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A bstract. Pleistocene glaciolacustrine sediments o f the Kleszczów Graben near Bełchatów -  silts and clays with 
numerous sand intercalations -  record the development and decay o f a glacial lake in a subsiding basin. The 
sediments were classified in eight genetic facies. These facies present a wide scope o f sediments o f subaqueous 
redeposition and deposition in the basin -  from dense mass flows o f debris-flow type, through liquefied flows and 
turbidity currents, to low-energy bottom currents. The facies make the ground for identification of subenviron- 
ments and environments in the Pleistocene glacial lake. The individual complexes correspond to various 
environments within the lake: inclined lake bottom dominated by dense mass flows and fluidal flows, open lake 
with fine-grained parapelagic deposition, deepened axial part o f the basin with weak bottom currents, marginal 
part o f the lake with distal turbidity currents generated by liver supply. Markov chain statistical analysis was used 
to determine the succession of sedimentary processes in the different lake environments. Vertical sequences of 
facies proved that the dense mass flows gradually evolved to more diluted Newtonian flows. The sequences typical 
o f turbidites were noted as well as those o f  weak underflows generated by river inflows. The frequency and nature 
o f  the coarse-grained lake sediments formed by mass flows and turbidity currents testify to tectonically controlled 
style o f sedimentation. Processes of violent redeposition were caused mainly by seismic tremors in the active 
Kleszczów Graben.

A bstrakt. Plejstoceńskie osady glacilimniczne rowu Kleszczowa (odkrywka bełchatowska) odzwierciedlają 
rozwój i zanik jeziora glacjalnego w warunkach subsydencji podłoża. Są to muły i iły z licznymi przewarstwie- 
niami piaszczystymi. Wśród nich wyróżniono osiem facji genetycznych prezentujących szeroki wachlarz typów 
podwodnej redepozycji grawitacyjnej -  od gęstych spływów masowych typu debris flow, przez spływy uwodnio­
nego materiału i prądy turbiditowe, do niskoenergetycznych prądów dennych. Wyróżnione facje są podstawą 
identyfikacji subśrodowisk i środowisk w plejstoceńskim jeziorze. Kolejne analizowane kompleksy osadowe 
odpowiadają różnym środowiskom w zbiorniku. Podwodny skłon jeziora zdominowany był przez gęste spływy 
masowe i spływy uwodnionego materiału, natomiast otwarty zbiornik -  przez depozycję parapelagiczną, w 
przeglębionej, osiowej części basenu przeważały niskoenergetyczne prądy denne, a w marginalnej części jeziora 
dystalne prądy zawiesinowe generowane dopływem rzecznym. Statystyczna metoda łańcuchów Markowa została 
zastosowana, by wyróżnić następstwo facji i procesów sedymentacyjnych w różnych środowiskach jeziora. 
Wyróżnione dzięki tej metodzie pionowe następstwo facji reprezentuje stopniowe przejście od gęstych spływów 
masowych do przepływów hydraulicznych. Notowano również sekwencje typowe dla tuibiditów oraz dla słabych 
prądów dennych powodowanych dopływami rzecznymi. Charakter gruboziarnistych osadów jeziornych, będą­
cych rezultatem spływów masowych i prądów turbiditowych, wskazuje na tektoniczne uwarunkowania sedy­
mentacji limnoglacjalnej. Procesy redepozycji wzbudzane były najprawdopodobniej przez wstrząsy sejsmiczne w 
aktywnym rowie Kleszczowa.
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INTRODUCTION

Subaqueous sed im en t g rav ity  flow s have been the sub- on the grains, to cause dow nslope m ovem en t (M idd le ton  & 
je c t  o f  d iscussion  for m any  years . T he general term  refers to  H am pton, 1973). T here  are fou r m ain  types o f  sed im ent 
the sed im en t-flu id  m ix tures, in w hich g rav ity  acts d irectly  flow s: debris f lo w  — in w h ich  larger g rains are supported  by
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Fig. 1. Location and stratigraphy o f analysed sediments. A -  location o f the sediments under study; B -  geological setting o f the 
Kleszczów Graben and its vicinity; C -  schematic section of the Quaternary sediments o f the Kleszczów Graben

m atrix , gra in  f lo w  -  in w hich  sed im ents are supported  by 
grain -to -g ra in  in terac tions, f lu id ize d  sed im en t f lo w  -  in 
w hich  g rains are suppo rted  by upw ard  escape o f  flu id  from  
be tw een  the grains, and  finally  turbid ity current -  w here 
tu rbu lence  keeps g rains in  suspension . T his d iv ision , based 
on flow  rheo logy  and  m echanics, is w idely  accep ted  by 
geologists.

A lthough  such sed im en ts are m ost often associa ted  w ith 
m arine env ironm ent, th ey  have been also described  from  
glacial lakes by m any au thors (H arrison , 1975; C ohen, 1983; 
E yles &  E yles, 1983; Postm a e t al., 1983; E yles, 1987; 
E yles e t a l., 1987; E riksson , 1991; F itzsim ons, 1992), hav­
ing becom e the in teg ra l part o f  g lacio lacustrine deposits. 
T here  are  m any in term ed ia te  types o f  flow , in w hich  d iffer­
en t m echan ism s ac t s im ultaneously  during  the transport and 
deposition  o f  sed im ents. H ow ever, it happens very  rarely  
tha t a ll th e  m en tioned  gravity  sed im en t types are  found  in 
sequence  o f  one g lac ia l lake. Q uaternary  tecton ic  activ ity  in 
the K leszczów  G raben  w as the reason  fo r en richm ent o f  
g lac io lacustrine  series in various types o f  grav ita tionally

redeposited  sedim ents. It lets us p resen t rem arkab le  li- 
tho log ical exam ples o f  the m ain  types o f  subaqueous gravity  
sed im ents as w ell as d is tingu ish  a  few  transitiona l m od ifica ­
tions.

GEOLOGICAL SETTING

T he B ełchatów  b row n-coal opencast m ine  in cen tral 
P o land  p resen ts a good  opportun ity  for investiga tion  o f  
g lacigen ic  sedim ents. T he u pperm ost 200 m  o f  T ertia ry  and 
Q uaternary  sedim ents are w ell exposed  in th e  ou tcrop  w alls.

T he ou tcrop  is located  in th e  K leszczów  graben  -  in the 
southern  p art o f  Ł ódź U pland , w ith in  th e  S zczecin-Ł ódź- 
M iechów  Synclinorum  (P ożarysk i, 1971). T he graben  itse lf 
has an east-w est d irection , it is abou t 50 km  long  and  4-5 km  
w ide  (Fig. IB ; B iernat, 1968; P ożarysk i, 1971; C iuk, 1980). 
It o rig inated  due to  m ovem en t o f  basem en t fau lts reac ti­
vated  during  th e  A lp ine orogeny . T he d irec tion  o f  the g ra ­
ben is a lm ost paralle l to  th e  structural trend  in th e  deep 
basem ent. T he geology o f  th e  graben  is ra ther com plex. The
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Fig. 2. A view of the two pit walls with studied glacigenic deposits. I -  varved clays; 2 -  silts with sand intercalations; 3 -  silts; 
4 -  sands; 5 -  till; 6 -  Tertiary/Quaternary boundary; 7 -  fault; 8 -  Tertiary deposits; 9 -  Quaternary deposits

basem en t is m ade  o f  C arbon iferous sandstones deform ed 
during  th e  V ariscan  orogeny , overlain  by sandstones, lim e­
stones, m arls and shales o f  M esozo ic  age, w hich  together 
w ere  fo lded  and  fau lted  during  the L aram ide phase o f  the 
A lp ine  o rogeny  (B aran iecka , 1971; K ossow ski, 1974; B ro- 
dzikow ski e t a l., 1987).

T he K leszczów  graben  is in filled  w ith  N eogene and 
Q uate rnary  deposits (Fig. 1C). M ost o f  the exposed  T ertiary  
rocks consis t o f  brow n coal, w hich  is being exploited . T he 
Q uaternary  sequence  is 50 - 250 m  th ick  and is 3 to  5 tim es 
th icker inside than  ou tside  the graben (K rzyszkow ski, 
1993). In th e  light o f  fo rm er stud ies o f  m any authours, there 
is no doub t tha t the trough w as tec ton ica lly  active through 
the w hole P le istocene, and  con tinues to be so today (B ara­
niecka , 1971, 1975; Pożarysk i, 1977; B rodzikow ski e t al., 
1987; B rodzikow ski e t a l., 1987a; K rzyszkow ski & B rodzi­
kow ski, 1987; K rzyszkow sk i, 1989, 1993). S tratigraphically  
the Q uate rnary  deposits o f  th e  graben  are from  C rom erian  to 
H olocene (K rzyszkow sk i, 1991) and consist o f  glacial, 
g lac iodelta ic , g lac io lacustrine  and glaciofluv ial sedim ents. 
N o n-g lac ia l deposits are o f  restric ted  occurrence w ith in  the 
trough.

Several S candinav ian  g laciations reached  the K lesz­
czów  graben  a rea  (B aran iecka  & Sarnacka, 1971; R óżycki, 
1978; L indner, 1982); th is is docum ented  by eigh t glacial 
cycles d is tingu ished  w ith in  the P leistocene deposits (K rzy ­
szkow ski, 1991). Each cycle  rep resen ts a separate period  o f  
g lac ier advance  and retreat. T here  are tw o d istinct structural 
units w ith in  the Q uaternary  sed im ents. T he low er one is 
defo rm ed  into large-scale folds and  flexures, and also d is­
p lays sm aller-sca le  deform ation  due to  endogenic processes 
(B rodzikow sk i, 1985). T he  u pper unit lies m ore or less 
h o rizon ta lly  and  exhibits m ed ium -scale  g lacio tecton ic  d e ­
form ations on ly . These tw o units are separated  by d istinct 
e rosional surface called  th e  m ain  d iscordance surface 
(K rzyszkow sk i, 1993) o r the P ilica  p lain  (B rodzikow ski & 
G otow ała , 1980; see Fig. 1C) w hich  orig inated  during the 
P ilica  In terstad ia l (B aran iecka , 1990; K rzyszkow ski, 1991)
-  an eq u iva len t o f  the L ubaw ski In terg lacial (L indner, 
1990). T w elv e  fo rm ations o f  Q uaternary  age, understood  as 
lithostra tig raph ic  units rep resen ting  particu lar glacial or in­

terglacial cycles, w ere found  and described  w ith in  the Q ua­
ternary  deposits exposed  in the ou tcrop . A m ong  th em  there  
are six g lacial fo rm ations w ith  seven  till horizons. G lac io ­
lacustrine sedim ents are o f  considerab le  th ickness and  are 
no ted  in fou r g lacial form ations: Fo lw ark , K uców , Ł aw ki 
and  S taw ek (K rzyszkow ski, 1992, 1993). T he  K uców  (o f  
Saalian G lacia tion  age) and Ł aw k i (o f  O dran ian  G lacia tion ) 
Form ations d isp lay  the b iggest th ickness  o f  g lac io lacustrine  
deposits.

