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Abstract. Sorted soil circles are a form of periglacial pat- 1 Introduction
terned ground that is commonly noted for its striking geo-
metric regularity. They consist of an inner fine domain bor-
dered by gravel rings that rise some decimetres above thdhe term patterned ground describes a range of small-scale
fine domain. Field measurements and numerical modelling©f the order of 0.1-10m) landforms, such as polygons,
suggest that these features develop from a convection-likstripes and circles, found in periglacial environments (Wash-
circulation of soil in the active layer of permafrost. The re- burn, 1980). Patterned ground develops in frost-susceptible
lated cyclic burial and exhumation of material is believed to SOils due to repeated freezing and thawing (Hallet, 1990).
play an important role in the soil carbon cycle of high lati- These landforms are considered an excellent geomorphic ex-
tudes. The connection of sorted circles to permafrost condi@mple of self-organization and emergence in complex sys-
tions and its changes over time make these ground forms pdems (e.g. Kessler et al., 2001; Kessler and Werner, 2003).
tential palaeoclimatic indicators. In this study, we apply for The most prominent forms of this type are found in the ac-
the first time photogrammetric structure-from-motion tech- tive layer of Arctic or Antarctic lowland permafrost, where
nology (SfM) to large sets of overlapping terrestrial pho- the permanently frozen subsurface confines water and creates
tos taken in August 2007 and 2010 over three sorted circledydrological conditions favourable for ice growth in the over-
at Kvadehuksletta, western Spitsbergen. We retrieve repedying layer of seasonal freezing and thawing, the so-called
digital elevation models (DEMs) and orthoimages with mil- active layer.
limetre resolution and precision. Changes in microrelief over The most conspicuous type of patterned ground is sorted
the 3yr are obtained from DEM differencing and horizontal circles, or stone circles (Hallet, 2013). They consist of a core
displacement fields from tracking features between the or©f fine-grained material (here termed fine domain), reaching
thoimages. In the fine domain, surface material moves radi@ depth of at least the active layer, surrounded by a much
ally outward at horizontal rates of up te2cmyrt. The  coarser circular border or ridge of open-work fabric that ex-
coarse stones on the inner slopes of the gravel rings movéends 1-5dm above the centre surface (here termed gravel
radially inward at similar rates. A number of substantial de- fings) (Figs. 1-3). Typical diameters for the fine domains are
viations from this overall radial symmetry, both in horizon- 1-3m, whereas the gravel rings may be 0.5-1 m wide. Much
tal displacements and in microrelief, shed new light on thesmaller forms are also found (e.g. Matsuoka et al., 2003). The
spatio-temporal evolution of sorted soil circles, and poten-surface material in the centre domain shows a radial outward
tially of periglacial patterned ground in general. movement of the order of 0.01 myF (Schmertmann and
Taylor, 1965; Hallet and Prestrud, 1986; Washburn, 1989;
Hallet, 2013), and from measuring the tilt of inserted rods
similar movement extends to a depth of decimetres (Hal-
let, 1998, 2013). For mass continuity reasons, this suggests
that the soil within the fine domains follows a displacement
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Figure 1. Photo of site and sorted circles studied. The darker, inner
parts of the circles have a diameter of around 1.5m on average.
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Bockheim. 2007: H th et al. 2008 I .Igated.The grey pattern shows gravel rings and ridges extracted from
(e.g. Bockheim, ’ or_vva etal, ) as We_ as_ SOl high-resolution satellite image of June 2012. The inset map indi-
development (e.g. Bockheim et al., 1998). It also highlights .,as the site location on Svalbard.

that precise knowledge about patterned-ground dynamics has
implications far beyond the geomorphic interest in process—
form relationships — especially with respect to the effect of and the stone domains are progressively squeezed by the fine
warming air and ground temperatures on soil carbon stocksdomains during winter freeze-up, when the rapidly cooling
Moreover, patterned ground is considered a potential palaecstone domain causes lateral frost heave within the fine do-
climatic indicator based on the general relation between patmain. Pattern types change in model runs due to increasing
tern size and permafrost conditions such as active layer depthlope (causing stripes to develop), decreasing stone concen-
(Hallet and Prestrud, 1986). tration (leading to stone labyrinths and stone islands) and in-
A variety of mechanisms have been suggested for the oricreasing lateral confinement (favouring polygonal patterns).
gin of sorted circles and other patterned-ground landforms The model of Kessler and Werner (2003) can be con-
(cf. Washburn, 1980), but recent work has focussed on difsidered a hypothesis for the main mechanisms involved in
ferential frost heave (e.g. Peterson, 2008), and its feedbackatterned-ground formation. It provides specific predictions
with progressive sorting (e.g. Kessler et al., 2001; Kesslerabout the dynamics of central and border domains. Whereas
and Werner, 2003; Hallet, 2013). Scientific progress withinexisting empirical data of sorted circle dynamics consist only
this field comprises thorough field investigations, laboratoryof point measurements (e.g. Hallet and Prestrud, 1986; Hal-
work and theoretical studies (Hallet, 1998, 2013), as welllet, 1998, 2013), measurements of the three-dimensional sur-
as numerical models of the development of unsorted cirface displacement fields and microtopography are feasible
cles (Peterson and Krantz, 2008), sorted circles and othetoday — even over short timescales. Such data would be
sorted patterned-ground landforms (Kessler et al., 2001gonsiderably better suited to test these predictions than the
Kessler and Werner, 2003). In the model of Kessler andsparse data currently available. A comprehensive benchmark
Werner (2003), two main feedback mechanisms determinef present-day dynamics would aid research on the influence
the development of circles from the starting point of a nearlyof changes in the underlying frozen ground on circle dynam-
uniform stone layer overlying fine-grained soil. First, soil and ics, which is linked to the potential importance of cryoturba-
stones are transported in opposite directions normal to théion and differential frost heave in the global carbon cycle.
freezing front during freeze—thaw cycles, with an increasingUItimately, better understanding of the processes involved
lateral component because the freezing front reaches deepar the dynamics of patterned ground and their changes over
under stone accumulations. The relief of the freezing fronttime would facilitate their use as an indicator for present and
thus increases with increasing stone clustering. Second, gsast environmental conditions in cold regions. Our objective
stones are sorted through time, they form elongated regionss thus to test a methodology for deriving the 3-D surface

