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Abstract. Fabric (distribution of crystallographic orienta- tween NEEM and NGRIP also evidences a stronger lateral
tions) along the full NEEM ice core, Greenland was mea-extension associated with a sharper ridge at NGRIP. Further
sured in the field by an automatic ice texture analyzer everyalong the core, centimeter scale abrupt texture (fabric and
10m, from 33 m down to 2461 m depth. The fabric evolves microstructure) variations are observed in the bottom part of
from a slightly anisotropic fabric at the top, toward a strong the core. Their positions are in good agreement with the ob-
single maximum at about 2300 m, which is typical of a de- served folding layers iDahl-Jensen et a{2013.

formation pattern mostly driven by uniaxial compression and
simple shearing. A sharp increase in the fabric strengthening

rate is observed at the Holocene to Wisconsin (HW) climatic

transition. From a simple model we estimate that this depthl Introduction

is located at a transition from a state dominated by vertical

compression to a state dominated by vertical shear. Compaferystal preferred orientation, or fabric, analyses along ice
isons are made to two others ice cores drilled along the sameores drilled in polar ice sheets are highly necessary to
ridge; the GRIP ice core, drilled at the summit of the ice provide information about conditions of deformation along
sheet, and the NGRIP ice core, drilled 325 km to the NNw ice cores. While grain size evolution is traditionally associ-
of the summit along the ridge, and 365 km upstream fromated with climatic change®(val and Lorius198Q Durand
NEEM. This comparison tends to demonstrate that the iceet al, 2006b, the fabric evolution depends primarily on the
viscosity change with the HW climatic transition must be as- dominant strain conditions, and the fabric strength is often re-
sociated with the shear-dominated state to induce the abrupgted to the cumulative strair\(ey, 1988 Budd and Jacka
fabric strengthening observed at NEEM. This comparison1989.

therefore reflects the increasing role of shear deformation on Under deformation conditions typical for most of the deep
the coring site when moving NW along the ridge from GRIP ice cores drilled in Greenland and Antarctica, thexis dis-

to NGRIP and NEEM. The difference in fabric profiles be- tribution of the ice crystals rotates towards a compression
axis, perpendicular to a shear direction, and away from a
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1130 M. Montagnat et al.: Fabric along the NEEM ice core, Greenland

tension axisGow and Williamson1976 Alley, 1988 Pater-
son 1994). The fabric profile along a core is then a good can-
didate to evaluate the nature of the flow and to extract irreg-
ularities in the deformation history if present. In the specific
case of a perfect dome, the ice deforms solely by uniaxial y Sl&
compression along the vertical directiohlley, 1988. Fab- :
ric therefore concentrates toward the compression direction-g
with increasing compressive strain with depth. This is quali-
tatively confirmed by the fabrics measured along cores, such
as those of Greenland GRIPHorsteinsson et al1997), and
Antarctic Dome Fuji Azuma et al. 1999, EPICA Dome C
(Wang et al. 2003 Durand et al. 2009, and Talos Dome
(Montagnat et a).2012), which are all located close to to-

100 k
pographic domes. At NGRIP, Greenlaigng et al. 2002, —"

Vostok (Lipenkov et al, 1989, and EDML Bargmann et aJ. zs (M) 3
2011, Faria et al. 2014, Antarctica, a vertical girdle-type i\zsooo -
fabric is observed, which characterizes regions with a com- - -
ponent of horizontal tension associated with an asymmetry |-

000 #

Fl\)

000

in the two lateral extensions. K
The fabric depth profile along ice cores generally follows 0
a continuous trend. Departure from this trend can be at-

