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Loading processes and the resulting load structures induced by processes related to periglacial conditions are compared to
those induced by seismic shocks. The load structures themselves are relatively easily recognizable but the responsible trig-
ger mechanism is, though depending on the geological context, commonly difficult to establish. Load structures like load
casts, pseudonodules, ball-and-pillow structures and flame structures are commonly ascribed to instable density gradients
within sediments and to differential loading, but their formation always requires liquefaction. In glacigenic sediments, defor-
mation structures have most commonly been ascribed to periglacial processes (as a type of cryoturbations), but it becomes
ever more clear that glacigenic sediments can, particularly during ice-front fluctuations, be affected by faulting-related earth-
quakes (due to glacio-isostatic adjustment), and the thus triggered seismic shocks may result in deformations, including —
most commonly — load structures. We inventory the evidence that may help to distinguish, on the basis of textural and struc-
tural features, load structures with a seismic origin from those that result from periglacial processes, taking into account that

=

truly diagnostic criteria do not exist.
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INTRODUCTION

Load casts and genetically associated structures (particu-
larly pseudonodules and flame structures) are the most com-
mon type of soft-sediment deformation structures (SSDS). The
reason is that numerous processes may trigger loading, partic-
ularly in sediments that are partly consolidated but that still con-
tain a significant amount of pore water. This variety of possible
triggers hampers the interpretation. Yet, analysis of the trigger-
ing mechanism of SSDS has been recognized as an important
tool for the interpretation of the conditions that prevailed during
or shortly after deposition of the sediments under study.

The interpretation of load structures in unconsolidated,
glacigenic sediments poses commonly a major problem since,
in addition to possible other — more common — triggers, two en-
tirely different processes may be responsible for the triggering
of these structures. The first trigger is the occurrence of peri-
glacial processes, which affect sediments in a wide zone in front
of an ice sheet, whether advancing, stable or retreating. The
second trigger is seismic activity, which is common in areas
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with periglacial conditions because of the changing differential
pressure exerted by the weight of the advancing or retreating
land-ice sheet on the earth crust, resulting in subsidence during
ice advance and in uplift during ice retreat. Particularly the
glacio-isostatic adjustment of the earth crust tends to take place
step-wise, resulting in earthquakes that may have a sufficiently
large magnitude to trigger liquefaction (M 24.5: Marco and
Agnon, 1995) that may strongly deform susceptible sediment
layers near the earth surface.

Recognition of periglacial conditions or seismic activity that
affected sediments under study can be of great importance for a
proper interpretation of the tectonic, sedimentary, climatological
and morphological conditions of the area. The correct recogni-
tion of a periglacial or a seismic origin of load structures is signif-
icantly hampered, however, by an unfortunate heritage: glaci-
genic sediments have initially been investigated for more than a
century almost exclusively by physical geographers, in a time-
span that little was known about SSDS, and nothing at all about
the role that seismicity may play in it. Consequently, all SSDS
encountered in glacigenic sediments were for a long time attrib-
uted to periglacial processes. Even nowadays this is reflected in
the sometimes mutually contradictory viewpoints of Quaternary
geologists regarding SSDS. Load casting, for instance, is — ac-
cording to Brigitte Van Vliet-Lanoé (pers. comm., 2018) —“...ex-
ceptional in periglacial conditions [as | deduce] from 40 years of
Arctic experience in stable and unstable seismic zones. | never
found a clear example of load cast induced by frost activity...”. In
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contrast, Jef Vandenberghe (pers. comm., 2018) states: “In a
review of periglacial loading you cannot ‘forget’ the classical lit-
erature by ... As concerns the origin of the reverse gradient and
the fluidization [sic!] of the deformed sediment that is needed in
periglacial loading, reference should be made to...[sic!]". These
statements make clear that Quaternary geologists still adhere
strongly contradictory views regarding SSDS, indicating how
badly needed contributions like the present one are, even if they
may raise severe criticism.

True interest of geologists in unconsolidated Quaternary
sediments came only in the past few decades, and they tended
initially to accept conclusions reached during earlier research.
Geological studies of the Quaternary (mostly aimed at se-
dimentological aspects) thus started with ascribing SSDS in
glacigenic sediments to periglacial processes (which were at
the time still hardly studied by geologists).

When the sedimentological study of Quaternary sediments
progressed, the unavoidable conclusion was eventually rea-
ched that many SSDS in these sediments should not be as-
cribed to periglacial processes, partly because it was frequently
found that alternations of strongly deformed and non-deformed
occur in many successions, also at places where neither such
frequent alternations of periglacial and “warm” time-spans, nor
seasonal alternations could be held responsible. In combina-
tion with the increasing knowledge about SSDS that were trig-
gered by other processes, it became clear that the long-time
prevailing explanations of SSDS in glacigenic sediments
should be reviewed critically.

It was also realized, however, that many SSDS are formed
by a combination of processes, and that SSDS may become
deformed themselves again by later processes. This raised
during many investigations the question of whether a specific
deformation structure in a glacigenic succession had been
formed by, for instance, glaciotectonics, periglacial processes,
seismic activity, “normal” syn- or post-depositional deformation
processes, or by a combination of them, acting at the same time
or successively.