Figure 2. Sketch map of the study site and stone circles investi-
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Figure 3. Generalized surface cross section and findings regarding changes over 2007—2010 on the stone circles of this study. The topographi
profile shown is approximately a southwest—northeast cross section over the centre of the middle circle. The solid line indicates the year 2007,
and the dashed line 2010. Black arrows indicate soil surface movement, and the white vertical arrows surface elevation changes. Vertical
exaggeration is five-fold.

kinematics of sorted stone circles, and to analyse our initiatheir kind on Earth, and comparably easy to access, located
data with respect to predictions from conceptual and numer- 10 km to the northwest from the Ny-Alesund research sta-
ical models. tion. As a result, these circles have been subject to a number
To quantify the surface kinematics of selected sorted cir-of earlier investigations (Hallet and Prestrud, 1986; Ander-
cles we apply structure-from-motion (SfM) technology to son, 1988; Hallet et al., 1988, 1998, 2013; Etzelmuller and
a multi-temporal set of terrestrial images to derive vertical Sollid, 1991; Putkonen, 1998), and a detailed geomorpho-
and horizontal components of change over time. SfM com-logical map is also available (Tolgensbakk and Sollid, 1987).
bines well-established photogrammetric principles, in par- Kvadehuksletta is a wide strandflat, covered with beach
ticular bundle adjustment and image matching, with mod-deposits of Holocene age and older. Our study site is situated
ern computational methods to arrive at a powerful and userabove the Holocene marine limit. The overall elevation of the
friendly software environment that is able to extract a three-circles studied is~ 53 mas.l. Bedrock in the area consists
dimensional model from a set of images, which then formsof dolomite, and most of the beach-ridge stones are of lo-
the base for a range of further products, among them digitatal origin. Due to weathering of the dolomite and subsequent
elevation models (DEMs) and orthoimages. SfM technologyeluviation, a frost-susceptible silty fine-grained soil has de-
has already proven to be very powerful for a range of geo-veloped (Etzelmiller and Sollid, 1991), which facilitates de-
scientific applications, such as geological and glaciologicalvelopment of sorted circles. Large areas between the beach
studies, coastal erosion, river morphology, volcanic activityridges are covered by such sorted circles, grading in some ar-
or landsliding (e.g. Girod, 2012; James and Robson, 2012eas towards sorted polygons and more irregular sorted forms
Westoby et al., 2012; Fonstad et al., 2013). as well as stripes on slopes (Tolgensbakk and Sollid, 1987).
The fine domains of the circles often have a variable cover
of vegetation, mainly dominated by cryptogamic crust, that

2 Method gives the inner circle a dark appearance, but sometimes also
with higher plants such as sedges and salix. The vegetation
2.1 Study site and data collection tends to be densest close to gravel ridges, and shows evidence

of the surface movement pattern. Salix is also on some gravel
For our study we selected a series of three adjacent sorted cirings.
cles at Kvadehuksletta, Braggerhalvaya, western Spitsbergen Climatic data are available from Ny-Alesund, where the
(Figs. 1 and 2). The circles lie 130 m south of the Geopol mean annual air temperature 46.3°C and mean annual
hut, and~ 10-20 m south of a lake to which the terrain is precipitation is 385 mm for the normal period, 1961-1990.
slightly sloping. The sorted circles at Kvadehuksletta are,Recent warming in the Arctic areas suggests that these values
to the best of our knowledge, among the best developed of
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Figure 4. Upper panel: mean monthly air temperature in Ny-
Alesund for the 1961-1990 normal period (solid line). Tempera-
ture anomaly for all months calculated as a mean of monthly devia-
tions from normal during the 1991-2010 period (triangles). Middle
panel: air temperature in Ny-Alesund during the September 2006—
December 2010 period. Degree-day sum during summers of 2007—
2010 displayed within the graph; sum at the time of photography in
2007 and 2010 below. Lower panel: ground temperatures from theéFigure 5. Shaded relief (hillshade) of the 2007 DEM, resampled
shallow Janssonhaugen borehole. Photography dates indicated lg 2 cm resolution, over the three sorted circles with colour-coded
arrows. Air temperature data downloaded from eKlima, Norwegianelevation superimposed. Black dots indicate the positions of the
Meteorological Institute. Ground temperature data from K. Isaksenground control points used. The larger rectangle in the south-
(personal communication, 2013). western part of the northern circle outlines the location shown in
Fig. 6, and the smaller rectangle that shown in Fig. 10. Note the soil
cracks on the gravel ring tops and on the inner domains.

may no longer be fully representative (Isaksen et al., 2007a,
b), and in Fig. 4 the mean monthly anomaly from the normal,
calculated for the period 1991-2010, provides a more realcent three circles studied. For both acquisition campaigns,
istic picture of the present climatic situation at the site. Thea Canon EOS 10D camera with a resolution of 3872048
anomaly is most pronounced in winter. Figure 4 also displayspixels was used with a fixed focal length of 20mm. On 9
air temperatures during the study period and melting seasoAugust 2007 63 images were taken; 104 were taken on 14
degree-day sums, and near-surface temperatures for 199%wgust 2010.
2010 (7-day running mean) from the 15 m deep Janssonhau- As ground control points, 16-10cm long metal bolts
gen borehole in bedrock near Longyearbyen (K. Isaksen, pemwith a round metal plate mounted on top of them were
sonal communication, 2013). Details about the Janssonhawpushed into the ground until the top plate was level with the
gen site can be found in Isaksen et al. (2001). The recenground. The points were well distributed over the site imaged
warming causes warmer ground and a deeper active layer dFig. 5). Vertical and horizontal changes between the 2007
the Janssonhaugen site, and this is presumably also the caaad 2010 images were analysed as relative displacements,
at Kvadehuksletta. Apart from the unusual warm winter of because the setup for absolute georeferencing turned out to
2005-2006 (Isaksen et al. 2007a), no extreme events likelype insufficient to capture the three-dimensional changes of
to influence our measurements are recorded in these data. the ground control positions over 3yr accurately enough.
Field visits were undertaken in August 2007 and 2010.Nevertheless, we briefly outline here our surveying proce-
We used a~3m high ladder in different positions to col- dure in order to indicate potential future improvements. At
lect a large number of overlapping images over the adjaboth campaigns, in 2007 and again in 2010, the position of
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Figure 6. Section of the 2010 orthophoto (left) and DEM hillshade (right). South-western part of the northern sorted circle; for location see
Fig. 5. The contour interval is 2cm (white lines).