tributed to dynamic recrystallization processes such as thosgjgyre 1. Greenland Ice Sheet surface elevati@arber et al.
observed at the deepest part of the GRIP ice chnersteins- 2013 and location of the GRIP, GISP2, NGRIP, NEEM and Camp
son et al, 1997 and the GISP2 ice cor&pw etal, 1997),as  Century drilling sites. Contours are every 50 m. A flow line follow-
well as at various depths in the Siple Dome ice core, Antarc-ing the greatest slope along the NNW ridge is shown in blue.
tica (Diprinzio et al, 2005. They may also be attributed to a
positive feedback between variations in ice viscosity, which
can be related to variations in dust content and/or initial(Alley et al, 1995. The NGRIP core proved to be located
fabric at deposition, and the impact of a shear stress comen a zone of high heat flow from the underlying crusatl-
ponent that is increasing with depth. This was observed aflensen et gl2003. This heat melted the basal ice, eliminat-
EPICA Dome C at 1750 m depth during terminationD¢ ing the oldest ice layers, and only the last few millennia of
rand et al.2007) and for the Holocene—-Wisconsin transition the Eemian could be retrieve@ffey, 2004). The high melt-
at Dye 3 ([Thorsteinsson et al1999 and Talos DomeNon- ing at the bottom of the NGRIP core significantly reduced the
tagnat et a].2012. thinning of deep ice layers, allowing an annual resolution of
The 2540 m long NEEM ice core was drilled during field the glacial-onset recor®gensson et gl20117).
seasons 2008 to 2012 (77°4%, 51.06 W, surface elevation The upper 1419 m of the NEEM ice core covers the cur-
2450 m, mean annual temperatur@9°C, accumulation of  rent interglacial, the Holocene, and the glacial ice is found
0.22m ice equivalentyrt) (Dahl-Jensen et al2013. The down to 2206.7 m depth. Below this, the ice is disturbed and
drill site (Figl) is located downstream of the ice ridge that folded to some degree, but the Eemian record could be re-
runs NNW from the summit of the Greenland ice sheet whereconstructed from folded ice using globally homogeneous pa-
the GRIP core was extracteDgnsgaard et al1993. Along rameters known from other dated Greenland and Antarctic
this ridge towards Camp Century, the NGRIP ice core siteice core recordsifahl-Jensen et al2013.
is located 325 km to the NW of GRIP, and 365 km upstream
from NEEM (Dahl-Jensen et al2002).
The GRIP, NGRIP, and NEEM ice cores were drilled with 2 Fabric measurements
the major objective of retrieving climatic information from
the last interglacial period, the Eemian (between 130 000 and’he NEEM fabric data were measured in the field, at the
115000yr ago), during which NEEM surface temperatureNEEM camp, during field seasons 2009 to 2011, from 33 m
was estimated to be about84° warmer than today¥ahl- to 2461 m depth at a 10m resolution. First, vertical thin
Jensen et gl2013. Stratigraphic disturbance in the bottom ice core sections were produced directly from the extracted
of the GRIP ice core prevented the core from revealing cli-cores, except for the brittle ice zone that was drilled in 2009
matic information from this period of tim&happellaz etal.  but studied at the NEEM site in 2010. The brittle ice zone,
1997 Suwa et al.2006. Layering in the deepest 10 % of the extending from about 600 m to 1300 m depth, corresponds to
core was shown to be inclined by abouf 28nd discontinu-  ice highly affected structurally by the pressure from air bub-
ous layering as well as small-scale folds have been observebles that have not yet turned into clathrateipénkoy, 200Q
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Kipfstuhl et al, 2001). A 1-year period is considered neces- 1 T
sary to relax these constrains enough for ice to be processec T e )
The raw fabric data were obtained using two automaticice o5 " . ﬁ H
texture analyzers (AITA)Russell-Head and Wilser200]) SN

of similar versions. The AITA provides axis orientations
from thin sections of dimensions up to 212 cn?, at a res-
olution of 43 um length for the older version (season 2009),
and of 20 um length for the more recent one (season 2010) .
Orientation measurements are provided together with a qual- "
ity factor that enables the elimination of sample areas with o2 » o "
too much uncertainty, such as grain boundariestérnell ST “; i s gi =

L

o
et al, 2011). A threshold value for this quality factor was 30 @%}w o e :
/\/

chosen at 70 % for all the thin sections studied. s AT
Thec axis orientatiore® is defined by two angles: the co- £ 40%WW Ea

[¥i]
o
g
.
Hiy
B

Eugenvalues ofa

£

*

latitude 6x € [0, /2] (or tilt angle) and the longitudey NEEM
[0, 2] given in the local reference framR, with the third ) 1000 benth 1500 2000 2500
axis perpendicular to the thin section plan. The expression of
¢k in this reference frame is Figure 2. Top: fabric profile along the NEEM ice core, represented
by the eigenvalues of the orientation tensé? (dot: a(z) Cross:
= (COSpk SiNBy, Singy Sindy, CoOPy). (1) 2

a, plus.aéz)). Error bars correspond toB1E; confidence inter-

. . . val (see text). Bottom: evolution of the climate proxy isotépO
The orientation data can further be represented in pole flgﬁon(1 the NGI)?IPice core transferred to the NEEFI)VI dgpth Sdgm(

ures, which are stereographic projections ofdteis distri- | \<can et al2013 for the upper 2200 m, and from the NEEM ice

butions (Fig.3). core below 2200 m depth (dashed linB)ahl-Jensen et al2013.
Following a well-known procedureWallbrechey 1986 The NEEM isotope data are not available yet, but the overall fea-