The g lacio lacustrine sed im ents o f  the K uców  F orm ation 
w ere investigated  in 1991. T hey  a tta in  a  th ickness o f  80 m 
and d isplay  com plex  in ternal struc tu re  w ith  a w ide  variety  
o f  subaqueous sed im en t types. T he ana ly sed  deposits rep re­
sen t the com plete  profile o f  a g lacial lake. C ross-sections 
(Fig. 2) show  that sed im entation  to o k  p lace  in a narrow  bay, 
w hich  w as a b ranch  o f  a m uch  b igger lake. T he bay  w as 
about 350 m w ide and w as re la tive ly  deep -  it w as u n dergo ­
ing syndepositional subsidence. L arge  exposures gave ex ­
cellen t possib ility  o f  detailed  sed im en to log ica l stud ies on 
d ifferen t types o f  g lacio lacustrine deposits. In p articu la r the 
co -ex istence o f  varved  clay  and coarse sands, som etim es 
w ith  gravels, o f  undoubted ly  subaqueous orig in  a ttrac ted  the 
au th o rs’ attention .

OBJECTIVES

T he g lacio lacustrine deposits stud ied  in the sec tion  rep ­
resen t tw o d ifferen t sty les o f  sed im en ta tion  w hich  adjo in  
vertically . T hese are parapelag ic  deposition  o f  fine-g ra ined  
(clayey) sed im ents -  by w hich  th e  au thors m ean  pelag ic  
deposition  in lakes (B rodzikow ski, 1993) -  and deposition  
o f  coarse-grained  (sandy) sed im ents by  subaqueous gravity  
flow s and  bottom  currents.

T his paper is in tended  to  recogn ize  various subaqueous 
gravity  flow  facies w ith in  g lac io lacustrine  sed im ents o f  the 
K leszczów  graben. D etailed  analyses o f  tex tu re  and s truc­
ture o f  beds w ere  perfo rm ed  to  define  the p rocesses acting  
during the transport and deposition . T hese  analyses let us 
d istinguish  particu lar types o f  flow s. A  c lassifica tion  o f  flow  
types, accord ing  the flow  density , is p resen ted  at the end  o f  
this paper. T he analysis o f  spatial va riab ility  o f  flow  types
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Table 1

Sym bols o f  lithofacies used in this study

SY M B O L G RAIN SIZE STR UCTU RE

SG t gravelly trough cross-stratification

SGm sands
massive structure

St trough cross-stratification

Sp planar cross-stratification

SI low-angle cross-stratification

Sh sands horizontal stratification

Sr ripple cross-lamination

Src ripple-drift cross-lamination

Sw wavy lamination

Sm massive structure

SFr silty ripple cross-lamination

SFw sands
wavy lamination

Fh silts horizontal lamination

Fv or clays varved

lithofacies lithofacies association lithofacies complex

de
sc

ri
pt

io
n an elementary 

sedimentary unit (set. 
coset. bed)

e.g. a s ingle b e d  o f 
ripple cross-lam inated 

sand

an association of 
sedimentary units

e.g. a package o f 
ripple cross-lam inated 

sands interbedded with 
horizontally laminated sifts

a lithosom of related 
lithofacies associations

e.g. a Hthosome o f 
varved days, laminated 
silts, subordinately thin 

sand intercalations

1 S r Sr.Fh c

in
te

rp
re

ta
tio

n the bedform  type and 
hydrodynamic 

conditions of Flow

e.g. rippled sand bed 
formed by weak current

sedimentary
subenvironment

e.g. underflow currents 
activity alternatively with 

parapelagic settling

sedimentary
environment

e.g. central part of the 
lake with predomination 

of parapelagic 
deposition, rare phases 

of underflow currents

Fv.(Fh) I

Sr.Fh I

~\S m \

Sm.fFh) I

allow ed  us to  evalua te  the d ifferences betw een the subenv i­
ronm ents in the lake, i.e. to decide i f  there  w as a d ifference 
in flow  types betw een  the m arginal and central part o f  it. 
M arkov  chain  analysis w as carried  out to  define the typical 
g lac io lacustrine  depositional sequences. W ell-developed  li- 
tho log ica l varie ties o f  subaqueous g rav ity  flow s, reported  
from  th e  g lac io lacustrine  succession  o f  the K leszczów  G ra­
ben, can  be used  as a particu larly  good  guide for iden tifica­
tion  o f  sim ilar facies in o ther fossil sedim ents o f  uncertain  
nature.

METHODS

Field  data un d erw en t a th ree-step  sedim ento log ical 
analysis (Fig. 3). D escrip tion  o f  the d istribu tion  and litho- 
logy as w ell as in te rp re ta tion  o f  lithofacies, i.e. the e lem en­
ta ry  depositional un its  (sets, cosets, beds), m ake up the first 
step o f  the analysis. T he lithofacies are labelled  using a 
sligh tly  m odified  M ia lP s  (1985) code -  see Tab. 1. The 
m odifica tions concern  the textural and  structural param e­
ters. M ixed  sym bols o f  tex tu re  w ere in troduced, e.g. SG  
(g ravely  sand) o r SF  (silty  sand), to  m ake the descrip tion  o f  
the lithofacies m ore p recise . F or the structural sym bols, a 
low er-case letter -  the first letter o f  the  ad jec tive connected  
w ith  the  type o f  depositional structure -  w as used. H ence all 
ho rizon ta l lam inations, in sand as w ell as in silts and clays, 
are m arked  by le tter h (horizonta l), w hereas letter I is lim ited  
to  low -ang le  cross-stra tifica tion  only. The letter v is used  to 
ind ica te  the varved  rhy thm  o f  deposits (in lithofacies Fv).

Fig. 3.
details

Threefold lithofacies division used in study. See text for

T he term  “genetic  fac ies” , w h ich  appears m an y  tim es in  this 
article, is used to indicate a sed im en t type  connected  w ith 
unequ ivoca lly  defined depositional p rocess. G enetic  facies 
are  indicated  by the capital letters th a t M iall used  (1985) in 
h is arch itec tu ra l-e lem en t analysis.

A nalysis o f  the d istribu tion  o f  litho facies associa tions is 
the second  phase o f  p roceed ing . E ach associa tion  is indi­
cated  by the sym bols o f  the litho facies th a t a re  m ost com ­
m on in tha t association . T hese  are index lithofacies -  the 
m ost frequently  no ted  and  the m ost ty p ica l o f  the associa­
tion. L ithofacies that a re  frequen tly  no ted , bu t do no t dom i­
nate, are indicated  in brackets, e.g. lithofacies association  
Sm,(Fh). The lithofacies associa tion  is regarded  as a  p roduct 
o f  a  sed im entary  subenvironm ent.

L ithofacies com plexes w ere  investiga ted  in the th ird  
phase o f  analysis. E ach com plex  is a co llec tion  o f  rela ted  
lithofacies associations tha t o rig inated  in s im ila r sed im en­
tary  conditions (e.g. in the cen tra l p art o f  a  g lacial lake). 
L ithofacies com plexes are ind icated  w ith low er-case letters 
(Fig. 3).
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CHARACTERISTICS OF LITHOFACIES 
COMPLEXES

A m ong all glaciolacustrine deposits there are tw o basic 
lithological types: c layey  and sandy ones. The m ost interest­
ing are coarse-grained sediments that cannot have been  
formed as the result o f ’’normal” parapelagic deposition.

B elow  the glacial-lake com plexes there are sandy and 
sandy-gravelly deposits that include the St,SGt,(Sh) lithofa­
cies association at the base (Fig. 4). These are deposits o f  
fluvial origin (proglacial or extraglacial rivers). The pre­
dom inance o f  large-scale trough cross-stratification (chan­
nel structures) unequivocally  indicates a sedimentary suben­
vironm ent o f  a deep channel, characterised by high-energy, 
unsteady flow s, typical o f  ablation outflow s. There are two  
lithofacies associations on top o f  them: Sh,(Fh) and 
Fh,Sm,(Sh,Sr) -  see Fig. 4. Lithofacies o f  silts and clays 
with horizontal lamination coexist there with sandy lithofa­
cies o f  sm all and average scale (o f  thickness). W ithin the 
lithofacies association Sh,(Fh), a very characteristic trend is 
that both the thickness o f  the lithofacies and the average 
grain size decrease towards the top. Thus the transition from  
the association dom inated by sandy lithofacies towards the 
association characterized by considerable amount o f  silts 
and clays is gradual. Both o f  these lithofacies associations 
are intermediate betw een typical fluvial and glaciolacustrine 
sedim ents.

F ive lithofacies com plexes, w hich distinctly differ from 
each other, have been specified within glaciolacustrine sedi­
ments. They represent successive phases o f  the lake devel­
opment.

