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ABSTRACT. The object of this study is to test the assumption
that cryogenic weathering (here understood as in-situ disin-
tegration of rock under cold-climate conditions including ice
as a weathering agent) preferentially breaks up quartz grains.
We apply the results of laboratory tests to a Quaternary
sediment record. The combination of silt production, relative
quartz enrichment in the silt fraction, and quartz grain micro-
morphology is traced in a multi-100-kyr lake sediment
archive as indicator data for cryogenic weathering. Constant
cryogenic weathering conditions are inferred for at least the
last 220 000 years from a lake sediment core of El’gygytgyn
Crater, northeast Russia. This is the longest continuous ter-
restrial archive currently known for the continental Arctic.

Quartz enrichment in the fines evolves from seasonal
freeze–thaw weathering as demonstrated in laboratory
testing where over 100 freeze and thaw cycles crack quartz
grains preferentially over feldspar. Microscopic grain fea-
tures demonstrate that freeze–thaw cycling probably
disrupts quartz grains along mineral impurities such as
bubble trails, gas–liquid inclusions, or mineralogical sub-
grain boundaries. Single-grain micromorphology (e.g.
angular outlines, sharp edges, microcracks, brittle surfaces)
illustrates how quartz becomes fragmented due to cryogenic
cracking of the grains. The single-grain features stemming
from the weathering dynamics are preserved even after a
grain is transported off site (i.e. in mobile slope material, in
seasonal river run-off, into a lake basin) and may serve as
first-order proxy data for permafrost conditions in Quater-
nary records.

Key words: quartz micromorphology, weathering, terrestrial
Arctic

Introduction
There is a lack of continuous sediment archives
that can be used to study the history of Arctic

permafrost. Permafrost is usually associated with
and documented in proximity to glaciated (or for-
merly glaciated) areas in the periglacial realm (e.g.
Harris 1994; Murton 2005). Yet, little is known
about the age and continuity of permafrost condi-
tions, since permafrost is a thermal and not a
stratigraphical phenomenon. Drawing an inference
about permafrost history mostly relies on studying
local sections that provide insights into restricted
time windows, mostly of the Quaternary (Schirr-
meister et al. 2002; Froese et al. 2008; Wetterich
et al. 2008; Lacelle et al. 2009; Meyer et al. 2010;
Reyes et al. 2010; Kanevskiy et al. 2011). More
limits on studying permafrost history arise from
imprecise age determinations of permafrost due to
reworked or out-of-range radiocarbon material,
insufficient bleaching of optical stimulated lumi-
nescence (OSL) material, or the uncertainty of post-
depositional permafrost formation (Krbetschek
et al. 2000; Schwamborn et al. 2002; Bateman,
2008; Schirrmeister et al. 2008;Arnold and Roberts
2011).

The study of permafrost history also suffers
from a lack of suitable proxy data. Process obser-
vation of frost shattering has a long tradition
(Grawe 1936; Tricart 1956) and combines both
field studies and accompanying laboratory experi-
ments. However, this method has stimulated
ongoing debates about the main drivers of rock and
grain break-up (e.g. Wiman 1963; Hall and Thorn
2011). The phase change from water to ice and
the induced 9% volume increase as elucidated in
Bridgman’s (1912) pioneering statement is recog-
nized as one prominent driving factor in cracking
rock; freezing can shatter rock material by expand-
ing fissures and cracks (McGreevy and Whalley
1985). Temperature and moisture variations can
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also cause material dilation (Thomachot et al.
2005). Volumetric expansion of pore water during
freezing adds to material cracking (Walder and
Hallet 1986), and ice segregation at sub-zero tem-
peratures is another productive power in cracking
rocks as shown by Hallet et al. (1991) and
Murton et al. (2006). Furthermore, thermal stress
alone can drive rock and grain disintegration in
the course of high-amplitude daily or seasonal
temperature change (Hall and André 2003).
Reviews on recent advances in frost weathering
studies understood in a more wide-ranging way
are given by Matsuoka and Murton (2008) and
Hall and Thorn (2011). First insights that cryo-
genic weathering is mineralogically selective at
the grain-scale are from Konishchev (1973). It
was found that under freeze–thaw cycles quartz
preferentially disintegrates in sandy samples and

accumulates in the 10–50 mm silt fraction (Kon-
ishchev and Rogov 1993) (Fig. 1). This is unusual
and in contrast to quartz behaviour at low lati-
tudes (Nesbitt et al. 1997). Konishchev (1982)
introduced the cryogenic weathering index (CWI)
that expresses relative quartz grain enrichment in
the 10–50 mm fine fraction rather than in the
50–100 mm coarser fraction of the same sample.
Quartz proves to be less resistant than feldspar,
which occurs as ubiquitously as quartz and is
used as a reference mineral:

CWI Q F Q F1 1 2 2= ( ) ( ) (1)

where Q1 = quartz in the 10–50 mm fraction,
F1 = feldspar in the 10–50 mm fraction,
Q2 = quartz in the 50–100 mm fraction and
F2 = feldspar in the 50–100 mm fraction. Deposits

