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Load ing pro cesses and the re sult ing load struc tures in duced by pro cesses re lated to periglacial con di tions are com pared to
those in duced by seis mic shocks. The load struc tures them selves are rel a tively eas ily rec og niz able but the re spon si ble trig -
ger mech a nism is, though de pend ing on the geo log i cal con text, com monly dif fi cult to es tab lish. Load struc tures like load
casts, pseudonodules, ball-and-pil low struc tures and flame struc tures are com monly as cribed to instable den sity gra di ents
within sed i ments and to dif fer en tial load ing, but their for ma tion al ways re quires liq ue fac tion. In glacigenic sed i ments, de for -
ma tion struc tures have most com monly been as cribed to periglacial pro cesses (as a type of cryoturbations), but it be comes
ever more clear that glacigenic sed i ments can, par tic u larly dur ing ice-front fluc tu a tions, be af fected by fault ing-re lated earth -
quakes (due to glacio-iso static ad just ment), and the thus trig gered seis mic shocks may re sult in de for ma tions, in clud ing –
most com monly – load struc tures. We in ven tory the ev i dence that may help to dis tin guish, on the ba sis of tex tural and struc -
tural fea tures, load struc tures with a seis mic or i gin from those that re sult from periglacial pro cesses, tak ing into ac count that
truly di ag nos tic cri te ria do not ex ist. 
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INTRODUCTION 

Load casts and ge net i cally as so ci ated struc tures (par tic u -
larly pseudonodules and flame struc tures) are the most com -
mon type of soft-sed i ment de for ma tion struc tures (SSDS). The
rea son is that nu mer ous pro cesses may trig ger load ing, par tic -
u larly in sed i ments that are partly con sol i dated but that still con -
tain a sig nif i cant amount of pore wa ter. This va ri ety of pos si ble
trig gers ham pers the in ter pre ta tion. Yet, anal y sis of the trig ger -
ing mech a nism of SSDS has been rec og nized as an im por tant
tool for the in ter pre ta tion of the con di tions that pre vailed dur ing
or shortly af ter de po si tion of the sed i ments un der study.

The in ter pre ta tion of load struc tures in un con sol i dated,
glaci genic sed i ments poses com monly a ma jor prob lem since,
in ad di tion to pos si ble other – more com mon – trig gers, two en -
tirely dif fer ent pro cesses may be re spon si ble for the trig ger ing
of these struc tures. The first trig ger is the oc cur rence of peri -
glacial pro cesses, which af fect sed i ments in a wide zone in front 
of an ice sheet, whether ad vanc ing, sta ble or re treat ing. The
sec ond trig ger is seis mic ac tiv ity, which is com mon in ar eas

with periglacial con di tions be cause of the chang ing dif fer en tial
pres sure ex erted by the weight of the ad vanc ing or re treat ing
land-ice sheet on the earth crust, re sult ing in sub si dence dur ing
ice ad vance and in up lift dur ing ice re treat. Par tic u larly the
glacio-iso static ad just ment of the earth crust tends to take place 
step-wise, re sult ing in earth quakes that may have a suf fi ciently
large mag ni tude to trig ger liq ue fac tion (M D4.5: Marco and
Agnon, 1995) that may strongly de form sus cep ti ble sed i ment
lay ers near the earth sur face.

Rec og ni tion of periglacial con di tions or seis mic ac tiv ity that
af fected sed i ments un der study can be of great im por tance for a 
proper in ter pre ta tion of the tec tonic, sed i men tary, cli ma to log i cal 
and mor pho log i cal con di tions of the area. The cor rect rec og ni -
tion of a periglacial or a seis mic or i gin of load struc tures is sig nif -
i cantly ham pered, how ever, by an un for tu nate her i tage: glaci -
genic sed i ments have ini tially been in ves ti gated for more than a 
cen tury al most ex clu sively by phys i cal ge og ra phers, in a time -
span that lit tle was known about SSDS, and noth ing at all about
the role that seis mic ity may play in it. Con se quently, all SSDS
en coun tered in glacigenic sed i ments were for a long time at trib -
uted to periglacial pro cesses. Even now a days this is re flected in 
the some times mu tu ally con tra dic tory view points of Qua ter nary
ge ol o gists re gard ing SSDS. Load cast ing, for in stance, is – ac -
cord ing to Brigitte Van Vliet-Lanoë (pers. comm., 2018) – “...ex -
cep tional in periglacial con di tions [as I de duce] from 40 years of
Arc tic ex pe ri ence in sta ble and un sta ble seis mic zones. I never
found a clear ex am ple of load cast in duced by frost ac tiv ity...”. In 
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con trast, Jef Vandenberghe (pers. comm., 2018) states: “In a
re view of periglacial load ing you can not ‘for get’ the clas si cal lit -
er a ture by … As con cerns the or i gin of the re verse gra di ent and 
the fluidization [sic!] of the de formed sed i ment that is needed in
periglacial load ing, ref er ence should be made to…[sic!]”. These 
state ments make clear that Qua ter nary ge ol o gists still ad here
strongly con tra dic tory views re gard ing SSDS, in di cat ing how
badly needed con tri bu tions like the pres ent one are, even if they 
may raise se vere crit i cism.

True in ter est of ge ol o gists in un con sol i dated Qua ter nary
sed i ments came only in the past few de cades, and they tended
ini tially to ac cept con clu sions reached dur ing ear lier re search.
Geo log i cal stud ies of the Qua ter nary (mostly aimed at se -
dimento logical as pects) thus started with as crib ing SSDS in
glacigenic sed i ments to periglacial pro cesses (which were at
the time still hardly stud ied by ge ol o gists). 

When the sedimentological study of Qua ter nary sed i ments
pro gressed, the un avoid able con clu sion was even tu ally rea -
ched that many SSDS in these sed i ments should not be as -
cribed to periglacial pro cesses, partly be cause it was fre quently
found that al ter na tions of strongly de formed and non-de formed
oc cur in many suc ces sions, also at places where nei ther such
fre quent al ter na tions of periglacial and “warm” time-spans, nor
sea sonal al ter na tions could be held re spon si ble. In com bi na -
tion with the in creas ing knowl edge about SSDS that were trig -
gered by other pro cesses, it be came clear that the long-time
pre vail ing ex pla na tions of SSDS in glacigenic sed i ments
should be re viewed crit i cally.

It was also re al ized, how ever, that many SSDS are formed
by a com bi na tion of pro cesses, and that SSDS may be come
de formed them selves again by later pro cesses. This raised
dur ing many in ves ti ga tions the ques tion of whether a spe cific
de for ma tion struc ture in a glacigenic suc ces sion had been
formed by, for in stance, glaciotectonics, periglacial pro cesses,
seis mic ac tiv ity, “nor mal” syn- or post-depositional de for ma tion
pro cesses, or by a com bi na tion of them, act ing at the same time 
or suc ces sively.

