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No nu mer i cal model has thus far ad dressed seismites, even though seismites are fre quently used for the re con struc tion of
seis mic events in the geo log i cal past. This is the more re mark able since the bound ary con di tions which have to be ful filled for 
the de vel op ment of seismites have also been es ti mated only em pir i cally. The pres ent con tri bu tion is a first at tempt to model
nu mer i cally the soft-sed i ment de for ma tion struc tures caused by the pas sage of S-waves through near-sur face sed i men tary
lay ers. The sim u la tions are based on the so-called pres sure tube model and the iSALE2D pro gram. We mod elled a seis mic
S-wave with six dif fer ent ver ti cal ve loc i ties, rang ing from 1.6 to 2.6 m · s–1, pass ing through sed i ments with dif fer ent den si ties
and po ros i ties in a sed i men tary suc ces sion from the sur face down to a depth of 10 m. The mod elled soft-sed i ment de for ma -
tion struc tures (load casts, flame struc tures, in jec tion struc tures and sed i men tary vol ca noes) show sim i lar ge om e tries and
sizes as those known from lab o ra tory ex per i ments and field stud ies. The ge om e try, size and type of these struc tures de pend
on the sed i ment prop er ties and on the ini tial pres sure used as a trig ger mech a nism, rather than on S-wave ve loc ity. In con -
trast, the depth of the seismites ap pears to de pend strongly on the S-wave ve loc ity.

Key words: nu mer i cal mod el ling, seis mic waves, wave prop a ga tion, seismites, soft-sed i ment de for ma tion struc tures, load
casts, in jec tion struc tures.

INTRODUCTION

Seis mi cally-in duced soft-sed i ment de for ma tion struc tures
(SSDS) are caused by S-waves trav el ling through un con sol i -
dated sed i ments (Rossetti, 1999) and are linked with liq ue fac -
tion and fluidization pro cesses. The SSDS can orig i nate in wa -
ter-sat u rated, un con sol i dated sed i ments if an earth quake has a 
suf fi ciently large mag ni tude to trig ger liq ue fac tion (M ³4.5;
Marco and Agnon, 1995; M ³5.0: Atkinson et al., 1984;
Rodríguez -Pascua et al., 2000). Liq ue fac tion re duces the shear 
strength of the wa ter-sat u rated sed i ments, re sult ing in chang -
ing inter gra nu lar con tacts (Allen, 1982; Obermeier, 1996;
Vanneste et al., 1999; Owen and Moretti, 2011), and in plas tic
be hav iour of the sed i men tary mass (Van Loon et al., 2020). Liq -
ue fac tion is re stricted to depths of <10 m be low the sed i men tary 
sur face, com monly <2 m or even a few decimetres. 

The pas sage of a seis mic shock wave through a suf fi ciently
sus cep ti ble sed i men tary layer causes soft-sed i ment de for ma -
tion struc tures (SSDS) through out the layer as far as the
S-wave has not lost too much en ergy. The de formed layer is

called a “seismite” (Seilacher, 1969). Seismites have com monly 
a lat eral ex tent up to 40 km from the epi centre (Galli, 2000),
though this dis tance de pends on the prop er ties of the af fected
sed i ments and of the mag ni tude of the trig ger ing earth quake. It
is widely ac cepted that seismites can be eas ily formed in al most 
co he sion-less sands with a rel a tively high silt con tent (e.g.,
Moretti et al., 1999), for in stance in lac us trine, ma rine, and
fine-grained flu vial sed i ments (Alfaro et al., 1997; Hoffmann and 
Reicherter, 2012; Van Loon and Pisarska-Jamro¿y, 2014;
Pisarska-Jamro¿y et al., 2018, 2019a, b). 

A prob lem with the rec og ni tion of seismites is that strongly
de formed lay ers in ter ca lated be tween non-de formed lay ers can 
also have an other or i gin (e.g., slump ing). Among the var i ous
cri te ria that have been pro posed for the rec og ni tion of seismites 
(Obermeier et al., 1990; Obermeier, 1996, 2009; Rossetti,
1999; Wheeler, 2002; Hilbert-Wolf et al., 2009; Owen and
Moretti, 2011; Van Loon et al., 2016, 2020; Pisarska-Jamro¿y
and WoŸniak, 2019), the most com monly ad hered to now a days
(Van Loon et al., 2016) is the pres ence of a com bi na tion of at
least sev eral of the fol low ing char ac ter is tics: 

– al ter nat ing de formed and undeformed lay ers; 
– lat eral con ti nu ity of SSDS within the de formed lay ers; 
– a wide va ri ety of cha ot i cally-dis trib uted SSDS within the de -

formed lay ers; 
– the lack of in di ca tions for other deformational mech a nisms; 
– a mor phol ogy of the SSDS that is con sis tent with those in

un dis puted seismites and in ex per i men tally pro duced
“seismites”; 
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– a clear spa tial as so ci a tion with fea tures that may cause
seis mic S-waves (e.g., faults or ac tive vol ca noes). 
Among the wide va ri ety of SSDS within seismites, ex am -

ples rep re sent ing plas tic and brit tle be hav iour (com monly ac -
com pa nied by struc tures in di cat ing fluidisation) oc cur that de -
vel oped dur ing the same deformational event (Rossetti et al.,
2011; Pisarska-Jamro¿y and WoŸniak, 2019). The pres ence of
fluidised fea tures (es cape struc tures, clastic dykes, sand or silt
vol ca noes, pil lar and vein struc tures, dish struc tures) in di cates
overpressure in the sed i ment (Doughty et al., 2014). Brit tle de -
for ma tions such as bro ken-up lay ers re sult from a sud den in -
crease of the pore-wa ter pres sure. The de vel op ment of struc -
tures in di cat ing load ing in a plas tic state such as load casts,
pseudonodules and flame struc tures re flects instable den sity
gra di ents within the sed i ment, but load ing also re quires liq ue -
fac tion and/or fluidisation of the un der ly ing layer (Moretti and
Ronchi, 2011; Belzyt et al., 2021). 

The main ob jec tive of the pres ent con tri bu tion is to pres ent a
rel a tively sim ple method for the nu mer i cal mod el ling of seismi -
tes, which model is val i dated by com par i son with field ob ser va -
tions. The re sults can in crease the in sight into the re con struc tion
of the sed i ment prop er ties and earth quake char ac ter is tics. 

METHODS

The pres ent con tri bu tion pres ents a nu mer i cal model that
helps un der stand the gen e sis of seismites. Each nu mer i cal
model has some lim i ta tions; those of our model are de tailed in
Sec tion: Me thod i cal ap proach – lim i ta tions be fore the de scrip -
tion of the model (Sec tion: A new ap proach – model de scrip -
tion) in or der to make the var i ous cho sen steps un der stand -
able. Sub se quently, the setup of the sim u la tions is de tailed
(Sec tion: Setup of the sim u la tions).

