the diffusion time to zero in Fig. 5.
used for the record must not be much larger than the originallhe range of layer thickness comes from the work of Lthi
layering. In the case of theZDN, ratio records, there exists et al. (2010) on EPICA Dronning Maud Land (EDML) and
a record from the Vostok ice core (Bender, 2002) that fulfils EDC ice; however, the effective thickness is quite uncertain.
these requirements. Note, however, that this record consist§herefore, simulations with different layer thicknesses were
of discrete samples and no intervals of continuoys b performed (see below). In the model experiments shown in
measurements exist for this core. this section, the simulation starts in the upper most interval
Figure 3 shows the Vostok N, record in the top part of the grey shaded area in Fig. 1.
(grey dots) and in the bottom part the absolute value of the As seen in Fig. 4, the layers equilibrate with time due to
residuals of the data points relative to the spline through-the gas diffusion along the ice core axis. For the comparison
out the data after correcting for the measurement uncertaintpf this simulated decline with the one derived from the data
(0.5 %0) (grey crosses). The residuals represent the data var{Fig. 5), the averaged amplitude over one full layer is used.
ations on short time and length scales and, hence, contaiRour different experiments have been performed: (A) with
also the variations on a centimetre scale due to the layerin@ cm layer thickness and the FS parameters (Fig. 5 red line),
process in the BCTZ. The bottom of the BCTZ is found at (B) with a layer thickness of 3cm and the SS parameters
1250 m depth and an age of 83 kyr BP, respectively, whergFig. 4 and Fig. 5 purple line), (C) with 2.5 cm layer thickness
the residuals are approximately 5 %.. From this point on theand the SS parameters (Fig. 5 left dashed magenta line), (D)
residuals decline with depth and time supposedly due to difwith 5cm layer thickness and the SS parameters (Fig. 5 right
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5 . 5
Simulation — Vostok fit through residuals
ar Time [kyr] § — Modelled decline FS
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Ll | ot . . . - .
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Time relative to the end of the BCTZ [kyr]
b J
-5 : L L + L n B L . Fig. 5. Comparison of the amplitude decline of the N fluctua-
Initial vertical core section length [cm] tions below the BCTZ derived from the Vostok data (black line, see

also Fig. 3) and the modelled decline using different parameter sets
Fig. 4. Example of the model output of thex®N, layering decline  (FS or SS) and layer thicknesses. The red line shows the modelled
experiments using the SS parameters. The blue line shows the stardecline using the FS and 3 cm-layer thickness, the purple line shows
ing Oy /N> distribution representing 3 layers (half a layer at each decline using the SS and 3 cm thickness and the magenta lines show
edge) with 3 cm thickness and an amplitude of 4.8 %.. The differentthe decline using the SS and 2.5cm (left) and 5cm (right) thick-
coloured lines represent simulated distributions after a certain dunesses. The results of the exponential fit through the Vostok data as
ration in the ice as indicated by the legend (in 1000 yr [kyr]). From shown in Fig. 3 as well as through two modelled declines are shown
these results the corresponding decline in Fig. 5 is calculated (purfor comparison (arrows indicate the corresponding values).
ple line).

low the BCTZ at Vostok (about 233 K). In principle, an in-

dashed magenta line). The results from the FS parametemependent set of gas parameters could be derived from our
(red line) show clearly that this parameter set equilibrates theapproach, however, they would only be valid for the temper-
layered gas composition too fast. The associated lifetime ofture regime below the BCTZ and not for the much warmer
the variations is more than two orders of magnitudes shortetemperatures near the bedrock. Our approach does not pro-
than what has been observed in the data. The results with theide a strong constraint on the temperature sensitivities and
SS parameters also show a shorter lifetime of the variationgarlier estimates also show large discrepancies in this regard
compared to the data, but the difference is not more than §see Sect. 2.3). For these reasons, an extrapolation of a set
factor of 4. of gas parameters derived from our approach to higher tem-