The more abun dant a spe cific type of SSDS is, the more
fre quently this ques tion came up. It is there fore not sur pris ing
that many dis cus sions con cerned load struc tures, as these are
the most com mon in many types of de posit. The ques tion of
how to dis tin guish be tween load struc tures formed by dif fer ent
pro cesses has con se quently been raised of ten, but sat is fac tory 
and com monly ac cepted an swers have not been given as yet.
In the pres ent con tri bu tion, we aim at do ing so for load struc -
tures formed by periglacial pro cesses and load struc tures
formed due to seis mic ac tiv ity. We are fully aware that load
casts can be formed un der en tirely dif fer ent con di tions and by
nu mer ous dif fer ent pro cesses as dis cussed ex ten sively in a
spe cial is sue of Sed i men tary Ge ol ogy de voted to SSDS
(Moretti et al., 2016), but we re strict our selves to the just-men -
tioned two types, as such a dis tinc tion, which is al ready fairly
dif fi cult, might be con sid ered as a first step into the di rec tion of
es tab lish ing cri te ria (or ev i dence) that may help to dis tin guish
be tween all pos si ble trig gers and mech a nisms that may re sult
in load struc tures. More over, the Pleis to cene sed i ments de vel -
oped un der periglacial con di tions were, as ex plained above,
fre quently af fected by earth quakes, so that par tic u larly for these 
sed i ments it is de sir able to dis tin guish which of the two most
likely pro cesses (a seis mic shock or periglacial pro cesses)
must be held re spon si ble for the pres ence of load struc tures.
Most of SSDS ex am ples shown in the pres ent con tri bu tion
have been in ter preted al ready in terms of their trig ger mech a -
nism (see the cap tions of these fig ures), and we re fer the
reader to these pub li ca tions.

The pres ent con tri bu tion has the fol low ing two main ob jec -
tives: 

– in ves ti gat ing whether dif fer ences ex ist be tween load struc -
tures de vel oped due to a periglacial set ting and those de vel -
oped due to seis mic ac tiv ity,

– an swer ing the di rectly re lated ques tion of whether it is pos si -
ble to de ter mine whether spe cific load struc tures have been
caused by periglacial or by seis mic pro cesses, based on
their char ac ter is tics in com bi na tion with their spe cific sed i -
men tary set ting. 

LOAD STRUCTURES

Load struc tures, and more par tic u larly load casts, be long to
the first struc tures rec og nized as a re sult of de for ma tion of un -
con sol i dated sed i ments. The first clear de scrip tions came from
Macar (1948), who in ves ti gated De vo nian sed i ments in the Bel -
gian Ardennes where he dis cov ered pseudonodules, for which
he in tro duced this new term (in the form of “pseudo-nod ules” to
make clear that these struc tures look like con cre tions – nod ules 
in French – but have a dif fer ent or i gin). His stud ies re ceived not
much at ten tion, but were used by Van Straaten (1954), who
com pared the per ti nent sed i ments with those of the pres -
ent-day Dutch tidal flats of the Wadden Sea, and who came to
the con clu sion that the sed i men tary fea tures (in clud ing struc -
tures) in an cient sed i ments should be in ter preted on the ba sis
of pro cesses that act in mod ern equiv a lents. This study by Van
Straaten, which re ceived much in ter na tional at ten tion, was a
break-through for the in ter pre ta tion of an cient sed i ments on the
ba sis of mod ern equiv a lents. Only a few years af ter Macar’s
dis cov ery – and sed i men tary rec og ni tion of pseudonodules –
Kuenen (1953) in tro duced, in a study re lated to the sole marks
of turbidites, the term “load cast” for the SSDS that had ear lier
(in cor rectly) been de scribed by Shrock (1948) as “flow cast”.

A com monly ac cepted ex pla na tion for the or i gin of load casts
came from Dżułyński (1966) and An ke tell et al. (1969, 1970),
who made clear that re versed den sity gra di ents (com monly be -
tween muds and over ly ing sands) must be re spon si ble: just by
grav ity, the denser sand sinks lo cally in the wa ter-sat u rated mud.
How ever cor rect this ex pla na tion may be, it left sev eral ques -
tions: why does the sink ing take place only lo cally, why do not all
sandy sed i ments over ly ing muddy ones show load casts, and
why does not the en tire sandy layer sink down in the mud? Some
ques tions have been an swered sat is fac to rily in the mean time on
the ba sis of stud ies re gard ing liq ue fac tion (an in cor rect term: the
sed i ment does not be have as a fluid but as a plas tic mass!) and
fluidization. It has also be come clear, how ever, that in many
cases a trig ger must have ini ti ated the load ing pro cess. And it is
the un rav el ling of the trig ger that now a days is the main prob lem,
cer tainly in glacigenic sed i ments.

This un rav el ling of the trig ger re quires a good in sight into the
pro cess in volved in load ing, as well as in the char ac ter is tics of
the re sult ing load struc tures. There fore we pay first some at ten -
tion to these as pects, in clud ing the re lated terms, as these are
fre quently used in cor rectly in the lit er a ture, which highly con trib -
utes to mis un der stand ing about the gen e sis of these SSDS.

LOADING PROCESS

Un rav el ling the trig ger that ini ti ated load ing re quires in sight
into the load ing pro cess, which it self de pends largely on sed i -
ment prop er ties. As men tioned above, the most com mon gen e -



sis of load struc tures is grav ity-in duced sink ing of part of a sed i -
ment layer into the un der ly ing layer due to a re versed den sity
gra di ent. This has been con firmed by nu mer ous stud ies of
SSDS in periglacially af fected ar eas (see, among oth ers,
Murton and French, 1993; French, 2007; Vandenberghe, 2009, 
2013; Superson et al., 2010; Alexeev et al., 2014), as well as for 
seis mi cally af fected sed i ments (see, among oth ers, Obermeier, 
1996; Lafuente et al., 2008; Van Loon et al., 2016). It be came
also clear al ready some de cades ago why sandy lay ers do not
sink as an en tity in an un der ly ing mud layer: any per tur ba tions
at the in ter face be tween the over ly ing, denser sed i ment and the 
un der ly ing less dense sed i ment act as Ray leigh-Tayler in sta bil -
i ties, caus ing ir reg u lar i ties to am plify un til a grav ity-driven ver ti -
cal move ment is lo cally achieved. It is also clear why a load ing
pro cess stops at a cer tain mo ment: the un der ly ing layer is
pressed down and the ver ti cal pres sure forces pore wa ter to
flow out sideward, which im plies con sol i da tion of the un der ly ing
mud. This in creases its re sis tance, and when the re sis tance
equals the grav i ta tional force, the pro cess stops.