Thorsteinsson et al1997 Durand et al.2006g we represent  tures are very similar to those of NGRIP. The arrow represents the

the fabric using the second-order orientation ter@®rand  depth of the glacial termination at NEEM, 1419 m.

its eigenvaluea(z) (i =1,2,3). The eigenvalues af? can be

seen as the lengths of the axes of the ellipsoid that best fits

the density distribution of grain orientations. The eigenvec-the number of grains in the thin sectiavy, and the eigenval-
tors give the directions of the axes of the ellipsoid. ues. Although the grain size evolution along the NEEM core

is not presented here, a few grain size data were measured

The three eigenvalu 2), 2 andat? follow the rela- ) ) i
g esl( “3 and used to provide the error on the eigenvalues presented in

tions :

the Fig.2.
a? +af +af =1 )
0< aéz) < aéz) < a1 ) <1 (3) 3 Results

© © 3.1 Fabric evolution with depth

For an ideal isotropic fabn(‘a(z) =a, =a3 =1/3, and
when the fabric is transversely isotropic, two of the eigenval-

Fabric as a function of depth is presented in Rigusing the
ues are equal:

three eigenvalues of the orientation tena@t, together with

@ @ the 8180 record of NGRIP transferred to the NEEM depth

a; ~az’ <1/3 forasingle-maximum fabric 4 scale using theRasmussen et al2013 chronology. This
a£2> A a£2) > 1/3 for a perfect vertical girdle fabric  (5)  record can be used as a climate proxy, as it is known to show

the same climate variability as that of NEEM (the NEEM
From a similar treatment of fabric data from the Talos Dome §10 record is not available yet). The error bars correspond
ice core (Antarctica)Montagnat et al(2012 showed that to the standard deviation due to the limited number of grains
the error made on the eigenvalues, associated with the  on the thin section, as explain in Se2tThe level of uncer-
analyzer measurement by itself, is very small. In particular,tainty induced by the undersampling over a limited number
it is negligible compared to that induced by a sampling onof grains appears to be of the same order of magnitude as the
a limited number of grains. This last error was estimated byvariability with depth.
Durand et al(20063 using a 3-D Potts model to evaluate the  Figure3 provides a direct view of the microstructure evo-
influence of the undersampling of a sample of 10 000 graindution (grain size and shape) along the core, together with a
of the same size, on the evaluation of the orientation tensohorizontal pole figure representation of the fabric evolution,
eigenvalues. They obtained a relation between the efdy ( from selected depths.

www.the-cryosphere.net/8/1129/2014/ The Cryosphere, 8, 112938 2014
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500 1500 2500

Figure 3. Evolution with depth of the microstructures observed axis orientation color scale (see color wheel on the bottom right), and of
the fabric represented by pole figures. The thin sections of abeuiti8cn? in dimension are vertical (i.e. in the coring direction). Length
scale (white line) is 10 mm. The pole figures are represented with the vertical axis (core axis) perpendicular to the plane of the figure.

Although grains are very small at the top of the core, Ve o Age k) s - -
the fabric is not isotropic, as shown by the slight cluster-  guwem 15 43 75 5 0 s ‘
ing (af) > 0.45). Grain size increases and fabric progres- .

0.9

sively clusters with depth until close to the HW climatic
transition, where grain size is strongly reduced and fabric °*
abruptly strengthens to a strong single maximum. The eigen- o~
value variability with depth is quite small just below the

transition, until about 1800 m depth, where this variability

starts increasing. The bottom part of the core (below about
2200 m) is characterized by layers of large interlocked grains £
with multi-clustered fabric alternating with layers of smaller o3
grains with highly clustered single-maximum fabric. 02

o
o

nvalues of a®
o
2

0.1

3.2 Comparison with the GRIP and NGRIP ice cores % 500 1000 ol B 2500 3000

. . . Figure 4. Comparison between the fabric profiles along the NEEM
Fabrlc.along the NEEM_ ice core is compared to that along thelce core (filled symbols) and the GRIP ice core (open symbols) (dot:
GRIP ice core Thorsteinsson et al1997 Svensson et al. %) %)