One large uncertainty in these experiments is the actuaperatures found near the bedrock would be unreliable. Ap-
thickness of the layers in the Vostok ice core as no contin-plying our approach to severabON> records from different
uous intervals of @/ N, measurements exist for this core ice cores might enable us to derive reliable temperature sen-
that could resolve it. In the EDML ice core, where contin- sitivities of the parameters.
uous measurements are available, a layer thickness of 2.5 to Probably the most delicate point in our approach used here
3cm was found (Lthi et al., 2010). However, the boundaryis whether or not the data residuals from the Vostok data set
conditions (accumulation rate, number and size of individ- (Fig. 3) reliably reflect the diffusive decline of theoON»
ual precipitation events, mean surface temperature, etc.) diuctuations. They might be affected by artefacts due to, for
the EDML ice core are not the same as for the Vostok iceexample, bad core quality and gas loss in the section closer
core. In this respect, the EDC ice core is much closer to theéo the BCTZ. Therefore, this approach would benefit a lot
Vostok core. From the EDC core a short section of layer-from a denser set of £J N, records. This could be obtained
resolving @ /N, measurements exist (Luthi et al., 2010). from a continuous flow analysis technique as shown in Luthi
Unfortunately, the vertical sample length used for this smallet al. (2010), who used the measurement technique of Huber
data set is fairly close to the layer thickness itself and thereet al. (2003). Such a data set would enable to directly esti-
fore is not clearly resolving the layers. A maximum layer mate the decline of the layer amplitudes below the BCTZ.
thickness of 5 cm can be found in this set. Therefore, we alsd'herefore, the approach presented here can provide more
performed a corresponding simulation. precise @ and N> permeation parameters when such con-

The results presented in this section suggest that the SS pénuous records from below the BCTZ and from different ice
rameters are closer to the effective values compared to the F€res become available.
parameters and the parameter of Uchida et al. (2011) (close
to the FS parameters), at least for the temperature regime be-
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4 Gas diffusion in deep ice cores Evolution of CO concentration

In this section we present the results of the diffusive gas
equilibration of trapped C®and G /N> signals in deep ice
cores during the movement of the gas enclosures near the

surface to the bedrock, as obtained by the model described ir —2
Sect. 2.1. In all experiments, the simulation starts with a si- 19

Age [Myr] U
0
——o04 [
—08

CO, concentration [ppmv]

160 . . . . . . . .
nusoidal CQ concentration and £ N ratio variation with et el 0T
an amplitude of 50 ppmv and 5 %o, respectively, as shown in Evolution of Op/N; mixng rafo

Fig. 6. The period of the variations are changed between 100,
40, 20, 5 and 1kyr by adjusting the temporal length of the
simulated windows accordingly. In the example of Fig. 6, a
window length of 10 kyr has been used which corresponds
to a period of 20 kyr. One simulation has been run for most .|
of the possible combinations of the two different ice flow -5 s s . - s s s s -

. . 0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
and temperature profiles of the EDC and oldest ice core (see Intervalllength [years]
Fig. 1), the two gas permeation parameter sets (SS and FS, ) )
see Fig. 2) and the different signal periods (100, 40, 20, 5 and:lg. 6. Example of the model .performance showing thg simulated
1 kyr) resulting in 15 runs in total. The resulting amplitude changes of the Cfxconcentration (top) and the0N; ratio (bot-

) . . . tom) for the oldest ice core ice flow and temperature profile (Fig. 1)
dampenmg f_aCtors derived from these Slmulat!ons are Sumfjsing the SS parameters. The starting gas distribution (dark blue
marised in Figs. 7 and 8. Note that the dampening factors argne) is half of a sinusoidal oscillation (period 20 kyr) with an am-
not only controlled by the duration of the diffusion process, piitude of 50 ppmv (C®) and 5 %o (G / Np) over the complete sim-
but also by the ice temperature and layer thickness, whichilated time window of 10 kyr. The different coloured lines represent
both change during the advection of the ice from the surfacesimulated distributions after a certain duration in the ice as indicated
to the bottom of the ice sheet. Accordingly, the basic rule forby the legend (in million years [Myr]). This simulation is used to
diffusive processes, that diffusion time (and thus dampening)alculate the amplitude dampening of the 20 kyr signal (see Fig. 8).
scales with the square of the diffusion length (thus with the
length of some oscillation in metres of ice) is not strictly ap-
plicable here. plitude dampening factor for the 20 kyr period in the/®l»