Fig. 1. A qualitative scheme of changes in the distribution of mineralogical parameters with grain size. (a) The distribution of basic
mineral components of sedimentary rocks under mid latitude conditions, and (b) under cryogenic conditions (from Konishchev 1982).
Note the absence of coarser sand under cryogenic conditions and quartz enrichment in the finer silt sizes.
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that have been created under permafrost condi-
tions have values greater than 1, indicating that
cryogenic weathering was intensive (Konishchev
1999; Demitroff et al. 2007). Here, permafrost
denotes for ice-bearing permafrost, where the
underlying permafrost can block the drainage of
the active layer provoking wet active layer condi-
tions. The cryogenic break-up of grains is
supported, because seasonal ice is available in the
soil as an amplifying factor. Under those circum-
stances the CWI can potentially be applied to
identify permafrost when studying palaeoenviron-
ments. In fact, the CWI has been used in a
few studies to identify permafrost episodes in a
terrestrial Quaternary record (Konishchev 1999;
Demitroff et al. 2007; French et al. 2009) or to
support thermal modelling of permafrost environ-
ments (Romanovskii and Hubberten 2001).

In order to reinforce the geological significance
of quartz weathering as a potential tracer of cryo-
genic conditions, we repeat a simple freeze–thaw
experiment that includes samples of Arctic and
non-Arctic origin to complement former studies
that relied only on samples of permafrost origin
(Konishchev 1982). We address the following
questions: (1) Can quartz grain enrichment be
confirmed in the silt fraction following numerous
freeze–thaw cycles for samples from other (non-
permafrost) areas (i.e. non pre-cracked grains)?
Quartz grain shape and surface features are
imaged using scanning electron microscope
(SEM) micrographs. Single quartz grain visualiza-
tion using an SEM is an established means to infer
environmental processes affecting grain history
(Krinsley and Doornkamp 1973; Diekmann 1990;
Mahaney 2002; Van Hoesen and Orndorff 2004).
It includes the imaging of quartz grain micromor-
phology (i.e. grain shape and surface features),
which has been shown to be indicative of grain
features stemming from cryogenic weathering
(Schwamborn et al. 2006). (2) Is quartz grain
enrichment detectable in a limnic record from a
permafrost area where the weathering detritus is
preserved in a continuous sequence across several
glacial/interglacial cycles? Hypothetically, lake
sediments approximately resemble surface soil in
terms of the imported minerogenic detritus. The
use of lake sediment records provides a better
temporal resolution of significant events in weath-
ering dynamics than could be achieved using a
chronosequence approach. (3) Is the CWI useful
as an indicator of cryogenic conditions in Quater-
nary records?

El’gygytgyn geographical setting

The lake sediment archive is taken from
El’gygytgyn Crater Lake in northeast Russia. This
site has various advantages: (1) The basin was not
glaciated during the Quaternary (Glushkova 2001;
Niessen et al. 2007), which excludes glacial grind-
ing as a main driver for breaking grains. (2) It
currently has the longest terrestrial archive available
for the Arctic and provides a unique opportunity to
trace the late Cenozoic evolution of Arctic climate
and the associated permafrost history (Nowaczyk
et al. 2002; Brigham-Grette et al. 2007; Juschus
et al. 2007; Melles et al. 2007). (3) The bedrock
geology around El’gygytgyn Crater is fairly homo-
geneous. It is dominated by rhyolites that provide a
stable background signature of eroded rocks and
their mineralogical contents.

El’gygytgyn is a meteorite crater, roughly
18 km in diameter, which was formed 3.58 �
0.04 Ma ago (Layer 2000) on the Chukchi Penin-
sula (Fig. 2). The crater rim is between 600 and
930 m a.s.l. in elevation, while the surface of the
lake lies at 492 m. The lake basin is bowl shaped,
with a diameter of about 12 km and a maximum
water depth of 177 m. The area has continuous
permafrost 500 m thick (Yershov 1998). Most of
the bedrock (c. 75%) is composed of Cretaceous
rhyolites (ignimbrites and tuffs) and some of the
bedrock is andesitic basalts (Stone et al. 2009).
Ignimbrites are porphyric containing mainly
macro crystals of quartz and feldspar next to
amphiboles, pyroxenes, and biotites (Belyi 1998).
Macro crystals measure around 100 mm and are
embedded in a red to brownish microcrystalline
groundmass. Fluidal texture is common. Tuffs
include mainly feldspar types as macro crystals
embedded in a microcrystalline green or red
groundmass. Feldspar microprobe analysis indi-
cates an overall occurrence of albite-orthoclase
(microcline)-anorthite in descending order.

About 50 concentric intermittent streams drain
the catchment and import detritus to the lake
(Nolan and Brigham-Grette 2007). Gravel berms
around the lakeshore act as intermediate sediment
filters allowing coarse-grained material to pass
only during high snowmelt discharge. The fairly
homogeneous catchment geology and a low ratio
of catchment-to-lake surface of 1.6 to 1 is thought
to make the site a suitable natural laboratory for
studying climate-related, long-term changes of
weathering signals, for example clay minerals
(Asikainen et al. 2007).