2

; . . (2 ;
. . a;”, triangle:a, ", star:as~) (Thorsteinsson et al1997 Svens-
2009 (Fig. 4) and the NGRIP ice coreNang et al. 2002 son et al. 2009. Arrows indicate the HW climatic transition (NE:

(Fig. 5, Svens_50n et al2009. . 'NEEM, GR: GRIP). Top axes: approximate age scales for both
The GRIP ice core was drilled at the present-day summitcores.

of the ice sheet, NGRIP was drilled about 325 km away along
the NNW ridge, and the NEEM ice core, located 365 km fur-
ther, is close to a divergence departure point of the ridge linedepth at which vertical shear strain rates become dominant
(Fig. 1). The main characteristics for the three coring sitesover vertical compressive strain rates.
are given in Tabld. A rough first estimate of the mean vertical strain rate

The shape and intensity of the fabrics in ice cores mainlycan be obtained from the ratio between the annual ice accu-
depends on the strain history. Therefore, the interpretation omulationa and the ice thicknes# (Table1). This ratio is
the fabric differences between the cores requires estimatesf a similar order of magnitude at the three sites, between 6
of the strain-rate histories experienced by the ice. Here weand 9x 10~>a~!. Furthermore, surface vertical strain rates
provide estimates of the current strain rates at the core locawere measured directly using a phase sensitive radar system
tions as a function of depth. Our main goal is to estimate thenear the GRIP and NEEM site&{{let-Chaulet et a].2011),

The Cryosphere, 8, 11294138 2014 www.the-cryosphere.net/8/1129/2014/
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Figure 5. Comparison between the fabric profiles along the NEEM ) )

ice core (filled symbols) and the NGRIP ice core (open symbols)F'gure 6. Evolution of the shear strain rat.eB,xZ, along. the GRIP
(dot: a&z), triangle: aéz), star: aéz)) (Wang et al, 2002 Svens- (red), NGRI_P (blue) and NEEM (g_reen) ice cores with error ba_rs.
son et al. 2009. Arrows indicate the HW climatic transition (NE: The black line represents the estimated evolution of the vertical

NEEM, NG: NGRIP). Top axes: approximate age scales for bothStrain rateD,,, which is basically the same for all three cores re-
cores. garding the error bars.

Table 1.Ice thicknessK), annual accumulatior], average annual ~ ON j[he ridge, we can anticipate an asymmetry betwegn the
temperatureZyr), ratioa/H and surface slope magnitudes (dx) horizontal strain rates along and perpendicular to the ridge.
in GRIP, NGRIP and NEEM ice cores (references are given inthe The vertical shear stress along the cofgs, in a local

text). reference frame where is aligned with the surface slope
direction, is estimated using the shallow ice approximation
H a Tyr a/H ds /dx (Greve and Blatter2009:
m iceeq. °c 10°a! mkm?
ma*? SXZ :,OgZdS/d)C, (6)

GRIP 3027 024 —-32 7.9 0.53 with p being the ice density the standard gravity angthe
NGRIP 3085 0.19 -325 6.1 0.90 depth from the surface. Surface slopgdik is given in Table
NEEM 2540 022 -29 8.7 1.83 1. The shear strain ratB,; is then estimated using Glen’s

flow law with a stress exponent= 3 (Glen, 1955:

Dy, = A(T)S3,. @)
average values are®x 10 °a 1 and 115 x 10 °a1, re-
spectively.Hvidberg and Kellef2002 used surface veloc- The rate parametet(7') depends on temperaturefollow-

ity measurements in the NGRIP area to calculate surfacéng an Arrhenius law. Estimates of the shear strain rate along
strain rates in the direction transverse to the ice-divide ridgeeach core, assuming an uncertainty on the surface slope of
and obtained & x 10-5a~L. For the evolution with depth, +0.2mkm~?, are shown in Fig.