Load struc tures that are formed in this way re sult as a rule
from con di tions and pro cesses that are in her ent to the depo -
sitional en vi ron ment such as the de po si tion of sandy turbidites
on fine-grained sed i ments in front of a delta (which is known
from nu mer ous field data), or such as might be ex pected from
the freez ing/thaw ing al ter na tions which oc cur par tic u larly un der 
periglacial con di tions. Load casts can, how ever, also be formed 
due to ex ter nal fac tors such as pass ing shock waves re sult ing
from seis mic ac tiv ity. The group of de for ma tion struc tures cre -
ated by periglacial pro cesses, mostly dif fer en tial frost heave re -
sult ing in dif fer en tial ac cu mu la tion of seg re gated ice in the soil
fol low ing their grain-size dis tri bu tion, are com monly jointly
called “cryoturbations” (see Edelman et al., 1936), whereas lay -
ers that are com pletely de formed as a re sult of seis mic ac tiv ity,
while in ter ca lated be tween (in prin ci ple) non -de formed lay ers
are called “seismites” (e.g., Seilacher, 1984; Van Loon, 2014).
We re strict our selves in the fol low ing, un less stated oth er wise,
to these two cat e go ries.

TERMINOLOGY

Sim ple load ing pro cesses pro duce sim ple load struc tures.
The most sim ple is the lo cal sink ing of a sand mass, re sult ing in
a bent, con cave-up ward con tact plane be tween the mud and
the sink ing sand. If this pro cess con tin ues, a ball shaped sand
body de vel ops (Fig. 1A), with its up per side parts still con nected 
to the par ent sandy layer. If the sand sinks deeper, it will grad u -
ally lose its con tact with the par ent layer (Fig. 1B) and even tu -
ally it may even be come com pletely sep a rated from its par ent
layer and form a sandy ball (with its in ter nal lami na tions more or 
less par al lel to its outer bound aries). Such an iso lated ball is
called “pseudonodule” (Fig. 1C). Only in ex cep tional cases, for
in stance when “new” sand is con tin u ously sup plied to the de -
pres sion that is formed at the sed i men tary sur face, while si mul -
ta neously wa ter is ex pelled eas ily from the over-sat u rated un -
der ly ing mud, a ver ti cal sandy body may de velop (Fig. 2), which 
even tu ally leads to fault ing along its sides, caus ing a com plex
faults-bound struc ture (Fig. 3) that is known as gravifossum
(Van Loon and Wiggers, 1976). 

It is also pos si ble that a sand layer forms load casts in an
un der ly ing sand layer, if there is a suf fi cient dif fer ence in wa ter
con tent and/or grain size. The thus formed load struc tures are
called ball-and-pil low struc tures (Fig. 4). Since these fairly ex -
cep tional types are not truly rel e vant for the dis tinc tion be tween
periglacial and seis mic load struc tures, we will not deal with
these types in the fol low ing. When a sand body sinks into the

un der ly ing mud, a space prob lem is cre ated in the mud. This is
com pen sated by up ward push of the mud along side the sunken 
sand mass. Par tic u larly if a se ries of load casts is de vel oped
fairly close to gether (which in creases the space prob lem), the
mud that is pressed up wards be tween the load casts forms
flame-like struc tures (Fig. 5A), which are con se quently called
“flame struc tures”. Be cause this pro cess tends to take place
while the sed i ment is slightly con sol i dated and thus be haves in
a plas tic way, the flames still show their orig i nal (though de -
formed) in ter nal struc tures (com monly lam i na tion). They com -
monly do not pierce the over ly ing sand layer (Fig. 5B), but may
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Fig. 1. Load casts

A – sim ple load cast, formed by the lo cal sink ing of sand into the un -
der ly ing liq ue fied mud; note the lam i na tion in the load cast par al lel
to its outer bound ary; load cast of periglacial or i gin, Valmiera, N Lat -
via; B – periglacially formed load struc ture de vel oped into a stage in -
ter me di ate be tween a load cast and a pseudonodule; the loaded
mass is still slightly con nected to the par ent layer; Rechitsa site,
Belarus (see also Marks et al., 2018); C – pseudonodules; the sunk
sandy “balls” have no lon ger con tact with the par ent layer, which has 
com pletely been “con sumed” by the load casts; note the in ter nal
lam i na tion par al lel to the outer bound ary of the struc tures; lagooal
subrecent sed i ments in a re claimed area in the cen tral Neth er lands



do so when the load ing pro cess is re peated. This is a fun da -
men tal dif fer ence with in jec tion struc tures (Fig. 5C), which de -
velop while in fluidized state (and which con se quently do no lon -
ger show orig i nal in ter nal struc tures), and which clearly form
bod ies that in trude the over ly ing sed i ments, cut ting off in ter nal
struc tures. In ex cep tional cases, how ever, flame struc tures
may be pressed up wards so far that they partly pen e trate the
over ly ing lay ers, cut ting of struc tures. Even in that case they
can be dis tin guished from in jec tion struc tures, how ever, be -
cause their in ter nal struc tures are still pre served.

THE NON-DIAGNOSTIC MORPHOLOGY 
OF LOAD STRUCTURES

The mor phol ogy of load struc tures such as load casts,
pseudonodules, and ball-and-pil low struc tures, and of ge net i -
cally as so ci ated struc tures such as flame struc tures, de pends
largely on the ini tial sed i men tary set ting, the driv ing force and
the du ra tion of the de form able state, whereas the na ture of the
trig ger mech a nism seems to play a mi nor or even neg li gi ble role 
(Vandenberghe, 2009; Owen and Moretti, 2011; Owen et al.,
2011). A ma jor prob lem is that load struc tures with iden ti cal or
al most iden ti cal char ac ter is tics (size, outer shape, in ter nal
struc ture, etc.) can be trig gered by a va ri ety of pro cesses,
whereas load ing caused by the same trig ger mech a nism can
re sult in load casts with dif fer ent size, shape and in ter nal struc -
ture, de pend ing on the grain-size dis tri bu tion, thick ness of
laminae, du ra tion of the load ing pro cess, etc. (Van Vliet-Lanoë
et al., 2004; Van Loon, 2014; Vandenberghe et al., 2016, 2017).

Fur ther more, over print ing is not ex cep tional: for in stance,
periglacially-de formed sed i ments can be de formed once more
by seis mic ac tiv ity, and vice versa (e.g., Alexeev et al., 2014;
Vandenberghe et al., 2016). This is of par tic u lar in ter est be -
cause it was found in the past few de cades that nu mer ous load
struc tures in Qua ter nary sed i ments should be as cribed to the
rather fre quent earth quakes that were trig gered by shock-wise
iso static ad just ment of the earth crust dur ing the re treat of an
ice sheet (e.g., Mörner, 1990, 1991; Wu and John son, 2000;
Van Vliet-Lanoë et al., 2004; Hoffmann and Reicherter, 2012;
Brandes et al., 2012; Van Loon and Pisarska-Jamroży, 2014;
Pisarska-Jamroży et al., 2018a; Pisarska-Jamroży and
Woźniak, 2019) or dur ing ad vance of an ice sheet (Pisarska -
-Jamroży et al., 2018a, 2019a, b). 
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Fig. 2. Deeply sunk load cast (see bound ary-par al lel
lam i na tion in the bot tom part) with a large ver ti cal
ex tent that could de velop be cause some sandy ma -
te rial sank in wa ter-sat u rated silt, leav ing a de pres -
sion at the sed i men tary sur face in which new sand
was de pos ited, caus ing a “chain re ac tion” of sandy
in fill ing and fur ther load ing; Ho lo cene la goonal sed -
i ments, cen tral Neth er lands