The five periods, which we have chosen for the simu-signal after 800 kyr is 7 % at maximum. Such small dampen-
lations, roughly represent some typical oscillations of theers are currently not identifiable since no independent records
CO, concentration or the £ N> ratio found in ice cores: from another ice core exist for comparison. As thg/®
(A) 100kyr represents Cfvariations associated with the model results using the FS parameters show the maximum
100 kyr glacial-interglacial cycles (Lithi et al., 2008), (B) possible effect that is still in line with the EDC gas records,
40 kyr represents Covariations expected during the 40 kyr in which no signal equilibration has been identified so far,
glacial-interglacial cycles, (C) 20 kyr represents precessionathe G,/ N> results for the oldest ice core simulations using
02 /Ny variations (Kawamura et al., 2007), (D) 5kyr repre- the FS parameters can be interpreted as an upper limit of the
sents CQ variations associated with carbon dioxide max- equilibration effect that has to be expected. Since no otherice
ima/antarctic isotope maxima (CDM/AIM) events (Bereiter core reaches as far back in time as the EDC ice core and the
etal., 2012), and (E) 1 kyr represents about the minimum peaccumulation rate and, hence, the annual layer thickness is
riod that does get trapped in low accumulation ice cores with-relatively small in this ice core, we may safely conclude that
out significant dampening by gas diffusion in the firn column vertical diffusion of gases in the ice does not substantially
(Spahni et al., 2003). The discussion below about theNp affect any ice core analysed to date.
ratio focuses on the orbital 20 kyr period since it is the only The simulations for the oldest ice core (Fig. 8), however,
relevant feature found so far in this proxy. For the G0n- provide a different picture and show a clear equilibration ef-
centration the 100 kyr, 40 kyr and 5 kyr periods are most im-fect for the relevant periods of the G@oncentration and the
portant. However, in the figures the results for all periods areO, / Ny ratio variations. This is due to the strong thinning of
plotted for completeness. the ice by a factor of about 100 after 1.5Myr and the long

The results of the EDC simulations (Fig. 7) show that residence time of the gas in warm ice near the bedrock. The
neither the relevant periods of G@5 kyr and higher) nor  results imply that the C®signals (Fig. 8) associated with
of O2/N2 (20kyr) are strongly affected by the vertical gas CDM/AIM variations will virtually vanish after 1.5 Myr but
exchange in this core, independent of the parameter setthat variations associated with glacial-interglacial changes
used. For the 5kyr period in GQhe dampening factor af-  will be dampened by not more than 5 %. This means that the
ter 800 kyr (oldest part of the undisturbed EDC ice core) liesCO, changes associated with glacial-interglacial variations
at 5 %, whereas larger periods are not affected at all. The amare likely still resolvable in such old ice. Note, however, that

5(0/Ny) [%]
°
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differences in the tuning parametgrand the bedrock tem-
perature (see Supplement). As mentioned in Sect. 2.2, the
tuning factorp of the oldest ice core simulations might be too

EDC
0 100 200 300 400 500 600 700 800 900

100 high and thinning in the deep part might be overestimated.
%1 Teo, The test with ap value equal to the one of the EDC simu-
© 801 lations shows a 15 % smaller dampening relative to the stan-
E 707 dard simulation with a total dampening of the original am-
% gg plitude by 65 % after 1.5 Myr. The results with a 5K lower
E 40 ] bedrock temperature show a similar influence compared to
R the standard simulation. In regard to the large uncertainties
® 20— 1kyr of the gas parameters, the uncertainties in ghealue and
10 { —— 5kyr the bedrock temperatures are of secondary importance.
0] 20 kyr As mentioned in Sect. 3, an estimate of total air perme-
100 — ation in ice suggests lower permeability than the SS param-
90 A oN, eters at tempe_ratures near the bedrock_ (Uchida et aI.,_?Oll).
< 807 The same estimate suggests also a higher permeability for
E 701 temperatures below the BCTZ which is not supported by the
2 907 results in Sect. 3. Nevertheless, we tested the influence of
g ig Ipwer permeabili.ties by runn_ing two oldest ice core simula-
IS gz tions (20 kyr pe_rlod) where in one case downscaled FS pa-
&3 20] — Tkyr rameters, and in the other case downscaled SS parameters
101 —— Bkyr were used (see Supplement). The results suggest that also
0] 20 kyr with such low air permeabilities the precessional ®, sig-