we assume that vertical strain rates along the cores follow a Shear strain rates equals the vertical strain rates at
Dansgaard—Johnsen profilBgnsgaard and Johnseir969), ~1650m at NEEM (65 % off), ~ 2250 m at NGRIP (73 %
that s, the strain rate is constant in the upper two-thirds of theof /) and~ 2400 m at GRIP (79 % aff). These estimates of

ice thickness and then linearly decreases to zero at the bothe strain rates along the cores do not take into account pos-
tom. Because the three cores have similar conditions, onlygible effects of the ice mechanical anisotropy induced by the
one profile of the vertical strain rate, representative of thefabric development or change in viscosity related with impu-
three cores, is shown in Fig, where the surface vertical rity content. Furthermore, the ice in the cores may have been
strain rate is chosen as30 x 10~° a1 and the ice thickness deposited few kilometers to tens of kilometers upstream of
ranges from 2540 m (NEEM thickness) to 3085 m (NGRIP the core locations, especially for NGRIP and NEENRGI-
thickness). We do not estimate here the two other longitu-Jensen et 812013, and then may have experienced a more
dinal components of the strain-rate tensor (horizontal com-complex strain-rate history than what is reflected by our esti-
ponents) as they are difficult to quantify from topographic mates.

considerations. However, as NEEM and NGRIP are located

www.the-cryosphere.net/8/1129/2014/ The Cryosphere, 8, 112938 2014
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NEEM - 2213.8 m

NEEM - 2208.5 m

2450 3 <
NEEM - 2329.8 m

2500

2208 and 2214 m, 2258 and 2263 m, and between 2362.9 and
2363 m depth, where the discontinuity can be captured within
a single 10 cm thin section. Data measured at 2214 m depth
is very similar to that measured at 2263 m, and measurement
at 2258 m is very close to what is observed at 2362 m depth
(with a slight tilt in the fabric, which could have been in-
troduced during sample preparation). The abrupt transition
observed in texture between 2329.4m and 2329.8 m depth
does not correspond to any discontinuities in the stable iso-
tope signal.

In order to provide folding between layers, a shear strain
should be superimposed on the axial strain, and some irreg-
ularities in the viscosity between layers should ex3oW
and Williamson 1976 Alley et al, 1997. Such irregular-
ities, from microstructure and fabric observations, appear

here at a small scale, and could be inherited from initial
variability (conjugate effect of dust content, initial fabric
and strain history). Below each abrupt transition, the fabric
and microstructures measured reveal the occurrence of dy-
namic recrystallization (DRX) because of the large interlock-
ing grains and loose or multiple maxima fabridghorsteins-

son et al. 1997 de la Chapelle et gl1998 Duval et al,
2000 (Fig. 7). This would be very coherent with the analy-
ses ofWilson et al.(2003 whereby folding is based on ex-
perimental observation and who suggested that, although an

et al, 2013. Different colors along the stable isotope record high- |nr|]tr|]?;nF::‘zrtflg|3iﬂog mA?;?:{a\sllicﬁzlé);:sstr;q#I::S; ?ﬁr)](ecf% lljtl;i d
light the disturbed sections. The reconstructed age-scale corre- Ing by 1 Ing ! :

sponds to a continuous color scale. Microstructure and fabric datdifea
(b) were chosen on each side of the various discontinuities, but
also to reveal other discontinuities (see text). The length scale is
the same for all microstructure images (black line). The orientation
color scale is given by the color wheel. The pole figures are plotted4  Discussion
with the vertical axis (core axis) vertically in the plane of the figure.
The fabric profile along the NEEM ice core presents the clas-
sical feature of a progressiveaxis orientation strengthening
with depth toward a single maximum. This feature is typical
of a deformation pattern mostly driven by vertical compres-
Dahl-Jensen et a[2013 reconstructed the stratigraphy of sion and simple shearing that is observed in many ice cores
the bottom part of the NEEM core from folded ice lay- retrieved from ice divides, such as GRIP, EPICA Dome C,
ers. Stratigraphic disruptions were identified from disconti- and Talos Dome ice cores.
nuities of thes180jce isotope and gas records measured in  The initial fabric measured in the firn (from 33 m depth
ice at several depths: 2209.60 m, 2262.15 m, 2364.45 m andownwards) is not isotropic. This observation supports those
2432.19m. These discontinuities were confirmed BN  from the EPICA Dome C ice cordlrand et al.2009, the
819N and total air content measurements in the ice belowGRIP and NGRIP ice coreSyensson et 12009 and the
2200 m depth. Talos Dome ice coreMontagnat et a).2012, and contra-
The existence of disturbed layers is also confirmed in high-dicts the results obtained Hyomonaco et al(2011) from
resolution fabric and microstructure data. Figdérepresents  sparse fabric measurements performed in the top 120 m of
the NEEM stable water isotope record with emphasis ona firn core drilled at Summit, with the electron backscatter-
the discontinuities, together with microstructures and verti-ing technique. The slightly clustered fabrics measured in the
cal fabric pole figures from around these discontinuities. ~ NEEM firn, which can not be explained by the level of strain
Accurate fabric measurements between 2200 and 2400 meached at these depthddntagnat et a).2012, may be as-
depth reveal several abrupt transitions from “regular” grainsociated with fabric evolution mechanisms that could occur
size and “single maximum type” fabric to large grain size andduring firnification, in the upper hundred meters of the ice
multi-clustered fabric, just in the vicinity of th#&80;ce dis- sheet. Further studies of fabric evolution in snow and firn are
continuities (Fig.7). These transitions were found between therefore necessary to better understand these observations,