the control points was surveyed using differential global nav- 1. Find a set of corresponding points (tie points) between
igation satellite systems (GNSS, a group of systems includ- images using the SIFT algorithm (scale-invariant fea-
ing GPS) relative to a mark in a rock close to the Geopol ture transform), of the order of $@oints per image;

hut (Fig. 1). In 2010, the bolt plates were heaved by a few
centimetres and had to be pressed back down to ground level 2- ' _
in order to be stable enough for placing the GNSS antenna  POiNts, as well as the camera’s internal parameters (fo-
on them. The GNSS network adjustments suggest a relative ~ @l 1ength, distortion, etc.) from the tie points through
accuracy of the control points of a few millimetres. How- bundle adjustment.

ever, the fact that (i) the bolts had to be fixed again before
the 2010 measurement, that (iij) GNSS elevation is often less
well determined than horizontal GNSS position (in particular
in high latitudes with low satellite altitude angles), and that
(iii) the reference rock at Geopol hut is not bedrock and its
position was thus also expected to be affected by frost pro-
cesses prevents the drawing of sound conclusions from the 4. Perform scaling and rotation of the viewpoint positions
GNSS positions between 2007 and 2010, and thus for ab-  and orientations using the information of steps 2 and 3.
solute horizontal and vertical displacements of the studied

compute the position and orientation of the view-

3. Record the position of the GCPs (ground control points)
in the images (2-D coordinates in pixels) and transform
the GCP absolute coordinates into an Euclidian pro-
jection system (a local tangential coordinate system is
commonly used).

circles as a whole. 5. Perform a dense correlation based on the data from step
4. This correlation computes the 3-D positions of each
2.2 Image processing point of a 1 mm spaced regular grid that can be seen in

two or more images through the intersection of projec-
For both campaigns separately, the ladder images were com-  tion rays. The result of this step is a georeferenced depth
bined to a three-dimensional model using SfM technology map.
(see Introduction and, for example, James and Robson, 2012;
Westoby et al., 2012; Fonstad et al., 2013). SfM does not re- 6. Project the images on the depth map, producing an or-
quire the position and looking direction of the camera, or al- thoimage and a point cloud of the scene.
ternatively the 3-D position of control points, to be known
before constructing a point cloud based on a set of over-This process was used for the image sets of 9 August 2007
lapping images. Independent 3-D positions of control pointsand 14 August 2010. From the resulting point clouds of ap-
recognizable in the point cloud are, however, in a later steg?foximately 30 million points each, DEMs and orthoimages
necessary to enable the absolute orientation. Here, we usé¥f 1 mm horizontal resolution were produced (Figs. 5 and
the software MicMac (Pierrot-Deseilligny and Clery, 2011, 6). For most analyses, however, the DEMs and orthoimages

2012; MicMac, 2014), and processing consisted of the fol-were resampled to 2 mm resolution to speed up computations
lowing, mostly fully automatic steps: and display. For visualization and some analyses, 1, 2 and

5 cm versions were also produced.
Vertical differences between the 2007 and 2010 DEMs
were obtained by simple subtraction. The two point clouds
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Figure 7. Left: elevation change 2010—-2007 on the northern (top) and middle circle (bottom). Two-centimetre contour lines are indicated
in black. Right: hillshades of 2 cm resolution DEM of 2007. The highest parts of the fine domains coincide well with the largest rates of
relative surface heave in the fine domain, and the deepest parts with the strongest surface lowering. Note that the horizontal plane of zerc
elevation change is uncertain due to insufficient absolute georeference; therefore the elevation changes can be interpreted as relative chang
in microrelief only.

turned out to be vertically deformed to each other by a fewware CIAS (Correlation Image Analysis Software; Kéaab and
centimetres at the eastern and southern margins (approxiollmer, 2000; Heid and K&aab, 2012; Kaab, 2014) and its
mately from the top of the gravel rings eastwards and southnormalized cross-correlation and orientation correlation al-
wards towards the model margins). This deformation couldgorithms, a 5 cm spaced grid of displacements was measured
not be repaired in the photogrammetric processing, mainlybased on 10 cm sized image templates. This large template
due to insufficient image coverage and constellations at thesize, compared to the high image resolution of the order of
eastern and southern model margins. Rather, this effect wasillimetres, turned out to be necessary to cope with the of-
in part compensated for by applying a very coarse low-pasgen individually moving, rotating, or tipping stones that led
filter to the elevation differences and removing the filter re- in part to low visual coherence between the two images. The
sults from the raw differences. Nevertheless, elevation differ-DEM deformations mentioned above also had an effect on
ences towards to eastern and southern model margins muste orthoimages at the southern margin of the photogrammet-
be interpreted with care. Further, as an effect of this filter,ric model, but only a small effect towards the eastern model
and in addition to the three-dimensional transformation ofmargin. As a result, the displacements on the southernmost
the two point clouds onto each other based on the GCPs, theircle were measured separately from the other two circles
two DEMSs are vertically co-registered so that their overall after independent co-registration of the two orthoimages us-
elevation difference roughly equals zero. ing a large number of corresponding points distributed all
Horizontal displacements between the two orthoimagesover the top of the gravel ring where horizontal displace-
were determined through offset tracking. Using the free soft-ments are assumed minimal. As for the DEM differences,
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Figure 9. Northern circle. Maximum correlation coefficients (left)
and signal-to-noise ratio (SNR, right) of the image matching of
Fig. 8. SNR is defined as the ratio between the maximum corre-
lation coefficient and the average correlation coefficient for each
individual match. Transition between fine domain and surrounding
gravel rings indicated in red.

tion by K&ab and Funk (1999), who derive horizontal strain
rates for each point of the displacement grid based on the
displacement rates at this position and its four nearest neigh-
bours. As a derivative of the displacement field, strain rates
are sensitive to errors in the underlying displacements and
thus tend to be considerably more noisy than the original dis-
placement field. Deriving strain rates from five points — the
centre and four neighbours — leads to a redundant equation
system, and the resulting residual for each strain rate tensor
can be used to identify outliers.