QUARTZ WEATHERING IN FREEZE–THAW CYCLES
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Material and methods
Experimental material and set-up
The laboratory experiments were conducted using
surface samples randomly collected in the field.
Consequently the studied material consisted of
detritus, which had already been exposed to
exogene processes. Table 1 lists the eight samples
that were used in the laboratory. The specimens
consisted of loose multiple grains kept in evaporat-
ing dishes and the weights of the specimens varied
from 18 to 125 g. Two sediment samples (nos 1 and
2) were taken from an exposed ancient lake terrace

at the southern margin of the El’gygytgyn impact
crater. The basin contains mineralogical detritus
from a catchment of volcanic rocks (Fig. 2). The
sedimentary sample was extracted from the active
layer (i.e. from the seasonally frozen soil surface) of
a section that is exposed at the southern bluff of the
lake. Sample no. 3 was obtained from a modern inlet
stream entering El’gygytgyn Crater Lake from the
west. The sample location was a small fan-like
deposition in the creek mouth that measured several
meters in length and width. Mineral grains in the
sand-sized fraction are released from ignimbrites

Fig. 2. Position, geological setting, and sample sites of the El’gygytgyn Crater Lake, NE Russia. (a) The Crater Lake (white dot) lies
north of the Arctic Circle within the zone of continuous permafrost (map tool: nsidc.org). (b) The bedrock geology is built up of
rhyolite (ignimbrites, tuffs) in the north, east, and west, and subordinated basalt in the southeast sector (simplified from Belyi and
Chereshnev 1993); positions of lake core Lz1024 and permafrost core P2, which were used for this study, are shown.
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and tuffs of the Upper Cretaceous Pykarvaam for-
mation that makes up much of the bedrock geology
(Fig. 3a, b). Sample no. 4 was taken from central
Arga Island fluvial deposits in the western Lena
Delta, north Siberia (Fig. 3c). The sandy sediments
belong to a fluvial stage of the Lena River that
formed extensive floodplain formations in the Late
Pleistocene. This formation is widely spread in the
northwest of the modern delta. The specimen is
taken from a core that penetrated through a
thermokarst lake (Lake Nikolay) into the underly-
ing fluvial Lena sediments (Schwamborn et al.
2002). Thermokarst was established soon after the
Lena River abandoned the area. Sample no. 5 origi-
nates from an exposed section of fluvial sediments
in the Lena Delta (Schwamborn et al. 2002). Basic
mineralogic characteristics (i.e. heavy mineral com-
position) are the same as those found in sample no.
4. In contrast to the sandy sediments represented by
sample no. 4, this fluvial layer contains organic
matter (total organic carbon (TOC) = 3.8 weight %
(wt%)). Sample no. 6 derives from a random dune
surface in the northern Algerian desert (Fig. 3d)
while the reddish sample no. 7 was taken from a
talus slope that flanks an isolated remnant left after
the erosion of Ayers Rock in interior Australia
(Fig. 3e); this mountain relict consists of Cambrian
Arkose sandstone, probably representing ancient
alluvial fan sedimentation. The last sample (no. 8)
was taken from the foot of an alluvial fan in Death
Valley, USA (Fig. 3f). Local mountain ranges there
are composed of metamorphosed Palaeozoic sedi-
mentary rock.

The assessment of relative quartz amounts is
based on X-ray diffractometry (XRD) using a
Philips PW1820 goniometer applying CoKa radia-
tion (40 kV, 40 mA) to non-textured pulverized
samples. Feldspar is measured for reference. Feld-
spar is another ubiquitous mineral and was found
to be less susceptible to freeze–thaw weathering
than quartz in Siberian samples (Konishchev and
Rogov 1993). The quartz occurrence is defined
using the area below the 4.26 Å peak whereas feld-
spar is measured by summing the 3.24 + 3.18 Å
peak areas (Vogt et al. 2001) (Fig. 4). XRD instru-
mental settings were chosen according to Petschick
et al. (1996). Quartz grains were examined and
imaged in detail using an SEM. Grain samples
were washed for 10 min in SnCl2 (5%) to remove
iron before they were cleaned with distilled water
and doused in an ultrasonic bath (2 min) to remove
adhering particles. Finally they were boiled in
ethanol for 5 min before being washed againTa
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(Schirrmeister 1995). Quartz grains were selected
randomly under a binocular microscope; a group of
20 grains per sample was mounted on aluminium
stubs and coated with gold-palladium. The grains
were then examined and photographed in detail
using an SEM (Ultra 55 Plus Carl Zeiss SMT).
Selected samples were inspected as thin sections

under the light microscope (Zeiss Axioskop) and as
foils cut from quartz grains under the transmission
electron microscope (TEM; FEI TecnaiTM G2
F20 X-Twin with a HAADF Detector) (Frütsch
2011).

