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Abstract

Fabric (distribution of crystallographic orientations) profile along the full NEEM ice core,
Greenland, is presented in this work. Data were measured in the field by an Auto-
matic Ice Texture Analyzer every 10 m, from 33 m down to 2461 m depth. The fabric
evolves from a slightly anisotropic fabric at the top, toward a strong single maximum5

at about 2300 m, which is typical of a deformation pattern mostly driven by uniaxial
compression and simple shearing. A sharp increase in the fabric strengthening is ob-
served at the Holocene to Wisconsin climatic transition. A similar strengthening, toward
an anisotropic single maximum-type fabric, has been observed in several ice cores
from Greenland and Antarctica, and can be attributed to a positive feedback between10

changes in ice viscosity at the climatic transition, and the impact of a shear compo-
nent of stress. Centimeter scale abrupt texture (fabric and microstructure) variations
are observed in the bottom part of the core. Their positions are in good agreement with
the folding hypothesis used for a climatic reconstruction by Dahl-Jensen et al. (2013).
Comparison is made to two others ice cores drilled along the same ridge; the GRIP15

ice core drilled at the summit of the ice sheet, and the NorthGRIP ice core, drilled
325 km to the NNW of the summit along the ridge, and 365 km upstream from NEEM.
The fabric profile clearly reflects the increase in shear deformation when moving NW
along the ridge from GRIP to NorthGRIP and NEEM. The difference in fabric profiles
between NEEM and NorthGRIP also evidences a stronger lateral extension associated20

with a sharper ridge at NorthGRIP.

1 Introduction

Crystal preferred orientation, or fabric, analyses along ice cores drilled in polar ice
sheets are highly necessary to access conditions and perturbations of deformation
along ice cores. While grain size evolution is traditionally associated with climatic25

changes (Duval and Lorius, 1980; Durand et al., 2006b), the fabric evolution depends
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primarily on the dominant stress system, and the fabric strength is often related to the
cumulative strain (Alley, 1988; Budd and Jacka, 1989).

Under deformation conditions typical for ice cores drilled on ice divides, the c-axis
distribution of the ice crystals rotate towards a compression axis, perpendicular to
a shear direction, and away from a tension axis (Gow and Williamson, 1976; Alley,5

1988; Paterson, 1994). The fabric profile along a core is then a good candidate to
evaluate the nature of the flow and to extract irregularities in the deformation history if
present. In the specific case of a perfect dome, the ice deforms solely by uni-axial com-
pression along the vertical direction (Alley, 1988). This is qualitatively confirmed by the
fabrics measured along cores such as those of Greenland GRIP (Thorsteinsson et al.,10

1997), and Antarctic Dome Fuji (Azuma et al., 1999), EPICA Dome C (Wang et al.,
2003; Durand et al., 2009), and Talos Dome (Montagnat et al., 2012) which are all lo-
cated close to topographic domes. At NorthGRIP, Greenland, (Wang et al., 2002) and
Vostok, (Lipenkov et al., 1989) and EDML, (Bargmann et al., 2011), Antarctica, a ver-
tical girdle fabric is observed, which characterizes regions with a strong component of15

horizontal tension.
The fabric depth profile along ice cores generally follows a continuous trend. Depar-

ture from this trend can be attributed to dynamic recrystallization processes such as
observed at the deepest part of the GRIP ice core (Thorsteinsson et al., 1997), and
the GISP2 ice core (Gow et al., 1997), as well as at various depths in the Siple Dome20

ice core, Antarctica (Diprinzio et al., 2005), for instance. They may also be attributed to
a positive feedback between variations in ice viscosity, which in turn are related to vari-
ations in dust content, and the impact of a shear stress component that is increasing
with depth. This was observed at EPICA Dome C at 1750 m depth during termina-
tion 2 (Durand et al., 2007) and at the Wisconsin–Holocene transition at Talos Dome25

(Montagnat et al., 2012).
A 2540 m long ice core was drilled at NEEM, Greenland, during field seasons 2008 to