3 Results
3.1 Elevation models and differences

The 2007 and 2010 DEMs offer a large level of detail
where, for instance, individual stones can easily be recog-
nized (Figs. 5 and 6). Using some control points that have not
been used for absolute orientation as check points, we obtain
a standard deviation for elevation &6 mm &2 mmyr-1),
Figure 8. Horizontal surface displacements 2007-2010 on all threewhich we consider to be a reasonable estimate for the vertical
circles. Chaotic vectors or groups of vectors are typically caused byaccuracy of the DEMs.

individual stones that slide or tip, but could in some cases also be The lowest areas of the entire site imaged are the outer-

mismatches. Measurements with very Iovy correl.atlon coefficients . /<t sones of the fine domains, i.e. the fine—coarse border
have been removed. Linear vector scale with maximum vector mag-(Fi s. 3 and 5). The circle centres are upd0cm higher
nitude of 2.5cmyrl. See Supplement for animated GIFs of the gs. ) pt 9

2007 and 2010 orthoimages. than the_se lowermost zones. The gravgl rings have maxi-
mum heights of~20-25cm above the fine—coarse bound-
aries. The northern circle lies roughly 8cm lower than the
middle circle and 13 cm lower than the southern circle, mea-
however, the displacements towards the eastern and southesured as differences between maximum elevations of the fine
model margins must be interpreted with care as they couldlomains (approximately their centres). This overall gradient
be affected by model distortions of low spatial frequency. isin line with the terrain sloping towards the lake to the north
From the displacement field we also compute strain rate®f the circles studied (Figs. 1 and 2).
in order to map and quantify the degree of soil divergence The 1-2mm resolution of the DEMs enables recognition
and convergence at the surface. For that purpose we follovef features which are otherwise difficult to detect and map,
the method outlined by Nye (1959) and use its implementafor instance the cracks that are found both on the inner
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Figure 10. Section of orthoimages for years 2007 and 2010 in the southwestern part of the northern circle. See Fig. 5 for location. Positions
of selected stones in 2007 are marked by white dots (left and right), and positions of the corresponding stones in 2010 by black dots (right).
Stones 1-3 are in the process of being incorporated into the base of the gravel rings. Stones 4 and 5 move outwards from the circle centre
Stones 6 and 7 fall or slide down the gravel ring. See Supplement for an animated GIF of the 2007 and 2010 orthoimages of the section.

domains and ridges (Fig. 5). Cracks are only found on rathepotential changes within 3 yr, as its local changes are mainly
flat sections. governed by moving or tipping stones.

Relative to the overall elevation level of 53masil., The strikingly high success rate of image correlations over
as defined by the control points, and to the vertical co-the inner circle parts points to a very coherent deformation
registration of the two DEMSs, the highest zones in the circleover the 3 yr observational period. This is confirmed by flick-
centres are stable in elevation or rise by up to 0.7cmyr ering the 2007 and 2010 orthoimages, which also suggests
during the measurement period (Fig. 7). Most zones of thea high visual coherence between both data sets (see Sup-
fine domain, in particular its outer margins, as well as theplement). Maximum horizontal surface displacement rates
lower parts of the inside flanks of the gravel rings, lower con-reach 2 cmyr? for the fine domain of the northern circle,
sistently, by up to 1.5 cmyr. The gravel ring tops are sta- 1 cmyr-* for the middle circle, and only 3—4 mm# for the
ble in elevation or rise by up to 1.5 cmyk. For most cracks,  southern circle (Fig. 8). Overall, for the fine domains of all
both on the gravel rings and in the fine domains, slight elevathree circles, the point displacement is radial and outwards.
tion losses indicate opening of the crack centre. For the northern and middle circles, velocity magnitudes in-

crease away from the centre. The displacement field of the

middle circle has one clear centre with zero displacements.
3.2 Orthoimages and displacements Such a centre is less clear for the northern circle, which has,

in contrast to the middle circle, two zones with highest eleva-
The 2007 and 2010 orthoimages enable a variety of qua"_tionsz separated by a crack. The displace_ments on the south-
tative and quantitative analyses. The diameters of the inne€N circle are too small to accurately identify the centre of the
fine-grained domains are 1.8 m,~ 1.6 m and~ 1.5m for radial displacements. The centres of the radial displacement

the northern, middle and southern circles, respectively. Typi-1€lds do not seem to c.oincide exactly with the highest ar-
cal stoneb axes on the gravel rings range from 1 to 3 cm, but €8S Of the fine domains; they are horizontally offsett80—

both smaller and larger ones can be found. The larger stone30 ¢M (Fig. A1; see Appendix). The inner part of the northern
tend to be found at the foot of the inner slope of the gravelCi'cle shows a less homogeneous radial displacement field
rings, whereas the smaller ones dominate the ring tops, wher&an the middle circle, with scattered zones of comparable

finer, sandy material is also exposed (Fig. 6). The materiaf"i9h speeds (Fig. A2). o
on the gravel rings appears freshly exposed with no signs of Constructing streamlines through the velocity fields (K&ab

stone stability on the surface such as lichens or weatheringt &l-» 1998) gives surface travel times (approximate surface
The surface of the inner domains consists mainly of ﬁnes’ages) between the. circle centres and the fine—coarse bound-
with scattered stones of typical diameterg cm. ary of up to approximately 100yr. _