METHODICAL APPROACH – LIMITATIONS

Nu mer i cal mod el ling of the orig i na tion of seismites poses a
sig nif i cant tech ni cal chal lenge for sev eral rea sons. First, all field
ob ser va tions sug gest their oc cur rence at some dis tance from the 
epi centre of an earth quake (Galli, 2000), but the epi centre can,
as a rule, not eas ily be lo cated in the case of an cient seismites.
More over, the S-wave ve loc ity and the spe cific sed i ment prop er -
ties at the time of the for ma tion of an an cient seismite are not
known, which largely in creases the num ber and size of pos si ble
nu mer i cal er rors. In ad di tion, al most all widely used nu mer i cal
mod els are based on the wave equa tion for a non-dis turbed me -
dium, due to some math e mat i cally im pos si ble cal cu la tions of
wave mo tion in a dis turbed sed i ment (e.g., Meada et al., 2017;
Peng and Wang, 2019; Li et al., 2020), while those which ad -
dress the ir reg u lar i ties in me dia (Jefeeris and Been, 2015;
Boulanger and Ziotopoulou, 2017) do not in clude the de vel op -
ment of SSDS in the fi nal re sult, be cause of the enor mous com -
plex ity of such nu mer i cal so lu tions. The main fo cus of such stud -
ies ad dresses the S-wave front ve loc ity, ne glect ing the ef fect of
the in ter ac tion of the seis mic wave with the sed i ment be low.
Such mod els can well pre dict the ef fects of an earth quake, but
they are use less for seismite mod el ling. 

An other ob vi ous prob lem in the nu mer i cal mod el ling of seis -
mi cally-in duced SSDS is the change in size and com plex ity of
these de for ma tions with in creas ing dis tance from the epi centre. 
Ac tual or ex per i men tally pro duced SSDS tend to be rel a tively
small (com monly milli metres to sev eral decimetres: e.g., Owen, 
1996; Moretti et al., 1999; Moretti and Sabato, 2007), partly be -

cause they are mostly lo cated sev eral kilo metres away from the
re lated earth quake epi centre (see Galli, 2000). Con se quently,
the res o lu tion of mod elled seismites has to be very high, which
is not fea si ble at such a large dis tance. The com pu ta tional cost
of a model with a suf fi ciently high res o lu tion would cer tainly be
un rea son ably high, while the nu mer i cal er ror would still be too
large. The only so lu tion for this prob lem is us ing a model that
deals with a lim ited ar eal ex tent of the sed i ment, with ini tial con -
di tions that can be com puted with pro grams ad dress ing the
prop a ga tion of the seis mic wave, and that are spe cific for a
given dis tance from the epi centre. 

Last but not least, the key pro cesses and main agents dur -
ing seismite for ma tion are liq ue fac tion and fluidisation of the
sed i ment. Liq ue fac tion oc curs when the sed i ment strength is
sig nif i cantly re duced by the shear stress in duced by a seis mic
wave. The cohesionless sed i ment gains mo bil ity, and in con se -
quence starts to move in the di rec tion of least re sis tance. Such
a move ment causes an up ward pres sure, which sets the sed i -
ment in mo tion (Seed and Idriss, 1971). How ever, many is sues
re lated to liq ue fac tion, such as the wa ter con tent and the prop -
er ties of the sed i ment dur ing de for ma tion are still un known.
Fluidisation can se verely dam age build ings and even re sult in
col lapse. There fore, it is not sur pris ing that the main fo cus in liq -
ue fac tion/fluidisation re search thus far was on sand be hav iour
dur ing and im me di ately af ter these pro cesses, rather than on
the in flu ence of this mech a nism on the for ma tion of SSDS (e.g., 
Vaid and Thomas, 1995; Andrus and Stokoe, 1997; Youd and
Idriss 2001; Rahman and Lo, 2014; Rahman et al., 2020). 

Al though em pir i cal func tions and nu mer i cal mod el ling ad -
dress ing the sed i ment liq ue fac tion po ten tial are very ac cu rate
and val i dated against abun dant field and ex per i men tal data, nu -
mer ous cases are known which are in con sis tent with the above
em pir i cal laws. An ac cu rate de scrip tion of the liq ue fac tion
mech a nism is, how ever, be yond the scope of the pres ent con -
tri bu tion, and the above con sid er ations are there fore meant
only to in form the reader that the lack of ex act the o ret i cal mod -
els of this pro cess should be taken into ac count where the pos -
si bil i ties of seismite mod el ling are dis cussed. 

A NEW APPROACH – MODEL DESCRIPTION

Ac cu rate seismite mod el ling re quires a new ap proach
avoid ing all dif fi cul ties men tioned above. Our new model does
so: it fo cuses pri mar ily on the seismites them selves, while the
sed i ment prop er ties, the S-wave ve loc ity and the shear stress
re quired for sed i ment mo tion are as sumed to be known. The
model setup is des ig nated to meet the liq ue fac tion cri te ria so
that the liq ue fac tion pro cess can be ad dressed, while the sim u -
lated sed i ments are cho sen in such a way that they have the
prop er ties that best fit liq ue fac tion. Be cause a high res o lu tion is
re quired, we sim u late the pas sage of the ver ti cal ve loc ity com -
po nent of the S-wave through a nar row (0.6 m) sec tion of sed i -
ment (called “tube” in the fol low ing) from the sur face down to a
depth of 10 m. Such a set ting of the model pre tends that the
sim u lated seismites de velop where the ver ti cal wave ve loc ity is
much higher than the hor i zon tal one, which is as sumed in our
model to be neg li gi ble. These as sump tions are eas ily val i dated
be cause seis mi cally-in duced SSDS form due to shear stresses
re lated to a ver ti cal pres sure (Seed and Idriss, 1971). The imag -
i nary sed i ments used for the sim u la tions have a strength that
equals the strength of wa ter-sat u rated sand, with a wa ter con -
tent of 25%, and po ros i ties of 15, 20, and 25%; fur ther de tails
are pro vided in Sec tion: Setup of the sim u la tions. 

The sim u la tions are con ducted us ing the iSALE2D shock
phys ics hydrocode (Wünnemann et al., 2006), which was orig i -
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nally des ig nated to study an im pact-re lated phe nom e non (see
Sec tion: Setup of the sim u la tions). The ISALE2D code al lows
sim u lat ing a wa ter-sat u rated me dium only by add ing wa ter to the
an a lyt i cal equa tion of state (ANEOS) ta ble, which ex cludes any
changes dur ing the pro gram run. In other words, the wa ter con -
tent in the sed i ments re mains con stant dur ing the en tire sim u la -
tion pro ce dure, and is fixed in the com pu ta tional ma te rial ma trix.