The experimental scheme comprised the follow-
ing procedures. Original samples (n = 8) were dry-

Fig. 3. Optical microscopy images displaying gas–liquid inclusions and other impurities in quartz grains that may act as weak zones
under cryogenic weathering conditions. (a) Quartz grains embedded in El’gygytgyn rhyolithic host rocks (sample nos 1, 2, and 3) with
distinct impurities (see arrow) or (b) faintly visible inclusion trails (see arrow); (c) Lena Delta grains (sample nos 4 and 5) showing
some impurities with a few bubble inclusions; (d) Algeria grains (sample no. 6) with various linear and punctuated impurities (dark
areas in grains, see arrows); (e) grains from the Australia sample (no. 7) with internal sub-parallel grain boundaries (see arrow);
(f) USA grains (sample no. 8) with various bubble or gas–liquid inclusions (see arrows).
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sieved to obtain phi-stepped sand and silt fractions.
Quartz and feldspar portions of a fine and a sub-
sequent coarser fraction were semi-quantitatively
measured from pulverized portions by XRD. A
CWI value was calculated using Eqn (1). The fine
sand fractions (63–125 mm) were separated and
weighed (Table 1). The fractions <63 mm were
removed. The fine sand samples underwent more
than 100 freeze–thaw cycles; therefore, the zero
degree boundary from –20°C to +30°C was
crossed over 200 times. This annual temperature
variation is typical of a continental climate and
matches the ‘Siberian type’ as described by Tricart
(1956) and Wiman (1963). Applied in our experi-
ment this temperature amplitude provokes grain
weathering at the ground surface but not in the
subsurface where thermal amplitudes significantly
reduce. Each cycle usually took about 24 h; the
warming period took 16–18 h and the freezing
period 6–8 h. The warming peak (2–4 h) was
longer than the cooling peak (1 h) and included a
partial drying-up of the sample. This accounts for
an average warming rate of 3.5°C h-1 whereas the
average cooling rate was about 7°C h-1. The cul-
mination of the positive and negative temperature
peaks was verified using a handheld temperature
probe. While seven samples were kept moist
with deionized water (water was added until the
samples were visually soaked with it), one sample
(El’gygytgyn ancient, no. 2) was left dry (and con-
sequently only experienced temperature cycling)

(Table 1). After termination of freeze–thaw
cycling the samples were dry-sieved into two
fractions (63–125 mm, <63 mm) and weighed
(Table 1). The CWI value was calculated using
XRD measurements from the fine and coarse
fractions (Table 2).

El’gygytgyn sedimentary archives
To compare the lake record with the modern detri-
tus of the catchment, permafrost samples were
taken from a piedmont area framing the northern
shoreline. A 5 m drill core (core P2 in Fig. 2)
recovered an accumulation of frozen ground

Fig. 4. Example of x-ray diffractograms comparing quartz (4.26 Å) and feldspar (3.18 Å + 3.24 Å) in fine and coarse fractions of the
same sample (here, layer at 2.50–2.54 m depth from core Lz1024). Note the higher amount of quartz in the fine fraction than in the
coarse fraction.

Table 2. Quartz-to-feldspar ratio (CWI) ‘before’ and ‘after’
freeze–thaw cycling.

Sample
no.

(Q1/F1)/(Q2/F2)
‘before’

(Q1/F1)/(Q2/F2)
‘after’

Difference
‘after’ – ‘before’

1 1.26 1.26 +0.01
2 1.26 1.40 +0.14
3 1.36 1.43 +0.07
4 1.28 2.42 +1.14
5 1.53 2.35 +0.82
6 0.38 0.55 +0.17
7 1.73 1.85 +0.12
8 0.64 no data no data

Q1 = <63 mm; Q2 = 63–125 mm; F1 = <63 mm; F2 = 63–125 mm.
The resulting positive differences indicate quartz enrichment in
the fine fraction after the experiment.

QUARTZ WEATHERING IN FREEZE–THAW CYCLES
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deposits that date back to 13 100 years cal BP. The
layers below 2.26 m core depth belong to the top of
weathered volcanic bedrock (Schwamborn et al.
2008). The lake sediment record was cored from
the centre part of the Crater Lake (core Lz1024 in
Fig. 2). The sampled upper 12 m of the lake sedi-
ment column span the last 220 000 years at
millennia-scale temporal resolution (Juschus et al.
2007). These samples were prepared and measured
using the same analytical approach as for the
experimental material.

Results
Semiquantitative assessment of quartz
The granulometric effect of silt production after
repeated freeze–thaw cycling is shown in Table 1.
The experimentally produced silt (<63 mm) from
the eight samples varies from 0.1 wt% of sample no.
8 (USA) to 9.6 wt% of sample no. 3 (El’gygytgyn
modern). For sample no. 7 (Australia) and sample
no. 8 (USA) more freeze–thaw cycling was needed
to crack grains; sample no. 8 was the most resistant
to freeze–thaw cycling. Silt was produced at similar
rates in sample nos 1 and 2 (El’gygytgyn ancient;
6.3 and 6.2 wt%, respectively), although sample no.
1 was kept moist and sample no. 2 was kept dry. This
suggests that thermal shock alone can play a con-
siderable role. Freeze–thaw cycling broke up grains
much more productively in organic-bearing sample
no. 5 (Lena Delta; 8.4 wt%) than in corresponding
sample no. 4 without organic matter (Lena Delta;
1.2 wt%).

Relative quartz and feldspar amounts were
assessed before and after freeze–thaw treatment in
the <63 mm and 63–125 mm fractions (Fig. 5) and
the numerical values were inserted into Eqn (1)
(Table 2). The resulting CWI values are all posi-
tive when the original fine fraction is compared
with the fraction that was generated through labo-
ratory freeze–thaw (column ‘difference after –
before’ in Table 2), indicating quartz enrichment.
Remarkably, sample no. 2 (El’gygytgyn ancient),
which was left dry, has more shattered quartz
grains than the corresponding moist sample
no. 1. However, sample no. 8 (USA) did not
produce enough silt material for subsequent XRD
measurements.