O 100 200 300 400 500 800 700 800 900 nal is dampened by_50% in the 1.5 Myr old ice.
Gas Age [kyr] In summary, the simulations for the oldest ice core suggest
that significant equilibration is likely to occur for£®N, and
Fig. 7. Simulated amplitude dampening of @@oncentration (top)  CO, signals with periods of 40 kyr and 20 kyr, respectively,
and G/ N ratio (bottom) signals for the EDC ice flow and temper- and periods below that. Slower variations should still be re-
atureT profile (Fig. 1). The di.fferent c.olo.ured lines show the resultsgglyable in 1.5 Myr old ice. Periods shorter than 5kyr are
for different periods of the signal as indicated by the legend. likely to be smeared out completely. In the case of preces-
sional Q@ /N variations with a period of 20 kyr, a maximum
of about 50 % is expected to be preserved of the original am-
this result depends critically on the used value for theoCO plitude after 1.5 Myr. In the case of GACLDM/AIM varia-
permeability in ice. Here we use the value derived by Ahntions (approximately 5 kyr, Bereiter et al., 2012) no preser-
et al. (2008), which, however, has not been experimentallyvation is expected in such old ice. Due to the uncertainties in
reproduced yet. the gas parameters in ice, a wide range of amplitude damp-
In the case of the trapped,®N; ratio, the two parame- ening is possible. For example, for precessional i vari-
ter sets provide clearly different results (Fig. 8). While the ations (20 kyr period) the reduction in amplitude varies be-
SS simulates almost no influence on the 20 kyr period aftetween 50 % in 1.5 Myr old ice (parameters by Uchida et al.,
0.9 Myr, the FS simulations show already a significant damp-2011) and complete vanishing (FS) already in 1.3 Myr old
ing of about 30%. This is substantially more compared toice. However, as suggested by the simulations in Sect. 3,
what the model simulates for ice of similar age under EDCthe FS parameters might be too high and, hence, the upper
conditions using the same parameter set. The reason is tHanit estimate is likely to be too pessimistic. Other uncer-
much stronger thinning of the ice older than about 600 kyr intain parameters such as the ice temperature or the thinning
the oldest ice core relative to the EDC ice (see Fig. 1), causin such an ice core also influence the results presented here,
ing stronger diffusive equilibration in that ice. After 1.5 Myr but compared to uncertainties in the gas parameters their in-
both parameter sets show a strong equilibration of theNd fluence is of secondary importance. Nevertheless, dating the
signal even for the 40 kyr period. For the 20 kyr period the deepest part of the oldest ice core based on orbital tuning of
FS simulation shows a nearly complete equilibration alreadythe G/ N> signal (Kawamura et al., 2007) could be prob-
after 1.3 Myr. In the SS simulations this signal is preservedlematic depending on the effective dampening that occurred.
with a dampening of the original amplitude by 80 % after The O/ N, measurement uncertainty is in the range of 1%
1.5 Myr. of the precessional signal, so from this technical perspective
In addition to the uncertainties in the gas parameters, als@ 50 % dampening might still be unproblematic. However, it
the oldest ice core parameters (Table 1) are not well conis not clear whether the slow or fast parameters are valid, and
strained. We have tested the oldest ice core simulations foalso not whether the parameters change as homogeneously
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_ veins at ice grain junctions is suggested to increase the diffu-
Oldest Ice Core .. . . . K
sivity of water molecules causing a doubling of the diffusion