This dis ad van tage of the model is not ex cep tional: a sit u a -
tion dur ing which all wa ter is ex pelled from the wa ter-sat u rated
sed i ment must be very rare: no seismites are known that show
clear ev i dence of such a pro cess. More over, it is the wa ter con -
tent that sig nif i cantly in flu ences the strength of sed i ment. This
holds for both ac tual and sim u lated seismites, which im plies
that this highly im por tant as pect is ad dressed by our model in
an ad e quate way.

It is worth no tic ing that the ar ti fi cial nu mer i cal sed i ments that
we use for our sim u la tions are not only uni form, but are also as -
sumed to give an ideal re sponse of the sed i ment to the ver ti cal
pres sure re lated to the S-wave ve loc ity. Ac tual sed i ments of ten
con tain a dis crete lam i na tion, or other forms of dis con ti nu ity and
den sity dif fer ences, which make them far less pre dict able. Con -
se quently, nat u rally formed SSDS may dif fer from the mod elled
ones. This lim i ta tion, which is in her ent to ev ery nu mer i cal model,
does not re ally in flu ence the re sults pre sented here. The en ergy
of the S-wave ve loc ity is so high that the in flu ence of dis crete dis -
con ti nu ities in the me dium on the fi nal shape and size of the
SSDS can be ne glected. Dur ing the very short time in ter val, dur -
ing which the S-wave with its typ i cal ve loc ity erases most of the
dis crete den sity dif fer ences, the ver ti cal en ergy (and pres sure)
can be con sid ered as con stantly very high. In con se quence, the
wave does not “re act” to dis crete lami na tions or other ir reg u lar i -
ties while it passes a nar row sed i ment sec tion (the tube). 

SETUP OF THE SIMULATIONS

All sim u la tions have been con ducted us ing the iSALE2D
code, which is based on a hydrocode so lu tion al go rithm
(Amsden et al., 1980). It was orig i nally de vel oped for stud ies on
hypervelocity im pact cratering (Col lins et al., 2004; Wünneman
et al., 2006), but it can be ap plied to our study be cause it in -
cludes an elasto-plas tic con sti tu tive model, frag men ta tion mod -
els, var i ous equa tions of state, a strength model and a po ros -
ity-com pac tion model. It has been benchmarked against other
hydrocodes (Pierazzo et al., 2008) and val i dated against ex per -
i men tal data (Pierazzo et al., 2008; Davison et al., 2011;
Miljkoviæ et al., 2012). 

As the ma te rial (= sed i ment) for our sim u la tions, we used an 
imag i nary wet sand de scribed by an an a lyt i cal equa tion of state
(ANEOS) as a mix ture of quartz sand (75%) and wa ter (25%)
(yel low ish in Figs. 1 and 2) and dry sand (brown ish in Figs. 1
and 2) de scribed by ANEOS as quartz. It is worth no tic ing that
this choice of ma te ri als and their sed i men tary suc ces sion was
made mainly to ad dress the den sity and small strength dif fer -
ences of suc ces sive lay ers, which are cru cial for liq ue fac tion.
The sim u lated dry sand has a lower den sity and higher
strength, which al lows the pass ing S-wave to dis perse dur ing
the con tact with the less dense wet layer (see Fig. 3). 

Two lay ers of sed i ment with the same phys i cal prop er ties
can not vis i bly in ter act with each other: only the dis con ti nu ity at
the con tact zone be tween two dif fer ent lay ers can cause wave
dis per sion and, in con se quence, the de vel op ment of de for ma -
tion struc tures. Nu mer ous trial sim u la tions have con firmed that
the dif fer ences in the re sponse of these two ma te ri als to high
pres sure caused by a prop a gat ing shock wave are in sig nif i cant. 
How ever, dif fer ences in den si ties and strength be tween suc -

ces sive lay ers must be ad dressed in the model setup in or der to 
de velop seismites. 

In our sim u la tion, an S-wave passes a sed i men tary col umn
(the 10-m deep tube) with an ini tial setup re flect ing an ideal suc -
ces sion of al ter nat ing wet and dry sands. The po ros ity and den -
sity of the sed i ment are con stant and do not vary with depth.
This can be con sid ered as valid for depths to some 12 m. The
shear strength and other pa ram e ters in flu enc ing the re sponse
of the sed i ment to high pres sure changes for wet/dry sand vary
with depth due to the over bur den weight. These changes are,
how ever, very small and can be con sid ered as neg li gi ble. 

The re ac tion of both the wet and dry sands to a high pres -
sure is de scribed by a strength model that has proven ac cu rate
for un con sol i dated sed i ments and that is widely used in stud ies
and lab o ra tory im pact ex per i ments (Wünneman et al., 2006).
The mix ture of wa ter and quartz sand grains, as well as dry
sand con tains ran domly dis trib uted pores which are as sumed
to con sti tute 15, 20 and 25% by vol ume, re spec tively (see Figs.
1 and 2). These pores be come re duced in size dur ing the pas -
sage of an S-wave (due to re sult ing com pac tion) but the pores
(and con se quently also the re duc tion in their sizes) are too
small to be vis i ble in Fig ures 1 and 2. 

The res o lu tion of each sim u la tion is 3 cm, while the
high-res o lu tion grid con sists of 200 hor i zon tal and 4000 ver ti cal
cells. The com bined grid of high-res o lu tion cells forms a 10 m
high and 0.6 m wide sed i men tary suc ces sion (the above-men -
tioned “tube”, which is con nected with a ver ti cal plane end ing
above the sur face and which is used as the trig ger mech a nism
for the pres sure re lated to the ver ti cal com po nent of the S-wave 
ve loc ity: see Fig. 1). This ver ti cal plane has, in the var i ous sim u -
la tions, an ini tial ve loc ity of 1.6, 1.8, 2.0, 2.2, 2.4 and 2.6 m · s–1,
which cor re sponds to the sur face ac cel er a tion com monly de ter -
mined for mod ern earth quakes. The sim u la tion run be gins
when the sed i ment above the sur face starts to move with the
given ve loc ity, start ing a shock wave which trav els down
through the sed i ment tube. 

In our model, the main fo cus is on de vel op ing SSDS. There -
fore we sim u late only a very nar row (0.6 m) sec tion (the “tube”)
in which the S-wave in ter acts with the sed i ment. 