2012 (77.45◦ N, 51.06◦ W, surface elevation 2450 m, mean annual temperature −29 ◦C,
accumulation of 0.22 miceequivalent per year) (Dahl-Jensen et al., 2013). The drill site
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is located downstream on the ice ridge that runs north-northwest from the summit of
the Greenland ice sheet where the GRIP core was extracted (Dansgaard et al., 1993),
see Fig. 1. Along this ridge, one can also find the NorthGRIP ice core drilling site,
325 km to the NW of GRIP, and 365 km upstream from NEEM along the ridge towards
Camp Century (Dahl-Jensen et al., 2002).5

The NEEM drilling project was an international effort with 14 participating nations,
with the main purpose to retrieve a continuous record of the whole Eemian interglacial
(130–115 kaBP) (Buchardt and Dahl-Jensen, 2008). Indeed, ice from this period was
found in the central Greenland ice cores (GRIP, GISP2 and NorthGRIP) but the records
were too strongly disturbed, or too “short in time”, to provide accurate climatic data from10

this period (Chappellaz et al., 1997; Cuffey, 2004).
The upper 1419 m of the NEEM ice core covers the current interglacial, the Holocene,

and the glacial ice is found below down to 2206.7 m depth. Below this, the ice is dis-
turbed and folded to some degree, but the Eemian record could be reconstructed from
folded ice using globally homogeneous parameters known from other dated Greenland15

and Antarctic ice-core records (Dahl-Jensen et al., 2013).
The present work provides the fabric (crystal preferred orientation) data obtained at

a relatively high resolution along the core (every 10 or 20 m). Section 2 will present the
technical aspects of the measurements, and in Sect. 3 the results are presented. The
discussion part, Sect. 4, will provide analyses of the results, and in particular, of the20

comparisons with GRIP and NorthGRIP ice cores.

2 Fabric measurements

The NEEM fabric data were obtained in the field, at the NEEM camp, during field sea-
sons 2009 to 2011, from 33 m to 2461 m depth at a 10 m resolution. First, vertical thin
ice core sections were produced directly from the extracted cores, except for the brittle25

ice zone that was drilled in 2009 but studied at the NEEM site in 2010. The brittle ice
zone, extending from about 600 m to 1300 m depth, corresponds to ice highly affected
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structurally by the pressure from air bubbles that have not yet turned into chlathrates
(Lipenkov, 2000; Kipfstuhl et al., 2001). A one year period is considered necessary to
relax these constrains enough for ice to be processed.

The raw fabric data were obtained using two Automatic Ice Texture Analyzers (AITA)
(Russell-Head and Wilson, 2001) of similar versions. The AITA provides c-axis orien-5

tations from thin sections of dimensions up to 12cm×12cm at a resolution of 43 µm
length for the older version (season 2009), and of 20 µm length for the more recent one
(season 2010).

Orientation measurements are provided together with a quality factor that enables
the elimination of sample areas of too high uncertainty, such as grain boundaries (Pe-10

ternell et al., 2011). A threshold value for this quality factor was chosen at 70 % for all
the thin sections studied.

The c-axis orientation ck is defined by two angles: the co-latitude θk ∈ [0,π/2] (or
tilt angle) and the longitude ϕk ∈ [0,2π] given in the local reference frame, R, with the
third axis perpendicular to the thin section plan. The expression of ck in this reference15

frame is:

ck = (cosϕk sinθk ,sinϕk sinθk ,cosθk) (1)

The orientation data are further represented in pole figures which are stereographic
projections of the c-axis distributions.