NEEM - 2363 m

| NEEM - 2364.1 m

Figure 7. Abrupt variations of fabrics and microstructures around
the discontinuities observed in th&80;cc signal(a) (Dahl-Jensen

3.3 Disturbed layers in the deepest part of the core

The Cryosphere, 8, 11294138 2014 www.the-cryosphere.net/8/1129/2014/
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in particular to evaluate the possibility of a link between ini- variation in initial fabric at or close to deposition, and/or the
tial fabric and climatic conditionsRiche et al,2012). variation of dust content.

Similar to the observations made along most of the The strain-rate estimation presented in S8@.does not
deep Greenland and Antarctic ice cores, ¢hexis orienta-  consider strain state in the horizontal dimensions, the lateral
tion strengthening along the NEEM core is far from being extension, as it would be more difficult to estimate without
monotonous. Indeed, a sharp increase in the strengtheningrecise topographic records. The location along a ridge can
rate is concomitant with the climatic transition between theinduce an evolution of the fabric toward a girdle type, which
Holocene and the Wisconsin periods. This transition is alsacharacterizes pure shear deformation with a dissymmetry of
characterized by a strong variation in the dust content, as obthe horizontal extensiorL{penkov et al, 1989 Bargmann
served along various Greenland ice corggeffensen et gl. et al, 2011, Faria et al.2014). Along the NGRIP ice core, a
2008. Therefore, followingPaterson(1991) we could at-  mild vertical girdle-type pattern is evidenced by the increase
tribute the change in strengthening rate to some feedback bef the a;z) eigenvalue compared %(2), from 500 m depth
tween changes in ice viscosity from Wisconsin to Holocenedown to about 2500 m. Below this depth, the fabric progres-
ice, and the impact of a shear component of stress. The insjvely clusters again toward a single maximum by the bot-
fluence of a non-negligible shear component of stress is necom of the core (Fig5). A vertical girdle pattern is also ob-
essary to explain the strongaxis clustering observed in the served along the NEEM core but less pronounced, and only
range of 1800-2000 m deptAZuma and Higashil985 Pa-  down to the HW transition. Such a difference could likely
terson 1991 Alley, 1992 Thorsteinsson et al1997). be attributed to a higher asymmetry of the lateral extension

This hypothesis is strengthened by the comparison perat NGRIP compared to NEEM, where the ridge is sharper
formed in Sect3.2 between the three cores, GRIP, NGRIP (Fig. 1). However, this lateral extension effect on fabric could
and NEEM in terms of fabric and strain rate. The three icealso be counteracted, at NEEM, by the dominating shear
cores are located along the same ridge, departing from gtrain state below 1650 m depth.
dome configuration at the summit of the ice sheet, Eig. Fabric and microstructure signals in the bottom part of the

The fabric profile along the GRIP ice core is the most NEEM core present a high variability, in the area where ev-
monotonous (Fig4), with no obvious abrupt changes at the idence of folding was given bypahl-Jensen et a(2013
onset of the Holocene, although a strong variation in the grainSect.3.3). The abrupt variations in the microstructure and
size evolution was measured at this transitididrsteins-  fabric signals are in agreement with the stratigraphical re-
son et al. 1997). GRIP is located near the dome where uni- construction performed bpahl-Jensen et a{2013.
axial compression is expected to dominate (vertical com- Such a folding configuration, which is typically observed
pression and uniform extension in the horizontal directions).at the base of glaciers and ice sheets where temperature
Thorsteinsson et a1997) assumed an effect of simple shear and/or stress gradients are increaggdvf and Williamson
deformation between 2850 and 2950 m depth where the fabi1976 Herron and Langway1982 Budd and Jackal989
ric becomes highly clustered. The highly clustered fabricsThorsteinsson et al1997 has been observed at the base of
alternate with more open ones from about 2800 m depththe GRIP ice core, but not at the base of the NGRIP core. The
together with a grain size increase explained by the influ-comparison between the three cores therefore highlights the
ence of dynamic recrystallization mechanisridrsteins-  influence of the basal temperature and the shear component
son et al.1997). From the estimation of strain-rate evolution of stress on the thinning and the folding of the bottom layers.
with depth along this core (Se@&.2), vertical strain rate only
becomes dominant after about 2400 m depth, far below the
climatic transition ¢ 1620 m), where we observe no abrupt 5 Conclusions
fabric transition.