The more abundant a specific type of SSDS is, the more
frequently this question came up. It is therefore not surprising
that many discussions concerned load structures, as these are
the most common in many types of deposit. The question of
how to distinguish between load structures formed by different
processes has consequently been raised often, but satisfactory
and commonly accepted answers have not been given as yet.
In the present contribution, we aim at doing so for load struc-
tures formed by periglacial processes and load structures
formed due to seismic activity. We are fully aware that load
casts can be formed under entirely different conditions and by
numerous different processes as discussed extensively in a
special issue of Sedimentary Geology devoted to SSDS
(Moretti et al., 2016), but we restrict ourselves to the just-men-
tioned two types, as such a distinction, which is already fairly
difficult, might be considered as a first step into the direction of
establishing criteria (or evidence) that may help to distinguish
between all possible triggers and mechanisms that may result
in load structures. Moreover, the Pleistocene sediments devel-
oped under periglacial conditions were, as explained above,
frequently affected by earthquakes, so that particularly for these
sediments it is desirable to distinguish which of the two most
likely processes (a seismic shock or periglacial processes)
must be held responsible for the presence of load structures.
Most of SSDS examples shown in the present contribution
have been interpreted already in terms of their trigger mecha-
nism (see the captions of these figures), and we refer the
reader to these publications.

The present contribution has the following two main objec-
tives:

— investigating whether differences exist between load struc-
tures developed due to a periglacial setting and those devel-
oped due to seismic activity,

— answering the directly related question of whether it is possi-
ble to determine whether specific load structures have been
caused by periglacial or by seismic processes, based on
their characteristics in combination with their specific sedi-
mentary setting.

LOAD STRUCTURES

Load structures, and more particularly load casts, belong to
the first structures recognized as a result of deformation of un-
consolidated sediments. The first clear descriptions came from
Macar (1948), who investigated Devonian sediments in the Bel-
gian Ardennes where he discovered pseudonodules, for which
he introduced this new term (in the form of “pseudo-nodules” to
make clear that these structures look like concretions — nodules
in French — but have a different origin). His studies received not
much attention, but were used by Van Straaten (1954), who
compared the pertinent sediments with those of the pres-
ent-day Dutch tidal flats of the Wadden Sea, and who came to
the conclusion that the sedimentary features (including struc-
tures) in ancient sediments should be interpreted on the basis
of processes that act in modern equivalents. This study by Van
Straaten, which received much international attention, was a
break-through for the interpretation of ancient sediments on the
basis of modern equivalents. Only a few years after Macar’s
discovery — and sedimentary recognition of pseudonodules —
Kuenen (1953) introduced, in a study related to the sole marks
of turbidites, the term “load cast” for the SSDS that had earlier
(incorrectly) been described by Shrock (1948) as “flow cast”.

A commonly accepted explanation for the origin of load casts
came from Dzutynski (1966) and Anketell et al. (1969, 1970),
who made clear that reversed density gradients (commonly be-
tween muds and overlying sands) must be responsible: just by
gravity, the denser sand sinks locally in the water-saturated mud.
However correct this explanation may be, it left several ques-
tions: why does the sinking take place only locally, why do not all
sandy sediments overlying muddy ones show load casts, and
why does not the entire sandy layer sink down in the mud? Some
guestions have been answered satisfactorily in the meantime on
the basis of studies regarding liquefaction (an incorrect term: the
sediment does not behave as a fluid but as a plastic mass!) and
fluidization. It has also become clear, however, that in many
cases a trigger must have initiated the loading process. And it is
the unravelling of the trigger that nowadays is the main problem,
certainly in glacigenic sediments.

This unravelling of the trigger requires a good insight into the
process involved in loading, as well as in the characteristics of
the resulting load structures. Therefore we pay first some atten-
tion to these aspects, including the related terms, as these are
frequently used incorrectly in the literature, which highly contrib-
utes to misunderstanding about the genesis of these SSDS.

LOADING PROCESS

Unravelling the trigger that initiated loading requires insight
into the loading process, which itself depends largely on sedi-
ment properties. As mentioned above, the most common gene-
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sis of load structures is gravity-induced sinking of part of a sedi-
ment layer into the underlying layer due to a reversed density
gradient. This has been confirmed by numerous studies of
SSDS in periglacially affected areas (see, among others,
Murton and French, 1993; French, 2007; Vandenberghe, 2009,
2013; Superson et al., 2010; Alexeev et al., 2014), as well as for
seismically affected sediments (see, among others, Obermeier,
1996; Lafuente et al., 2008; Van Loon et al., 2016). It became
also clear already some decades ago why sandy layers do not
sink as an entity in an underlying mud layer: any perturbations
at the interface between the overlying, denser sediment and the
underlying less dense sediment act as Rayleigh-Tayler instabil-
ities, causing irregularities to amplify until a gravity-driven verti-
cal movement is locally achieved. It is also clear why a loading
process stops at a certain moment: the underlying layer is
pressed down and the vertical pressure forces pore water to
flow out sideward, which implies consolidation of the underlying
mud. This increases its resistance, and when the resistance
equals the gravitational force, the process stops.

Load structures that are formed in this way result as a rule
from conditions and processes that are inherent to the depo-
sitional environment such as the deposition of sandy turbidites
on fine-grained sediments in front of a delta (which is known
from numerous field data), or such as might be expected from
the freezing/thawing alternations which occur particularly under
periglacial conditions. Load casts can, however, also be formed
due to external factors such as passing shock waves resulting
from seismic activity. The group of deformation structures cre-
ated by periglacial processes, mostly differential frost heave re-
sulting in differential accumulation of segregated ice in the soil
following their grain-size distribution, are commonly jointly
called “cryoturbations” (see Edelman et al., 1936), whereas lay-
ers that are completely deformed as a result of seismic activity,
while intercalated between (in principle) non-deformed layers
are called “seismites” (e.g., Seilacher, 1984; Van Loon, 2014).
We restrict ourselves in the following, unless stated otherwise,
to these two categories.