The second-order orientation tensor a(2) is used to characterize the c-axis orientation20

distribution (Wallbrecher, 1986; Thorsteinsson et al., 1997; Durand et al., 2006a). a(2)

is defined as:

a(2) = (1/Np)

Np∑
k=1

ck ⊗ck (2)

where ck is given by Eq. (1), and Np is the total number of pixels over which the ck

values are obtained for a given sample (thin section). Since the ck values are obtained25

312

http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/8/307/2014/tcd-8-307-2014-print.pdf
http://www.the-cryosphere-discuss.net/8/307/2014/tcd-8-307-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


TCD
8, 307–335, 2014

Fabric measurement
along the NEEM ice

core, Greenland

M. Montagnat et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

at a pixel size, the definition of a(2) given by Eq. (2) implicitely takes into account the
area of grains.

By construction, a(2) is symmetric and there exists a symmetry reference frame, Rsym

(or principal reference frame), in which a(2) is diagonal. Let a(2)
i (i=1,2,3) denote the

three corresponding eigenvalues and ei (i=1,2,3) the associated eigenvectors (the5

three base vectors of Rsym). The eigenvalues of a(2) can be seen as the lengths of
the axes of the ellipsoid that best fits the density distribution of grain orientations. The
eigenvectors give the directions of the axes of the ellipsoid.

The three eigenvalues a(2)
1 , a(2)

2 and a(2)
3 follow the relations:

a(2)
1 +a(2)

2 +a(2)
3 = 1 (3)10

0 ≤ a(2)
3 ≤ a(2)

2 ≤ a(2)
1 ≤ 1 (4)

For an isotropic fabric, a(2)
1 = a(2)

2 = a(2)
3 = 1/3, and when the fabric is transversely

isotropic, two of the eigenvalues are equal:

a(2)
2 ≈ a(2)

3 < 1/3 for a single-maximum fabric, (5)15

a(2)
1 ≈ a(2)

2 > 1/3 for a girdle fabric

From a similar treatment of fabric data obtained along the Talos Dome ice core (Antarc-
tica), Montagnat et al. (2012) showed that the standard deviation of the fabric data
(eigenvalues of a(2)), associated with the analyzer measurement by itself, is very small.20

In particular, it is negligible compared to that induced by a sampling on a limited num-
ber of grains. This last standard deviation was estimated by Durand et al. (2006a) using
a 3-D-Pott model to evaluate the influence of the under-sampling of a sample of 10 000
grains of the same size, on the evaluation of the orientation tensor eigenvalues. They
obtained a relation between the standard deviation, the number of grains in the thin25

section, Ng, and the eigenvalue, Eq. (6). The same relation applies for the other two
313
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eigenvalues.

σ(ai ) =
[
−1.64× (a(2)

1 )2 +1.86×a(2)
1 −0.14

]
×N−1/2

g . (6)

Although the grain size evolution along the NEEM core is not presented here, a few
grain size data were measured and used to provide the standard deviation of the eigen-
values (Eq. 6) presented in the Fig. 2.5

In order to evaluate the depth variability of the measurement at the local scale, fabric
data were measured continuously along a few 55 cm long core sections, similarly to the
approach of Svensson et al. (2003). At several depths along the core, this variability is
taken into account by showing the eigenvalue data corresponding to every thin section
that the 55 cm samples are composed of.10

3 Results

3.1 Fabric evolution with depth

Figure 2 presents the fabric profile as a function of depth, using the three eigenvalues
of the orientation tensor a(2), together with the δ18O record of NorthGRIP transferred
to the NEEM depth scale using Rasmussen et al. (2013) chronology. This record can15

be used as a climate proxy as it is known to show the same climate variability as
that of NEEM (the NEEM δ18O record is not available yet). The error bars correspond
to the standard deviation due to the limited number of grains on the thin section, as
explain in Sect. 2. The largest error bars are encountered at depths where grain size
is large compared to the thin section dimensions. For these depths, fabric data do not20

really have a true statistical meaning because of the low number of grains in the thin
section. The lowest error bars are encountered in the upper part of the core (≈ first
200 m), where the grains are the smallest. The variability at a depth resolution higher
than the thin section size is not considered as a measurement error (see Sect. 3.3).
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Figure 3 presents a few examples of microstructures and fabrics as pole figures at
various depths along the core.