Fig. 3. Gravifossum in Ho lo cene la goonal 
sed i ments (cen tral Neth er lands), de vel oped 

as an ex treme re sult of load ing

Fig. 4. Ball-and-pil low struc ture formed by the load ing of a
thick, prob a bly quickly de pos ited, sandy layer into un der ly ing
wa ter-sat u rated sands; Cuisian/Lutetian Perarrua Formation
near Bellestar (Spain)
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Con se quently, it is com monly rec om mended not to as sign a 
spe cific or i gin to SSDS as those un der study here with out de -
tailed anal y sis of the char ac ter is tics of both the struc ture it self
and its geo log i cal con text (e.g., Seilacher, 1984; Vanden -
berghe and Van den Broek, 1982; Van Vliet-Lanoë et al., 2004;
Ogino and Matsuoka, 2007; Van Loon, 2009, 2014; Van Loon
and Maulik, 2011). 

LOADING IN PERIGLACIAL AND SEISMIC
SETTINGS

Load ing oc curs in al most all depositional en vi ron ments, but
is par tic u larly com mon in wa ter-sat u rated sed i ments with a rel -
a tively high silt con tent (Moretti et al., 1999), for in stance in lac -
us trine, fine-grained flu vial and deltaic sed i ments (in clud ing
their glaciogenic coun ter parts), but oc curs also in ma rine and
ter res trial coarser-grained de pos its (Deev et al., 2009; Koç
Taşgin and Türkmen, 2009; Rana et al., 2016; Vandenberghe
et al., 2016).

LOADING UNDER PERIGLACIAL 
CONDITIONS

Periglacially-in duced load ing is re stricted to the thick ness of 
the thawed layer (the so-called ac tive layer) dur ing the deg ra da -
tion of the ground ice in near-sur face sed i ments, which is the

sed i men tary suc ces sion, from the sed i men tary sur face down -
wards, that thaws in the warm sea son, while be ing frozen and
form ing part of the per ma frost dur ing the cold sea son. The ac -
tive layer, which con se quently has dif fer ent thick nesses from
year to year (de pend ing on the tem per a ture and the du ra tion of
the “warm” sea son) con sists, as a rule, not of a spe cific layer but 
may com prise sev eral lay ers; it main tains each year over long
dis tances a more or less sim i lar thick ness, de pend ing on the to -
pog ra phy, snow cover, slope ori en ta tion, veg e ta tion, drain age,
wa ter con tent and li thol ogy (French, 2007; French and Shur,
2010). This im plies that the ac tive layer is not nec es sar ily bound 
to spe cific lay ers but may, for in stance in the case of a glaci -
tectonically tilted sed i ment, cross-cut one or more sed i men tary
lay ers. This is, as will be de tailed be low, a char ac ter is tic that is
of prime im por tance when dis tin guish ing be tween a periglacial
and a seis mic trig ger for the for ma tion of SSDS in periglacial
sed i ments 

Load ing can de velop un der periglacial con di tions due to (1)
cryohydrostatic flow (high pore pres sure), (2) cryostatic heave
(freez ing-in duced pres sure), and (3) like un der all cli ma tic con -
di tions, liq ue fac tion due to any trig ger that af fects wa ter-sat u -
rated sed i ments with a re versed den sity gra di ent (Vanden -
berghe, 2013). In the first case, the de for ma tion struc tures de -
velop as a re sult of lat eral move ment of un frozen wa ter trapped
be tween two im per me able lay ers: the un der ly ing sed i ments
(due to the per ma frost ta ble) and the over ly ing sed i ments (due
to the down ward freez ing front; French and Shur, 2010). In the
sec ond case, the pres sure in frozen sed i ment can cause load -

Fig. 5. Flame struc tures

A – flame struc ture in Weichselian glaciofluvial sands in a quarry near Kärne (S Swe den); note the pre served lam i na tion,
which was de formed while be ing pushed up be tween the two sink ing load casts; the pre served laminae, which prove a liq -
ue fied state dur ing de for ma tion, fol low the outer bound aries of the ad join ing load casts; B – var i ous stages in the de vel op -
ment of flame struc tures; note how the lam i na tion in the load casts and the flames tend to run par al lel; Valmiera, N. Lat via;
C – in jec tion struc ture in the form of a clastic dyke, per pen dic u lar to the bed ding. Note that no in ter nal lam i na tion or other
pri mary struc ture is pre served in the dyke, due to fluidization; Cre ta ceous Gyeokpori For ma tion, SW South Ko rea



ing by vol u met ric ex pan sion of freez ing wa ter and by dif fer en tial 
frost pen e tra tion caused by ice seg re ga tion (Van Vliet-Lanoë,
1991; Vandenberghe, 2013). The third main pro cess re spon si -
ble for load ing un der periglacial con di tions is based on the pres -
ence of re versed den sity gra di ents in the sed i ments in the wa -
ter-sat u rated thaw ing zone above a still frozen sub soil (e.g.,
Murton and French, 1993; Har ris et al., 2000; French et al.,
2005; Vandenberghe, 2013), oc ca sion ally re sult ing in ir reg u lar
load casts due to thaw ing of the only par tially mol ten na ture of
the soil dur ing the load ing pro cess (Fig. 6). The deg ra da tion of
ice-rich per ma frost can also cause load ing due to the ice-rich
up per layer of the per ma frost, which re sults in a de creas ing
den sity of the sed i ments in com par i son to the over ly ing lay ers
(French, 2007). Other fa vour able con di tions for periglacial load -
ing are moist, low-ly ing, flat, non-drained ar eas such as small
de pres sions with fine-grained sed i ments or with a bur ied per -
ma frost ta ble (Vandenberghe, 2013). Konrad (2005) sug gested 
that de for ma tion struc tures may also orig i nate from ice-lens for -
ma tion and sur face heave, which are com mon pro cesses in the 
periglacial en vi ron ment.

LOADING TRIGGERED 
BY A SEISMIC SHOCK

Seis mi cally-in duced load ing is caused by seis mi cally-in -
duced S-waves trav el ling through wa ter-sat u rated, un con sol i -
dated sed i ments (Rossetti, 1999). The max i mum re ported
depth of seis mi cally-in duced liq ue fac tion is 10 m, but most liq -
ue fac tion is re stricted to depths of <5 m be low the sed i men tary
sur face/palaeosurface (Obermeier, 1996), com monly even to
the up per most decimetres. The deeper sed i ments are bur ied,
the closer the pack ing of grains be comes, and the worse the
con di tion is for the loss of shear strength, ham per ing liq ue fac -
tion. Seis mi cally-in duced load ing is largely con trolled by the li -
thol ogy (Lafuente et al., 2008), the den sity and vis cos ity of the
sed i ment, the overpressure time, and the dis tance of the sed i -
ment to the epi centre. Allen (1986), Ambraseys (1988) and
Galli (2000) state that liq ue fac tion is un likely to de velop load ing
in the case of earth quakes with a mag ni tude of <5, but Marco
and Agnon (1995) cal cu lated a min i mum mag ni tude of 4.5 for
start ing liq ue fac tion. Most high-mag ni tude earth quakes are fol -
lowed by after shocks, which also may have mag ni tudes that
are suf fi cient to trans form pre vi ously un dis turbed sed i ment lay -
ers into seismites. 