In the El’gygytgyn permafrost record quartz
enrichment was traced downcore using samples
from sediment core P2. The material from core P2
is composed of silty sand with a minor clay portion
(Fig. 6). At 1.9 m core depth the geologic material
changes from proluvial-alluvial slope deposits to
underlying weathered volcanic bedrock. The CWI
formula of Eqn (1) was applied using the <63 mm
and 63–125 mm fractions. The CWI values for a
total of 27 samples range between a minimum of
0.4 and a maximum of 2.1, with an average of 1.2.
Of these 27 studied samples, 19 are placed in the
zone indicative of cryogenic weathering. High and
low values occur both in the weathered bedrock
and in the slope deposits on top. A distinct change
in the CWI range is not obvious when the facies
boundary changes from weathered bedrock to the
overlying slope deposits.

Fig. 5. Relative quartz and feldspar amounts before and after freeze–thaw cycling based on XRD measurements.

GEORG SCHWAMBORN ET AL.
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El’gygytgyn Lake sediments in core Lz1024
consist of clayey to silty layers with a minor sand
portion (Fig. 7). Laser particle sizing reveals a
common major mode around 20 mm (Fig. 7c).
The separation of fractions for CWI calculation
thus was placed at 20 mm, where much of the
total sediment portion is found. This fine vs.
coarse fraction separation is in the grain size
range where quartz tends to dominate over feld-
spar, indicating cryogenic weathering conditions
(Konishchev 1982, Fig. 1). The resulting CWI
values (n = 37) are mostly greater than 1; they
range between 1.0 and 2.2 with a mean of 1.5.
Evidence of prominent warm periods such as the
Holocene and the Eemian is not pronounced in
the CWI record; both periods show relatively high
(1.9, Holocene section; 1.5, Eemian section) and
low (1.2, Holocene section; 1.1, Eemian section)
values. More peaks with high values occur at
2.5 m depth (2.2), and at 7.0 m and 7.2 m depth
(1.9 each). According to the age model (Juschus

et al. 2007) for that core these depths correspond
to ~40 ka and to ~160 ka respectively.

Single grain analysis
Optical microscopy images show that the majority
of the sand-sized quartz has various grain-scale
impurities. Quartz grains from El’gygytgyn
bedrock are subangular to subrounded and prob-
ably originated from the comminution of more
euhedrally formed crystals during ignimbrite
deposition. Specimens have gas–liquid or mineral
inclusions, which range from a few to tens of
micrometers (Fig. 3a). Some of them are aligned in
inclusion trails (Fig. 3b). Lena Delta grains (nos 4
and 5) show impurities that are a few micrometers
in size and scattered across a grain (Fig. 3c).
Grains from the Algeria sample (no. 6) are charac-
terized by many microcracks or other linear streaks
and point impurities that scar individual grains
(Fig. 3d). Similar linear features can be observed in

Fig. 6. Depth plot of grain-size composition (a), CWI values (b), and stratigraphy (c) from cored El’gygytgyn Crater slope deposits
(core P2). (a) The dotted red line indicates the 20 mm boundary for comparison with Figure 7. The red box in (b) marks the range that
is indicative of cryogenic weathering. (d) A typical polymodal grain-size curve displaying a mean at 43 mm (sample at 2.65 m core
depth).
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the grains from the Australia sample (no. 7), which
occasionally show parallel sub-grain boundaries
(Fig. 3e). The grains from the US sample (no. 8)
lack parallel scars but show various bubble or gas–
liquid inclusions (Fig. 3f).

El’gygytgyn grains from the experimental
samples (nos 1, 2, and 3) exhibit various angular
outlines and sharp fracture planes. Some of these
apparently freshly split grains might have split
during the freezing experiment (Fig. 8a, b). The
Lena Delta grains (nos 4 and 5) mostly have sub-
round to subangular outlines with angular and
curved fracture planes (Fig. 8c, d). Some of these
features seem to be fresh (Fig. 8d; see right arrow).
The imagery also shows rough surfaces that suggest
partial chemical dissolution (Fig. 8d; see left
arrow). Grains from Algeria (no. 6) are subround to
well rounded with fairly smooth surfaces. Occa-
sionally small cracks are visible that are a few
micrometers in size (Fig. 8e, f). Sediment grains
from the Australian sample (no. 7) are fairly well
rounded to subround (Fig. 8g, h). Grains of this

sample that were collected after freeze–thaw
cycling exhibit sharp edges that presumably
evolved from the cryogenic splitting process
(Fig. 8i, k). The US sample (no. 8) has subround to
subangular grains with choncoidal fracture planes
and splits on the grain surfaces. Chemical weather-
ing and grain-to-grain drumming might have caused
this micromorphology (Fig. 8m, n; see arrow).