C om plex a -  the oldest one -  is built o f  tw o lithofacies 
associations: Fh,(Fv) and Fh,(Sr,Fv) (Fig. 4). Varved clays, 
horizontally laminated silts interbedded with laminae o f  fine

Fig. 5. The upper part o f 
sandy complex b and the tran­
sition to clays o f complex c. 
Note the distinct textural dif­
ferences between complexes

sand and silty sand, and ripple cross-lam inated sands are the 
main lithofacies in this com plex. In the association Fh,(Fv) 
w e noted lower frequency and smaller thickness o f  rippled 
beds in comparison with the association Fh,(Sr,Fv). Small- 
scale gradational cycles are present in both associations 
(they exhibit the succession from horizontally laminated 
silt, som etim es with intercalations o f  ripple laminated sands, 
to m assive clay). In the w hole com plex, an upward decrease 
o f  the thickness o f  cycles is observed.

The deposits o f  com plex a originated during the first 
phase o f  glaciolacustrine sedimentation. Conditions o f  
deposition were relatively stable. Parapelagic sedimentation  
dominated in the shallow  lake. Sands w ere supplied from  
the north. Fh,(Sr,Fv) lithofacies association represents the 
deposits o f  the marginal part o f  glacial lake.

C om plex b embraces three laterally existing lithofacies 
associations: Sm,(Fh); Sm,Fh,(Sh); Sm,(Sh) -  Fig. 4. It is 
characteristic for them that sandy and sandy-gravelly beds 
o fiSm type, relatively thick, dominate in the w hole com plex. 
It is the m ost coarse-grained com plex am ong all noted in the 
glaciolacustrine succession o f  the series studied (Fig. 5). Its 
genesis is identified with intense activity o f  gravity flow s 
and bottom currents, connected with the period o f  increased 
tectonic activity o f  the K leszczów  graben. D etailed descrip­
tion and interpretation o f  the lithofacies are the subject o f  
the next section.

A bove the com plexes described, there is the thickest 
and the m ost fine-grained com plex c (F igs. 2, 4). A ll the 
lithofacies associations are characterised by domination o f  
horizontally laminated silts Fh and clays developed as var- 
ves Fv. The middle part o f  the com plex is built o f  lithofacies 
association Fv, where varved clays clearly dominate. They  
are found in 3-cm  cycles (thin laminae o f  sand—»horizon­
tally laminated clay—»m assive clay). The scale o f  cycles
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increases both  upw ards and  dow nw ards in the association . 
Subord inate ly  there are horizons o f  cu rren t ripple m arks and 
horizon ta lly  lam inated  sands, sands d isp lay ing  typical 
B oum a sequences, and  layers o f  deform ed c layey  d iam ic­
tons. A t the base and at the top  o f  the com plex c there are 
som e m ore com plex  associa tions -  Fv,Fh  and Fv,(Fh) -  but 
still dom inated  by varved  clay  Fv and horizontally  lam i­
nated  silts Fh. A dditionally  there  are horizons o f  sand rip ­
p les and  w avy lam inated  silts. T he contribu tion  o f  current 
s tructures (silts and silty  sands o f  ripp le-drift cross-lam ina- 
tion) and  th in  layers o f  no rm ally  g raded  sands, increases in 
the associa tions at the top  o f  the com plex. T he w hole com ­
plex orig inated  during steady , parapelag ic  sedim entation  
th a t w as inc iden ta lly  d is tu rbed  by bottom  currents o f  v ari­
ous in tensity . W ithin  the com plex  c, in northern  part o f  it, 
th ere  is an  ind istinct m arg inal zone (Fig. 4). W ithin lithofa­
cies associa tions Fh,Fm ,Fv,(Sm) and Fv,Fh,(Sh), the sandy 
lithofacies are  o f  secondary  im portance.

W ith in  com plex  c, in the central part o f  the lake se ­
quence, there  is an approx im ate ly  continuous horizon o f  
sandy-silty  deposits, abou t 2 m  th ick  and over 100 m  w ide. 
T his is com plex  d  (see Fig. 4), bu ilt o f  silty  sands or sandy 
silts w ith flase r and  len ticu lar lam inations as w ell as ripple 
cross-lam ina ted  sands, w h ich  together m ake SFr lithofacies 
association . T he deposition  o f  this com plex  w as connected  
m ost p robab ly  w ith  bo ttom  curren ts acting in the deepest 
axial p art o f  the elongated  bay  o f  the lake. T ak ing  into 
considera tion  the fac t th a t th e  analysed  cross-section  cuts 
the elongated  bay o f  the lake transverse ly , the iso lation  o f  
sandy  com plex  d  w ith in  th e  c layey  com plex  c -  w ithout any 
apparen t connection  w ith  the m arg inal part o f  the lake -  
becom es c learly  explicable.

In the upper part o f  ana ly sed  profile, com plex  c grada- 
tionally  passes into sands, silts and  c lays o f  com plex  e. It is 
built o f  Sr,(Fh) lithofacies associa tion  (Fig. 4). R ipple cross- 
lam inated  sands dom inate  there  over ho rizon ta lly  lam inated 
silts and  clays. T his com plex  occurs in the north part o f  the 
lake on ly . It o rig inated  due to filling  the m arginal p art o f  the 
basin  w ith  sandy  deposits de livered  by a  river. S im ilar to the 
situation  in com plex  a, the m ain  inflow s w ere com ing  to the 
lake basin  from  the north , i.e. from  the m elting  glacier.

LITHOLOGY AND ORIGIN 
OF THE LAKE DEPOSITS

A s a resu lt o f  m ore d e ta iled  study , eigh t types o f  g lacio­
lacustrine deposits have been  d istinguished  w ith in  sandy 
com plexes b, d  and e. T hey  can be re la ted  to  particu lar 
gravity  flow  types or bo ttom  currents.

A -  co a rse-g ra in ed  d iam icton  (clayey breccia)
Description. T his is a  rare  lithofacies am ong g lacio­

lacustrine deposits, noted  only  in Sm,(Fh);  Sm,Fh,(Sh) and 
Sm,(Sh)  litho facies associa tions in com plex  b, w here it 
m akes up 2 p e rcen t o f  all th e  sed im ents (Fig. 6 ). T hese are 
th in  sheet beds (up to  10 cm ), bu ilt o f  clay  clasts, m ain ly  
d isrup ted  and deform ed lam inae (Fig. 7). T he beds are clast- 
supported  and  tex turally  hom ogenous. T he m atrix  is sandy-
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Fig. 6 . Fluvial, transitional and glaciolacustrne complexes -  
lithological characteristics and genetic interpretation o f sedi­
ments. J -  stratified and massive gravelly sands; 2 -  massive 
sands; 3 -  cross-stratified sands; 4 -  horizontally laminated 
sands; 5 -  ripple cross-laminated sands; 6 -  silty sands and silts 
o f ripple cross-lamination; 7 -  horizontally laminated, massive 
and varved clays

silty , the structure is a lw ays m assive  and beds com m only  
have erosional bases.

Interpretation. T his coarse-g ra ined  d iam icton  is ge­
netically  iden tified  w ith  clast-rich  debris f lo w ,  i.e. slurry  
f lo w  sensu  C arter (1975). T ranspo rt o f  clasts in suspension  
could  act re la tively  easily , because  o f  the low  density  o f  
c lay  in com parison  w ith  quartz  (1 .94  g/cnV and 2.65 g /cm ' 
respectively). C ohesional strength  and  fric tional strength 
w ere  dom inating  transport factors w h ile  tu rbu lence  w as d is­
tinc tly  lim ited. T he flow  w as strongly  saturated , as proved  
by  c last-supported  tex ture  and  the sm all bed  th ickness. Be-

5 —  Annales Societatis...
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Fig. 7. Selected sedimentary logs o f complex b. Key for shading and symbols: /  -  massive gravels; 2 -  clay clast breccia; 3 -  
massive gravelly sand; 4 -  massive sand; 5 -  sand with low-angle cross-stratification; 6 -  horizontally laminated sand; 7 -  sand with 
trough cross-stratification; 8 -  sand with ripple cross-lamination; sand with ripple-drift cross-lamination: 9 -  A type, 10 — B type; II
-  silty sand with wavy lamination; 12 -  sand and silt/clay with flaser and lenticular lamination; 13 -  silt or clay with wavy lamination;
14 -  silt or clay with horizontal lamination; 15 -  massive silt or clay; 16 -  mean azimuth o f fold plane dip without statistical 
significance; 17 -  mean azimuth of cross-bed dip without statistical significance; 18 -  directional distribution o f cross-bed dip 
statistically significant on 95% level, where v -  vector mean azimuth, L -  vector magnitude (both parameters by Curray, 1958), N — 
number o f readings; 19 -  clay clasts (diameter in mm); 20 -  deformed sediments; 2 / -  load casts; 22 -  thinning (left) and thickening 
(right) upward sequences; 23 -  fining (left) and coarsening (right) upward cycles; 24 -  channel-fill structure; 25 -  sheet bed; 26 -  
erosional contact; 27 -  fossil ripples; 28 -  fossil dunes; 29 -  clay clasts

cause o f  th is, the slurry  spread  on quite long d istances. It 
w as d eposited  by “freezing” (i.e. very sudden, “en m asse” 
deposition).

T his lithofacies derived  from  the densest type o f  m ass 
flow  noted  w ith in  the stud ied  sedim ents. Such flow s orig i­
nated  during  sporad ica lly  occurring  processes o f  d is in teg ra­
tion  o f  c layey  lake bed, caused  m ost probably  by earth ­
quakes in the  active K leszczów  graben. S lum ping  in the 
near-shore  zone o f  the lake w as the d irec t source o f  w ide, 
sheet-like debris flow s. A nalogous th in  beds connected  w ith 
subaqueous debris flow  w ere  no ted  in g lacio lacustrine de­
posits by C ohen  (1979) and  V isser (1983) and in lacustrine 
ones by E riksson  (1991). It is in teresting  that g lac io lacus­
trine fac ies A is quite sim ilar to  the facies o f  contorted  and 
b reccia ted  m udstone clasts w ith in  sandy  m atrix  noted  by 
Shanm ugam  et al. (1994) in the C retaceous m arine debris 
flow s “ fro zen ” after short-d istance  transport.