TERMINOLOGY

Simple loading processes produce simple load structures.
The most simple is the local sinking of a sand mass, resulting in
a bent, concave-upward contact plane between the mud and
the sinking sand. If this process continues, a ball shaped sand
body develops (Fig. 1A), with its upper side parts still connected
to the parent sandy layer. If the sand sinks deeper, it will gradu-
ally lose its contact with the parent layer (Fig. 1B) and eventu-
ally it may even become completely separated from its parent
layer and form a sandy ball (with its internal laminations more or
less parallel to its outer boundaries). Such an isolated ball is
called “pseudonodule” (Fig. 1C). Only in exceptional cases, for
instance when “new” sand is continuously supplied to the de-
pression that is formed at the sedimentary surface, while simul-
taneously water is expelled easily from the over-saturated un-
derlying mud, a vertical sandy body may develop (Fig. 2), which
eventually leads to faulting along its sides, causing a complex
faults-bound structure (Fig. 3) that is known as gravifossum
(Van Loon and Wiggers, 1976).

It is also possible that a sand layer forms load casts in an
underlying sand layer, if there is a sufficient difference in water
content and/or grain size. The thus formed load structures are
called ball-and-pillow structures (Fig. 4). Since these fairly ex-
ceptional types are not truly relevant for the distinction between
periglacial and seismic load structures, we will not deal with
these types in the following. When a sand body sinks into the

Fig. 1. Load casts

A —simple load cast, formed by the local sinking of sand into the un-
derlying liquefied mud; note the lamination in the load cast parallel
to its outer boundary; load cast of periglacial origin, Valmiera, N Lat-
via; B — periglacially formed load structure developed into a stage in-
termediate between a load cast and a pseudonodule; the loaded
mass is still slightly connected to the parent layer; Rechitsa site,
Belarus (see also Marks et al., 2018); C — pseudonodules; the sunk
sandy “balls” have no longer contact with the parent layer, which has
completely been “consumed” by the load casts; note the internal
lamination parallel to the outer boundary of the structures; lagooal
subrecent sediments in a reclaimed area in the central Netherlands

underlying mud, a space problem is created in the mud. This is
compensated by upward push of the mud alongside the sunken
sand mass. Particularly if a series of load casts is developed
fairly close together (which increases the space problem), the
mud that is pressed upwards between the load casts forms
flame-like structures (Fig. 5A), which are consequently called
“flame structures”. Because this process tends to take place
while the sediment is slightly consolidated and thus behaves in
a plastic way, the flames still show their original (though de-
formed) internal structures (commonly lamination). They com-
monly do not pierce the overlying sand layer (Fig. 5B), but may
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Fig. 2. Deeply sunk load cast (see boundary-parallel
lamination in the bottom part) with a large vertical
extent that could develop because some sandy ma-
terial sank in water-saturated silt, leaving a depres-
sion at the sedimentary surface in which new sand
was deposited, causing a “chain reaction” of sandy
infilling and further loading; Holocene lagoonal sed-
iments, central Netherlands

Fig. 3. Gravifossum in Holocene lagoonal
sediments (central Netherlands), developed
as an extreme result of loading

Fig. 4. Ball-and-pillow structure formed by the loading of a
thick, probably quickly deposited, sandy layer into underlying
water-saturated sands; Cuisian/Lutetian Perarrua Formation
near Bellestar (Spain)

do so when the loading process is repeated. This is a funda-
mental difference with injection structures (Fig. 5C), which de-
velop while in fluidized state (and which consequently do no lon-
ger show original internal structures), and which clearly form
bodies that intrude the overlying sediments, cutting off internal
structures. In exceptional cases, however, flame structures
may be pressed upwards so far that they partly penetrate the
overlying layers, cutting of structures. Even in that case they
can be distinguished from injection structures, however, be-
cause their internal structures are still preserved.

THE NON-DIAGNOSTIC MORPHOLOGY
OF LOAD STRUCTURES

The morphology of load structures such as load casts,
pseudonodules, and ball-and-pillow structures, and of geneti-
cally associated structures such as flame structures, depends
largely on the initial sedimentary setting, the driving force and
the duration of the deformable state, whereas the nature of the
trigger mechanism seems to play a minor or even negligible role
(Vandenberghe, 2009; Owen and Moretti, 2011; Owen et al.,
2011). A major problem is that load structures with identical or
almost identical characteristics (size, outer shape, internal
structure, etc.) can be triggered by a variety of processes,
whereas loading caused by the same trigger mechanism can
result in load casts with different size, shape and internal struc-
ture, depending on the grain-size distribution, thickness of
laminae, duration of the loading process, etc. (Van Vliet-Lanoé
etal., 2004; Van Loon, 2014; Vandenberghe et al., 2016, 2017).