3.2 Comparison with the GRIP and NorthGRIP ice cores

Figures 4 and 5 show the fabric profile measured along the NEEM ice core compared
respectively to that of the GRIP ice core (Thorsteinsson et al., 1997; Svensson et al.,5

2009) and of the NorthGRIP ice core (Wang et al., 2002; Svensson et al., 2009). The
GRIP ice core was drilled at the present-day summit of the ice sheet, NorthGRIP ice
core was drilled about 325 km away along the NNW ridge, and the NEEM ice core, lo-
cated 365 km further, is close to a divergence departure point of the ridge line (Fig. 1).
The main characteristics for the three coring sites are given in Table 1. The fabric is10

mainly related to the stress state and its intensity depends on the strain history. There-
fore, the interpretation of the fabric differences between the cores requires estimates
of the strain-rate histories experienced by the ice. Here we provide estimates of the
actual strain-rates at the core locations as a function of depth. A rough first estimate
of the mean vertical strain-rate Dzz can be obtained from the ratio between the annual15

ice accumulation a and the ice thickness H given in Table 1. This ratio is of similar
order of magnitude at the three sites, between 6 and 9×10−5 yr−1. Furthermore, sur-
face vertical strain-rates have been measured directly using a phase sensitive radar
system near the GRIP and NEEM sites by Gillet-Chaulet et al. (2011), average values
are 9.5×10−5 yr−1 and 11.5×10−5 yr−1 respectively. Hvidberg and Keller (2002) used20

surface velocity measurements in the NorthGRIP area to calculate surface strain rate
in the direction transverse to the ice-divide ridge and obtained 7.4×10−5 yr−1. In Fig. 6
we assume that the vertical strain-rate along the cores follow a Dansgaard–Johnsen
profile (Dansgaard and Johnsen, 1969), with a constant value of 10±1×10−5 yr−1 in the
upper 2/3 of the ice thickness and then a linear decrease to 0. The vertical shear stress25

along the cores Sxz, in a local reference frame where x is aligned with the surface slope
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direction, is estimated using the shallow ice approximation (Greve and Blatter, 2009):

Sxz = ρgzds/dx, (7)

with ρ being the ice density, g the standard gravity and z the depth from the surface.
Surface slope ds/dx is given in Table 1. The shear strain-rate Dxz is then estimated
using Glen’s flow law with a stress exponent n = 3 (Cuffey and Paterson, 2010)5

Dxz = A(T )S3
xz (8)

The rate parameter A(T ) depends on temperature T following a Arrhenius law. Esti-
mates of the shear strain-rate along each core, assuming an uncertainty on the surface
slope of ±0.2 mkm−1, are shown in Fig. 6. These estimates of the strain-rates along
the cores do not take into account possible effects of the ice mechanical anisotropy10

induced by the fabric development or change in viscosity related with impurity con-
tent. Furthermore, the ice in the cores may have been deposited few kilometers to
tens of kilometers upstream of the core locations, especially for NorthGRIP and NEEM
(Dahl-Jensen et al., 2013), and then may have experienced a more complex strain-rate
history than what is reflected by our estimates.15

3.3 High resolution depth variability in the fabric data

High resolution depth variability in the fabric parameter at the mm-to-cm scale was
observed at several depths along the NEEM core, from continuous measurements
along 55 cm core sections. Although a specific study on this topic is scheduled, we
thought it would be interesting to provide some basic observations.20

Figure 7 shows examples of this high resolution variability measured at various
depths along the core. For this measurement, the fabric eigenvalues were extracted
on 5 or 6 thin sections contiguous along the 55 cm core section. Each data point in
Fig. 7 is the average a(2)

1 over these thin sections, and the error bar therefore repre-
sents the variability span in 10 cm resolution over the 55 cm depth interval.25
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The 55 cm samples do not cover equally long time periods at different depths of the
core, which may explain part of the lower variability of the glacial samples that cover
longer time periods.