B] -  matrix-supported massive sand with clayey clasts
D e sc rip tio n . T his is the m ost com m on lithofacies in 

com plex  b , w here it form s 20%  o f  all deposits (Fig. 6 ). 
C oarse-g ra ined  sands and coarse-grained  sands w ith d is­
persed  pebb les  m ake up th is lithofacies. T he sed im ents are 
poorly  sorted  (0.8 < ôi <  3.1 phi). U niform ly  d ispersed

Fig. 8. Facies Bi (debris flow deposit) -  large deformed clay 
clast in massive sand

clayey  clasts w ith in  m atrix  are characteristic  feature o f  fa ­
cies 5 /  (Fig. 7). T he clasts are m o s t o ften  o f  d isrup ted  and 
deform ed lam inae o f  clay  (Fig. 8). T he beds are  usually  
tex tu ra lly  hom ogeneous, bu t in som e cases sandy  m atrix  
and gravels show  gentle coarsen ing-up  grading. T he struc­
tu re  is alw ays m assive (Fig. 9). In som e beds o f  B i  litho fa­
cies, ind istinct flow age fo lds w ere  noted . T he bases o f  beds 
are  d istinct, som etim es lithofacies B i passes g radationally  
upw ards into horizontally  lam inated  sands (F ig. 7).

L ithofacies B i w as no ted  in tw o variants. L arge-scale  
beds (up to 1.2 m ) w ith erosional bases (Fig. 9) m ake the 
first variant. In p laces they  w ere  found  in large channels up 
to  12 m  w ide, in w hich case they  fo rm  th in  layers o f  p av e­
m ent at the bases o f  them . B eds o f  m ed ium  scale  -  in sheets 
10  - 60 cm  th ick  -  m ake the second  varian t, w hich  is m ore 
fine-grained  (Fig. 10).

In te rp re ta t io n .  Facies B i  is an equ iva len t o f  the 
pseudop lastic  debris flow  o f  S hu ltz  (1984). T he sign ifican t 
th ickness o f  the beds, the g ra in -size  hom ogeneity , m assive 
structure  and p resence o f  flow age fo lds at the base, testify  to 
tha t conclusion. T he presence  o f  angu la r c layey  clasts, u n i­
form ly d ispersed  w ith in  beds, unequ ivoca lly  ind icates re la ­
tively  high density  o f  flow . C lay  c lasts as w ell as rock 
granules and pebbles w ere suspended  by  the buoyancy  force

Fig. 9. Facies Bi (debris flow deposit). Note the eroded and 
deformed clay clasts at the base and the massive structure of sand
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Fig. 10. Selected sedimentological logs of complex b. For explanation see Fig. 7

o f  liquefied  sand and  by pore w ater escape. T urbu lence 
p layed  a sign ifican t ro le  only w here fin ing-up tendency  o f  
g ranules is noted  now . T hese flow s w ere m ore d ilu ted  than 
the A type  ones. O n the o ther hand, the p resence o f  flow age 
fo lds p roves the still dense character o f  flow  -  these beds 
w ere  deposited  by flow  characterised  by high v iscosity  (vis­
cous flow). T he p resen ce  o f  d istinct top surfaces p roves tha t 
the beds did no t undergo  syndepositional rew ork ing  by 
w ater tu rbu lence. T here  is no th ing  unusual that such depos­
its have been found  in erosional channels. Postm a et al. 
(1983), E yles & C lark  (1988), M yrow  & H isco tt (1991), 
described  analogous exam ples w here sedim ents o f  debris 
flow  filled  p lugged  troughs. Subaqueous d iam ictons o f  de­
bris flow  origin, show ing  sim ilar litho logy  w ere no ted  by 
B roster &  H icock (1985), E yles & C lark  (1988), L iverm an 
(1991),

B2 — massive sands with clayey clasts horizon
Description. F acies B2 is noted  in com plex b and it is a 

litho log ical varian t o f  facies Bi (Fig. 7). In princip le  there

are no tex tural d ifferences betw een  B i and  B 2 beds. O n the 
P assega d iagram , these tw o facies occupy  a com m on area -  
the m ost pecu liar one in re la tion  to all the  o ther lithofacies 
(Fig. 11). A nalogous d ependence  is seen  in size-frequency  
d istributions. T he graphs show  th e  ex istence  o f  som e m odes 
in g ravel-sand  range (see SGm and Sm lithofacies on Fig.
12). T he shape o f  p lo ts is sim ilar on ly  to the sand-range part 
o f  d istribu tions o f  c layey -sandy  d iam ictons (subaqueous 
tills) from  com plex  c (Fig. 12). C layey  clasts are sm aller and 
d is tinctly  rounded. T he c lasts are m ost frequen tly  concen ­
trated  about 5 - 10 cm  below  the top  o f  the beds (Figs. 7,
13). T he B2 beds are m ostly  about 25 - 60 cm  th ick . The 
th icker ones are usually found  in erosional channels, w hile 
th inner beds are noted as sheets, w ith  d rag -defo rm ed  load 
structures (sm all d iap ir fo lds o f  the sam e vergence).

Interpretation. G rav ity  flow  depositing  facies B 2 w as 
less dense than  tha t depositing  lithofacies Bi. Sandy m atrix  
w as m uch m ore flu id ised , so th a t clasts cou ld  easily  m igrate 
up to the top o f  the flow . M oreover, m in o r th ickness o f  beds 
and lack o f  flow  folds tes tify  to  low er density  o f  debris flow
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in com parison  to  tha t o f  facies Bi. H ow ever that flow  w as 
no t m ob ile  enough for in terg ranu lar co llisions to p lay  the 
m ain  role in transportation . T hus the flow  had not the Theo­
logical na tu re  o f  a grain  flow . U nresistan t c layey  clasts 
w ould  h ave  been  m uch m ore  crum bled  and rounded  during 
such in tensive  flow.

To check  our hypo thesis abou t the density  d ifferences 
betw een  B i and B2 flow s, the K coeffic ien t (y ie ld  strength), 
i.e. res istance  to  defo rm ation , w as calculated . The param e­
ter K  is p roportional to  flow  density  p. Johnson ’s (1970) 
fo rm ula  w as used:
- for sheet debris flow: K =  d g S ( 1 )
- fo r channe lled  debris flow : K =  d g sinS / (2d /  w )2 + 1 (2)

w here: K  -  resistance  to  deform ation  [dn/cm 2], d  -  
depth  o f  flow , i.e. the bed  th ickness [cm ], g -  density  o f  
clasts [g/cm  ], S -  slope inclination  [degrees], w  -  w idth  o f  
channel flow  [cm ].

T he average  values o f  K , ca lcu lated  from  the tw o litho­
facies are  as follow s: facies B \ -  channelled  type - 510 
dn/cm 2, facies B I -  sheet type  - T he values obse o f  som e 
post-depositional s teepen ing  o f  dip (due to  subsidence). 
Fortunate ly , the relative d ifferences o f  K param eter betw een 
facies are free o f  system atic  error, thus they  can be com ­
pared . T he channellized  flow s o f  5 /  type w ere denser and  
w ere  characterised  by  20  p e rcen t h igher resistance to defo r­
m ation  than  the sheet flow s o f  the sam e lithofacies. W hat is 
m ore, the value  o f  param eter K  calculated  
for the flow s o f  B i type w as 35 percen t 
h igher th an  tha t for the flow s o f  B2 type.
T hus, the hypotheses based  on lithologie 
features o f  sed im ents w ere  fully con ­
firm ed by palaeorheo log ic  calculations.

B oth facies -  5 /  and B2 -  are iden ti­
fied  w ith liquefied  flow , i.e. the  gravity  
flow  o f  rheo log ica l nature  ty p ica l o f  den- 
sity -m odified  grain flow  sensu  L ow e 
(1976) o r w ith  p lastic-v iscous grain  flow  
sensu  C arte r &  N orris (1977). T he sed i­
m ents w ere  deposited  by “ freezing” .
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Fig. 11. Passega CM diagram. Three fields o f facies originated 
in different dynamic conditions

C — sands displaying indistinct cross­
stratification

T his is a  secondary  litho facies w hich 
form s 10 p e rcen t o f  sed im ents in com plex 
b. It occurs also  in com plex  e, w here  it 
m akes up 2 p ercen t o f  sed im en ts (Fig. 6 ).

D e sc rip tio n . This lithofacies is 
fo rm ed o f  fine, m ed ium  and  coarse­
g rained  sands, som etim es w ith  granules 
and  w ell-rounded  c layey  clasts. Poorly  
d eveloped  horizon tal lam ination  or cross­
stra tifica tion  ex is ting  locally  am ong  m as­
sive sands is a characteristic  feature  o f  
th is lithofacies (Figs. 7, 10). T here  is a 
h in t tha t cross-stra tifica tion  becom es 
m ore d is tinc t tow ards the top  o f  the beds. 
T he beds are o f  m edium  th ickness (15 - 
75 cm ) and  they  have erosional bases. 
M ost o ften  they  are noted  as sheets.

Fig. 12 . Grain-size frequency distributions 
stream flows

of deposits originated from mass and
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Fig. 13. Facies 5? (density-modified grain flow). Sand bed with clay clasts in its upper part. 
Shovel is 20 cm long

In te rp re ta t io n .  Facies C  is iden tified  w ith in term ediate 
flow  (B u ll, 1964), i.e. transitional betw een  debris flow  and 
stream  flow  (N em ec &  Steel, 1984). T his genetic in terp re ta­
tion  is confirm ed  by  th e  position  o f  sam ples on the Passega 
diagram  (Fig. 11). F acies C  and D  occupy a com m on area, 
w hich  is transitional be tw een  facies B i and  B 2 (treated  as 
deposits  o f  m ass flow s), and facies E  (treated  as deposits o f  
stream  flow s). L ack  o f  g rain-size  g rad ing  is the im portan t 
featu re  o f  facies C. It p roves tha t som e y ie ld  strength com ­
p ensated  the g rav ity  force. T he up lifting  forces keep ing  the 
coarse  g rains in suspension , cou ld  be a resu lt o f  tu rbu lence 
o r bu o y an cy  o f  m atrix . P robably  both above m entioned  
forces w ere  opera ting  sim ultaneously  during  transportation ,

and  tu rbu lence  d is tinc tly  p redom i­
na ted  over the buoyancy . P ierson
&  S cott (1985) p roved  tha t in ten ­
sive  tu rbu lence  w as ab le  to keep 
even  the g ranu les in suspension. 
L ocally  in tha t m odera te ly  dense 
and  strongly  tu rb u len t env iron ­
m ent, m uch  m ore flu id  ised zones 
appeared , w here stra tified  sed i­
m ents w ere  deposited , m ain ly  in 
th e  cond itions o f  upper flow  re ­
gim e.