Furthermore, overprinting is not exceptional: for instance,
periglacially-deformed sediments can be deformed once more
by seismic activity, and vice versa (e.g., Alexeev et al., 2014;
Vandenberghe et al., 2016). This is of particular interest be-
cause it was found in the past few decades that numerous load
structures in Quaternary sediments should be ascribed to the
rather frequent earthquakes that were triggered by shock-wise
isostatic adjustment of the earth crust during the retreat of an
ice sheet (e.g., Morner, 1990, 1991; Wu and Johnson, 2000;
Van Vliet-Lanoé et al., 2004; Hoffmann and Reicherter, 2012;
Brandes et al., 2012; Van Loon and Pisarska-Jamrozy, 2014;
Pisarska-Jamrozy et al., 2018a; Pisarska-Jamrozy and
Wozniak, 2019) or during advance of an ice sheet (Pisarska-
-Jamrozy et al., 2018a, 20194, b).
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Fig. 5. Flame structures

A — flame structure in Weichselian glaciofluvial sands in a quarry near Kérne (S Sweden); note the preserved lamination,
which was deformed while being pushed up between the two sinking load casts; the preserved laminae, which prove a lig-
uefied state during deformation, follow the outer boundaries of the adjoining load casts; B — various stages in the develop-
ment of flame structures; note how the lamination in the load casts and the flames tend to run parallel; Valmiera, N. Latvia;
C — injection structure in the form of a clastic dyke, perpendicular to the bedding. Note that no internal lamination or other
primary structure is preserved in the dyke, due to fluidization; Cretaceous Gyeokpori Formation, SW South Korea

Consequently, itis commonly recommended not to assign a
specific origin to SSDS as those under study here without de-
tailed analysis of the characteristics of both the structure itself
and its geological context (e.g., Seilacher, 1984; Vanden-
berghe and Van den Broek, 1982; Van Vliet-Lanoé et al., 2004;
Ogino and Matsuoka, 2007; Van Loon, 2009, 2014; Van Loon
and Maulik, 2011).

LOADING IN PERIGLACIAL AND SEISMIC
SETTINGS

Loading occurs in almost all depositional environments, but
is particularly common in water-saturated sediments with a rel-
atively high silt content (Moretti et al., 1999), for instance in lac-
ustrine, fine-grained fluvial and deltaic sediments (including
their glaciogenic counterparts), but occurs also in marine and
terrestrial coarser-grained deposits (Deev et al., 2009; Kog¢
Tasgin and Turkmen, 2009; Rana et al., 2016; Vandenberghe
et al.,, 2016).

LOADING UNDER PERIGLACIAL
CONDITIONS

Periglacially-induced loading is restricted to the thickness of
the thawed layer (the so-called active layer) during the degrada-
tion of the ground ice in near-surface sediments, which is the

sedimentary succession, from the sedimentary surface down-
wards, that thaws in the warm season, while being frozen and
forming part of the permafrost during the cold season. The ac-
tive layer, which consequently has different thicknesses from
year to year (depending on the temperature and the duration of
the “warm” season) consists, as a rule, not of a specific layer but
may comprise several layers; it maintains each year over long
distances a more or less similar thickness, depending on the to-
pography, snow cover, slope orientation, vegetation, drainage,
water content and lithology (French, 2007; French and Shur,
2010). This implies that the active layer is not necessarily bound
to specific layers but may, for instance in the case of a glaci-
tectonically tilted sediment, cross-cut one or more sedimentary
layers. This is, as will be detailed below, a characteristic that is
of prime importance when distinguishing between a periglacial
and a seismic trigger for the formation of SSDS in periglacial
sediments

Loading can develop under periglacial conditions due to (1)
cryohydrostatic flow (high pore pressure), (2) cryostatic heave
(freezing-induced pressure), and (3) like under all climatic con-
ditions, liquefaction due to any trigger that affects water-satu-
rated sediments with a reversed density gradient (Vanden-
berghe, 2013). In the first case, the deformation structures de-
velop as a result of lateral movement of unfrozen water trapped
between two impermeable layers: the underlying sediments
(due to the permafrost table) and the overlying sediments (due
to the downward freezing front; French and Shur, 2010). In the
second case, the pressure in frozen sediment can cause load-
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ing by volumetric expansion of freezing water and by differential
frost penetration caused by ice segregation (Van Vliet-Lanog,
1991; Vandenberghe, 2013). The third main process responsi-
ble for loading under periglacial conditions is based on the pres-
ence of reversed density gradients in the sediments in the wa-
ter-saturated thawing zone above a still frozen subsoil (e.g.,
Murton and French, 1993; Harris et al., 2000; French et al.,
2005; Vandenberghe, 2013), occasionally resulting in irregular
load casts due to thawing of the only partially molten nature of
the soil during the loading process (Fig. 6). The degradation of
ice-rich permafrost can also cause loading due to the ice-rich
upper layer of the permafrost, which results in a decreasing
density of the sediments in comparison to the overlying layers
(French, 2007). Other favourable conditions for periglacial load-
ing are moist, low-lying, flat, non-drained areas such as small
depressions with fine-grained sediments or with a buried per-
mafrost table (Vandenberghe, 2013). Konrad (2005) suggested
that deformation structures may also originate from ice-lens for-
mation and surface heave, which are common processes in the
periglacial environment.