A com pli cat ing fac tor is that the after shocks can also de -
form pre vi ously de formed sed i ments, caus ing, for in stance,
suc ces sive phases of load ing; this is ex pressed in the form of
load casts that sink into pre vi ously formed load casts (i.e.,
multi-phase load casts: Fig. 7), ex am ples of which are shown by 
Van Loon and Pisarska-Jamroży (2014) and Van Loon et al.
(2016). 

DIFFERENCES BETWEEN PERIGLACIALLY- 
AND SEISMICALLY-INDUCED LOAD STRUCTURES

In ter pre ta tion of the gen e sis of load struc tures re quires, fol -
low ing the great ma jor ity of re search ers, par tic u lar at ten tion for
the fol low ing as pects: 

– set ting of the study area (seis mi cally ac tive re gion, ex tent of
the periglacial zone, ex tent of glaciations, re lief, etc.);

– li thol ogy of the sed i ments in volved in the SSDS; 
– po si tion of the de formed sed i ments within the sed i men tary

suc ces sion (Owen et al., 2011; Moretti and Van Loon, 2014; 
Belzyt and Pisarska- Jamroży, 2017; Pisarska-Jamroży et
al., 2019a). 
Even tak ing the above as pects into ac count, it seems com -

monly im pos si ble to find def i nite proof for a seis mic or a
periglacial or i gin of a load struc ture. Dis tinc tion might rather be
achieved on the ba sis of cir cum stan tial ev i dence. Ex ten sive
field in ves ti ga tions of both periglacially af fected and seis mi cally
af fected Qua ter nary sed i ments have led us to the con clu sion
that only de tailed sedimentological anal y ses of the tex tural and
struc tural char ac ter is tics of the struc tures in volved, in com bi na -
tion with anal y sis of the im me di ately sur round ing sed i ments
and of the en tire sed i men tary suc ces sion, may pro vide strong
ev i dence for ei ther or i gin. 

We have found that the fol low ing as pects con sti tute in prac -
tice the best tools for such a dis tinc tion:

– ver ti cal dis tri bu tion of the load struc tures (see Ver ti cal dis tri -
bu tion of the load struc tures), 

– hor i zon tal dis tri bu tion of the load struc tures (see Hor i zon tal
dis tri bu tion of the load struc tures),

– the in ter nal struc ture of the load struc tures (see In ter nal
struc ture of load struc tures).

Sedimentological dis tinc tion in glacigenic sed i ments be tween load casts in duced by periglacial pro cesses... 631

Fig. 6. Ir reg u lar load cast formed prob a bly due to a re versed
den sity gra di ent in still partly frozen glaciofluvial sed i ments
dur ing sea son-bound melt ing of the up per most sed i ments in a
periglacial set ting; Wrocław (Haller Street), SW Po land

Fig. 7. Multi-phase load casts, 
show ing load casts within load casts

This is due to suc ces sive earth quakes that caused a se ries of seis -
mic shocks of suf fi cient strength to de form al ready ear lier de formed
glacio lacustrine silty sed i ments in a seismite, Siekierki, NW Po land
(de tail of a photo in Van Loon and Pisarska-Jamroży, 2014)



VERTICAL DISTRIBUTION 
OF THE LOAD STRUCTURES 

The most im por tant char ac ter is tic of seismites is that the
SSDS are re stricted to a sin gle, well-de fined layer (Fig. 8A; oc -
ca sion ally a set of a few lay ers) with dis tinct bound aries with the
un der- and over ly ing lay ers that have not been de formed by the
seis mic shock (e.g., Van Loon et al., 2016; Morsilli et al., 2020).
A straight, undeformed trun ca tion level of the top of such de -
formed lay ers, as oc ca sion ally ob served, par tic u larly in shal low
lac us trine suc ces sions, in di cates that de for ma tion struc tures
must have de vel oped dur ing a sin gle seis mic time-span
(though pos si bly dur ing a shock fol lowed by after shocks). 

Periglacial pro cesses, in con trast, af fect sed i ments to a cer -
tain depth (de ter mined by the thick ness of the ac tive layer; Fig.
8B), so that load casts and re lated SSDS can ex tend through
the sed i ments with out be ing re stricted to spe cific lay ers. Par tic -
u larly in the case of some what tilted sed i ments (for in stance
due to glaciotectonics), this may lead to load struc tures that
reach a spe cific top o graphic depth, rep re sented by a level
which cross -cuts sed i men tary lay ers. Even if sed i men ta tion
con tin ues at such a place, this layer-cross ing char ac ter of the
level with load struc tures forms strong ev i dence – if not proof –
of a periglacial or i gin. 

The thick ness of a seismite de ter mines, among other
things, the max i mum ver ti cal size of the SSDS (Fig. 9A). Such a 

size re stric tion is less out spo ken in periglacially af fected sed i -
ments, be cause de for ma tion struc tures, in clud ing load struc -
tures, can de velop through out the ver ti cal ex tent of the ac tive
layer in de pend ently from its thick ness (Fig. 9B). If the ac tive
layer con sists of a sed i men tary suc ces sion com posed of a few
sandy lay ers in ter ca lated by silty lay ers, load ing may start in the
warm sea son at each bound ary be tween a sandy and an un der -
ly ing silty layer, so that var i ous lay ers with load struc tures will
orig i nate. Be cause the ac tive layer can op er ate in a periglacial 
set ting dur ing many years (even tens of thou sands of years),
this might even tu ally re sult in the de vel op ment of a thick sed i -
men tary suc ces sion with very com pli cated SSDS (Fig. 8B), but
– in con trast to seismites – the load struc tures will not be re -
stricted to spe cific lay ers with well de fines lower and up per
bound aries. Load casts and pseudonodules may also oc cur at
dif fer ent depths in a seismite (Fig. 9C), prob a bly be cause of
inhomo geneities in the de formed layer(s), but their dis tri bu tion
is al ways clearly re stricted to a spe cific layer or set of lay ers. 