Facies C  is g ene tica lly  iden ti­
fied  w ith  hyperconcen tra ted  flow , 
th a t is w ith  transporta tion  in con­
ditions o f  slid ing  bed  sensu  Saun- 
derson  (1977). A nalogous ind is­
tinc t cross-stra tifica tion  sed im ents 
w ere  no ted  by  E yles &  E yles 
(1989) and M yrow  & H isco tt 
(1991), w ho cam e to  sim ilar ge­
netic  conclusion .
D — sands o f  normal grain-size 
grading

D e sc rip tio n . T h is is a very  
com m on lithofacies in com plex  b, w here it fo rm s 20  percen t 
o f  deposits. A dditionally  it w as noted  in com plex  e  (F ig. 6 ). 
T hese are sheet-like beds d isp lay ing  norm al g rad ing , 5 - 3 0  
cm  th ick , com m only  w ith  erosional bases (F igs. 7, 10). 
L ow er parts o f  the beds consist o f  coarse-g ra ined  sands, 
coarse-grained  sands w ith g ravels and /o r c layey  clasts (Fig.
14), and m ed ium -gra ined  sands. C layey  c lasts  are usually  
rounded  and  are , as a rule, concen tra ted  c lo se  to  the base  o f  
the bed. T h is part is a lw ays m assive. It g rada tiona lly  passes 
upw ards into m assive or ho rizon ta lly  lam inated  fine-grained  
sands (Fig. 7). T hey  are com m only  covered  w ith  ripp le  
cross-lam ina ted  sands or w ith  a  th in  ho rizon  o f  current 
ripples (F igs. 10, 14).

In te rp re ta t io n .  Facies D  is typ ica l o f  tu rb id ite  flow

Fig. 14. Facies D  at the base. Note massive sands with thinning Fig. 15. Two beds o f massive sands (facies Ej) between hori- 
upward trend o f clasts and ripples forms at the top o f the bed. The zontally laminted silts. Shovel is 15 cm long 
bed is capped with wavy laminated silts
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deposits, i.e. true  tu rb id ite  flow  w here the m ain  m echanism  
o f  grain  tran spo rta tion  w as con tro lled  by tu rbu lence (op­
posed  to  dense  tu rb id ity  cu rren t sensu  L ow e, 1982; E yles et 
al., 1987; G h ibaudo , 1992). Facies D  usually  d isplays ty p i­
cal B oum a (1962) sequence: Sm -^Sh—ïS r ^ F .  A t the base 
o f  the flow , the grains w ere  transported  as a traction  carpet, 
i.e. by a  flow  sim ilar to  hyperconcen tra ted  flow  (T odd, 
1989), th a t gave  origin to  Sm  m em ber. A  little h igher, or 
further, tran sp o rt ac ted  in cond itions o f  typ ical stream  flow  
and the g rains w ere d eposited  in the upper p lane  bed (Sh 
m em ber). F inally , low -energy  accretion  o f  ripp led  bed, in 
cond ition  o f  low er part o f  low er flow  regim e, resu lted  in  the 
orig in  o f  Sr m em ber. Such tu rb id ite  flow s spread over the 
lake bo ttom  as subaqueous sheet flows.

W ell-developed  tu rb id ite  flow s, in this basin, shou ld  be 
com pared  to  p rox im al underflow s. T he ir erosional bases 
(L am bert &  Hsii, 1979; T eissey re , 1983; E yles, 1987; Syvit- 
ski et al., 1988) as w ell as p reserv ed  low er m em bers o f  the 
sequences (D żu łyńsk i &  W alton , 1965; W alker, 1967; 
M alik  &  O lszew ska, 1984) tes tify  to  th is conclusion . T hese 
sed im ents are m uch b e tte r deve loped  than  typ ica l Q uater­
nary  g lac io lacustrine  tu rb id ites  (D onnelley  &  H arris, 1989; 
H uff, 1989; L iverm an, 1991; K rzyszkow ski, 1993). O n  the 
o ther hand, th ey  are s im ila r to  C arbon iferous g lac io lacus­
trine  tu rb id ites described  by B anerjee  (1966). T he beds de­
scribed  w ere  no t generated  by  river inflow s (th ickness o f  
bed  crite rion  -  Pharo  &  C arm ack , 1979). M ost probably , 
facies D  is th e  depositional e ffec t o f  distal, d ispersed  gravity  
flow s genera ted  tec ton ica lly .

Ei — massive sands c si Is ms c si Isms c si <Sms

Description. T his is ra th e r an uncom m on lithofacies in pjg u  Se|ected sedimentological logs o f com,ex ±  For expia- 
com plex  b, m aking  up on ly  abou t 5 percen t o f  sedim ents nation see Fig 7 
(F ig. 6 ). it is found  rarely  in co m ­
plex  e. T w o  fundam ental features 
d iffer th is lithofacies from  o thers, 
analysed  earlier, Sm  beds: its fine­
g rained  ch arac te r and sm all bed 
th ickness. F ac ies E / is fo rm ed  o f  
fine-g ra ined  sands, som etim es o f  
m ed ium -g ra ined  sands w ith  ad ­
m ix tu re  o f  granules. T he beds are 
tex tu ra lly  hom ogenous, a lw ays 
m assive  (Fig. 10). T hey  are  no ted  
as sheet-like  beds, abou t 5 - 10 cm  
th ick  (Fig. 15). A t the base, they  
are usually  loaded into u n derly ing  
c lays and silts (F ig. 10). T hese  
beds are  m o s t o ften  no ted  as in ter­
ca la tions w ith in  horizon ta lly  
lam inated  silts and clays (F ig. 14).
O ccasiona lly  th ey  are  covered  
w ith  h o rizon ta lly  lam inated  sands 
or the ho rizon  o f  fossil cu rren t rip ­
p les (Fig. 10).

Interpretation. L ithofacies 
E i is the depositional e ffec t o f  
subaqueous stream  flow  o f  h igh ly  Fig. 17. A package o f sandy rippled horizons (facies £ 2) interbedded with wavy laminated 
agradational character. It w as  de- silts (facies £ 3)
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c si fs ms

c si fs ms es

Fig. 18. Selected sedimentary logs o f complex e. For explanation see Fig. 7

posited  by  strongly  tu rbu len t flow s overloaded  by sedim ent. 
In such  conditions, even  a sm all decrease in flow  energy  
caused  sudden, in tensive  accretion  w ithou t syndepositional 
so rting  (textural hom ogeneity , lack  o f  stratification). Som e­
tim es the  phase o f  aggradation  w as fo llow ed  by quite d iffer­
ent, low -energy  deposition .

Such  sed im en t-overloaded  stream  flow  w as no t the ef­
fect o f  erosional inco rpora tion  o f  sands by underflow s, but 
w as connected  w ith m ass flow s rep resen ting  the ou term ost 
zone in fluenced  by  g rav ity  flows.

E2 -  stratified sands
D e sc rip tio n . T h is is th e  dom inan t facies in com plex  e; 

it is com m on in b and  secondary  in d  (Fig. 6 ). T his lithofa­
cies is rep resen ted  by several lithological m odifications:

• L itho facies SI, Sp, St -  c ross-stra tified  sands. T he m ost 
com m on are sands w ith  low -angle  cross-stra tification  SI 
(F igs. 7, 10). T hese  are  sands o f  all sizes, that form  beds 10
- 20 cm  th ick . T h e ir  th ickness is p roportional to  grain  size. 
L itho facies St is no ted  as the infill o f  sing le  channels up to 
0 .4  m  deep  and ab o u t 5.5 m  w ide, o r 10 - 15 cm  th ick  trough 
cross-bedded  cosets o f  tabu la r shape. L ithofacies Sp is 
m ostly  no ted  as ho rizons o f  stra igh t-crested  dunes o f  am pli­
tude  abou t 10 cm.

• L ithofacies Sh -  ho rizon ta lly  lam inated  sands. These 
are  usually  fine-grained , ra re ly  m ed ium -g ra ined  sands. 
T hey  form  th in  sheets up to  5 cm  and  also  th ick e r ones -  up 
to  15 cm  (Fig. 7).

• L ithofacies Sr -  ripp le  c ro ss-lam ina ted  sands. These 
are  usually  fine-grained , rare ly  m ed ium -g ra ined  sands 
fo rm ed as th ick  (up to 40 cm ) cosets o f  ripp le  c ro ss-lam ina­
tion  or as horizons o f  cu rren t ripp le  form s (Figs. 10, 16, 17). 
T hese are m ostly  1 - 3 cm  h igh ripp les, o v erly ing  Sr  cosets, 
o r no ted  as in tercalations w ith in  w avy lam inated  silts (Fig.
7).

• L ithofacies Src -  fine  sands w ith  c lim b ing  ripple 
cross-lam ination  o f  tw o types. T ype A  is no ted  in cosets up 
to 10 cm , and  type  B on ly  as the m idd le  m em ber o f  g rada­
tional sequences A —>B—>S, w hich  are from  30 to 60 cm  
(Fig. 18).

In te rp re ta t io n .  Facies E 2  is in te rp re ted  as sed im ent 
deposited  by underflow  curren ts, w here  sand  m ateria l vo l­
um e w as balanced  by flow  capacity , so the flow  d isp layed  
the ch aracter o f  an equ ilib rium  flow. A ggradation  rate  w as 
relatively  low  and  hydrau lic  so rting  o f  g ra ins ac ted  w ell 
during deposition . Som etim es (as fo r in s tance  o f  St and Sr 
lithofacies) the flow  caused  local, rep ea ted  erosion  pulses. 
Sands w ere transported  by  sa lta tion  in cond itions o f  low er
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Fig. 19. Silts and fine sands with wavy lamination -  facies £j. 
Horizon o f ripples at the base -  the uppermost part o f facies D

flow  reg im e (St, Sp, Sr) o r as a trac tion  carpet in conditions 
o f  u pper flow  reg im e (Sh). A nalogous cu rren t-derived  litho­
facies have been  noted  w ith in  g lacio lacustrine sedim ents 
(S haw  & A rcher, 1978; H uff, 1989; K rzyszkow ski, 1993).