Fig. 6. Irregular load cast formed probably due to a reversed
density gradient in still partly frozen glaciofluvial sediments
during season-bound melting of the uppermost sediments in a
periglacial setting; Wroctaw (Haller Street), SW Poland

LOADING TRIGGERED
BY A SEISMIC SHOCK

Seismically-induced loading is caused by seismically-in-
duced S-waves travelling through water-saturated, unconsoli-
dated sediments (Rossetti, 1999). The maximum reported
depth of seismically-induced liquefaction is 10 m, but most lig-
uefaction is restricted to depths of <5 m below the sedimentary
surface/palaeosurface (Obermeier, 1996), commonly even to
the uppermost decimetres. The deeper sediments are buried,
the closer the packing of grains becomes, and the worse the
condition is for the loss of shear strength, hampering liquefac-
tion. Seismically-induced loading is largely controlled by the li-
thology (Lafuente et al., 2008), the density and viscosity of the
sediment, the overpressure time, and the distance of the sedi-
ment to the epicentre. Allen (1986), Ambraseys (1988) and
Galli (2000) state that liquefaction is unlikely to develop loading
in the case of earthquakes with a magnitude of <5, but Marco
and Agnon (1995) calculated a minimum magnitude of 4.5 for
starting liquefaction. Most high-magnitude earthquakes are fol-
lowed by aftershocks, which also may have magnitudes that
are sufficient to transform previously undisturbed sediment lay-
ers into seismites.

A complicating factor is that the aftershocks can also de-
form previously deformed sediments, causing, for instance,
successive phases of loading; this is expressed in the form of
load casts that sink into previously formed load casts (i.e.,
multi-phase load casts: Fig. 7), examples of which are shown by
Van Loon and Pisarska-Jamrozy (2014) and Van Loon et al.
(2016).

Fig. 7. Multi-phase load casts,
showing load casts within load casts

This is due to successive earthquakes that caused a series of seis-
mic shocks of sufficient strength to deform already earlier deformed
glaciolacustrine silty sediments in a seismite, Siekierki, NW Poland
(detail of a photo in Van Loon and Pisarska-Jamrozy, 2014)

DIFFERENCES BETWEEN PERIGLACIALLY-
AND SEISMICALLY-INDUCED LOAD STRUCTURES

Interpretation of the genesis of load structures requires, fol-
lowing the great majority of researchers, particular attention for
the following aspects:

— setting of the study area (seismically active region, extent of
the periglacial zone, extent of glaciations, relief, etc.);

— lithology of the sediments involved in the SSDS;

— position of the deformed sediments within the sedimentary
succession (Owen et al., 2011; Moretti and Van Loon, 2014;
Belzyt and Pisarska-Jamrozy, 2017; Pisarska-Jamrozy et
al., 2019a).

Even taking the above aspects into account, it seems com-
monly impossible to find definite proof for a seismic or a
periglacial origin of a load structure. Distinction might rather be
achieved on the basis of circumstantial evidence. Extensive
field investigations of both periglacially affected and seismically
affected Quaternary sediments have led us to the conclusion
that only detailed sedimentological analyses of the textural and
structural characteristics of the structures involved, in combina-
tion with analysis of the immediately surrounding sediments
and of the entire sedimentary succession, may provide strong
evidence for either origin.

We have found that the following aspects constitute in prac-
tice the best tools for such a distinction:

— vertical distribution of the load structures (see Vertical distri-
bution of the load structures),

— horizontal distribution of the load structures (see Horizontal
distribution of the load structures),

— the internal structure of the load structures (see Internal
structure of load structures).
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VERTICAL DISTRIBUTION
OF THE LOAD STRUCTURES

The most important characteristic of seismites is that the
SSDS are restricted to a single, well-defined layer (Fig. 8A; oc-
casionally a set of a few layers) with distinct boundaries with the
under- and overlying layers that have not been deformed by the
seismic shock (e.g., Van Loon et al., 2016; Morsilli et al., 2020).
A straight, undeformed truncation level of the top of such de-
formed layers, as occasionally observed, particularly in shallow
lacustrine successions, indicates that deformation structures
must have developed during a single seismic time-span
(though possibly during a shock followed by aftershocks).

Periglacial processes, in contrast, affect sediments to a cer-
tain depth (determined by the thickness of the active layer; Fig.
8B), so that load casts and related SSDS can extend through
the sediments without being restricted to specific layers. Partic-
ularly in the case of somewhat tilted sediments (for instance
due to glaciotectonics), this may lead to load structures that
reach a specific topographic depth, represented by a level
which cross-cuts sedimentary layers. Even if sedimentation
continues at such a place, this layer-crossing character of the
level with load structures forms strong evidence — if not proof —
of a periglacial origin.

The thickness of a seismite determines, among other
things, the maximum vertical size of the SSDS (Fig. 9A). Such a

size restriction is less outspoken in periglacially affected sedi-
ments, because deformation structures, including load struc-
tures, can develop throughout the vertical extent of the active
layer independently from its thickness (Fig. 9B). If the active
layer consists of a sedimentary succession composed of a few
sandy layers intercalated by silty layers, loading may start in the
warm season at each boundary between a sandy and an under-
lying silty layer, so that various layers with load structures will
originate. Because the active layer can operate in a periglacial
setting during many years (even tens of thousands of years),
this might eventually result in the development of a thick sedi-
mentary succession with very complicated SSDS (Fig. 8B), but
— in contrast to seismites — the load structures will not be re-
stricted to specific layers with well defines lower and upper
boundaries. Load casts and pseudonodules may also occur at
different depths in a seismite (Fig. 9C), probably because of
inhomogeneities in the deformed layer(s), but their distribution
is always clearly restricted to a specific layer or set of layers.
Considering the above differences between periglacially-
and seismically-triggered load structures, distinction between
these two groups might be facilitated by the following aspects
regarding their vertical distribution in the deformed sediments:

— load structures restricted to a single level that also shows
many other SSDS are most commonly seismic, whereas
such structures crossing boundaries with non-deformed or
differently deformed layers are most commonly periglacial;