Accurate repeat mapping of the fine—coarse boundary be- The ratio be_tween sp_eed and the _surface slope is for large
tween fine domains and gravel rings, which is the clearestz_ones of the fme domamg several times larger thgn for the
type of boundary on the circles, does not reveal any systemting flanks, typically 2-3 times as large, up to 20 times for
atic changes between 2007 and 2010. The definition uncefh® western part of the northern circle (Fig. A3). In other
tainty of this boundary turned out to be much higher thanWwords, for a given slope the surface displacements are in
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general much larger in the inner parts of the circles than forparts, and convergence on their lower parts. Maximum sur-
the outer rings. As this ratio varies by an order of magnitudeface strain rates are of the order of 0.1%r
even within the fine domains, there is, however, in essence Net vertical soil transport upwards has to compensate for
no correlation between speed and slope for these areas.  divergence, and vice versa, in order to keep the microrelief
The displacement field on the gravel rings is much less costable. Neglecting material compression or density changes,
herent than on the fine domains. Maximum horizontal speedsvhich is not necessarily valid for the soil investigated, a
on the gravel rings reach 1.5-2.5cmyy roughly towards  strain rate of 0.1yr! would, for instance, have to be com-
the direction of steepest descent (Fig. A4). Speeds are lowegtensated for by 0.01 my# vertical material transport for a

on the ring tops (Figs. 8 and A2). 10 cm thick layer, or 0.02 myr for a 20 cm thick layer (cf.
Hallet , 2013, for the choice of thickness). We note that, even
3.3 Surface coherence if the above neglects are not entirely realistic, the vertical soil

motion indicated by these scenarios is on the same order than

The image matching procedure used here to measure horthe elevation changes found over 3yr.
zontal displacements operates by extracting a 1@d@cm Table 1 lists some further estimates about vertical soil
large template for each displacement position from the 200#luxes for the three fine domains, based on the horizontal
orthoimage and moving it in pixel-by-pixel steps over a strain rates. The total horizontal strain rates were classi-
larger search area of the 2010 orthoimage. For each of thedféed into positive and negative ones (divergence and conver-
steps, the correlation coefficient is computed between thegence), the respective areas (columns 3 and 6) and averages
2007 template and the overlapping image section of 2010(columns 4 and 7) computed, and multiplied to arrive at ver-
and the maximum correlation coefficient over the search aredical soil fluxes needed to compensate for horizontal strain of
is assumed to indicate the most probable displacement. Both layer with a given thickness (columns 5 and 8). The results
this maximum correlation coefficient and the average (back-of Table 1 are discussed below in the Discussion section.
ground) correlation coefficient for a search area are recorded
together with the displacement data. , i

On average, the maximum correlation coefficients are? Discussion
clearly higher on the fine domains than on the gravel rings4 1 Method
(Fig. 9). This indicates highly coherent surface deformation

on the fines vs. less coherent deformation on the gravel. Ofgqp extracting the 3-D surface displacement field of sorted
thoimage animation (flickering; see Supplement) confirmsj cies, we used a highly automatic time-lapse ground-based
that displacements on the gravel rings are often due to Sl'd'”%hotogrammetric approach that yielded point clouds with
or tipping stones (Figs. 8 and 10). The signal-to-noise ratio

i ) ) ) a spatial resolution of about 1-2 mm. The method proved
(SNR) ofimage matches, i.e. the ratio between the maximumg, pe very successful for measuring vertical and horizontal

correlation coefficient and the average (background) COMethanges over 3yr, but also suffers from some problems.

lation coefficient for each displacement location, is roughly  rirst the differential GNSS measurements of ground con-

equal for the gravel rings and the fine domains. This reflects, | hoints were less accurate than the precision of the point
that the lower correlation on the gravel rings affects equally 4, by an order of magnitude. Errors in ground control

maximum and average correlation values (Fig. 9). Howevery,ins nasitioning caused problems with absolute orientation
the transition between fine domains and gravel rings exhibitq,¢ the final models, and in particular inhibited interpretation

strikingly low SNRs, indicating that the correlations in this ¢ 5psolute elevation changes and of the dynamics in areas of
zone are much more weakly defined than on other parts of thg a icularly small displacements. In future similar campaigns

circles. Image flickering confirms that the most pronounced, o ths suggest (i) using much longer metal rods as control

visual surface changes are in fact concentrated at this 'nterpoints, or accurately survey some camera positions if possi-

face, with stones falling from the ridge flanks and being de-pe. (jiy ysing a device to fix the GNSS receiver on the control
posneq there, stpnes.'upp.lng over, and_stones fr.omthe_surfacigoints instead of holding it by hand as done here; (iii) com-
of the fine domain being incorporated into the ridge (Fig. 1O;plementing the GNSS measurements with optical levelling

see Supplement). for millimetre-precision elevations; and (iv) using a stable
bedrock outcrop as a local reference (can be fosrdd5 km
from the site).

. ) ) Second, the image constellation chosen in the field was not
Figure 11 shows the sum of the horizontal strain rates.imized for SfM (the technique had not yet been widely
Horizontal extension indicates soil divergence and horizon-gg;aplished in 2007) and sharp contrasts in the 2007 images
tal compression soil convergence. Divergence dominates ofqm, solar shadows also caused some problems for the pho-

much of the inner parts of the fine domains, and conver-oqrammetric model computation, in particular the SIFT al-

gence on the outer parts. Strain rates on the gravel rings ar&orithm.

noisy, but it seems that divergence dominates on their upper

3.4 Strain rates
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Table 1. Surface strain rates and areas on the three circles. Horizontal extension (divergence) at the surface is an indicator for upwards
material transport), and vice versa-).

1 2 3 4 5 6 7 8 9
Fine Total Area of Mean Vertical Area of Mean Vertical ~ Total strain
domain area horizontal compression soil flux horizontal  extension soil flux rate over
(m?) compression o)  (em3yrlcm™1) extension orh)  (emdyr-lcm 1) fine domain
(m?) (m?) yr
northern 2.9 1.3 —0.029 -377 1.6  +0.027 +432 +0.003
middle 24 1.1 —0.022 —242 1.6 +0.022 +286 +0.001
southern 1.6 0.9 —-0.021 —189 0.7 +0.019 +133 —0.004

* The vertical soil flux in column 5 corresponds to the area of horizontal compression, the flux in column 8 to horizontal extension. Vertical soil flux is given per centimetre of
thickness of the horizontally moving layer and under the assumption of stable microrelief and the absence of density changes.