RESULTS

A higher S-wave ve loc ity (the mod elled ve loc i ties range
from 1.6 to 2.6 m · s-1) is found to cause more com pac tion of the
mod elled sed i men tary suc ces sion (black in Fig. 1). The com -
pac tion re lated to the prop a ga tion of the S-waves de pends on
the type of sed i ment but not on the S-wave ve loc ity. In dry
sands (yel low ish in Fig. 1), com pac tion is al most con stant
(~10%); it is nei ther re lated to the S-wave ve loc ity nor to the ini -
tial po ros ity (i.e., 15, 20 or 25%). Com pac tion in the wa ter-sat u -
rated sands (brown ish in Fig. 1) af ter the pas sage of the shock
wave reaches 40%; it is not re lated to the S-wave ve loc ity but
in creases (from 33 to 45%) with an in crease of po ros ity from 15
to 25%. No clear re la tion ship has been found be tween the com -
pac tion and the depth of the sand.

It is worth no tic ing that all used sim u la tions end when the
S-wave reaches a depth of 10 m, so as to avoid nu mer i cal er -
rors re lated to wave re flec tion. Dur ing ac tual seis mic events,
when an S-wave trav els through a po rous me dium, the pores
be come pressed or even dis ap pear, and the sed i ments be -
come com pacted by the stress re lated to the shock-in duced
pres sure. Al most im me di ately af ter wards, how ever, the sed i -
ment un der goes re lax ation, ris ing again af ter the short phase of
com pac tion, due to its plas tic ity. In the sim u la tions pre sented
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here, this re lax ation does not oc cur: the setup does not al low re -
lax ation of the sed i ments af ter they have been ex posed to the
high ver ti cal pres sure, which def i nitely over es ti mates the com -
pac tion val ues found. Al though the re la tion ship be tween the
wave ve loc ity, sed i ment prop er ties and com pac tion val ues are
valid, the com pac tion val ues pre sented here should be con sid -
ered as the max i mum ones that may be reached. Also the de -
formed sur face in Fig ure 2 should be in ter preted with cau tion.
The up per sur face of the sed i ment is in our sim u la tions lo cated
in the area of the com pu ta tional grid, where the nu mer i cal er -
rors are high est. It is prob a bly true that some of the fea tures lo -
cated there re sult from in ter ac tion of the S-wave with the empty
com pu ta tional cells; this can not be con sid ered as a proper
phys i cal sit u a tion.

The size and shape of seis mi cally-in duced SSDS hardly de -
pend on the S-wave ve loc ity. On the other hand, the depth at
which SSDS orig i nate de pends strongly on it: this depth in -
creases with in creas ing S-wave ve loc ity, which is par tic u larly
clear for rel a tively po rous sands (com pare the SSDS in Fig. 1
be tween sub-fig ures A, B and C). It ap pears also that the SSDS
in seismites at com pa ra ble depths are more com plex and more
cha ot i cally dis trib uted in more po rous sands than in less po rous 
sands (Fig. 1). The rea son is that a higher wave ve loc ity causes
more mo bi li za tion of the par ti cles in liq ue fied sands (brown ish in 
Fig. 1) and that, con se quently, the de vel op ing SSDS move far -
ther down wards. This find ing is of great im por tance be cause it
al lows the re con struc tion of the prop a ga tion di rec tion of the
seis mic S-wave: a dis tinct down ward shift of the SSDS in a lat -
eral di rec tion al ways roughly in di cates the re sul tant of the max -
ima of the wave en ergy (which can be ex pressed in terms of ve -
loc ity), whereas an up ward shift in di cates the min ima of the
wave en ergy (Figs. 1 and 2). 

The size of the SSDS de pends only slightly on the S-wave
ve loc ity in sands with a low (15%) po ros ity, al though the sands
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fluidized sand 
with 

low porosity

Fig. 2. Sim u la tion of the up per part of a hy po thet i cal sed i -
men tary suc ces sion of 10 m thick, con sist ing of strat i fied
sands with a po ros ity of 15%, af fected by an S-wave that

passed with a ve loc ity of 2 m × s–1

Com pac tion oc curred and SSDS de vel oped; sim i lar sim u la -
tions were car ried out for all ini tial po ros i ties of the sed i ment
and for all wave ve loc i ties in di cated in Fig ure 1

Fig. 3. Sim u la tion of the ef fect of a pass ing S-wave with a ve loc ity of 2 m × s–1 on two sed i men tary 
suc ces sions with dif fer ent ini tial ver ti cal den sity dis tri bu tions (A and B) 

be fore pas sage (first tube) and af ter 0.1, 0.2, and 0.5 s



that are least sus cep ti ble to com pac tion de velop larger and more 
pro nounced SSDS with in creas ing S-wave ve loc ity. This is prob -
a bly be cause a low po ros ity re sults in a less di min ish ing pres -
sure. When an S-wave trav els through the sands, it loses en ergy
each time that it passes and re duces the size of a pore. The lat -
eral dif fer ences in the en ergy of a wave (which is re lated to its ve -
loc ity) at the given depth are there fore larger for low-po ros ity
sands (due to less dis per sion) than for high-po ros ity ones. This

en ergy loss is pro por tional to the ini tial ve loc ity, so that a higher
ini tial en ergy of a wave will re sult in more dis per sion.

The ge om e try and size of the mod elled SSDS are con sis -
tent with ac tual seis mi cally-in duced SSDS (Fig. 4). The size of
the mod elled SSDS var ies from a few up to 25 cm. Sim u la tions
of the S-wave pas sage through a rel a tively thin suc ces sion of
al ter nat ing dry and liq ue fied sands show there fore in our model
al ter nat ing de formed and undeformed lay ers (Figs. 2 and 5A).

6 Ma³gorzata Bronikowska et al. / Geological Quarterly, 2021, 65: 60



DISCUSSION

Two main is sues need some dis cus sion. One is the model
it self, to gether with its re la tion ship with field and ex per i men tal
data and its po ten tial to pre dict SSDS de vel op ment. The sec -
ond is sue con cerns the size, ge om e try and type of the SSDS if 
a seis mi cally-in duced S-wave with a given ve loc ity passes
through a sed i men tary suc ces sion with spe cific prop er ties.