Fig. 8. Distribution of deformation structures
in a sedimentary succession

A —two laterally continuously strongly deformed silty/sandy seismites, separated
from each other by a thin undeformed sandy level, with under- and overlying
non-deformed glaciolacustrine sediments, Rakuti, Latvia; B — periglacially de-
formed, partly loaded, sediments with deformation structures that are not re-
stricted to a well-defined layer; sand quarry at Ryssjon, S Sweden (detail of a

photo in Gruszka et al., 2016)
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Fig. 9. Vertical extent of deformation structures
in a sedimentary succession

A — vertical size of the deformations in seismites may vary
but their maximum height is restricted to the thickness of the
seismite; most deformation structures in the seismite show
this maximum vertical extent; seismite in a quarry near
Rakuti (Latvia); B — load structures (so-called “tears”) for-
med in an active layer; the tears tend to extend downward to
roughly the same level, which represents the then boundary
between the frozen and unfrozen ground; C — load struc-
tures in seismites tend to occur at different heights, either or
not being concentrated at specific levels; if several levels
with such structures are present, this is commonly due to a
series of earthquakes; Weichselian glaciofluvial sands at
Siekierki, NW Poland

HORIZONTAL DISTRIBUTION
OF THE LOAD STRUCTURES

Important properties that can be used as evidence to distin-
guish cryoturbations from seismically-induced deformations are
their geometry and horizontal distribution in the deformed layer.

Load structures formed due to liquefaction of sediments with
a reversed density gradient exposed to periglacial conditions
were described first only less than forty years ago (Vanden-
berghe and Van den Broek, 1982; Vandenberghe, 1988). Peri-
glacial load structures often tend to show more or less similar
horizontal distances between successive load casts (Fig. 10A). It
is as yet not clear whether this is a result of the regular polygonal
patterns of deformations that tend to develop under periglacial
conditions (Van Vliet-Lanoé et al., 2004; French, 2007). The reg-
ularity might in this case be caused by the presence of initial
cracks (e.qg., frost fissures, a pre-existing polygonal crack pattern
or desiccation cracks), followed by oversaturated conditions that
facilitate loading. The cracks act as weakness zones through
which sediment moves upward, eventually forming structures
that may in some respects resemble the pillar structures de-
scribed in numerous publications as a kind of load structures, but
that are ascribed to frost heave rather than to loading (Van
Vliet-Lanoé et al., 2004; Vandenberghe, 2013); simultaneously,
however, the sediment in the upper part of the active layer might
sink into the underlying sediment, forming load casts (cf.
Vandenberghe, 2013, 2016). Not all these structures are neces-
sarily connected to permafrost: some may be due to deep sea-
sonal frost penetration (e.g., French and Gozdzik, 1988;
Krzyszkowski, 1990; Kasse et al., 1998; Petera-Zganiacz, 2016).
In this case, the horizontal pattern of the load structures repre-
sents a cell-like polygon network.

It should be kept in mind, however, that load structures are
not always the cause of upward push of sediment between
them, because the causal relationship may also be the oppo-
site: if some diapirism takes place, the sediments in between
two diapirs necessarily form subsiding pockets. Since diapirs or
upward intrusions may follow a regular pattern (see, for in-
stance, Anketell et al., 1969, 1970), the “pockets” in between
them will consequently also be found at regular distances. This
is not only known from halokinesis (Mattauer, 1973; Jackson,
1987), but also from lacustrine sediments (Talbot and Allen,
1996). The situation is more clear in the case of seismically-in-
duced load structures: they are irregular, and their widths and
heights are commonly variable over commonly large lateral dis-
tances (Van Loon, 2009; Alsop and Marco, 2011; Van Loon and
Maulik, 2011; Brandes et al., 2012; Tian et al., 2016) although
the distance may be limited by the presence of a sedimentary
body that is insufficiently susceptible to mobilization (Moretti
and Van Loon, 2014), for instance in the form of a fan (see
Pisarska-Jamrozy and Wozniak, 2019). The farther away from
the epicentre, the more decreases the complexity of seismic
load structures; pseudonodules become therefore less frequent
with increasing distance from the epicentre, as pseudonodules
represent a further developmental stage than simple load casts
(cf. Owen, 2003). The lack of regular patterns in seismically-in-

duced load structures (Fig. 10B) must be ascribed to the ab-
sence or irregular spatial distribution of pre-existing cracks and
to irregularities within the sediment. If a sedimentary succes-
sion with a polygonal network of cracks, developed due to
periglacial conditions, is affected by a seismic shock, the cracks

— different types of load structures that occur in a single de-
formed level not coinciding with a sedimentary layer are
most commonly periglacial, whereas their occurrence at dif-
ferent levels is evidence for a seismic origin.
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Fig. 10. Regularity of deformation structures

A — periglacial load structures tend to show more or less equal mutual horizontal distances, pos-
sibly due to development in zones of weakness such as filled-up frost cracks; Valmiera site, NE
Latvia (extended figure; see VVan Loon et al., 2016); B — horizontal distances between adjoining
load structures in seismites tend to be irregular; seismites near Baltmuiza, Latvia

do — according to the available data from fieldwork — not influ-
ence the horizontal distribution of newly formed load structures.
This must be ascribed to the fact that a seismite is deformed in
its entirety.