Compared to the alternative solution of using a terres-
trial laser scanner (TLS), photogrammetry offers somewhat
higher resolution and precision, requires less equipment to be
brought into the field, and is much cheaper — but is more de-
manding with respect to data processing (cf. Westoby et al.,
2012). TLS would require several scan positions in order to
image outside/inside of sorted circles margins. Direct com-
parison of field data acquisition and DEM quality has been
done by Westoby et al. (2012) and James and Robson (2012),
who find SfM technology to be faster in the field and of simi-
lar quality. However, TLS could have provided similar results
as SfM in our study. Kociuba et al. (2014) provide a good
impression of TLS results that can be achieved over stone
circles.

4.2 Microrelief

While interpreting our results about the surface kinematics
of three sorted circles, two significant uncertainties regard-
ing temporal scale have to be considered, and these apply to
this entire discussion. First, we observe these kinematics over
3yr, which is a short time period compared to the evolution
timescale of the circles (e.g= 100yr from our streamline
estimate). Thus, it is unclear to what extent the 3yr devel-
opment measured is representative of the processes forming
and maintaining the circles at longer timescales. Second, our
change detection is based on photographs taken at two dates
in Augusts, when the active layer is not at its deepest — judged
from the degree-day sum at the time of photography com-

Figure 11. Sum of horizontal strain rates from the 2007—2010 dis- pared to the total sum of the rESp?Ctlve years (Fig. 4). The
placement field. Computation has been based on the filtered disStates of the surface of the study circles when photographed
placement field (Fig. A1; see Appendix) and further filtered basedin 2007 and 2010 are therefore not representative of aver-
on residuals of a redundant strain rate algorithm (see text). Blueage annual conditions or even of average August conditions,
colouring indicates horizontal extension (divergence); red indicatesand they may differ from one another. Short-term dynamics
compression (convergence). The fine—coarse boundary is indicatedirectly related to seasonal fluctuations in topography (from
in white, and the cracks in black. Note that, in order to highlight frost heave and thaw settlement processes) as well as stochas-
vgriations, the colour scale of strain rates is not linear. Backgroundiic variations in weather conditions are not picked up by our
hillshade of 2007. measurements.

With these restrictions, the initial geophysical finding in

our study is that the microrelief of the circles is not stable
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through time. We observe an increase in relief, i.e. the elevais in agreement with the basic concepts behind the Kessler
tion difference between the highest and lowest points, duringand Werner (2003) model.

the measurement period of on averagé.5cmyr?, with

increasing £ 5 mmyr1) or stable elevation in the centres of 4.3 Horizontal displacement field

the fine domains and on parts of the gravel rings, whereas o .
large areas of the fine domains, and especially the conflu:r_he general surface velocity fields revealed in our data are

ence between the coarse and fine domains, subside at ratggnilar to those derived from the existing point-based data
of up to 1-1.5cmyr! (relative between 2007 and 2010). (Hallet and Prestrud, 1986; Hallet et al., 1988; Hallet, 1998)
This observation is counterintuitive with respect to the sim-2nd from the model by Kessler and Wermer (2003). How-
ilar visual appearance of the sorted circles with highly dif- €V€r there are two important deviations. First, Kessler and
fering ages across different areas on Kvadehuksletta (Hallef/erner (2003) model fine-domain surface displacements as
and Prestrud, 1986), and is in disagreement with the basic agroportional to surface slope. The displacement fields of the
sumption of long-term stable microrelief on which previous thrée fine domains we investigate are, however, not closely
works (Hallet and Prestrud, 1986: Hallet et al., 1988 Hallet, "¢lated to slope (Fig. A3). In some sections, velocity vec-
1998) have based their calculations of vertical soil veloci-OrS €ven point slightly upslope (Fig. Al). These deviations
ties. As a steadily increasing microrelief is not sustainable/fom predictions could easily be due to our slopes being un-
in the long run, this suggests that, on shorter timescales ofepresentative of_ the slopes Wh_en lateral soil displacements
several years, the microrelief is able to change of the ordeP'® largest early in the thaw period, and due to the large sea-
of cmyr-1 but seems to be systematically regularized overSonal changes in microrelief and slope durmg_the thaw sea-
longer timescales. son. Hallet (1998, 2013) report frost heave during autumn of
Our data cannot determine whether the changes in mit'P to 10 cm in the centre of the fine domain, and differential

crorelief could be caused by stochastic variations in year_frost heave could then easily invert part of the relief during

to-year climatic conditions or are part of a long-term trend. Winter and early summer. e _ _

There are no special events in the weather data from Ny- S€cond, the difference we find in dynamic behaviour be-
Alesund during this period or in permafrost temperature datdVe€n neighbouring circles (of similar visual appearance) is
from Janssonhaugen in Adventdalen, close to Longyeardalef{'iking and unexpected. In the southern circle, fine domain
(Fig. 4). The degree-day sum at the time of photographyd'SPIacement is mainly at the lower detectable limit. The
however, was larger in 2007 than in 2010. As the microre-middle circle best displays surface velocity vectors point-

lief decreases from the onset of thawing (snowmelt) fromNd radially outwards from roughly the centre, in accor-
its maximum freezing inflation (Hallet, 2013), this could dance with model predictions, but this origin of displace-
indicate that the microrelief was already more degraded af"ents Sgrpnsmgly does not COIUCIde with thg highest topog-
the time of photography in 2007 than in 2010. Active-layer [@Phy within the fine domain (Fig. Al). Again, the August
monitoring data from Svalbard suggest that increasing activeé?007 and 2010 elevation models are not likely to be repre-
layer thickness during the recent decade (Christiansen et alS€ntative of the topography during the period when largest
2010; Marsz et al., 2013) and the extremely warm winter—S€asonal displacements take place. _
spring of 2005-2006 (Isaksen et al., 2007a) could also have The general increase in displacement rates on the fine do-
altered ground conditions for years. mains from the southern{(3—4 mmyr1) to the northern cir-
Also, the observed increase in slope within the inner do-Clé (~2cmyr?) correlates with the proximity of the circles
main, which is associated with the increase in microrelief, 10 the lake (Figs. 1 and 2) and could thus be due to higher
could, for instance, be compensated for over time by in-Soil moisture and water availability. In fact, in the study area
creased outward transport during high soil moisture con-(F19- 2). Circles closer to the lake are larger and partially
ditions, or changes in the magnitude and pattern of frosf®in€d with neighbouring ones, which might point to higher
heaving and settling. Our findings suggest significant spatio@CtiVity of these circles compared to those at a greater dis-

temporal variations of the controlling processes within a'@nce tothe lake. _ _ .
timescale of a few years. For the fine domain of the middle circle we find, by aver-