Grains from the El’gygytgyn permafrost core
P2 also have sharp edges and angular outlines
(Fig. 8p). Some surfaces are scarred by various
microcracks (Fig. 8q). This internal grain fractur-
ing may initiate grain fragmentation and produce
silt particles (Fig. 8r). The same brittle features
can be observed in grains from El’gygytgyn Lake
sediments (core Lz1024, Fig. 8s, t). The cracked
surfaces are presumably inherited from the cryo-
genic weathering dynamics in the catchment. Other
lake sediment grains show angular outlines and
sharp edges, with some fresh conchoidal fractur-
ing. Given that the generation of these broken-off
chips is also related to catchment processes, this

Fig. 7. Depth plot of grain-size composition (a), CWI values (b), and stratigraphy (c) from cored El’gygytgyn Crater Lake sediments
(core Lz1024). (a) The dotted red line in (a) indicates the 20 mm boundary for comparison with Figure 6. The red box in (b) marks
the range that is indicative of cryogenic weathering. The core covers 220,000 years (Juschus et al. 2007). (c) A typical grain-size curve
of lake sediments displaying the mode at 20 mm (sample at 10.64 m core depth).
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Fig. 8. SEM micrographs of quartz specimens used for the laboratory experiment and from field samples. (8a, 8b) Fragments
following freeze–thaw cycling in the laboratory from the El’gygytgyn sample (nos 1–3). (8c, 8d) Grains from the Lena Delta sample
(nos 4 and 5). The arrows point to chemical dissolution features and fresh fracture planes. (8e, 8f) Grains from the Algeria sample (no.
6). Note the microcrack on the surface (8e; arrow). (8g, 8h) Grains from the Australia sample (no. 7). (8i, 8k) Silt-sized quartz
fragments released during freeze–thaw cycling in the laboratory from the same sample. (8m, 8n) Grains from the US sample (no. 8).
Conchoidal fracturing (8m) and splits are visible (8n; see arrow). (8p, 8q, 8r) El’gygytgyn particles from permafrost core P2. Note the
microcracks on the surface (8q and 8q zoomed). These areas may act as a source of silt particles (8r; see arrow). (8s, 8t, 8u, 8v, 8w,
8x) Quartz grains from El’gygytgyn lake sediments (core Lz1024) with presumably inherited cracked surfaces that have survived
transport (8s and 8s zoomed; 8t and 8t zoomed). Grains with (sub-) angular outlines, sharp edges, and fresh fracture surfaces and sharp
edges are associated with complete grain fracture of quartz in permafrost and short transport (8u, 8v, 8w, 8x).
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suggests a short transport to the basin (Fig. 8u, v,
w, x). Complementary TEM imagery shows that
some quartz grains have several internal impurities
(Figs 9–12). Mineralogical sub-grain boundaries
are regular features within one quartz grain.
Bubble trails are a common feature and gas–liquid
inclusions occur to a varying extent.

Discussion
The discussion is subdivided into three parts. In the
first part we discuss the experimental results in the
context of a long-time interest in gaining knowl-
edge about cryogenic weathering products. In the
second part we validate the datasets from the per-
mafrost and lake records, and in the third section
we examine the consequences for studying other
Quaternary records, especially those from northern
environments.

Freeze–thaw experiments
Among the main driving factors considered for
grain break-up are external (changing gradients in

temperature and moisture levels) and internal
(mineral properties of a grain) (Douglas et al.
1983). When the 0°C boundary is crossed, ice crys-
tals can grow in fissures and microcracks. The rate
of rock shattering was found to increase with a
greater number of freeze–thaw cycles and where a
greater number of planes or points of weakness
occurred in a rock (Potts 1970; Lautridou and
Ozouf 1982). Presumably this is also valid on the
grain scale as suggested by the TEM imagery.
Fluid inclusions are a common feature of quartz
and are known to modify quartz grain shapes and
microstructures during weak plastic deformation
(Tarantola et al. 2009). We suspect that these inho-
mogeneities may be weak zones where quartz
grains can break apart when physical stress such as
freeze–thaw is applied to them.

The relationship between thermal regime, mois-
ture content, ice crystal growth in pore space and
fissures, and rock fracturing is not fully understood
and this paper does not examine the actual mecha-
nisms of grain break-up, since these are considered
elsewhere (Grawe 1936; McGreevy 1981; Hall

Fig. 9. TEM micrographs zooming in on a quartz grain from the El’gygytgyn samples (nos 1 to 3). (a) Overview of the foil sample
that displays an inclusion trail (see arrow). (b) Enlargement of (a) in which sub-grain boundaries (1) and gas–liquid inclusions (2 and
3) of various sizes are visible. (c) Enlargement of (b) around (1) shows a network of dislocations at internal grain boundaries (4) and
more inclusion trails (5).

Fig. 10. TEM imagery of a Lena Delta quartz sample (nos 4 and 5). (a) Included bubbles (1) and dislocation patterns along a sub-grain
boundary (2). (b) The diffraction contrast indicates a low angle sub-grain boundary (see arrow). (c) Enlarged view of an area
displaying various light and dark bubble inclusions (3) and a dense dislocation pattern network (4).
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Fig. 11. TEM micrograph of quartz from the Australia sample (no. 7). (a) Two sub-grain boundaries (1 and 2) occur with various
dislocations (3). (b) An inclusion trail (see arrow) is accompanied by a medium-to-dense network of dislocations located along a
sub-grain boundary (4). (c) Several in-grain boundaries (see arrow) and dislocations (5).