LIMITATIONS AND ADVANTAGES 
OF THE MODEL

Al though we are aware that the model pre sented here is rel a -
tively sim ple and can not be con sid ered as fully de vel oped, we
also be lieve that it pro vides an in ter est ing in sight into the ques -
tion how seis mic S-waves pro duce SSDS, be cause all sim pli fi ca -
tions used for this study can be jus ti fied. As men tioned be fore,
the main dis ad van tage of the mod el ling pro ce dure pre sented
here is that it ad dresses only one (ver ti cal) com po nent of only
one seis mic S-wave (among many). Even though this was our in -
ten tion, the trig ger ing mech a nism for the mod elled SSDS can be
in ter preted in dif fer ent ways be cause it can be the re sul tant ver ti -
cal ve loc ity of nu mer ous in ter act ing waves. In other words, the
ve loc ity used in the model may be con sid ered both as the ver ti cal 
com po nent of a spe cific S-wave, as well as the sum of the ver ti -
cal com po nents of a large num ber of S-waves. The pre sented
model is there fore spe cific in that it ad dresses only a very nar row
ver ti cal suc ces sion (the “tube”) where S-waves in ter act with the
sed i ment, while it does not spec ify its ex act dis tance from the epi -
centre. Con se quently, it is rea son able to as sume that the ini tial
con di tions as sumed in the model are met at some point. Be -
cause our main fo cus is only on the de vel op ment of SSDS, this
as sump tion is fea si ble. 

The model pre sented here seems to dif fer sig nif i cantly re -
gard ing its pre dic tion po ten tial from mod els that fo cus at the
prop a ga tion of seis mic waves, or at the pro cesses of liq ue fac -
tion and fluidisation. Al though our model should not be con sid -
ered as com plete or even nearly com plete, it is well ap pli ca ble
con cern ing its main ob jec tive to al low the re con struc tion of past
seis mic events; the pre dic tion of the ef fects of mod ern seis mic
events is much less the ob jec tive of our model. Due to the rea -
sons listed in the meth ods sec tion, none of the ex ist ing mod els
can be used for this pur pose. The ur gent need for a nu mer i cal
method of seismite mod el ling can be ful filled by the new ap -
proach pre sented here.

CHARACTERISTICS OF THE SSDS

The ge om e try of the mod elled SSDS is con sis tent with
that of ac tual seis mi cally-in duced and ex per i men tally pro -
duced load casts, flame struc tures, in jec tion struc tures and
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Fig. 4. Com par i son of mod elled SSDS (A and B) with ac tual field ex am ples (C–G)

A – SSDS de vel oped af ter ~0.01 s fol low ing the nu mer i cal model when the seis mic wave has a ve loc ity of 1.6 m × s–1 ; B – idem, when the

seis mic wave ve loc ity has a ve loc ity of 2.6 m × s–1; C – seismite at the Dyburiai site (Lith u a nia) with strongly de formed load casts of vari able
size (re sult ing from dif fer ent stages of load ing), and frag ments of bro ken-up clay laminae (in the up per most part of the seismite) de rived from
thin clay laminae af fected by liq ue fac tion; for de tails, see Belzyt et al. (2021); D – mush room-shaped in jec tion struc ture in a seismite at the
Dwasieden site (Rügen Is land, NE Ger many); for de tails, see Pisarska-Jamro¿y et al. (2018); E – load casts and flame struc tures in
seismites at the Valmiera site (NE Lat via). The load casts them selves are also de formed, in di cat ing suc ces sive phases of deformational ac -
tiv ity. Be cause there are no lithological dif fer ences be tween the sed i ments within the load casts, the var i ous load ing stages must be as cribed
to re peated mo ments of liq ue fac tion. The un der ly ing silty/clayey layer (darker brown) was pressed up wards be tween the load casts and now
forms flame struc tures. The flame struc tures still show their orig i nal in ter nal lam i na tion and com monly do not in trude the over ly ing layer with
load struc tures; for de tails, see Van Loon et al. (2016); F – 3D view of de for ma tion struc tures in a seismite at the Baltmuiza site. The de -
formed layer con tains ir reg u larly-shaped in jec tion struc tures of sandy silt be tween load casts and pseudonodules of silty sand that show a
wide va ri ety of shapes. The pseudonodules are shown in 3D to have evolved from load casts which sunk into the un der ly ing sandy silt af ter
hav ing be come de tached from the par ent layer; for de tails, see WoŸniak et al. (2021); G – seismite with silty in jec tion struc tures and sandy
load casts at the Slinkis site (W Lith u a nia). The up wards di rected in jec tion struc tures in truded rip ple cross-lam i nated sandy lay ers, caus ing
the ma te rial un be tween to form load casts. The sharp tops of the in jec tion struc tures must be de scribed to ero sion by the cur rent that re -
sulted in the over ly ing rip ple cross-lam i nated sand; for de tails, see Pisarska-Jamro¿y et al. (2019a)

Fig. 5. Com par i son of mod elled SSDS (A) with ac tual field
ex am ples (B, C)

A – SSDS re sult ing, fol low ing the nu mer i cal mod el ling, from the
pas sage of a seis mic S-wave with a ve loc ity of 2.0 m · s–1 through
a sed i men tary suc ces sion with 2 m thick strat i fied po rous (15%)
sands; B, C – seismites at the Rakuti site (SE Lat via) rep re sented 
by cha ot i cally-de formed lay ers with nu mer ous small de for ma -
tions like load casts, pseudonodules, and frag ments of bro ken-up 
laminae, sep a rated by undeformed lay ers; this must be as cribed
to re peated phases of de for ma tion caused by liq ue fac tion; for de -
tails, see Van Loon et al. (2016)



clastic vol ca noes. Load casts con sist of what have been
called “dry sands” in our model (yel low ish in Figs. 1–3A, B
and 4A), and they are sur rounded by denser sands (brown ish 
in Figs. 1–3A, B and 4A) which be came liq ue fied dur ing the
mod elled earth quake. Field ex am ples of load casts usu ally
con tain sands, silty sands or sandy silts (Fig. 3C, E–G; e.g.,
Oliveira et al., 2011; Van Loon et al., 2016; Brandes et al.,
2018; Belzyt et al., 2021). Flame struc tures, in jec tion struc -
tures and clastic vol ca noes, con tain fluidised, denser sands
(brown ish in Figs. 1–3A, B and 4A). How ever, sur pris ing this
re sult may seem, it can be eas ily jus ti fied. Dur ing the pas -
sage of the S-wave through the sed i ment col umn, the wave
causes in ten sive in ter ac tion be tween two lay ers with dif fer -
ent den si ties, caus ing dis persal at their mu tual bound ary
plane. This dis persal causes not only re duc tion of the wave
en ergy, but also a re flec tion, af ter which a new, up ward-di -
rected wave with some en ergy ap pears. This new wave
causes the up ward move ment of the sed i ment and con se -
quently, the in jec tion of more dense sed i ment into the lower
dense one. Field ex am ples of these SSDS usu ally show less
dense sed i ments than the sed i ments that build load casts
(e.g., Oliveira et al., 2011; Van Loon et al., 2016; Belzyt et al., 
2021). The or i gin of in jec tion struc tures such as sand or silt
vol ca noes is linked to overpressure in the sed i ment (cf. Van
Loon, 2010; Van Loon and Maulik, 2011; Doughty et al.,
2014). Such overpressure con di tions can be ex pressed in
the shift of seismite depths re lated to the max ima and min ima 
of the re spon si ble S-waves.