Con sid er ing the above dif fer ences be tween periglacially-
and seis mi cally-trig gered load struc tures, dis tinc tion be tween
these two groups might be fa cil i tated by the fol low ing as pects
re gard ing their ver ti cal dis tri bu tion in the de formed sed i ments: 

– load struc tures re stricted to a sin gle level that also shows
many other SSDS are most com monly seis mic, whereas
such struc tures cross ing bound aries with non-de formed or
dif fer ently de formed lay ers are most com monly periglacial; 
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Fig. 8. Dis tri bu tion of de for ma tion struc tures 
in a sed i men tary suc ces sion

A – two lat er ally con tin u ously strongly de formed silty/sandy seismites, sep a rated 
from each other by a thin undeformed sandy level, with un der- and over ly ing
non-de formed glaciolacustrine sed i ments, Rakuti, Lat via; B – periglacially de -
formed, partly loaded, sed i ments with de for ma tion struc tures that are not re -
stricted to a well-de fined layer; sand quarry at Ryssjön, S Swe den (de tail of a
photo in Gruszka et al., 2016)



– dif fer ent types of load struc tures that oc cur in a sin gle de -
formed level not co in cid ing with a sed i men tary layer are
most com monly peri glacial, whereas their oc cur rence at dif -
fer ent lev els is ev i dence for a seis mic or i gin.

HORIZONTAL DISTRIBUTION 
OF THE LOAD STRUCTURES

Im por tant prop er ties that can be used as ev i dence to dis tin -
guish cryoturbations from seis mi cally-in duced de for ma tions are 
their ge om e try and hor i zon tal dis tri bu tion in the de formed layer. 

Load struc tures formed due to liq ue fac tion of sed i ments with
a re versed den sity gra di ent ex posed to periglacial con di tions
were de scribed first only less than forty years ago (Vanden -
berghe and Van den Broek, 1982; Vandenberghe, 1988). Peri -
glacial load struc tures of ten tend to show more or less sim i lar
hor i zon tal dis tances be tween suc ces sive load casts (Fig. 10A). It 
is as yet not clear whether this is a re sult of the reg u lar po lyg o nal
pat terns of de for ma tions that tend to de velop un der periglacial
con di tions (Van Vliet-Lanoë et al., 2004; French, 2007). The reg -
u lar ity might in this case be caused by the pres ence of ini tial
cracks (e.g., frost fis sures, a pre-ex ist ing po lyg o nal crack pat tern
or des ic ca tion cracks), fol lowed by over saturated con di tions that
fa cil i tate load ing. The cracks act as weak ness zones through
which sed i ment moves up ward, even tu ally form ing struc tures
that may in some re spects re sem ble the pil lar struc tures de -
scribed in nu mer ous pub li ca tions as a kind of load struc tures, but
that are as cribed to frost heave rather than to load ing (Van
Vliet-Lanoë et al., 2004; Vanden berghe, 2013); si mul ta neously,
how ever, the sed i ment in the up per part of the ac tive layer might
sink into the un der ly ing sed i ment, form ing load casts (cf.
Vandenberghe, 2013, 2016). Not all these struc tures are nec es -
sar ily con nected to per ma frost: some may be due to deep sea -
sonal frost pen e tra tion (e.g., French and Goździk, 1988;
Krzyszkowski, 1990; Kasse et al., 1998; Petera-Zganiacz, 2016). 
In this case, the hor i zon tal pat tern of the load struc tures rep re -
sents a cell-like poly gon net work. 

It should be kept in mind, how ever, that load struc tures are
not al ways the cause of up ward push of sed i ment be tween
them, be cause the causal re la tion ship may also be the op po -
site: if some diapirism takes place, the sed i ments in be tween
two diapirs nec es sar ily form sub sid ing pock ets. Since diapirs or
up ward in tru sions may fol low a reg u lar pat tern (see, for in -
stance, An ke tell et al., 1969, 1970), the “pock ets” in be tween
them will con se quently also be found at reg u lar dis tances. This
is not only known from halokinesis (Mattauer, 1973; Jack son,
1987), but also from lac us trine sed i ments (Tal bot and Allen,
1996). The sit u a tion is more clear in the case of seis mi cally-in -
duced load struc tures: they are ir reg u lar, and their widths and
heights are com monly vari able over com monly large lat eral dis -
tances (Van Loon, 2009; Alsop and Marco, 2011; Van Loon and 
Maulik, 2011; Brandes et al., 2012; Tian et al., 2016) al though
the dis tance may be lim ited by the pres ence of a sed i men tary
body that is in suf fi ciently sus cep ti ble to mo bi li za tion (Moretti
and Van Loon, 2014), for in stance in the form of a fan (see
Pisarska-Jamroży and Woźniak, 2019). The far ther away from
the epi centre, the more de creases the com plex ity of seis mic
load struc tures; pseudonodules be come there fore less fre quent 
with in creas ing dis tance from the epi centre, as pseudo nodules
rep re sent a fur ther de vel op men tal stage than sim ple load casts
(cf. Owen, 2003). The lack of reg u lar pat terns in seis mi cally-in -
duced load struc tures (Fig. 10B) must be as cribed to the ab -
sence or ir reg u lar spa tial dis tri bu tion of pre-ex ist ing cracks and
to ir reg u lar i ties within the sed i ment. If a sed i men tary suc ces -
sion with a po lyg o nal net work of cracks, de vel oped due to
periglacial con di tions, is af fected by a seis mic shock, the cracks 

Sedimentological dis tinc tion in glacigenic sed i ments be tween load casts in duced by periglacial pro cesses... 633

Fig. 9. Ver ti cal ex tent of de for ma tion struc tures 
in a sed i men tary suc ces sion

A – ver ti cal size of the de for ma tions in seismites may vary
but their max i mum height is re stricted to the thick ness of the
seismite; most de for ma tion struc tures in the seismite show
this max i mum ver ti cal ex tent; seismite in a quarry near
Rakuti (Lat via); B – load struc tures (so-called “tears”) for -
med in an ac tive layer; the tears tend to ex tend down ward to
roughly the same level, which rep re sents the then bound ary
be tween the frozen and un frozen ground; C – load struc -
tures in seismites tend to oc cur at dif fer ent heights, ei ther or
not be ing con cen trated at spe cific lev els; if sev eral lev els
with such struc tures are pres ent, this is com monly due to a
se ries of earth quakes; Weichselian glaciofluvial sands at
Siekierki, NW Po land 



do – ac cord ing to the avail able data from field work – not in flu -
ence the hor i zon tal dis tri bu tion of newly formed load struc tures.
This must be as cribed to the fact that a seismite is de formed in
its en tirety.

The seis mi cally-in duced tem po rary in crease of the pore-
 wa ter pres sure dur ing pas sage of a shock wave causes the liq -
ue fied layer to be sub jected to hy drau lic break-throughs. It is
note wor thy is this con text that loaded “pock ets” may re sult from
shock-wave in duced up ward di rected in tru sions of fluidized
sed i ment, just like in the case of up ward move ment of sed i ment 
through the reg u larly spaced cracks formed in a periglacial set -
ting (see above). This has been de scribed from nu mer ous ar -
eas where suf fi ciently strong earth quakes oc curred (e.g.,
Vanneste et al., 1999, 2001; Vanneste and Verbeeck, 2001;
Houtgast et al., 2003, 2005; Lafuente et al., 2008; Van Loon
and Pisarska-Jamroży, 2014), but there are no clear in di ca tions 
for reg u lar mu tual dis tances be tween ei ther these in tru sions or
the load struc tures in be tween.