Fig. 12. TEM example of quartz in the USA sample (no. 8). (a) A sub-grain boundary (1), a dislocation creep (2), and a dislocation
that occurs along an inclusion (3). (b) Various dislocation features (see arrow). (c) The diffraction contrast highlights in-grain
boundaries and a small inclusion trail (4).
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and Thorn 2011). Quartz seems to be susceptible
to wedging processes and weathering-derived
microfractures as the SEM imagery of quartz grain
surfaces suggests (Fig. 8q–t; Kowalkowski and
Mycielska-Dowgiallo 1985). The fragments are
characterized by sharp edges and fresh, conchoidal
surfaces, indicating that they resulted from the
fracturing of larger quartz masses within the rock
system during weathering (White 1976).

The phase change from water to ice will build
up pressure from the 9% volume expansion
(Bridgman 1912) and may lead to the release of
fragments from a host grain. However, whether
ice-induced pressure is commonly met in nature
has been questioned (Grawe 1936); naturally
closed systems are rare, and in an open system
pressure is relieved into the atmosphere and
does not build up against confining rock. The
contrasting point of view states that pressure
in pore space can rise to 2200 MPa (Yershov
1998).

Walder and Hallet (1986) point to the impor-
tance of hydration shattering, a wedging process
that is initiated by adsorbed water (hydration) and
its volumetric expansion. Not all water is frozen at
negative temperatures (Williams and Smith 1989),
and volumetric water changes in the course of tem-
perature fluctuations can induce material shattering
by means of hydration shattering. When freezing
occurs, both laboratory research and theoretical
models show that water migrates toward a single
freezing front in rocks; similar behaviour is well
known in soils (Walder and Hallet 1986). As long
as water is supplied, cracks may continue to grow.
We supplied water to seven out of eight samples in
our freeze–thaw experiment, to reproduce what is
mostly the case in the active layer; surface cracks
that allow for water migration and wedging effects
are obvious from the SEM imagery. This might be
of importance when evaluating sample no. 5 (Lena
Delta), which contained organic matter. More
grains were produced from breaking in this sample
than in the corresponding sample no. 4 without
organics. Presumably, the organics retained a
higher portion of water in this sample than in all
other samples. During our experiment the thawing
part of the freeze–thaw cycle often caused the other
samples to become dried out, as estimated visually.
This is considered to mirror natural variability, but
it may, on the other hand, add wetting and drying
dynamics as another particular driving factor with
the potential to shatter grains, according to Dorn
(2011).

Thermal stress alone, with material-dependent
contraction and tensile stress can effectively break
up grains as was demonstrated in Antarctica (Hall
1999; Hall and André 2003). As is obvious from
the dry El’gygytgyn sample (no. 2), this process
effectively triggered grain destruction in our
experimental set-up. It is appropriate to point out
that the experimental thermal stress may have only
released fragments and flakes that were already
loosened due to their prior permafrost history.
Thus, the behaviour of the El’gygytgyn sample
(no. 2) is not necessarily representative to other
rocks. In an experiment by Minervin (1982) a cor-
responding experimental set-up produced a grain
break-up from sand into silt sizes when applying a
‘dry’ temperature cycling between –10 and 50°C
that was more than 100 times smaller in magnitude
compared with a grain break-up under ‘water-
saturated’ conditions and the same temperature
cycling (in Konishchev and Rogov 1993). In a
similar way, this interpretation might be applied to
all the El’gygytgyn experiment samples (nos 1, 2,
3), which show smaller quartz enrichment in the
silt after moist freeze–thaw cycling than the other
samples (Table 2). This might be due to the fact
that the grain composition had undergone consid-
erable quartz destruction beforehand, since these
samples have a permafrost depositional history.
Such a history may reduce the potential for further
quartz grain break-up, since only the more resistant
grains remain. However, the greater tendency of
quartz in the non-permafrost samples to break
down underlines the potential of quartz weathering
as a freeze–thaw indicator. The high resistance of
the US sample (no. 8) to the experimental stress is
associated with specific mineralogical properties of
the grains that might be a result of their geologic
history. The source area of the sampled alluvial fan
deposits is a mountain range that consists of
Palaeozoic sandstone. The sandstone has under-
gone orogenic folding, which might have resulted
in a particular metamorphic mineral hardening.