The general agreement between displacement directiof9ing all dislplacement vectors, an overall trend towarpis egst
and surface aspect (Fig. A4, Appendix) together with the lack(™ 3Mmyr =) and thus net surface mass transport in this
of correlation between displacement rates and slope on thdirection. The fine domain of the northern circle, however,

fine domains (Fig. A3) suggest, at least over our observatior'2S velocityl vectors generally pointing towards south-west
period, that gravitation can only explain to a limited extent (™ >Mmyr 7). (Uncertainties of absolute georeference, un-

the motion pattern found on the fine domains and that thecertainty of displacements on the gravel rings, and the speeds

slope there is thus not, or only to a limited extent, a driver of ®" S0me zones of the fine domain are all too high in order to
surface motion. In fact, it is the upwelling of soil that governs P€ able to compute a meaningful overall displacement of the

horizontal surface displacements and microrelief/slope. Thidhree circles.)
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Considerable complexity is evident in the 3yr lateral dis- the above scenario of a 10 cm block-like lateral surface mo-
placements; given the roughly circular geometry of the pat-tion might thus be a realistic one for the circles studied, and
terned ground, the considerable motion in non-radial direcimore than doubles the cycling times+®00 yr.
tions is surprising. For example, along the western gravel Due to the more erratic movement of stones on the gravel
ring of the northern circle, displacements parallel the borderfings, strain rates cannot be computed reliably enough for
and displacements in the fine and gravel domains convergsignificant parts of them. However, based on some sections,
almost at right angle. A similar convergent displacement fieldwe estimate a similar rate of volume turnover compared to
is found on the western side of the middle circle. Our obser-the fine domains, and thus the above estimates for turnover
vations that, in places, stones move downslope at an angle tper n? and century also hold roughly for the entire circle
the maximum slope suggest significant border-parallel dis-areas observed.
placements (see also Fig. A4), which is consistent with the The two general positions of cracks on the circles — those
model by Kessler and Werner (2003). on the gravel ring tops and those on the fine domains — are

Hallet (2013) found that over a period of 9yr, displace- mostly in areas of extensive flow, as was expected (Fig. 11).
ment rates on the fine domains increase radially from theAs was also expected, the orientation of the cracks on the
circle centre but decrease again after roughly two-thirds ofgravel rings is perpendicular to the direction of maximum ex-
the radius towards the fine—coarse boundary (cf. Washburrtension. There is, however, no such clear relation on the fine
1989). At many sections of the fine domains, our results alsalomains, where some cracks are perpendicular to the direc-
show such a radial pattern, but clearly with strong spatialtion of extension and some not. This could be a further hint
variations (Fig. A2). Itis important to note, however, that the that the 3 yr horizontal displacement field on the fine domains
measurements by Hallet (2013) were based on stiff rods anin particular is not fully representative of average long-term
chored at a depth of 0.2 m, whereas we measure pure surfacksplacements. Also, the cracks on the fine domains could be

displacements. related to vertical processes that are not directly reflected in
our 3yr displacements and elevation changes, such as frost
4.4  Soil convergence/divergence heave and subsidence, or upwelling of material. The same

cracks are visible both in 2007 and 2010, and should thus

The strain rate computations (Fig. 11, Table 1) enable scenareflect processes operating on a timescale larger than 3 yr.
ios about the soil motion processes. Assuming that zones of
horizontal divergence indicate zones of soil upwelling, and
vice versa, surface areas of both types of vertical soil motions  Conclusions
are roughly equal for the fine domains. The average horizon-
tal extensions or compressions on the fine domains-&e  We apply for the first time structure-from-motion technol-
3%. The sum of strain rates for each of the three fine domain®gy (SfM) to periglacial patterned ground based on repeat
is remarkably close to zero (Table 1, column 9). This meangerrestrial photography. This way we measure horizontal and
that the associated soil fluxes are roughly in balance for thevertical components of 3 yr surface displacements over three
fine domains (cf. Washburn, 1989) when neglecting soil den-sorted soil circles at Kvadehuksletta, Spitsbergen, with an ac-
sity changes over time and spatial variations of the thicknesguracy of a few millimetres. Our results confirm the consid-
of the horizontally moving layer. erable potential of SfM for in situ studies of cryospheric and