The seismically-induced temporary increase of the pore-
water pressure during passage of a shock wave causes the lig-
uefied layer to be subjected to hydraulic break-throughs. It is
noteworthy is this context that loaded “pockets” may result from
shock-wave induced upward directed intrusions of fluidized
sediment, just like in the case of upward movement of sediment
through the regularly spaced cracks formed in a periglacial set-
ting (see above). This has been described from numerous ar-
eas where sufficiently strong earthquakes occurred (e.g.,
Vanneste et al., 1999, 2001; Vanneste and Verbeeck, 2001;
Houtgast et al., 2003, 2005; Lafuente et al., 2008; Van Loon
and Pisarska-Jamrozy, 2014), but there are no clear indications
for regular mutual distances between either these intrusions or
the load structures in between.

The horizontal distribution of load structures thus provides
some evidence for the periglacial or seismic setting in the fol-
lowing way:

— if the horizontal distribution of the load structures is regular,
they are most commonly periglacial, whereas a chaotic hor-
izontal distribution is more commonly evidence for a seis-
mic origin;

— if the load structures occur laterally over hundreds of me-
tres, showing gradual horizontal changes in their complex-
ity, they are most likely seismic in origin.

INTERNAL
STRUCTURE OF LOAD STRUCTURES

Loading is a process that, as explained above, stops when
the resistance by the underlying liquefied layer equals the force
exerted by the weight of the liquefied overlying, denser layer.
Consequently, loading is in principle a process that will not re-
peat. Even if conditions change, repeated loading at the same
place is unlikely. Yet, it is not uncommon that deformed load
structures occur, occasionally with load casts that deform ear-
lier formed load casts. This must be ascribed to new events that
cause renewed (and more intense) liquefaction than before.
Such successive phases of loading are, as a rule, difficult to re-
construct precisely, independent of whether seismic activity or
periglacial processes are responsible, so the precise genesis of
such multi-phase load structures is commonly difficult (see
Vandenberghe et al., 2016). There is, however, one exception:
multi-phase load casts can relatively easily originate in a seismi-
cally-induced setting because earthquakes tend to be followed
by aftershocks. Since these aftershocks are caused by earth-
guakes that have commonly different magnitudes, the resulting
seismic shock waves may cause different degrees of liquefac-
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Fig. 11. Detail of a seismite, showing several types of soft-sediment deformation struc-
tures closely together, indicating brittle behaviour, liquefaction and fluidization (loading
marked by white arrows, injection by grey arrow, and faults by black arrows); Siekierki,
NW Poland (see also Van Loon and Pisarska-Jamrozy, 2014)

Fig. 12. Truncated deformations of a seismite due to erosion
of the topmost part of the succession; Baltmuiza, Latvia

tion, and commonly also different types of deformation (Fig.
11). Moreover, glaciolacustrine sediments that are deformed by
a seismic shock may become abraded by wave activity. Trun-
cation is therefore a common feature of seismites (Fig. 12), and
the seismite may subsequently become covered by a new layer
of glaciolacustrine sediment before a next shock occurs that
deforms the earlier originated SSDS. Particularly loading that
may thus result can easily deform load casts formed during an
earlier earthquake. This explains why seismically-deformed
sediments often show load casts within load casts (Fig. 13), or
load casts that are deformed by younger load casts. This pro-
cess may even be repeated several times, so that multi-phase
load structures can be formed. Such multi-phase load casts are
characterized by internal laminations that are not all parallel to
each other, but that deform the lamination of an older genera-
tion of load casts.

Pseudonodules may, obviously, also form during a single
loading phase or during several phases. For the same reason
as mentioned above, it is unlikely that stacked levels of pseudo-
nodules, which are common in seismites (Fig. 14), may develop
due to periglacial activity, although this cannot be fully ex-
cluded. It is much more likely, however, for seismically-induced
specimens. In the case of a series of aftershocks, each series
of pseudonodules formed after a specific earthquake tends to
occur at a particular level in the deformed layer, whereas they
tend to occur in the case of a periglacial origin on the bottom of
the active layer, thus creating a single pseudonodule-rich level.

The following characteristics of the internal structure can
consequently help to interpret the trigger mechanism of load
structures:

— if all internal laminations of a load structure follow the outer
boundary more or less precisely, the origin may be either
periglacial or seismic, but if the lamination is irregularly de-
formed, the origin is probably seismic;

— if the load structures show truncations and other irregulari-
ties that indicate a multi-phase deformation, their origin is
most commonly seismic;

— if levels with pseudonodules occur at different depth within
the deformed layer, there origin is most commonly seismic,
whereas they are most commonly periglacial if almost all
pseudonodules are concentrated in one level of restricted
thickness.

DISCUSSION

Load structures can be formed due to several processes;
these can act under numerous conditions, including periglacial
and seismic ones. Consequently, the presence of load struc-
tures is not diagnostic for either setting. Moreover, sediments
affected by a seismic shock can later become exposed to
periglacial conditions. On the other hand, sediments with load
structures formed due to periglacial processes can become af-
fected by seismic shocks (e.g., Van Vliet-Lanoé et al., 2004;
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Fig. 13. Load casts within load casts are strong evidence of a seismic origin,
as they reflect most probably successive liquefaction phases caused by an earthquake
and aftershocks; Dyburiai, NW Lithuania (see Pisarska-Jamrozy et al., 2018b)

| - ow WS

Fig. 14. Series of pseudonodules, roughly arranged at different levels

This is strong evidence for a seismic origin; pseudonodules of seismic origin in Siekierki
in NW Poland (Van Loon and Pisarska-Jamrozy, 2014)

Alexeev et al., 2014; Vandenberghe et al., 2016). Obviously,
successive deformation phases due to both periglacial pro-
cesses and seismic activity are also very well possible. Further-
more, the original load-structure geometry can be modified
later, for instance by lateral stresses related to slope processes,
water currents, a hydraulic gradient or glaciotectonics (Das-
gupta, 1998; Moretti et al., 2001).