The sizes of the seis mi cally-in duced SSDS in our sim u la -
tions are com pa ra ble with those of ac tual and ex per i men tal
ones (e.g., Owen, 1996; Moretti et al., 1999; Moretti and
Sabato, 2007). Their shape and ge om e try show a sat is fac tory
sim i lar ity with field ob ser va tions. The SSDS formed in our sim -
u la tions are of the same type and have the same ran dom dis -
tri bu tion as ac tual seismites. The mod elled SSDS do not show 
any fea tures which are not pres ent in mod ern and an cient
seismites. The depth of their oc cur rence and the thick ness of
the de formed layer are con sis tent with field ob ser va tions. The
nu mer i cally sim u lated SSDS re sult ing from the model can
con se quently be con sid ered as very ac cu rate. More over, the
nu mer i cal sim u la tions show the stacks of de formed and
undeformed lay ers (Fig. 2), as well as the wide range of cha ot -
i cally-dis trib uted SSDS that are well known from field in ves ti -
ga tions. 

CONCLUSIONS

The fol low ing five con clu sions can be drawn from our nu -
mer i cal mod el ling of seismites.

– 2D nu mer i cal sim u la tions of seis mi cally-in duced SSDS re -
sults in struc tures that are sim i lar to ac tual ones in
seismites, which strongly sug gests that the main fea ture re -
spon si ble for the orig i na tion of seis mi cally-in duced SSDS is
the shear strength re lated to the ver ti cal ve loc ity com po nent 
of the seis mic wave.

– The sed i ment com pac tion is re lated to ini tial sed i ment prop -
er ties (par tic u larly po ros ity) and the pres sure ex erted by the
trig ger mech a nism, de scribed in terms of the ve loc ity of the
seis mic wave. The more pore wa ter is pres ent in the mod -
elled sed i ment, the more sus cep ti ble to mo bi li za tion – and
thus to more com pac tion – it be comes dur ing prop a ga tion of
the S-wave. With in creas ing po ros ity, the size of the de vel op -
ing SSDS in creases. The higher the po ros ity of sed i ments is,
the more com plex the ge om e try of the SSDS be comes. 

– The mod elled size, ge om e try and type of the SSDS are
linked only slightly to the ve loc ity of the S-wave. How ever,
the S-wave ve loc ity in flu ences the depth at which the
seismite orig i nates: the higher the wave ve loc ity is, the
deeper the re sult ing seismite can oc cur. The ge om e try and
size of the mod elled SSDS are con sis tent with ac tual and
ex per i men tally-pro duced seis mic SSDS such as load casts, 
flame struc tures, in jec tion struc tures and clastic vol ca noes.

– The mod elled shift in seismite depth can be re lated to the
S-wave max ima and min ima, and there fore to the prop a ga -
tion di rec tion of the wave. These shifts also ex press over -
pressure con di tions in the sed i ment.

– All re sults are con sis tent with pre vi ous stud ies ad dress ing the
liq ue fac tion pro cess. In com bi na tion with the com pli ance of the 
mod elled seismites with field data, this strongly sug gests that
our model is ac cu rate and can serve as a ba sis for the fur ther
de vel op ment of more worked out mod els for the rec og ni tion of
the var i ous char ac ter is tics of an cient seis mic events.

Ac knowl edge ments. The study was sup ported by grants
from the Pol ish Na tional Sci ence Cen ter (no. 2015/19/B/ST10/00661 
(GREBAL pro ject) and 2019/33/N/ST10/00095). Help ful re -
marks on the first ver sion by an Anon y mous Re viewer and
M. Moretti are ap pre ci ated.

REFERENCES

Alfaro, P., Moretti, M., Soria, J.M., 1997. Soft-sed i ment de for ma -
tion struc tures in duced by earth quakes (seismites) in Plio cene
lac us trine de pos its (Guadix-Baza Ba sin, cen tral Betic Cor dil -
lera). Eclogae Geologicae Helvetiae, 90: 531–540.

Allen, J.R.L., 1982. Sed i men tary struc tures: their char ac ter and
phys i cal ba sis. De vel op ments in Sedimentology, 30B. 

Amsden, A., Ruppel, H., Hirt, C., 1980. SALE: A sim pli fied ALE
com puter pro gram for fluid flow at all speeds. Los Almos Na -
tional Lab o ra to ries Re port, LA-8095.

Andrus, R.D., Stokoe K.H., 1997. Liq ue fac tion re sis tance based on 
shear wave ve loc ity. Na tional Cen ter for Earth quake En gi neer -
ing Re search (Salt Lake City) Re port, 0022.

Atkinson, G.M., Eeri, M., Liam, Finn, W.D., Charlwood, R.G.,
1984. Sim ple com pu ta tion of liq ue fac tion prob a bil ity for seis mic
haz ard ap pli ca tions. Earth quake Spec tra, 1: 107–123.

Belzyt, S., Pisarska-Jamro¿y, M., Bitinas, A., Woronko, B.,
Phillips, E.R., Piotrowski, J.A., JusienÅ, A., 2021. Re pet i tive
soft-sed i ment de for ma tion by seis mic ity-in duced liq ue fac tion in
north-west ern Lith u a nia. Sedimentology, 68: 3033–3056.

Brandes, Ch., Steffen, H., Sandersen, P.B.E., Wu, P., Winse -
mann, J., 2018. Gla cially in duced fault ing along the NW seg -
ment of the Sorgenfrei-Tornquist Zone, north ern Den mark: im -
pli ca tions for neotectonics and lateglacial fault-bound ba sin for -
ma tion. Qua ter nary Sci ence Re views, 189: 149–168.

8 Ma³gorzata Bronikowska et al. / Geological Quarterly, 2021, 65: 60



Boulanger, R., Ziotopoulou, K., 2017. PM4sand ver sion 3.1: a
sand plas tic ity model for earth quake en gi neer ing ap pli ca tions.
Re port UC Da vis Cen ter for Geotechnical Mod el ing Re port,
UCD/CGM-17/01.

Col lins, G.S., Melosh, H.J., Ivanov, B.A., 2004. Mod el ing dam age
and de for ma tion in im pact sim u la tions. Meteoritics & Plan e tary
Sci ence, 39: 217–231.