0 02 04 06 08 1 12 14 16 18 length for stable water isotopes to 40cm near the bedrock

100 - (Pol et al., 2010). In our artificial oldest ice cores, a water
90 1 isotope signal associated with a glacial-interglacial cycle of
= 807 40 kyr duration will cover a vertical extent of only a few me-
g 707 ters in the 1.5Myr old part. Considering the roughly three
% 28: times larger residence time of the ice in conditions above
E 40 ] 263K (roughly 700 kyr, see example Fig. 1) compared to the
T o1 EDC core, the diffusion length for water isotopes is expected
3 20 1 to increase to 1 m and more. In such a case the 40 kyr isotope
10 1 signal could be completely lost and trapped gases as well as
0 particulate mineral dust aerosol might then be the only proxy
100 4 that allows reconstructions of the past glacial-interglacial cy-
90 | cles back to 1.5 Myr. In order to avoid a complete disappear-
= 80 1 ance of the 40 kyr isotope signal, the bedrock ice temperature
5 70 must be below 263 K.
3 60
£ oo |
T 5 Conclusions
S 307
® 204 The simulation of vertical diffusion of trapped gases in an ice
18 I —— 100 kyr sheet and the associated influence on the air composition in
. . . . . . ; : ice cores confirms that CCand G/ N> records from exist-
0 02 04 06 08 1 12 14 16 18 ing ice cores do not suffer from a significant signal loss by

Gas Age [Myr gas diffusion. With regard to the IPICS target of retrieving a

Fig. 8. Simulated amplitude dampening of G@oncentration (top) 1.5-mi||io_n-)_/gars-old ice core, however, this signal loss be-
and /N ratio (bottom) signals for the oldest ice core ice flow COMes significant. The results presented here show that the