Consequently, itis, as a rule, not possible to state that load
structures are beyond any doubt due to either of these trigger
mechanisms, unless one of these mechanisms can be ruled
out with certainty. Pleistocene sediments in the coastal low-
lands of tropical areas, for instance, will not have been affected
by periglacial processes, but Pleistocene glaciogenic sedi-
ments in intracratonic areas that are tectonically stable will al-

most certainly have been affected by periglacial processes.
This complexity makes a reliable analysis of the triggers of load
structures much more complex, but a step-by-step approach
may eventually well lead to a conclusion which evidence is the
most convincing.

The mechanisms and processes that induced load struc-
tures must therefore most commonly be interpreted on the ba-
sis of circumstantial evidence. The most important parameters
in this respect seem to be the horizontal and vertical distribution
of these SSDS within deformed units, and their internal struc-
ture. The interpretation made on such a basis can be supported
by the occurrence or absence of specific indicative deforma-
tions such as mud volcanoes, sand boils, clastic dykes and wa-
ter-escape pipes (Rossetti, 1999; Van Vliet-Lanoé et al., 2004;
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Vandenberghe et al., 2016) in seismic settings, and ice-wedge
pseudomorphs and frost-cracks in periglacial settings (French,
2007). However, all these aspects can only make a periglacial
or seismic origin more likely (or unlikely), but they do, as already
mentioned above, not provide definite proof. On the other hand,
if all data point into the same direction, it seems scientifically ac-
ceptable to consider this as sufficiently strong evidence.

Seismites were recognized only relatively recently (Seila-
cher, 1984), and their importance was long underestimated.
Seismically-induced deformation structures and particularly
seismites still receive less attention from Quaternary geologists
than desirable, particularly because it has become clear in nu-
merous studies that fluctuations in the position of the large
Pleistocene ice sheets induced frequent earthquakes, often of
sufficient magnitude to cause seismites.

This is precisely why we hope that our contribution will help
Quaternary geologists to consider the possibility of a seismic
origin when they investigate soft-sediment deformation struc-
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tures in periglacially affected areas. The more data about glaci-
ation-related earthquakes become available, the better the in-
sight into the Pleistocene history of the earth will become.

How analysis of load structures and other SSDS can help
unravel the various deformational processes can best be illus-
trated on the basis of a case history. For the purpose, we refer
to a study of three deformed sedimentary levels within an
undeformed glaciolacustrine and glaciofluvial succession (Fig.
15A) exposed in a coastal cliff on Rigen Island (southwestern
Baltic Sea). Based on their structural and deformational fea-
tures, two of the deformed layers could be interpreted as
seismites (Fig. 15B) which formed by shock waves resulting
from earthquakes due to flexural isostatic response of the
Earth’s crust as a consequence of the ice load during ice ad-
vance, probably due to local re-activation of pre-existing faults.
The third deformed level could be interpreted as a result of
periglacial processes (Fig. 15C). For more details, the reader is
referred to Pisarska-Jamrozy et al. (2018a, b, 2019b).

Fig. 15. Sedimentary succession at Dwasieden, NE Germany (see Pisarska-Jamrozy et al., 2018a)

A — cliff succession with three deformed sedimentary layers; B, C — details of the two stacked seismites;
D — detail of the periglacially deformed layer showing a loaded frost-wedge cast
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CONCLUSIONS

Diagnostic criteria for the distinction between load struc-
tures formed by periglacial processes from those formed by
seismicity-related processes do not exist, but the following as-
pects provide evidence:

1. Periglacially-induced load structures occur commonly
close to the sedimentary surface (present or ancient) and are
restricted to the (then) active layer, which need not coincide
with a sedimentary layer or set of layers. Seismically-induced
load structures tend also to occur close to the sedimentary sur-
face (present or ancient) but may also occur at somewhat
deeper levels (most commonly up to 5 m below the surface).

2. Seismically-induced load structures tend to occur, in con-
trast to periglacial load structures, in well-defined layers (=
seismites) with sharp boundaries; in a sedimentary succession,
several seismites may be present, either stacked immediately
upon each other or separated by undeformed layers. Such ver-
tical alternations of well-defined deformed and non-deformed
layers do not originate due to periglacial processes.

3. Periglacially-induced load structures extend to more or
less the same depth and can sink into underlying layers with dif-
ferent lithology; if the sediment layers are not horizontal, the
load structures may be present all over the exposure to roughly
the same depth, independently of whether stratigraphically dif-

ferent levels are involved. Seismic load structures occur at all
depth within well-defined deformed layers (or sets of layers) that
show abundant SSDS over large lateral distances, independent
of changes in height of the layer, but they do not (or much less
frequently) occur in under- and overlying layers.

4. Seismic load structures tend to show gradual horizontal
changes in their size and complexity, whereas periglacial load
structures do not.

5. Periglacial load structures may occur in a more or less
regular pattern (cell-like polygon network), whereas seismi-
cally-induced load structures tend to occur in a less regular pat-
tern, even though cell-like polygons may originate in all systems
with unstable density gradients (cf. Alfaro et al., 2010).

6. In periglacial load casts, the internal lamination runs al-
most always roughly parallel to the outer boundary of the struc-
ture. In seismic load casts, complex deformation with truncated
lamination may be present due to multi-phase shock-induced
deformation.
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