Davison, T.M., Col lins, G.S., Elbeshausen, D., Wünnemann, K.,
Kearley, A., 2011. Nu mer i cal mod el ing of oblique hypervelocity
im pacts on strong duc tile tar gets. Meteoritics & Plan e tary Sci -
ence, 46: 1510–1524. 

Doughty, M., Eyles, N., Eyles, C.H., Wallace, K., Boyce, J.I.,
2014. Lake sed i ments as nat u ral seis mo graphs: earth quake-re -
lated de for ma tions (seismites) in cen tral Ca na dian lakes. Sed i -
men tary Ge ol ogy, 313: 45–67. 

Galli, P., 2000. New em pir i cal re la tion ships be tween mag ni tude and 
dis tance for liq ue fac tion. Tectonophysics, 324: 169–187.

Hilbert-Wolf, H.L., Simpson, E.L., Simpson, W.S., Tindall, S.E.,
Wizevich, M.C., 2009. In sights into syndepositional fault move -
ment in a fore land ba sin; trends in seismites of Up per Cre ta -
ceous Wahweap For ma tion, Kaiparowits Ba sin, Utah, U.S.A.
Ba sin Re search, 21: 856–871.

Hoffman, G., Reicherter, K., 2012. Soft-sed i ment de for ma tion of
Late Pleis to cene sed i ments along the south west ern coast of the 
Bal tic Sea (NE Ger many). In ter na tional Jour nal of Earth Sci -
ences, 101: 351–363.

Jeffeeris, M., Been, K., 2015. Soil Liq ue fac tion – a Crit i cal State
Ap proach. CRC Press.

Li, C., Liu, J., Sun, Y., 2020. Op ti mal third-or der sympletic in te gra -
tion mod el ing of seis mic acous tic wave prop a ga tion. Bul le tin of
the Seis mo log i cal So ci ety of Amer ica, 110: 754–762.

Marco, S., Agnon, A., 1995. High-res o lu tion stra tig ra phy re veals
re peated earth quake fault ing in the Masada Fault Zone, Dead
Sea Trans form. Tectonophysics, 408: 101–112.

Meada, T., Takemura, S., Furumura, T., 2017. OpenSWPC: an
open source in te grated par al lel sim u la tion code for mod el ing
seis mic wave prop a ga tion in 3D heterogenous viscoelastic me -
dia. Earth, Plan ets and Space, 69: 1–20.

Miljkoviæ, K., Col lins, G.S., Patel, M.R., Chap man, D., Proud, W.,
2012. High-ve loc ity im pacts in po rous so lar sys tem ma te ri als.
AIP Con fer ence Pro ceed ings, 1426: 871–874. 

Moretti, M., Sabato, L., 2007. Rec og ni tion of trig ger mech a nisms
for soft-sed i ment de for ma tion in the Pleis to cene lac us trine de -
pos its of the SantÏ Arcangelo Ba sin (South ern It aly): Seis mic
shock vs. over load ing. Sed i men tary Ge ol ogy, 196: 31–45. 

Moretti, M., Ronchi, A., 2011. Liq ue fac tion fea tures in ter preted as
seismites in the Pleis to cene fluvio-lac us trine de pos its of the
Neuquén Ba sin (North ern Patagonia). Sed i men tary Ge ol ogy,
235: 200–209.

Moretti, M., Alfaro, P., Caselles, O., Canas, J.A., 1999. Mod el ling
seismites with a dig i tal shak ing ta ble. Tectonophysics, 304:
369–383. 

Obermeier, S.F., 1996. Use of liq ue fac tion-in duced fea tures for
paleoseismic anal y sis – an overview of how seis mic liq ue fac tion 
fea tures can be dis tin guished from other fea tures and how their
re gional dis tri bu tion and prop er ties of source sed i ment can be
used to in fer the lo ca tion and strength of Ho lo cene paleo- earth -
quakes. En gi neer ing Ge ol ogy, 44: 1–76. 

Obermeier, S.F., 2009. Us ing liq ue fac tion-in duced and other soft-
 sed i ment fea tures for paleoseismic anal y sis. In: Paleo seismo -
logy (ed. J.P. McCalpin): 487–564. Elsevier, New York. 

Obermeier, S.F., Ja cob son, R.B., Smoot, J.P., Weems, R.E.,
Gohn, G.S., Mon roe, J.E., Powars, D.S., 1990. Earth quake-in -
duced liq ue fac tion fea tures in the coastal set ting of South
Carolina and in the flu vial set ting of the New Ma drid seis mic
zone. U.S.G.S. Pro fes sional Pa per, 1504.

Oliveira, C.M.M., Hodgson, D.M., Flint, S.S., 2011. Dis tri bu tion of
soft-sed i ment de for ma tion struc tures in clinoform suc ces sions
of the Perm ian Ecca Group, Karoo Ba sin, South Af rica. Sed i -
men tary Ge ol ogy, 235: 314–330.

Owen, G., 1996. Ex per i men tal soft-sed i ment de for ma tion: struc -
tures formed by the liq ue fac tion of un con sol i dated sands and
some an cient ex am ples. Sedimentology, 43: 279–293. 

Owen, G., Moretti, M., 2011. Iden ti fy ing trig gers for liq ue fac tion-in -
duced soft-sed i ment de for ma tion in sands. Sed i men tary Ge ol -
ogy, 235: 141–147.

Peng, P., Wang, L., 2019. 3DMRT: a com puter pack age for 3D
model-based seis mic wave prop a ga tion. Seis mo log i cal Re -
search Let ters, 90: 2039–2045.

Pierazzo, E., Artemieva, N., Asphaug, N., Baldwin, E., Cazamias, 
E.C., Coker, R., Col lins, G.S., Crawford, D.A., Davison, T.,
Elbeshauen, D., Holsapple, K.A., Housen, K.R., Korycansky, 
D.G., Wünnemann, K., 2008. Val i da tion of nu mer i cal codes for
im pact and ex plo sion cratering: Im pacts on strengthless and
metal tar gets. Meteoritics & Plan e tary Sci ence, 43: 1917–1938.

Pisarska-Jamro¿y, M., WoŸniak, P.P., 2019. De bris flow and
glacioisostatic-in duced soft-sed i ment de for ma tion struc tures in
a Pleis to cene glaciolacustrine fan: the south ern Bal tic Sea
coast, Po land. Geo mor phol ogy, 326: 225–238.