Further under these above assumptions, the northern fingeomorphological surface processes, and specifically that it
domain seems to have the largest soil turnover, the southis possible to extract high-resolution 3-D surface displace-
ern one the smallest. For a 10[20] cm thick horizontal layerment patterns of patterned-ground features, even over rela-
moving with surface velocities (cf. Hallet, 2013), the north- tively short timescales. The error estimates for vertical preci-
ern, middle and southern circles have a soil volume turnovession of the models are of the orderi6 mm, which is well
of ~4000[8000]cryr—1, ~2500[5000]cdyr~! and below the actual relative displacements revealed for large
~1500[3000]cryr—1, respectively. On average over all parts of the investigated area.
three fine domains, these numbers equal to a vertical soil vol- Our results for horizontal displacements with rates of up
ume turnover of-0.12[0.25]nf m~2100yr 1. Fora25cm  to 2-3cmyr?! for both the fine domains of the circles and
thick horizontally moving top layer and a total depth of con- the gravel rings around them overall confirm previous point-
vecting soil of 1 m (Hallet, 2013), we estimate an averagebased observations and inferences (Hallet et al., 1988), and
cycling time of soil of~ 300—400 yr, slightly lower than pre- model predictions (Kessler and Werner, 2003) of a radial
vious estimates (Hallet, 2013). Assuming a decrease of horieonvection cell-like circulation of inner parts and comple-
zontal displacement with depth, as in fact observed from thementary circulation in the outer rings (Fig. 3). Also in agree-
tilt of vertical rods (Hallet, 2013), would, however, decrease ment with prior observations and results from this model,
the soil volume turnovers and increase the cycling times eshigh values of image correlation between the two measure-
timated. For horizontal speeds decreasing linearly to zero amnent epochs, as well as visual inspection of the repeat or-
20 cm depth (i.e. average speed is half that of surface speedfjoimages, point to highly coherent surface deformation on
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the fine domains; in contrast, image correlation values on the Our measurements confirm model findings by suggesting
gravel ridges are lower due to stones or groups of stones slicthat the soil convection drives the horizontal surface dis-
ing or tipping individually. However, over the observational placements and the microtopography. The areas where the
period the velocity pattern found is less homogenous than exrelative elevation rises are areas where modelled soil move-
pected from past observations and model results. Considement has an upward component (Kessler et al., 2001). Ac-
able complexity is evident in the 3yr lateral displacements.cording to this model, increasing surface relief is consistent
Given the regular round geometry, which is often the strik- with increasing the rate of soil convection within the sorted
ing characteristic of sorted circles, the considerable motiorcircles. Such an acceleration in soil circulation may have im-
in non-radial directions is somewhat surprising. On the otherportant implications, as it may tend to increase sequestration
hand, it would help account for asymmetric development ofof soil organic carbon (Bockheim, 2007) and thus act as a
circle shapes, as indeed also found in nature (Figs. 1 andegative feedback in a global warming scenario. Our calcula-
2). The asymmetric displacement fields, in particular on thetions also show that the vertical soil motions associated with
northern circle, are the only potential sign of convergence bethe convergence—divergence pattern measured at the surface
tween neighbouring circles that we find. The uncertainty inare of the same order as the changes in microrelief found, and
absolute georeference of our measurements and in definintdpat increasing surface strain associated with increasing soil
the boundary between fine domains and gravel rings, eveturnover is thus able to again regularize previous changes in
on the centimetre level, turned out to be too large to detecticrorelief.
changes in circle shapes at a statistically significant level. The notable changes in microrelief of the investigated
Microrelief on the circles is larger in 2010 than in 2007, sorted circles as well as the inhomogeneous horizontal dis-
with relative elevations stable or slightly rising by up to placement field suggest that our study should be followed
0.7cmyr? in the circle centre and on the inner slopes up, using the same methodology, by both more long-term
of the gravel rings, but lowering by up to 1.5cmyrat year-to-year monitoring and more short-term measurements
the outer parts of the fine domains and the directly adja-within freezing and thawing seasons. Ideally, these measure-
cent lower portions of the gravel rings (Fig. 3). The short- ments should be complemented by supporting observations
term change in microrelief found cannot be sustained overn subsurface conditions and motions, such as those by Hal-
longer timescales as slopes would soon oversteepen ardt (2013). Such observations could include the vertical pro-
the relief would quickly diverge from the relatively consis- file of lateral displacements, vertical soil motions, moisture
tent, low relief characteristic of sorted circles. Thus, the ob-conditions, soil thermal conditions, and spatio-temporal vari-
served changes in topography suggest transient complexations in active layer depth and freezing front. Also, the vari-
ties in space and time in addition to a longer-term stableations in displacement fields at scales larger than a single cir-
convection-like circulation of material. Our observation pe- cle suggest that such monitoring should include a larger area.
riod is too short to allow further conclusions to be drawn Drawing conclusions about absolute horizontal and vertical
about these complexities. changes of the circles requires better georeference accura-
The sum of horizontal strain rates on the fine domains av-cies than were achieved in this test study, which can be done
erages to approximately zero, roughly confirming that theusing centimetre-precision instruments and surveying strate-
soil convection within the stone circles is in equilibrium. Re- gies, and/or longer observation times.
lated soil turnover is roughly 0.1-0.22m~2100yr ! with
a cycling time of the total soil volume of several hundred
years, in line with earlier estimates.
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Appendix A

Figure Al. Details of displacement field and topography of north-
ern (left panel) and middle (right panel) fine-domain centres. Fine—
coarse boundaries appear only in corners of the sections shown. El-
evations are colour-coded (2007 elevations; 2010 elevations give a
similar picture) and in addition indicated by 1 cm contours (white
lines). Elevation range in both sectionslO cm. Displacement vec-
tors have 5cm spacing and magnitudes of up to 2 cr yBack-
ground: hillshade of 2007 DEM. Displacement vectors point ups-
lope in some areas, and they cross some of the cracks, indicating

partial advection of cracks.

(cmyr-1)
e 2

Figure A3. Ratio between displacement magnitude (cmiyrand
tangent of slope. Typical ratios on the inner slopes of the gravel
rings are 1-3; typical ratios on the fine domains and the ring tops are
around 7 (green colours); at places ratios of 20 to 50 are found (red
colours). Furthermore, would yellow colours not be around 15 or
s0? It is not clear what the relation to 7 is. Please make this clearer.
The data illustrate the low correlation between slope and displace-
ment magnitude on the circles.
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Figure A4. Displacement direction vs. DEM aspect on middle and

Figure A2. Displacement magnitude 2007—2010 on all three cir- northern circles (fine domains and gravel rings). Trend indicated by
cles. Erratic displacements have been filtered out following Heiddashed line §2 = 0.69). The missing data in the corners are due to
and Kaéb (2012). Background: hillshade of 2007. See Supplemeriihe ambiguity in differences that occur at the transition from 359 to

for animated GIFs of the 2007 and 2010 orthoimages.
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360° = 0°. Differences larger than 18Mhave been subtracted from
360 to arrive at angles smaller than £80
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