At NGRIP, we observe a progressive strengthening of theThis paper presents the overall features of the fabric data
fabric below about 2300 m depth, close to the depth where weneasured in the field, every 10 m along the NEEM ice core,
estimate the shear strain rate to become dominant €fig. Greenland. The main observations are the following:

Similar to what is found for GRIP, the climatic transition

is located much higher in the core- (500 m depth) and it i. Similar to what was observed along other deep ice
is not coincident with a change in the fabric strengthening. cores, the initial fabric, measured from 33m depth

Whereas at NEEM, the shear strain rate becomes dominant downward, is not isotropic and may therefore be associ-
at an estimated depth of about 1650 m, which is very close  ated with fabric evolution during firnification.

to the climatic transition+{ 1420 m). From this comparison,

we can confirm that a change in ice viscosity (due to a cli- ii. Down to about 1500 m depth, the fabric evolves toward
matic transition) should be associated with a dominant shear  a single maximum, with a slight girdle tendency. This is

strain state in order to induce a sharp strengthening of fabric. =~ coherent with the position along a ridge, characterized
The origin of the change in ice viscosity with the HW transi- by a vertical compression and a slight asymmetry in the
tion could not be identified here, but could likely be due to a horizontal extension.
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iii. A sharp fabric strengthening is measured at theAlley, R. B., Gow, A. J., Meese, D. A., Ftizpatrick, J. J., Wadding-
Holocene-Wisconsin transition, with a maximum ton, E. D., and Bolzan, J. F.: Grain-scale processes, folding, and
reached at about 1800 m depth, and maintained down stratigraphic disturbance in the GISP2 ice core, J. Geophys. Res.,
to 2300 m depth. From the comparison with the GRIP 102, 26819-26830, 1997. _ _ _

and NGRIP ice cores extracted along the same ridge, W@zuma_, N and Higashi, A.: Fo_rmatlon processes of ice fabric pat-
associate this strengthening to the viscosity change duiztuer:]na'nl\;cevflgﬁets\’(Arl\]Andr?';C'T\:'a'l r?t’a 1?‘}_%:\* d109h85_|'_ Shoii H

to climatic transition, together with a dominant shear o g Y- C VT Y i, H.,

. his i h ith the feedback d ibed and Watanabe, O.: Textures and fabrics in the Dome F (Antarc-
strain state. This is coherent with the feedback describe tica) ice core, Ann. Glaciol., 29, 163-168, 1999.

by Patersor(199]) between ice viscosity changes, and gamper, J. L., Griggs, J. A., Hurkmans, R. T. W. L., Dowdeswell,
the impact of shear on the ice flow. J. A., Gogineni, S. P., Howat, I., Mouginot, J., Paden, J., Palmer,
S., Rignot, E., and Steinhage, D.: A new bed elevation dataset

iv. Deeper in the ice core, the local variations of fabric and  for Greenland, The Cryosphere, 7, 499-510, HnB194/tc-7-
grain size support the folding hypothesididhl-Jensen 499-20132013.
et al.(2013 and the suggested layering reconstruction. Bargmann, S., Seddik, H., and Greve, R.: Computational model-
ing of flow-induced anisotropy of polar ice for the EDML deep
v. The first-order comparison made with the GRIP and drilling site, Antarctica: the effect of rotation recrystallization

NGRIP ice cores could therefore be helpful to constrain a@nd grain boundary migration, Int. J. Numer. Anal. Met.., 36,

ice flow modeling along the ridge from GRIP to NEEM _ 892-917, doi0.1002/nag.1034011. _
and onwards to Camp Century. Budd, W. and Jacka, T.: A review of ice rheology for ice sheet mod-

elling, Cold Reg. Sci. Technol., 16, 107-144, 1989.
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