3.4 Disturbed layers in the deepest part of the core

Dahl-Jensen et al. (2013) reconstructed the stratigraphy of the bottom part of the5

NEEM core from obviously folded ice layers. Stratigraphic disruptions were identified
from discontinuities of the δ18Oice isotope and gas record measured in ice at several
depths: 2209.60 m, 2262.15 m, 2364.45 m and 2432.19 m. These discontinuities were
confirmed by N2O, δ15N and total air content measurements in the ice below 2200 m
depth.10

The existence of disturbed layers is also confirmed in high-resolution fabric and mi-
crostructure data. Figure 8 represents the NEEM stable water isotope record with em-
phasis on the discontinuities, together with microstructures and fabric pole figures from
around these discontinuities. Figure 8 reveals a transition from “regular” grain size and
“single maximum type” fabric to large grain size and multi-clustered fabric between15

2008 and 2014 m depth, just in the vicinity of the δ18Oice discontinuity. Similar tran-
sitions were found between 2258 m and 2263 m, and between 2362.9 m 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 measure-
ment at 2258 m is very close to what is observed at 2362 m depth (with a slight tilt in20

the fabric which could correspond to a tilt introduced during sample preparation).

4 Discussion

The fabric profile along the NEEM ice core presents the classical feature of a progres-
sive c-axis orientation strengthening with depth toward a single maximum. This feature
is typical of a deformation pattern mostly driven by vertical compression and simple25
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shearing that is observed in many ice cores retrieved from ice divides, such as GRIP,
EPICA-Dome C, Talos Dome ice cores.

The initial fabric measured in the firn (from 33 m depth downwards) is not isotropic.
This observation supports those from the EPICA Dome C ice core (Durand et al.,
2009), the GRIP and NGRIP ice cores (Svensson et al., 2009) and the Talos Dome5

ice core (Montagnat et al., 2012), and contradicts the results obtained by Lomonaco
et al. (2011) from sparse fabric measurements performed in the top 120 m of a firn
core drilled at Summit, with the Electron Backscattering technique. The slightly clus-
tered fabrics measured in the NEEM firn, which can not be explained by the level of
strain reached at these depths (Montagnat et al., 2012), may be associated with fabric10

evolution mechanisms that could occur during firnification, in the upper hundred me-
ter of the ice sheet. Further studies of fabric evolution in snow and firn are therefore
necessary to better understand these observations (Riche et al., 2012).

Similar to the observations made along most of the deep Greenland and Antarctic
ice cores, the c-axis orientation strengthening along the NEEM core is far from being15

monotonous. Indeed, a sharp increase in the strengthening rate is concomitant with the
climatic transition between the Holocene and the Wisconsin periods. This transition is
also characterized by a strong variation in the dust content, as observed along various
Greenland ice cores (Steffensen et al., 2008). Therefore, following (Paterson, 1991) we
could attribute the change in strengthening rate to some feedback between changes in20

ice viscosity from Winsconsin to Holocene ice, and the impact of a shear component
of stress. The influence of a non negligible shear component of stress is necessary
to explain the strong c-axis clustering observed in the range 1800 to 2000 m depth
(Azuma and Higashi, 1985; Paterson, 1991; Alley, 1992; Thorsteinsson et al., 1997).

We can now compare three Greenland ice cores located along the same ridge, de-25

parting from a dome configuration at the summit of the ice sheet (Summit), Fig. 1. The
fabric profile along the GRIP ice core is the most monotonous (Fig. 4), with no obvious
abrupt changes at the onset of the Holocene, although a strong variation in the grain
size evolution was measured at this transition (Thorsteinsson et al., 1997). GRIP is
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located near the dome where uniaxial compression is expected (vertical compression
and uniform extension in the horizontal direction). This is mainly confirmed by the fab-
ric profiles at GRIP where a(2)

2 ≈ a(2)
3 < a(2)

1 . At a perfect ice divide, the dominant mode
of deformation is believed to be pure shear, i.e., vertical compression accompanied by
lateral extension (Paterson, 1994). Thorsteinsson et al. (1997) observed the effect of5

simple shear deformation between 2850 m and 2950 m depth where the fabric also be-
comes highly clustered. These highly clustered fabrics alternate with more open ones
from about 2800 m depth, that appears together with a grain size increase explained
by the influence of dynamic recrystallization mechanisms (Thorsteinsson et al., 1997).