E3 -  laminated sands and silts
Description. T his is the dom inan t facies in com plex  d , 

com m on in e, and sporad ica lly  m et in b (Fig. 6). This 
lithofacies is fo rm ed o f  fine-g ra ined  sands, sandy  silts and 
silty  sands. It is noted  in tw o  litho log ical variants:

• Sands and silts o f  flaser o r len ticu lar lam ination  SFr. 
T hey  are no ted  (Fig. 16) in cosets o f  sm all scale (up to  10 
cm ) and  m ed ium  or large scale  (15 - 80 cm).

• W avy lam inated  sands and  silts Sw, SFw. T hey build  
the u p p erm o st parts o f  the c lim b ing  ripp le  sequences A —>B 
—>S. Som etim es the t are n o ted  as individual cosets 10 cm 
th ick  (F igs 7, 18, 19).

Interpretation. L ithofacies E3 orig inated  in th e  low est 
energy  cond itions o f  all th o se  d iscussed  above. S ilty  sands 
and  sandy  silts w ere  deposited  by  w eak  currents. G rain-size  
curves show  th e  ex istence o f  a d is tinc t silt peak. Such curves 
p rove the sim ultaneous deposition  from  bed load  (sand 
m ode) and  suspension  (s ilt m ode). Som etim es short periods 
o f  flow  decay  took  place, and then  the ep isodic  deposition  o f  
silt d rapes occurred  (the o rig in  o f  the w avy lam ination). 
L itho facies E3 is an equ ivalen t o f  d istal bottom  current or 
distal tu rb id ity  cu rren t (com pare  D  m em ber o f  the classical 
B oum a sequence).

Facies E3 is genetica lly  linked  w ith  w eak  subaqueous 
stream  flow . A nalogous facies w ere  no ted  by K err (1987) , 
D onnelly  &  H arris (1989), H u ff  (1989) and  described  as 
quite com m on w ith in  g lac io lacustrine  sedim ents.

GLACIAL LAKE SUBENVIRONMENTS 
IN THE LIGHT OF THE GRAVITY FLOW 

FACIES FREQUENCY ANALYSIS

A ll the lithofacies m entioned and described above have 
been presented in a special order. It starts with the facies A 
as the deposit o f  the densest flow  o f  debris flow  type, and 
finishes w ith the facies E3 -  depositional effect o f  w eak

subaqueous stream flow . In that w ay w e have obtained a 
sequence o f  physical properties o f  flow s (Fig. 6). Generally 
the sequence may be divided into:

• flow s o f  high density (mass flow s)  and
• flow s o f  low -density (fluidalflows).
Facies A, B i and B2 are genetically  connected with the 

first group o f  flow s w hile the facies C, D, Ej, E2, and E j 
with the second one. The last group can be subdivided into 
the flow s dominated by suspension transport (C, D  facies) 
and the flow s with dom inance o f  saltation transport (E i, E2, 
E3 facies).

The analysis o f  sandy com plexes, w hich considers the 
role o f  the mass and stream flow s, unequivocally indicates 
palaeoenvironmental differences betw een com plex b (with  
high frequency o f  dense gravity flow s) and com plexes <:/and 
e (with stream flow  predomination) -  Fig. 20. C om plexes d  
and e also differ greatly from each other. In com plex e, 
stream flow s with predominant suspension transport are 
sporadically noted (origin o f  facies C, D) whereas com plex  
d  is com pletely deprived o f  them and dominated by low -en- 
ergy bottom currents (facies E3). The authors made an effort 
to answer the question: does any spatial differentiation o f  
gravity sedim ent facies exist within particular com plexes?  
In other words, whether the various gravity m ass flow s and 
currents are typical o f  different glacial lake subenviron­
ments. In spite o f  the fact that the analysed cross-section  
represents a rather narrow zone o f  the basin, a picture o f  
distinct spatial variability o f  flow  types is seen from the 
marginal zone towards the central part o f  the glacial lake. In 
the proximal zone, in the lithofacies association Sm,(Fh), 
m ass flow s (facies A, Bi, B2) decidedly dominate. C loser to 
the centre o f  the lake, the flow s seem ed less dense. This 
process was controlled by energy decrease (decrease in bot­
tom  slope with distance), loss o f  sedim ent load (due to 
intensive aggradation) and flow  dilution (dispersion) in the 
lake waters. Hydraulic suspension transport w as dominant 
in this zone. For this reason in the m ost marginal lithofacies 
association Sm.Fh, (Sh), stream -flow  derived facies C and D,

S -a- N

AV I  V _  ' 

Sni,F'h,<Sh)\ k  É |\ '

stream 0 
flows

50 m

fluidal
flows

Fig. 20. Genetic differentiation o f glaciolacustrine sandy com­
plexes in the light o f mass-, fluidal- and stream-flow content. Note 
also the lateral variability (from proximal to distal zone) within the 
complex b
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d>0.5 0.3<dj<0.5 0.2<d<0.3

Fig. 21. Complex b -  average lithofacies sequences obtained from Markov chain analysis: A, B, C -  derived from three lithofacies 
associations; D -  average lithofacies sequence for complex b; E -  average lithofacies sequence o f genetic facies for complex b

are  m ost com m on. N ea r the centre, in the  Sm,Sh  association
-  all th e  th ree g roups o f  facies show  an a lm ost equal con tri­
bution , w hich m eans th a t th e  low -energy  bo ttom  currents 
gained  in frequency , in con trast to dense flow  types. Such 
d is tinc t spatia l ch angeab ility  o f  flow  facies w as no t no ted  in 
com plex  e, w here th ere  w as no lateral varia tion  o f  th e  litho­
facies associations.

V E R T IC A L  S E D IM E N T A R Y  S E Q U E N C E S  
A N A L Y S IS

A  considerab le , frequen tly  sudden  variab ility  o f  lithofa­
cies in th e  succession  o f  g lac io lacustrine  sedim ents, gives 
the im pression  o f  chao tic  arrangem ent o f  vertical lithofacies 
succession . T hus th e  M arkov  chain  m ethod  w as used in 
order to  decide if  th ere  w as any  specified , non-random  
vertical lithofacies superposition . T he analysis w as carried  
ou t in tw o  w ays, u sing  lithofacies sequences and  genetic  
facies sequences. S uch  a p rocedure  lets us avoid som e m is­
takes and  adds som e in terp re ta tive  details, w hich is not 
possib le  after litho facies sequences analysis only. F or in­

stance Sh lithofacies w as no ted  both in fac ies D  and E, Sm  
lithofacies is p resen t in facies C, D, E, etc.

It has been  show n in the  fo rego ing  chap te rs tha t sed i­
m ents genetically  connec ted  w ith  g rav ity  flow  activ ity  are 
noted  in three lithofacies com plexes: b, d  and  e. T he quan ti­
ta tive contribu tion  o f  lithofacies dec ided ly  m odifies the 
com plexes. D ifferen t dynam ic  processes p lay ed  the dom i­
nan t ro le in sed im en ta tion  o f  p a rticu la r com plex. The 
au thors decided  to  check  this hypo thesis  by  sta tistical ana ly ­
sis. C om plex  d  w as n o t ana ly sed  because  o f  its sm all th ick ­
ness and lack  o f  su ffic ien t data.

P R O C E D U R E  A N D  R E S U L T S  O F  M A R K O V  
C H A IN  A N A L Y S IS

T he fo llow ing  states w ere  taken  into accoun t in litho fa­
cies sequence  analysis: e r — e rosional su rface; SGm  — sands 
w ith g ravels and /o r w ith  c lay ey  clasts, m assive; Sm  -  m as­
sive sands; Sh — ho rizon ta lly  lam inated  sands; Sr -  trough 
cross-lam ina ted  sands; Src  -  sands w ith  clim bing  ripp le  
cross-lam ination ; SFr -  sands and  silts w ith  len ticu lar lam i-
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subaqueous stream Flow
(partially o l equilibrium flow character) 

lower and upper How regime 
the mam Iransportirig (actor 

saltation and Doltom suspension layer 
( fa c ie s  E? )

hyperconcenlrated flow

(sediment concentration 30% < C-. < 50%) 
intermediate Mow m rheoioqicai sense 

the mom transporting factor 
turbulence predominating over buoyancy 

of liquified matrix

( la c ie s  C )

sediment gravity flow ol high density 
(sediment concentration 60% < C:. < 75%)

pseudoplastic debris flow

the mam transporting factor 
buoyancy o f liquefied matrix

( fa c ie s  B, )

subaqueous stream flow 
(partially o l equilibrium Now character) 

lower and upper flow regime 
the main transporting lactor 

saltation and bottom suspension layer
{fa c ie s  E2)

sediment gravity flow 
of relatively high density 

(sediment concentration 50% < Cs < 60%)

plastic-viscous grain flow

the main transporting Factor: 
buoyancy of liquefied matrix 

(which enabled upward dos t migration)

(fa c ie s  B?)

Fig. 22. Two typical sedimentary sequences of dense gravity flows obtained as the effect o f Markov chain analysis o f complex b

U

turbidity current

generated by mass Itow (surge current)
sediment concentration Cs = 30%

the main transporting lactor:
turbulence î

«5
_o

1
at first freezing-like deposition from 75

traction carpet ;o
next deposition in upper plane bed 3

stage

(fa c ie s  D  )

c  si Is  m s cs

Fig. 23. Typical sedimentary sequence of turbidity curreiu 
tained as the effect o f Markov chain analysis o f complex b

'b-

nation ; SF w  -  w avy  lam inated  silty  sands and  silts; F  — 
m assive  silts and  clays. In instance o f  flow  facies sequence, 
the fo llow ing  states w ere  considered : B i, B2, C, D, E /, E 2, 
E 3 and  F  — se ttling  o f  su spended  fines. Facies A w as not

S h

included  because o f  its too rare o ccu rrence  in  the analysed  
sections.