and temperature profile (Fig. 1). The different coloured lines showVertical gas exchange will start to considerably influence the
the results for different periods of the signal as indicated by theCOy variations associated with glacial-interglacial changes
legend. and precessional 8Nz changes in ice older than 1 Myr.
For 1.5Myr old ice the estimated amplitude damping of a
40 kyr glacial-interglacial C®variation is on the order of
as assumed here or are strongly inhomogeneous on a scabé suggesting that COvariations associated with glacial—
of centimetres to metres. This clearly illustrates the need foiinterglacial changes are likely to be preserved in the 1.5 Myr
more research on the permeation of gases in glacier ice told ice. The damping of precessional N, changes with a
derive robust permeability estimates. period of 20 kyr lies in the range of 50-80 % after 1.5 Myr.
Changes of the ice properties are not included in ourA worst case scenario is that after 1.3 Myr the signal has vir-
model. The size of the ice grains increases with depth (Dutually equilibrated. This suggests that N, variations as-
rand et al., 2009). Larger ice grains might influence thesociated with orbital changes will be significantly dampened
gas permeability of the ice. With increasing depth and tem-or may even have completely disappeared in the deep part
perature water veins may be present along ice grain juncef the oldest ice core. Depending on the effective impact of
tions in the deep part of the ice (Pol et al., 2010), which this process, ice core dating by tuning thg/® ratio varia-
might increase the gas transport. However, a marginal fractions to orbital parameters (Kawamura et al., 2007) could be
tion of clathrates is located along grain boundaries in deep ic@roblematic.
(Uchida et al., 2011) and, hence, this effect is expected to be The reason for the large uncertainty range of the simulated
small. Finally, clathrates grow with increasing depth (Uchida gas diffusion effect on the trapped N ratio is mainly due
et al., 2011), but how this influences the gas exchange beto the large uncertainties in the gas permeation coefficients in
tween the clathrates is not clear. ice. A constraint for gas permeation coefficients presented in
Most gases trapped in ice have a lower permeabilitythis work suggests that the FS parameters, which are used
through the ice lattice than the water molecules of the iceto derive the worst case scenario for the/@> ratio, are
itself since the gas molecules need to go through the stepuch too high for temperatures around 233 K. However, ex-
of dissolution in the ice before they can diffuse through thetrapolating this finding to ice temperatures of about 263K,
lattice. In addition, in deep ice warmer than 263 K, such asrelevant for the effects in the oldest ice core, is critical as
in the EDC core below 2900 m depth, diffusion along water the temperature sensitivities of the parameters are weakly
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constrained. Nevertheless, the method presented here ca@ereiter, B., Lithi, D., Siegrist, M., Schupbach, S., Stocker, T. F,,
provide further constraints on the permeation of gas in ice and Fischer, H.: Mode change of millennial g@ariability dur-
and might also provide better temperature sensitivities in fu- ing the last glacial cycle associated with a bipolar marine carbon
ture investigations by applying it to records of different ice  Seesaw, P. Natl. Acad. Sci., 109, 9755-9760, 2012. ,
cores. The reason for the too high FS values is not clear, howPurand. G., Svensson, A., Persson, A., Gagliardini, O., Gillet-
ever, itis likely that the air permeability of natural ice is also E?igﬁ'gtf';g ?é?(lttuer’etlxonttﬁg?za;l ('\:AA 32%2?|i§:2§?:’ PDH Si\é(;'
influenced by its crystallographic structure. The FS values of ice core records Il 68991_105 2009. Y
have been derived bY m_0|eCU|ar simulations taking into aC'Elderfield, H., Ferretti, P ClSreaves,,M., Crowhurst, S., McCave, I.
count a monocrystalline ice structure (Ikeda-Fukazawa etal., N Hodell, D., and Piotrowski, A. M.: Evolution of Ocean Tem-
2004), whereas polar ice has a polycrystalline structure pos- perature and Ice Volume Through the Mid-Pleistocene Climate
sibly leading to a reduction of the permeability. Once such Transition, Science, 337, 704-709, 2012.
an oldest ice core is drilled and the dampening profiles of theEnting, I. G.: On the use of smoothing splines to filter {fata, J.
different gases are measured, an independent and quantita- Geophys. Res., 92, 10977-10984, 1987.
tive estimate of the permeabilities can be deduced by invertEPICA community members: One-to-one coupling of glacial cli-
ing the model presented in this work. mate variability in Greenland and Antarctica, Nature, 444, 195—
Water isotopes are generally more mobile in the ice than_ 198, 2006. _
the trapped gases. Therefore, the signal equilibration due t& 'S;gi; '_é" ier\t/r?gr?ngrslusB’eJﬁileB;ng’ BElg rYli/ZI:s’hF?b’ 'gb%hx)"’) Q:Z;
molecular diffusion is likely to be stronger for water iso- ; "covd T panl-Jensen, D.. Dinn, M., Frezzotti, M., Fujita, S.,
tope signals. Under conditions expected for the oldest ice

) > o Gallee, H., Hindmarsh, R., Hudspeth, D., Jugie, G., Kawamura,
core and used for the simulations here, it is expected that | jpenkov, V., Miller, H., Mulvaney, R., Parrenin, F., Pattyn,

glacial-interglacial cycles recorded in the water isotopes will - F | Ritz, C., Schwander, J., Steinhage, D., van Ommen, T., and
be damped substantially in 1.5Myr old ice. It is possible wilhelms, F.: Where to find 1.5 million yr old ice for the IPICS
that this signal will have completely vanished in such an ice “Oldest-Ice” ice core, Clim. Past, 9, 2489-2505, @6i5194/cp-
core. In this case, trapped gases and mineral dust may be the 9-2489-20132013.

only palaeo-climate indicators in this archive that will show Huber, C., Leuenberger, M., and Zumbrunnen, O.: Continuous Ex-
glacial-interglacial cycles. Ice temperatures near the bedrock traction of Trapped Air from Bubble Ice or Water for On-Line
of below 263K are required to preserve the isotope signal Determination of Isotope Ratios, Anal. Chem., 75, 2324-2332,

2003.
(Poletal., 2010). Ikeda-Fukazawa, T., Kawamura, K., and Hondoh, T.: Mechanism

of Molecular Diffusion in Ice Crystals, Molecular Simulation,
30, 973-979, 2004.
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