The location along a ridge can induce an evolution of the fabric toward a girdle type,10

which characterizes pure shear deformation with an asymmetry of the horizontal ex-
tension. Along the NorthGRIP ice core, a strong vertical girdle pattern is evidenced by
the increase of the a(2)

2 eigenvalue compared to a(2)
3 , from 500 m depth down to about

2500 m. Below this depth, the fabric clusters with a change in the fabric strengthening
rate (Fig. 5). This depth is much below the Wisconcin–Holocene transition, and the15

change is less abrupt than at NEEM.
A vertical girdle pattern is also observed along the NEEM core but less pronounced,

and only down to the Wisconcin–Holocene transition. The asymmetry of the lateral
extension is clearly lower at the NEEM site compared to NorthGRIP, where the ridge is
sharper (Fig. 1). A sharp ridge inducing a strong asymmetry of the horizontal strain-rate20

components is also observed for the similar girdle-type fabrics for the EPICA-Dronning
Maud Land ice core, Antarctica (Bargmann et al., 2011; Faria et al., 2014).

According to our estimates (Fig. 6) vertical compression dominates over vertical
shear for at least the upper 1/3 to 2/3 part of the ice sheet. The estimated depth where
shear strain-rate becomes dominant over vertical strain-rate is higher for NEEM than25

for NorthGRIP, in turn higher than the one for GRIP. These transition depths are in good
agreement with the estimated depth of shear dominated fabric along the three cores.

The GRIP, NGRIP, and NEEM ice cores were drilled with a major objective of retriev-
ing climatic information from the last interglacial period, the Eemien (between 130 000
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and 115 000 yr ago), when average temperature was five degrees warmer than today
(Andersen et al., 2004). Stratigraphic disturbance in the bottom of the GRIP ice core
prevented the core from revealing climatic information from this period of time (Chap-
pellaz et al., 1997; Suwa et al., 2006). Layering in the deepest 10 % of the core was
shown to be inclined by about 20◦ and discontinuous layering as well as small scale5

folds were observed (Alley et al., 1995). The NorthGRIP core proved to be located on
a zone of high heat flow from the underlying crust (Dahl-Jensen et al., 2003). This heat
melted the basal ice, eliminating the oldest ice layers, and only the latter few millen-
nia of the Eemian could be retrieved (Cuffey, 2004). The high melting at the bottom of
the NorthGRIP core significantly reduced the thinning of deep ice layers, allowing an10

annual resolution of the glacial-onset record (Svensson et al., 2011).
Fabric and microstructure signals in the bottom part of the NEEM core present a high

variability (Sect. 3.4), in the area where clear evidence of folding was given by Dahl-
Jensen et al. (2013). The abrupt variations in the microstructure and fabric signals are
in agreement with the stratigraphical reconstruction performed by Dahl-Jensen et al.15

(2013). Nevertheless, the abrupt transition observed in texture between 2329.4 m and
2329.8 m depth does not correspond to any discontinuities in the stable isotope signal.
Another scale of inhomogeneities must therefore exists within the layering induced by
small scale folds. Such a folding configuration, which is typically observed at the base of
glaciers and ice sheets where temperature and/or stress gradients are increased (Gow20

and Williamson, 1976; Herron and Langway, 1982; Budd and Jacka, 1989; Thorsteins-
son et al., 1997; Samyn et al., 2008) has been observed at the base of the GRIP ice
core, but not at the base of the NorthGRIP core. The comparison between the three
cores therefore highlights the influence of the basal temperature and the shear compo-
nent of stress on the thinning and the folding of the bottom layers.25
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5 Conclusions