The hor i zon tal dis tri bu tion of load struc tures thus pro vides
some ev i dence for the periglacial or seis mic set ting in the fol -
low ing way: 

– if the hor i zon tal dis tri bu tion of the load struc tures is reg u lar,
they are most com monly periglacial, whereas a cha otic hor -
i zon tal dis tri bu tion is more com monly ev i dence for a seis -
mic or i gin; 

– if the load struc tures oc cur lat er ally over hun dreds of me -
tres, show ing grad ual hor i zon tal changes in their com plex -
ity, they are most likely seis mic in or i gin.

INTERNAL 
STRUCTURE OF LOAD STRUCTURES

Load ing is a pro cess that, as ex plained above, stops when
the re sis tance by the un der ly ing liq ue fied layer equals the force
ex erted by the weight of the liq ue fied over ly ing, denser layer.
Con se quently, load ing is in prin ci ple a pro cess that will not re -
peat. Even if con di tions change, re peated load ing at the same
place is un likely. Yet, it is not un com mon that de formed load
struc tures oc cur, oc ca sion ally with load casts that de form ear -
lier formed load casts. This must be as cribed to new events that
cause re newed (and more in tense) liq ue fac tion than be fore.
Such suc ces sive phases of load ing are, as a rule, dif fi cult to re -
con struct pre cisely, in de pend ent of whether seis mic ac tiv ity or
periglacial pro cesses are re spon si ble, so the pre cise gen e sis of 
such multi-phase load struc tures is com monly dif fi cult (see
Vandenberghe et al., 2016). There is, how ever, one ex cep tion:
multi-phase load casts can rel a tively eas ily orig i nate in a seis mi -
cally-in duced set ting be cause earth quakes tend to be fol lowed
by after shocks. Since these after shocks are caused by earth -
quakes that have com monly dif fer ent mag ni tudes, the re sult ing
seis mic shock waves may cause dif fer ent de grees of liq ue fac -
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Fig. 10. Reg u lar ity of de for ma tion struc tures

A – periglacial load struc tures tend to show more or less equal mu tual hor i zon tal dis tances, pos -
si bly due to de vel op ment in zones of weak ness such as filled-up frost cracks; Valmiera site, NE
Lat via (ex tended fig ure; see Van Loon et al., 2016); B – hor i zon tal dis tances be tween ad join ing
load struc tures in seismites tend to be ir reg u lar; seismites near Baltmuiza, Lat via



tion, and com monly also dif fer ent types of de for ma tion (Fig.
11). More over, glaciolacustrine sed i ments that are de formed by 
a seis mic shock may be come abraded by wave ac tiv ity. Trun -
ca tion is there fore a com mon fea ture of seismites (Fig. 12), and
the seismite may sub se quently be come cov ered by a new layer 
of glaciolacustrine sed i ment be fore a next shock oc curs that
de forms the ear lier orig i nated SSDS. Par tic u larly load ing that
may thus re sult can eas ily de form load casts formed dur ing an
ear lier earth quake. This ex plains why seis mi cally-de formed
sed i ments of ten show load casts within load casts (Fig. 13), or
load casts that are de formed by youn ger load casts. This pro -
cess may even be re peated sev eral times, so that multi-phase
load struc tures can be formed. Such multi-phase load casts are 
char ac ter ized by in ter nal lami na tions that are not all par al lel to
each other, but that de form the lam i na tion of an older gen er a -
tion of load casts.

Pseudonodules may, ob vi ously, also form dur ing a sin gle
load ing phase or dur ing sev eral phases. For the same rea son
as men tioned above, it is un likely that stacked lev els of pseudo -
nodules, which are com mon in seismites (Fig. 14), may de velop 
due to periglacial ac tiv ity, al though this can not be fully ex -
cluded. It is much more likely, how ever, for seis mi cally-in duced
spec i mens. In the case of a se ries of after shocks, each se ries
of pseudonodules formed af ter a spe cific earth quake tends to
oc cur at a par tic u lar level in the de formed layer, whereas they
tend to oc cur in the case of a periglacial or i gin on the bot tom of
the ac tive layer, thus cre at ing a sin gle pseudonodule-rich level. 

The fol low ing char ac ter is tics of the in ter nal struc ture can
con se quently help to in ter pret the trig ger mech a nism of load
struc tures: 

– if all in ter nal lami na tions of a load struc ture fol low the outer
bound ary more or less pre cisely, the or i gin may be ei ther
periglacial or seis mic, but if the lam i na tion is ir reg u larly de -
formed, the or i gin is prob a bly seis mic; 

– if the load struc tures show trun ca tions and other ir reg u lar i -
ties that in di cate a multi-phase de for ma tion, their or i gin is
most com monly seis mic; 

– if lev els with pseudonodules oc cur at dif fer ent depth within
the de formed layer, there or i gin is most com monly seis mic,
whereas they are most com monly periglacial if al most all
pseudonodules are con cen trated in one level of re stricted
thick ness.

DISCUSSION

Load struc tures can be formed due to sev eral pro cesses;
these can act un der nu mer ous con di tions, in clud ing periglacial
and seis mic ones. Con se quently, the pres ence of load struc -
tures is not di ag nos tic for ei ther set ting. More over, sed i ments
af fected by a seis mic shock can later be come ex posed to
periglacial con di tions. On the other hand, sed i ments with load
struc tures formed due to periglacial pro cesses can be come af -
fected by seis mic shocks (e.g., Van Vliet-Lanoë et al., 2004;
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Fig. 11. De tail of a seismite, show ing sev eral types of soft-sed i ment de for ma tion struc -
tures closely to gether, in di cat ing brit tle be hav iour, liq ue fac tion and fluidization (load ing
marked by white ar rows, in jec tion by grey ar row, and faults by black ar rows); Siekierki,
NW Po land (see also Van Loon and Pisarska-Jamroży, 2014)

Fig. 12. Trun cated de for ma tions of a seismite due to ero sion 
of the top most part of the suc ces sion; Baltmuiza, Lat via



Alexeev et al., 2014; Vandenberghe et al., 2016). Ob vi ously,
suc ces sive de for ma tion phases due to both periglacial pro -
cesses and seis mic ac tiv ity are also very well pos si ble. Fur ther -
more, the orig i nal load-struc ture ge om e try can be mod i fied
later, for in stance by lat eral stresses re lated to slope pro cesses, 
wa ter cur rents, a hy drau lic gra di ent or glaciotectonics (Das -
gupta, 1998; Moretti et al., 2001). 

Con se quently, it is, as a rule, not pos si ble to state that load
struc tures are be yond any doubt due to ei ther of these trig ger
mech a nisms, un less one of these mech a nisms can be ruled
out with cer tainty. Pleis to cene sed i ments in the coastal low -
lands of trop i cal ar eas, for in stance, will not have been af fected
by periglacial pro cesses, but Pleis to cene glaciogenic sed i -
ments in intracratonic ar eas that are tec toni cally sta ble will al -

most cer tainly have been af fected by periglacial pro cesses.
This com plex ity makes a re li able anal y sis of the trig gers of load
struc tures much more com plex, but a step-by-step ap proach
may even tu ally well lead to a con clu sion which ev i dence is the
most con vinc ing.