Pisarska-Jamro¿y, M., Belzyt, S., Börner, A., Hoffmann, G.,
Hüneke, H., Kenzler, M., Obst, K., Rother, H., Van Loon, A.J.,
2018. Ev i dence from seismites for glacio-iso stat i cally in duced
crustal fault ing in front of an ad vanc ing land-ice mass (Rügen Is -
land, SW Bal tic Sea). Tectonophysics, 745: 338–348.

Pisarska-Jamro¿y, M., Belzyt, S., Bitinas, A., JusienÅ, A.,
Woronko, B., 2019a. Seis mic shocks, periglacial con di tions
and glacitectonics as causes of the de for ma tion of a Pleis to cene 
me an der ing river suc ces sion in cen tral Lith u a nia. Baltica, 32:
63–77.

Pisarska-Jamro¿y, M., Van Loon, A.J., Mleczak, M., Ro man, M.,
2019b. Enig matic grav ity-flow de pos its at Ujœcie (west ern Po -
land), trig gered by earth quakes (as ev i denced by seismites)
caused by Saalian glacioisostatic crustal re bound. Geo mor phol -
ogy, 326: 239–251.

Pisarska-Jamro¿y, M., Woronko, B., Bujak, £., Bitinas, A.,
Belzyt, S., Mleczak, M., 2019c. Large-scale de for ma tion struc -
tures char ac ter ize glaciolacustrine kame sed i ments – a new
kame-in ves ti ga tion ap proach. Ab stract book INQUA Con gress
2019 (Dub lin) O-1128.

Rahman, M., Lo, S., 2014. Un drained be hav ior of sand-fines mix -
tures and their state pa ram e ters. Jour nal of Geotechnical and
Geoenvironmental En gi neer ing, 140: 04014036.

Rahman, M., Asce, M., Nguyen, H.B.K., Fourie, A.B., Kuhn, M.R.,
2020. Crit i cal state soil me chan ics for cy clic liq ue fac tion and
postliquefaction be hav ior: DEM study. Jour nal of Geotechnical
and Geoenvironmental En gi neer ing, 147: 04020166.

Rodríguez-Pascua, M.A., Calvo, J.P., De Vicente, G., Gomez
Gras, D., 2000. Seismites in lac us trine sed i ments of the
Prebetic Zone, SE Spain, and their use as in di ca tors of earth -
quake mag ni tudes dur ing the late Mio cene. Sed i men tary Ge ol -
ogy, 135: 117–135.

Rossetti, D.F., 1999. Soft-sed i ment de for ma tion struc tures in late
Albian to Cenomanian de pos its, Sao Luis Ba sin, north ern Brasil: 
ev i dence for palaeoseismicity. Sedimentology, 46: 1065–1081.

Rossetti, D.F., Bezerra, F.H.R., Goes, A.N., Neves, B.B.B., 2011.
Sed i ment de for ma tion in Mio cene and post-Mio cene strata,
North east ern Brazil: Ev i dence for paleoseismicity in a pas sive
mar gin. Sed i men tary Ge ol ogy, 235: 172–187. 

Seed, H.B., Idris, I.M., 1971. Sim pli fied pro ce dure for eval u at ing
soil liq ue fac tion po ten tial. Jour nal of Soil Me chan ics and Foun -
da tions Di vi sion, 97: 1249–1273.

Seilacher, A., 1969. Fault-graded beds in ter preted as seismites.
Sedimentology, 13: 15–159.

Vaid, Y.P., Thomas, J., 1995. Liq ue fac tion and postliquefaction be -
hav ior of sand. Jour nal of Geotechnical En gi neer ing, 121:
1321–1337.

Van Loon, A.J., 2010. Sed i men tary vol ca noes: over view and im pli -
ca tions for the def i ni tion of a “vol cano” on Earth. GSA Spe cial
Pa per, 470: 31–41.

Ma³gorzata Bronikowska et al. / Geological Quarterly, 2021, 65: 60 9



Van Loon, A.J., Maulik, P., 2011. Abraded sand vol ca noes as a tool 
for rec og niz ing paleo-earth quakes, with ex am ples from the
Cisuralian Talchir For ma tion near Angul (Orissa, east ern In dia).
Sed i men tary Ge ol ogy, 238: 145–155.

Van Loon, A.J., Pisarska-Jamro¿y, M., 2014. Sedimentological
ev i dence of Pleis to cene earth quakes in NW Po land in duced by
glacioisostatic re bound. Sed i men tary Ge ol ogy, 300: 1–10.

Van Loon, A.J., Pisarska-Jamro¿y, M., Nartišs, M., Krievªns, M.,
Soms, J., 2016. Seismites re sult ing from high-fre quency,
high-mag ni tude earth quakes in Lat via caused by Late Gla cial
glacio-iso static up lift. Jour nal of Palaeo ge ogra phy, 5: 363–380.

Van Loon, A.J., Pisarska-Jamro¿y, M., Woronko, B., 2020.
Sedimentological dis tinc tion in glacigenic sed i ments be tween
load casts in duced by periglacial pro cesses from those in duced
by seis mic shocks. Geo log i cal Quar terly, 64 (3): 626–640. 

Vanneste, K., Meghraoui, M., Camelbeeck, T., 1999. Late Qua ter -
nary earth quake-re lated soft-sed i ment de for ma tion along the
Bel gian por tion of the Feldbiss Fault, Lower Rhine Graben sys -
tem. Tectonophysics, 309: 57–79.

Wheeler, R.L., 2002. Dis tin guish ing seis mic from nonseismic
soft-sed i ment struc tures: cri te ria from seis mic-haz ard anal y sis.
GSA Spe cial Pa per, 359: 1–11.

WoŸniak, P.P., Belzyt, S., Pisarska-Jamro¿y, M., Woronko, B.,
Lamsters, K., Nartišs, M., Bitinas, A. 2021. Liq ue fac tion and
re-liq ue fac tion of sed i ments in duced by un even load ing and
glacigenic earth quakes: im pli ca tions of re sults from the Lat vian
Bal tic Sea coast. Sed i men tary Ge ol ogy, 421: 105944.

Wünnemann, K., Colling, G.S., Melosh, H., 2006. A strain-based
po ros ity model for use in hydrocode sim u la tions of im pacts and
im pli ca tions for tran sient crater growth in po rous tar get. Icarus,
180: 514–527.

Youd, T.L., Idriss, I.M., 2001. Liq ue fac tion re sis tance of soil: sum -
mary re port from the 1996 NCEER and 1998 NCEER/NFS work -
shop on eval u a tion of liq ue fac tion re sis tance of soil. Jour nal of
Geotechnical and Geoenvironmental En gi neer ing, 127:
1275–1285.

10 Ma³gorzata Bronikowska et al. / Geological Quarterly, 2021, 65: 60