The M arkov  chain  analysis w as done fo llow ing  the 
usual course (c.f. N em ec, 1981; C asshyap  & K han , 1982; 
C asshyap  & T ew ari, 1982; D ok to r &  G radzińsk i, 1985). A t 
the last stage, a d ifference m atrix  d  w as ca lcu la ted , w hich  
w as taken  into consideration  in fu rther conclusions. The 
h ighest values o f  d indicate the m ost p robab le  transitions o f  
states and are independen t o f  sta te  frequency . T he d iffer­
ence m atrix  d w as the basis fo r ascerta in ing  the  m ost typ ical 
vertical sequences. A ll the sequences p resen ted  are sta tisti­
cally  significant.

T ypical vertical lithofacies sequences w ere  found  for 
th ree  succeed ing  lithofacies associa tions in com plex  b (Fig.
21 A , B, C). A s one can  see, the m ost log ical, no rm ally - 
graded  sequence has been ob ta ined  for the m ost d ista l litho ­
facies association  Sm,(Sh) o f  com plex  b (Fig. 21 C). T o­
w ards the m ore p roxim al (i.e. near-shore) p a rt o f  the lake, 
the resu ltan t sequence becom es m ore  com plex  (Fig. 21 A,
B). This fact proves the conclusion  th a t in the zone o f  m ore

subaqueous stream  flow
underflow  c o n d itio n s  o f trans itiona l flow 

(from  low er to u p p e r flow  reg im e) 
up p e r p lane  b ed  m orpho logy

(fa c ie s  E2 )

se d im en t ove rloaded s tream  flow  
(d ista l, so lu ted  e q u iva le n t o f se d im en t g rav ity  flow) 

se d im e n t co n ce n tra tio n  Cs < 30%  
h igh  agg ra d a tio n  ratio 

( f a c ie s  E1 )

Fig. 24. Typical sedimentaiy se­
quence o f  density-driven hyperconcen­
trated flow obtained as the effect of 
Markov chain analysis o f complex b
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complex e
0.30

cl.>0.5 0.3<d„<0.5 0.2<d<0.3

Fig. 25. Complex e — results o f Markov chain analysis. Typical lithofacies sequences o f more proximal (A) and distal (B) zones; C 
representative lithofacies sequence of complex e; D -  representative genetic facies sequence o f complex e

prox im al (i.e. m ore dense) g rav ity  flow s activ ity , the sed i­
m en tary  cycles w ere  n o t ev iden t -  because o f  the varie ty  o f  
depositional p rocesses involved. T he resu ltan t lithofacies 
sequence  fo r com plex  b  is a norm ally  graded  cyclo them  
w ith  ero sional base: e r - ïS G m -^ S m ^ S h —ïS r—ïS F w -^ F  
(F ig. 21 D ). W hat k ind o f  dynam ic  p rocesses d id  take p art in 
the sequence  orig in? T he  genetic  succession  ind icates co ex ­
istence o f  tw o basic  flow  types: ( 1) dense, liquefied  flow  
w h ich  transfo rm ed  w ith  tim e into the flow  o f  high sed im ent 
concen tra tion  and fu rth e r into stream  flow  (Fig. 22), and  (2) 
tu rb id ity  curren ts (F ig . 23 ) and sed im en t-overloaded  bottom  
cu rren ts (F ig. 24) ac ted  independen tly  o f  the first type.

In com plex  e  (F ig. 25 ) there are a  few  sim ple lithofacies 
sequences, w hich d is tinc tly  con trast in a degree o f  develop­
m en t w ith  the  sequences in com plex  b. T hese are direct, 
tw o -m em b er transitions: sand  to  silt (o r clay), o r the ir som e­
w hat m ore  com plex  m od ifica tions (Fig. 25 A , B, C). L ack  o f  
basal erosional surfaces is characteristic  o f  these sequences. 
Som etim es reverse -g raded  tran sitions occur: F—)Sh (F ig. 25
C), w hich  w ere no t n o ted  in the com plex  b. T he resu ltan t 
litho facies sequence  in com plex  e  is as fo llow s: Sr^>SFw

—*F. It is the depositional e ffec t o f  low -energy  bo ttom  cu r­
rents ac tiv ity  (fo r de ta ils see F ig . 26).

A com parison  o f  the vertica l litho facies sequences and 
the dynam ic  processes in both  ana ly sed  litho facies com ­
plexes ind icate  d is tinc t p a laeoenv ironm en ta l d ifferences. 
D uring  the deposition  o f  com plex  b, true  m ass flow s w ere  
com m on; w ith  d im in ish ing  o f  low  energy  they  transfo rm ed  
into less dense flow  types.

T he exam ples o f  such  processes and  th e ir  sed im ents 
w ere  frequently  no ted  in g lac io lacustrine  and lacustrine  en­
v ironm ents (Sm ith , 1978; B roste r &  H icock , 1985; E yles et 
al., 1987; B rodzikow ski &  V an Loon, 1991; E riksson , 1991; 
L iverm an, 1991). T he au thors are  o f  the op in ion  th a t seism ic 
ac tiv ity  in th e  graben w as the m ost p robab le  trigger m echa­
nism  fo r such com m on g rav ity  flow  activ ity . Increased  sub ­
sidence w ith in  the g raben  resu lted  m ost p ro b ab ly  in  deepen ­
ing o f  m ost local lakes and  in s teepen ing  o f  th e ir slopes. 
E ven in cond ition  o f  varied  bo ttom  m orpho logy  it is d iffi­
cu lt to find w ell-g rounded  exp lana tion  for num erous g rav ity  
sed im ent facies as found in com plex  b (F ig. 20). T his in ter­
pretation  is even  m ore p robab le  so as w ith in  g lac io lacustrine
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Fig. 26. Typical sedimentary sequence of weak underflow and its reduced variations (complex e)

sed im ents o f  the K uców  Form ation  the deltaic lithosom es, 
w hich  cou ld  be a source o f  in tensive gravity  supply , have 
no t been noted  so far. T he K leszczów  graben had been a 
tec ton ica lly  ac tive  geological structure  for the w hole T erti­
ary and P leistocene (B aran iecka , 1971, 1975; Pożaryski, 
1977; B rodzikow ski et al., 1987; B rodzikow ski e t al., 
1987a; K rzyszkow ski &  B rodzikow ski, 1987; K rzysz­
kow ski, 1989, 1993). G rav ity  flow  facies w ere described by 
K rzyszkow sk i (1993) from  the B ełchatów  outcrop and the 
flow s w ere  a ttribu ted  to  tec ton ica lly  active faults surround­
ing deeper parts  o f  the lake basin . T he exam ples o f  m ass- 
flow  sed im en ts form ed in g lac io lacustrine  basin as the result 
o f  se ism ic shocks w ere  no ted  from  the K leszczów  G raben 
(V an Loon e t a l., 1995; B rodzikow ski e t a l., in press) as 
w ell as from  o ther g lac io lacustrine  and lacustrine env iron­
m ents (E yles, 1987; E yles &  C lark , 1988; D oig, 1991; V an 
L oon e t a l., 1995). In th e  ana ly sed  palaeo lake , the dense 
g rav ity  flow s transform ed into tu rb id ity  currents (so-called  
surge curren ts), and fo llow ed  tow ards the d istal, i.e. central 
p art o f  the basin .

FINAL REMARKS

C oarse-g ra ined  g lac io lacustrine  deposits in B ełchatów  
are an in tegral part o f  the g lac ia l lake deposits o f  the tec to n i­
cally  ac tive  area. T he au tho rs p resen t ev idence th a t all the 
deposits co arse r than  clay  and  silt are o f  subaqueous gravity  
flow  origin.

W ith in  the com plete  sed im en tary  succession  o f  glacial 
lake the au thors d istingu ished  e igh t types o f  subaqueous 
g rav ity  flow  facies -  from  the m ost dense debris flow  to 
w eak  subaqueous stream  flow . A spatial changeability  o f  
flow  types in the d irection  from  the near-shore zone to  the 
cen tral p art o f  th e  lake is c learly  visible.

T he fo llow ing  m odel can be p rovided . T rue m ass flow s 
(i.e. debris flow s) orig inated  in the m arg inal part o f  the deep 
lake, on a subaqueous slope. T hey  sp read  dow nslope on 
relatively  long distances chang ing  th e ir density , energy  o f 
partic le  m ovem ent, and the rheo log ica l character. T he flow s 
becam e m ore flu id ised  w ith d is tance  travelled . F rom  the 
near-shore zone to th e  central basin  the coarse-grained  
d iam icton, m ade up o f  c layey  breccia , passed  to  m assive 
sands w ith floa ting  clay  clasts, and finally  to m assive sands 
w ith clay  clasts horizon ju s t be low  the tops o f  beds. A t this 
stage o f  sed im ent m ovem ent fric tional and  cohesional 
strengths w ere  the m ain forces keep ing  the grains in su spen­
sion. T he slope decreased  tow ards the central p a rt o f  the 
lake and caused  a decrease in flow  energy . Som e y ield  
strength w as still opera ting  bu t tu rbu lence  p layed  m uch 
b igger role. T hese  hyperconcen tra ted  flow s fo rm ed  beds of 
sand w ith  indistinct cross-stra tifica tion  and finally , w here 
tu rbu lence  becam e the m ost im portan t tran spo rt fac to r -  
turb id ity  curren ts resulted  in no rm ally -g raded  sands. W hen 
flow s reached  the flat cen tral area o f  the lake, th e ir energy  
m uch decreased, w hich resu lted  in agg radation  in nearly  
qu iescen t conditions. In the d ista l subenv ironm en t bottom  
curren ts w ere rare, causing  c ross-lam ina tion  in fine-grained  
sands. Som etim es there w ere periods o f  flow  decay  and  then 
sed im entation  w as from  parapelag ic  suspension . T hat w as 
the reason for lenticular, flaser and  w avy  lam ination  in fine 
sands and silts.