The mech a nisms and pro cesses that in duced load struc -
tures must there fore most com monly be in ter preted on the ba -
sis of cir cum stan tial ev i dence. The most im por tant pa ram e ters
in this re spect seem to be the hor i zon tal and ver ti cal dis tri bu tion
of these SSDS within de formed units, and their in ter nal struc -
ture. The in ter pre ta tion made on such a ba sis can be sup ported
by the oc cur rence or ab sence of spe cific in dic a tive de for ma -
tions such as mud vol ca noes, sand boils, clastic dykes and wa -
ter-es cape pipes (Rossetti, 1999; Van Vliet-Lanoë et al., 2004;

636 A.J. (Tom) Van Loon, Małgorzata Pisarska-Jamroży and Barbara Woronko

Fig. 13. Load casts within load casts are strong ev i dence of a seis mic or i gin, 
as they re flect most prob a bly suc ces sive liq ue fac tion phases caused by an earth quake

and after shocks; Dyburiai, NW Lith u a nia (see Pisarska-Jamroży et al., 2018b)

Fig. 14. Se ries of pseudonodules, roughly ar ranged at dif fer ent lev els 

This is strong ev i dence for a seis mic or i gin; pseudonodules of seis mic or i gin in Siekierki
 in NW Po land (Van Loon and Pisarska-Jamroży, 2014)



Vandenberghe et al., 2016) in seis mic set tings, and ice-wedge
pseudo morphs and frost-cracks in periglacial set tings (French,
2007). How ever, all these as pects can only make a periglacial
or seis mic or i gin more likely (or un likely), but they do, as al ready 
men tioned above, not pro vide def i nite proof. On the other hand, 
if all data point into the same di rec tion, it seems sci en tif i cally ac -
cept able to con sider this as suf fi ciently strong ev i dence.

Seismites were rec og nized only rel a tively re cently (Seila -
cher, 1984), and their im por tance was long un der es ti mated.
Seis mi cally-in duced de for ma tion struc tures and par tic u larly
seismites still re ceive less at ten tion from Qua ter nary ge ol o gists
than de sir able, par tic u larly be cause it has be come clear in nu -
mer ous stud ies that fluc tu a tions in the po si tion of the large
Pleis to cene ice sheets in duced fre quent earth quakes, of ten of
suf fi cient mag ni tude to cause seismites.

This is pre cisely why we hope that our con tri bu tion will help
Qua ter nary ge ol o gists to con sider the pos si bil ity of a seis mic
or i gin when they in ves ti gate soft-sed i ment de for ma tion struc -

tures in periglacially af fected ar eas. The more data about gla ci -
ation-re lated earth quakes be come avail able, the better the in -
sight into the Pleis to cene his tory of the earth will be come.

How anal y sis of load struc tures and other SSDS can help
un ravel the var i ous deformational pro cesses can best be il lus -
trated on the ba sis of a case his tory. For the pur pose, we re fer
to a study of three de formed sed i men tary lev els within an
undeformed glaciolacustrine and glaciofluvial suc ces sion (Fig.
15A) ex posed in a coastal cliff on Rügen Is land (south west ern
Bal tic Sea). Based on their struc tural and deformational fea -
tures, two of the de formed lay ers could be in ter preted as
seismites (Fig. 15B) which formed by shock waves re sult ing
from earth quakes due to flex ural iso static re sponse of the
Earth’s crust as a con se quence of the ice load dur ing ice ad -
vance, prob a bly due to lo cal re-ac ti va tion of pre-ex ist ing faults.
The third de formed level could be in ter preted as a re sult of
periglacial pro cesses (Fig. 15C). For more de tails, the reader is
re ferred to Pisarska-Jamroży et al. (2018a, b, 2019b).
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Fig. 15. Sed i men tary suc ces sion at Dwasieden, NE Ger many (see Pisarska-Jamroży et al., 2018a) 

A – cliff suc ces sion with three de formed sed i men tary lay ers; B, C – de tails of the two stacked seismites;
D – de tail of the periglacially de formed layer show ing a loaded frost-wedge cast



CONCLUSIONS

Di ag nos tic cri te ria for the dis tinc tion be tween load struc -
tures formed by periglacial pro cesses from those formed by
seis mic ity-re lated pro cesses do not ex ist, but the fol low ing as -
pects pro vide ev i dence: 

1. Periglacially-in duced load struc tures oc cur com monly
close to the sed i men tary sur face (pres ent or an cient) and are
re stricted to the (then) ac tive layer, which need not co in cide
with a sed i men tary layer or set of lay ers. Seis mi cally-in duced
load struc tures tend also to oc cur close to the sed i men tary sur -
face (pres ent or an cient) but may also oc cur at some what
deeper lev els (most com monly up to 5 m be low the sur face).

2. Seis mi cally-in duced load struc tures tend to oc cur, in con -
trast to periglacial load struc tures, in well-de fined lay ers (=
seismites) with sharp bound aries; in a sed i men tary suc ces sion, 
sev eral seismites may be pres ent, ei ther stacked im me di ately
upon each other or sep a rated by undeformed lay ers. Such ver -
ti cal al ter na tions of well-de fined de formed and non-de formed
lay ers do not orig i nate due to periglacial pro cesses.

3. Periglacially-in duced load struc tures ex tend to more or
less the same depth and can sink into un der ly ing lay ers with dif -
fer ent li thol ogy; if the sed i ment lay ers are not hor i zon tal, the
load struc tures may be pres ent all over the ex po sure to roughly
the same depth, in de pend ently of whether stratigraphically dif -

fer ent lev els are in volved. Seis mic load struc tures oc cur at all
depth within well-de fined de formed lay ers (or sets of lay ers) that 
show abun dant SSDS over large lat eral dis tances, in de pend ent 
of changes in height of the layer, but they do not (or much less
fre quently) oc cur in un der- and over ly ing lay ers. 

4. Seis mic load struc tures tend to show grad ual hor i zon tal
changes in their size and com plex ity, whereas periglacial load
struc tures do not.

5. Periglacial load struc tures may oc cur in a more or less
reg u lar pat tern (cell-like poly gon net work), whereas seis mi -
cally-in duced load struc tures tend to oc cur in a less reg u lar pat -
tern, even though cell-like poly gons may orig i nate in all sys tems 
with un sta ble den sity gra di ents (cf. Alfaro et al., 2010).

6. In periglacial load casts, the in ter nal lam i na tion runs al -
most al ways roughly par al lel to the outer bound ary of the struc -
ture. In seis mic load casts, com plex de for ma tion with trun cated
lam i na tion may be pres ent due to multi-phase shock-in duced
de for ma tion. 
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