Application to permafrost and lake records
Quartz silt is abundant in the sedimentary record,
raising a long-term debate about the geomorphic
mechanisms that are sufficiently energetic to
produce quartz detritus (Wright 2007). In a
multiple-paper effort (Konishchev 1973, 1978,
1982, 1987, 1997, 1998, 1999; Konishchev and
Rogov 1984, 1993; Konishchev et al. 1988) the
10–50 mm fraction was identified as the most stable
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quartz-enriched grain size produced by cryogenic
break-up. This contrasts with behaviour at lower
latitudes (Nesbitt et al. 1997), where quartz is com-
monly viewed as a mechanically and chemically
resistant mineral. CWI values from core material
of El’gygytgyn sedimentary permafrost and adja-
cent lake sediments (Figs 5 and 6) confirm that
quartz-enriched fine silt is produced in the crater.
Even though grains were transported on the slope,
through the inlets, and into the lake, the permafrost
and the lake sediment column have preserved the
mineral indication of cryogenic weathering in the
detritus. Presently the area has continuous perma-
frost and during 2003 the average air temperature
was –10.2 °C with extremes from –40 °C to +28 °C
(Nolan and Brigham-Grette 2007). During the
Eemian, when temperatures are reconstructed to
have been 2–4 °C higher than today (Lozkhin et al.
2007), permafrost conditions and associated cryo-
genic weathering dynamics can be assumed. This
is reflected in CWI values >1 at the relevant core
depths. Individual down-core peaks in the P2 and
Lz1024 records may be explained by various
factors; differing moisture regimes during the rel-
evant time interval, a change in water supply, or a
change in the number of oscillations across the
freezing point during the seasons may have had an
impact on the rate of grain shattering in the catch-
ment. Notwithstanding, the measured CWI signal
may be the result of hydrodynamic sorting. Overall
the CWI dataset is understood to show an integral
and constant signal of cryogenic conditions and
associated cryogenic weathering for the last
220 000 years covered by the studied lake sediment
layers. A case study of Late Pleistocene aged sedi-
ment records from New Jersey inferred an on- and
offset of perennial or seasonal frost based on CWI
values; here, two (possibly three) periods of cold-
climate (cryogenic) conditions are identified by
CWI values that change from <1 to >1 (Demitroff
et al. 2007; French et al. 2009).

Relevance to interpreting loess-like
Quaternary deposits
Traditionally, glacial grinding was considered to be
the main process for generating silt (Smalley 1978;
Seppälä 2004). Later, tropical weathering was put
forward as another main producer of loess-sized
quartz silt (Nahon and Trompette 1982). Wright
et al. (1998) emphasized that aeolian and fluvial
comminution act as other mechanisms of global
quartz silt production. Subsequently, loess deposits

representing the prominent Quaternary feature of
silt formation have been understood to result from
the interaction of a highly complex suite of environ-
mental, lithological, tectonic, geomorphic, and
topographic variables (Wright 2001). Our study
provides additional evidence that where there are
pervasive active-layer dynamics, quartz-rich silt is
generated. Nowadays this is particularly valid for
the northern permafrost landscapes, i.e. in Alaska,
northern Canada, and northern Siberia (Kunitsky
et al. 2002). When extrapolated into the geologic
past, this idea has consequences for interpreting
terrestrial sections and sedimentary archives from
the north and former periglacial areas. For example,
the formation of fine-grained, ice-rich Yedoma
deposits in the Siberian north has a distinctive pro-
portion of 20–40 mm sized grains (Schirrmeister
et al. 2011). In terms of the grain size spectrum this
may point to a loess origin according to Pye (1984)
and Jackson (1997). However, various processes
have been put forward to explain the generation of
Yedoma formations, including aeolian drift deposi-
tion to a minor extent, but also including in-situ
cryogenic weathering of particles (Konishchev and
Rogov 1993) and slope and fluvial wash from local
sources in a polygenetic manner (Kunitsky et al.
2002; Schwamborn et al. 2002; Schirrmeister et al.
2011). The depositional area is thereby placed in a
permafrost environment that is not influenced by
glaciation and far away from glaciated terrain
in western Beringia during the Late Pleistocene
(Hubberten et al. 2004; Svendsen et al. 2004).

Conclusions
Freeze–thaw cycling is an efficient driver of quartz
grain enrichment in moist silty soil in permafrost
regions. Sharp-edged flakes and fragments of quartz
grains with conchoidal breakage planes and micro-
cracking of grain surfaces illustrate the destructive
power of this physical weathering mechanism.
When medium- to high-relief grains become frag-
mented due to cryogenic cracking the connection
between silt production, quartz break-up, and SEM
features is most obvious. In a more general way,
cryogenic weathering on the grain scale is consid-
ered to be a combination of thermal shock, ice
crystal growth in fissures, and hydration shattering.
Care has to be taken when comparing quartz
break-up in different source rocks, since in-grain
impurities may be different due to a different host
rock origin. Under favourable conditions the com-
bination of silt abundance, quartz enrichment in the
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silt spectrum, and peculiar quartz grain micromor-
phology can be a tool for tracing cryogenic
weathering in periglacial sedimentary archives.
CWI values >1 serve as a principal indication of
cryogenic weathering dynamics in quaternary
records, but the CWI record may be blurred due to
hydrodynamic sorting of the debris when trans-
ported off-site.

One suitable site is the El’gygytgyn Lake basin
with a small catchment-to-lake ratio and a fairly
uniform bedrock geology. Based on the lake sedi-
ment record it is demonstrated that there were
persistent cryogenic conditions in mountainous
Chukotka back to at least marine isotope stage 7
(the studied time interval). Now that the full record
of the lake basin is available (Melles et al. 2011),
this record offers the opportunity to trace back
signals of cryogenic weathering dynamics to the
upper Pliocene, presumably making it possible to
obtain an age for the onset of permafrost (i.e. cryo-
genic) conditions in northeast Siberia.

This demonstration of in-situ creation of a loess-
like grain spectrum by freeze–thaw cycling has
wider implications for interpreting periglacial and
geochronological datasets, especially of the Qua-
ternary. The interpretation of the loess origin in the
periglacial realm should include the potential of
cryogenic weathering dynamics to produce silt-
sized grains.
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