This paper presents the overall features of the fabric data measured in the field, every
10 m along the NEEM ice core, Greenland. The main observations are the following:

i. Similar to what was observed along other deep ice cores, the initial fabric, mea-
sured from 33 m depth downward, is not isotropic and may therefore be associ-5

ated with fabric evolution during firnification.

ii. Down to about 1500 m depth, the fabric evolves toward a single maximum, with
a slight girdle tendency. This is coherent with the position along a ridge, character-
ized by a vertical compression and a slight asymmetry in the horizontal extension.

iii. A sharp fabric strengthening is measured at the Holocene–Wisconsin transition,10

with a maximum reached at about 1800 m depth, and maintained down to 2300 m
depth. Explanation may come from a feedback between ice viscosity changes
around the climatic transition, and the impact of shear on the ice flow, as evi-
denced by Paterson (1991).

iv. Deeper in the ice core, the local variations of fabric and grain size support the15

folding hypothesis of Dahl-Jensen et al. (2013) and the suggested layering recon-
struction.

v. A first-order comparison was made with the other two deep ice cores drilled along
the same ridge, namely GRIP and NorthGRIP. This comparison evidences the
increasing impact of shearing along the ridge, supported by the evaluation of the20

relative shear component of the strain-rate at the three sites. The higher impact of
lateral extension along the NorthGRIP core coincides well with a sharper ridge at
this site compared to NEEM. This comparison could be useful for further ice flow
modeling along the ridge from GRIP to NEEM and onwards to Camp Century.
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Table 1. Ice thickness (H), annual accumulation (a), average annual temperature (Tyr), ratio a/H
and surface slope magnitude (ds/dx) in GRIP, NorthGRIP and NEEM ice cores (references are
given in the text).

H a Tyr a/H ds/dx
m ice eq. ◦C 10−5yr−1 mkm−1

myr−1

GRIP 3027 0.24 −32 7.9 0.53
NGRIP 3085 0.19 −32.5 6.1 0.90
NEEM 2540 0.22 −29 8.7 1.83
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Fig. 1. Greenland Ice Sheet surface elevation (Bamber et al., 2013) and location of the GRIP,
GISP2, NorthGRIP, NEEM and Camp Century drilling sites. Contours are every 50 m. A flow
line following the greatest slope along the NNW ridge is shown in blue.

20

Fig. 1. Greenland Ice Sheet surface elevation (Bamber et al., 2013) and location of the GRIP,
GISP2, NorthGRIP, NEEM and Camp Century drilling sites. Contours are every 50 m. A flow
line following the greatest slope along the NNW ridge is shown in blue.
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Fig. 2. Top: fabric profile along the NEEM ice core, represented by the eigenvalues of the
orientation tensor a(2). Error bars correspond to a ±1σ confidence interval (see text). Bottom:
evolution of the climate proxy isotope δ18O from the NorthGRIP ice core transferred to the
NEEM depth scale (Rasmussen et al., 2013) for the upper 2200 m, and from the NEEM ice core
below 2200 m depth (dashed line) (Dahl-Jensen and co authors, 2013). The NEEM isotope
data are not available yet, but the overall features are very similar to those of NorthGRIP. The
arrow represents the depth of the glacial termination at NEEM, 1419 m.
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Fig. 2. Top: fabric profile along the NEEM ice core, represented by the eigenvalues of the
orientation tensor a(2). Error bars correspond to a ±1σ confidence interval (see text). Bottom:
evolution of the climate proxy isotope δ18O from the NorthGRIP ice core transferred to the
NEEM depth scale (Rasmussen et al., 2013) for the upper 2200 m, and from the NEEM ice
core below 2200 m depth (dashed line) (Dahl-Jensen et al., 2013). The NEEM isotope data
are not available yet, but the overall features are very similar to those of NorthGRIP. The arrow
represents the depth of the glacial termination at NEEM, 1419 m.
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Fig. 3. Evolution with depth of the microstructures observed in c-axis orientation color scale
(see color wheel on the bottom right), and of the fabric represented by pole figures. The thin
sections of dimension about 8 × 11 cm2 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 plane of the figure.
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Fig. 3. Evolution with depth of the microstructures observed in c-axis orientation color scale
(see color wheel on the bottom right), and of the fabric represented by pole figures. The thin
sections of dimension about 8cm×11cm 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) per-
pendicular to plane of the figure.

330

http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/8/307/2014/tcd-8-307-2014-print.pdf
http://www.the-cryosphere-discuss.net/8/307/2014/tcd-8-307-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


TCD
8, 307–335, 2014

Fabric measurement
along the NEEM ice

core, Greenland

M. Montagnat et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P
aper

|
D

iscussion
P
aper

|
D

iscussion
P
aper

|

0 500 1000 1500 2000 2500 3000
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Depth (m)

E
ig

e
n

v
a

lu
e

s
 o

f 
a

(2
)

 

 

Holocene /

Winsconsin

NEEM

GRIP

Fig. 4. Comparison between the fabric profiles along the NEEM ice core (filled symbols) and
the GRIP ice core (open symbols) (Thorsteinsson et al., 1997; Svensson et al., 2009).
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Fig. 4. Comparison between the fabric profiles along the NEEM ice core (filled symbols) and
the GRIP ice core (open symbols) (Thorsteinsson et al., 1997; Svensson et al., 2009).
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Fig. 5. Comparison between the fabric profiles along the NEEM ice core (filled symbols) and
the NorthGRIP ice core (open symbols) (Wang et al., 2002; Svensson et al., 2009).
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Fig. 5. Comparison between the fabric profiles along the NEEM ice core (filled symbols) and
the NorthGRIP ice core (open symbols) (Wang et al., 2002; Svensson et al., 2009).
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Fig. 6. Evolution of the shear strain-rates, Dxz, along the GRIP (red), NorthGRIP (blue) and
NEEM (green) ice cores with error bars. The black line represents the estimated evolution of
the vertical strain-rate Dzz, which is basically the same for all three cores regarding the error
bars. 25

Fig. 6. Evolution of the shear strain-rates, Dxz, along the GRIP (red), NorthGRIP (blue) and
NEEM (green) ice cores with error bars. The black line represents the estimated evolution of
the vertical strain-rate Dzz, which is basically the same for all three cores regarding the error
bars.
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Fig. 7. Variability of the fabric eigenvalue a(2)
1 measured along the NEEM ice core. Each point

represents the average fabric measured along 55 cm core by contiguous thin sections. The
given depth (x-axis) is the depth of the upper part of the 55 cm core. The vertical bars extend
from the minimum to the maximum value measured around the mean.
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Fig. 7. Variability of the fabric eigenvalue a(2)
1 measured along the NEEM ice core. Each point

represents the average fabric measured along 55 cm core by contiguous thin sections. The
given depth (x-axis) is the depth of the upper part of the 55 cm core. The vertical bars extend
from the minimum to the maximum value measured around the mean.
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Fig. 8. Abrupt variations of fabrics and microstructures around the discontinuities observed in
the δ18Oice signal (a) (Dahl-Jensen and co authors, 2013). Different colors along the stable
isotope record highlight the disturbed sections. The reconstructed age-scale corresponds to
a continuous color scale. Microstructure and fabric data (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 plotted with the vertical axis (core axis) vertical in the plane
of the figure.
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Fig. 8. Abrupt variations of fabrics and microstructures around the discontinuities observed
in the δ18Oice signal (a) (Dahl-Jensen et al., 2013). Different colors along the stable isotope
record highlight the disturbed sections. The reconstructed age-scale corresponds to a contin-
uous color scale. Microstructure and fabric data (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 plotted with the vertical axis (core axis) vertical in the plane of the figure.
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