To sum m arise: the p roxim al parts o f  the lake w ere 
dom inated  by true  m ass flow s w hose  concen tra tion  d e ­
creased  w ith the d istance from  dense  slu rry  to  m ore d ilu ted  
flow s transitional to  hydrau lic  m ed ium . M ore d istal suben ­
v ironm ents connected  w ith  cen tra l p art o f  th e  lake w ere 
dom inated  by m uch less dense flow s, i.e. bo ttom  stream  
flow s o f  various energy. In th is w ay  d iffe ren t g rav ity  flow  
sedim ents can be som etim es help fu l in iden tifica tion  o f  a
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deep lake subenvironm ent.
T he m odel m en tio ned  above w as supported  by M arkov  

chain  analysis. D ifferences betw een  subenvironm ents o f  the 
lake are  exh ib ited  by  the  typ ica l lithofacies sequences. The 
m ost com plex  vertica l sequences, consisting  o f  six to seven 
m em bers, no rm ally -g raded  and alw ays w ith  erosional bases, 
w ere  characteristic  o f  th e  m ost p rox im al part o f  the lake. In 
the m ore d istal zone, sim ple tw o or th ree-m em ber tran si­
tions p redom inate , w ith o u t erosional bases, m ain ly  nor- 
m ally -graded .

D escribed  facies o f  g rav ity  flow s orig inated  m ost p ro b ­
ab ly  due to slum ping  processes in the near-shore zone o f  the 
lake. L ack  o f  delta ic  facies o r w ave action structures ind i­
cate a re la tively  deep  lake. H ence the w ave ac tiv ity  or 
changes in w ater level cou ld  no t be the orig in  o f  flow s. The 
g rav ity  flow  sed im ents are d istribu ted  very  irregularly  in the 
w ho le  g lac io lacustrine  succession , and concentrate  only  in 
th ree com plexes b, d  and  e. M oreover the dense gravity  
flow s (m ass flow s) are  found  only  in  com plex  b, w here all 
the  flow  sed im en t ty p es  described  in the paper are noted, 
rare ly  in terca la ted  by  sed im ents from  suspension. In the 
au th o rs’ opin ion  th e  m ost p robab le  trigger m echanism  for 
se tting  th e  sed im ents in m otion  w ere  earthquakes in the 
ac tive K leszczów  G raben . E ven  w eak  shocks connected  
w ith  th e  graben subsidence  cou ld  resu lt in gravity  flow s, on 
a p robab ly  quite steep  subaqueous slope.

G eologica l facts m en tioned  in the paper give substance 
to the thesis that the ana ly sed  palaeo lake  w as narrow  and 
deep. In all p robab ility  such  lakes w ere  typ ical o f  the active 
g raben  areas.

Acknowledgements

We thank D.I.M. Macdonald for critically reviewing the 
manuscript and improving the English. We also wish to thank G. 
Haczewski for detailed and helpful comments.

The first author gratefully acknowledges the receipt o f grant 
no. 662149203 from the Polish State Committee for Scientific 
Research in support o f this study.

REFERENCES

Banerjee, I., 1966. Turbidites in a glacial sequence: a study from 
the Talchir Formation, Raniganj coalfield, India. J. Geol., 74: 
593-606.

Baraniecka, M. D., 1971. Staroczwartorzçdowe rowy tektoniczne 
i ich osady. Kwart. Geol., 15: 358-371.

Baraniecka, M. D., 1975. The dependences o f the development of 
Quaternary deposits upon the structure and dynamics o f the 
basement in the central part o f the Polish Lowlands. (In Polish, 
English summaiy). Biul. Inst. Geol., 288: 5-79.

Baraniecka, M. D., 1990. Revision proposal o f the Quaternary 
stratigraphy for the Detailed geological Map o f Poland 
1:50000 in the light o f main stratigraphie survey results in the 
recent 20 years. (In Polish, English summary). Kwart. Geol., 
34: 149-166.

Baraniecka, M. D. & Sarnacka, Z., 1971. The stratigraphy o f the 
Quaternary and the paleogeography o f the drainage basin of 
the Widawka. (In Polish, English summary). Biul. Inst. Geol., 
254: 157-270.

Biernat, S., 1968. Problemy tektoniki i morfologii stropu mezo-

zoiku między Bełchatowem a Działoszynem. Kwart, Geol., 
12: 296-307.

Bouma, A. H., 1962. Sedimentology o f  some ßysch  deposits: a 
graphic approach to facies interpretation. Elsevier, Amster­
dam, 168 pp.

Brodzikowski, K., 1985. Glacial deformation environment in the 
subsiding zone with special reference to the Kleszczów tec­
tonic graben. Quaternary Studies in Poland, 6 : 5-22.

Brodzikowski, K., 1993. Glaciolacustrine Sedimentation. I - Depo­
sitional processes and lithofacies characteristics. (In Polish, 
English summary). Acta Geogr. Lodziensia, 62: 1-162.

Brodzikowski, K. & Gotowała, R., 1980. Deformational structures 
in the Quaternary sediments. In: Proc. 52nd Meeting Polish 
Geol. Soc., 309-314.

Brodzikowski, K. & Van Loon A. J. & Zieliński, T., in press. 
Development o f a lake in front o f a Saalian ice sheet 
(Kleszczów Graben, central Poland). Sediment. Geol.

Brodzikowski, K. & Van Loon A. J., 1991. Glacigenic Sediments. 
Developments in Sedimentology, 49, Elsevier, Amsterdam, 
674 pp.

Brodzikowski, K., Gotowała, R., Hałuszczak, A., Krzyszkowski,
D. & Van Loon, A. J., 1987a. Soft-sediment deformations from 
glaciodeltaic, glaciolacustrine and fluviolacustrine sediments 
in the Kleszczów graben (central Poland). In: Jones, M. E. & 
Preston, R. M. F. (eds.), Deformation of sediments and sedi­
mentary rocks. Geol. Soc. Spec. Publ., 29: 255-267.

Brodzikowski, K., Gotowała, R., Kasza, L. & Van Loon, A. J., 
1987b. The Kleszczów Graben (central Poland): reconstruc­
tion o f the deformational histoiy and inventoiy o f the resulting 
soft-sediment deformation structures. In: Jones, M. E. & Pre­
ston, R. M. F. (eds.). Deformation of sediments and sedimen­
tary rocks. Geol. Soc. Spec. Publ., 29: 241-254.

Broster, B. E. & Hicock, S. R., 1985. Multiple flow and support 
mechanisms and the development o f inverse grading in a 
subaquatic glacigenic debris flow. Sedimentology, 32: 645- 
657.

Bull, W. B., 1964. Alluvial fans and near-surface subsidence in W 
Frenso County, California. USGeol. Surv. Prof. Paper, 437-A: 
1-71.

Carter, R. M., 1975. A discussion and classification o f subaqueous 
mass transport with particular application to grain-flow, 
slurry-flow and fluxoturbidites. Earth-Sci. Rev., 11: 145-177.

Carter, R. M. & Norris, R. J., 1977. Redeposited conglomerates in 
a Miocene flysch sequence at Blackmount, W Southland, New 
Zealand. Sediment. Geol., 18:289-319.

Casshyap, S. M. & Khan, Z. A., 1982. Discrete Markov analysis o f 
Permian coal measures o f  E Bokaro Basin, Bihar. Indian J. 
Earth Sei., 9: 99-107.

Casshyap, S. M. & Tewari, R. C., 1982. Facies analysis and 
paleogeographic implications o f a Late Paleozoic glacial out- 
wash deposit, Bihar, India. J. Sediment. Petrol., 52: 1243- 
1256.

Ciuk, E., 1980. Tectonics o f the Kleszczów Graben and its influ­
ence on conditions of the brown-coal deposit origin. (In Polish 
only). In: 52 Zjazd Pol. Tow. Geol.: 38-55.

Cohen, J. M., 1979. Deltaic sedimentation in glacial Lake Bless- 
ington, County Wicklow, Ireland. In: Schliicher, C. (ed.), 
Moraines and Varves. Proc. INQUA Symp., Zurich 1978, 
Balkema, (Rotterdam): 357-368.

Cohen, J. M., 1983. Subaquatic mass flows in a high energy ice 
marginal deltaic environment and problems with the identifi­
cation o f flow tills. In: Evenson, E. B., Schliichter, C. & 
Rabassa, J. (eds.), Tills and related deposits. A. A. Balkema 
(Rotterdam): 255-270.

Doig, R., 1991. Effects o f strong seismic shaking in lake deposits,



G LA CIO LA CU STRIN E SEDIM EN TS 79

and earthquake recurrence interval, Témiscaming, Quebec. 
Can. J. Earth Sei., 28: 1349-1352.

Doktor, M. & Gradziński, R., 1985. Alluvial depositional environ­
ment o f  coal-bearing ' ‘Mudstone Series”, Upper Carbonifer­
ous, Upper Silesian Coal Basin. (In Polish, English summary). 
Stud. Geol. Polon., 82: 1-67.

Donnelly, R. & Harris, Ch., 1989. Sedimentology and origin o f 
deposits from a small ice-dammed lake. Leirbreen, Norway. 
Sedimentology, 36: 581-600.

Dżulyński, S. & Walton, E. K., 1965. Sedimentary features o f 
flysch and greywackes. Developments in Sedimentology, 7, 
Elsevier, Amsterdam, 274 pp.

Eriksson, P. G., 1991. A note on coarse-grained gravity-flow 
deposits within Proterozoic lacustrine sedimentary rocks, 
Transvaal Sequence, S Africa. J. African Earth Sei., 12: 549- 
553.

Eyles, C. H. & Eyles, N., 1983. Sedimentation in a large lake: a 
reinterpretation o f the Late Pleistocene stratigraphy at Scar­
borough Bluffs, Ontario, Canada. Geology, 11: 146-152.

Eyles, C. H. & Eyles, N., 1989. The Upper Cenozoic White River 
“tillites” o f S Alaska: subaerial slope and fan-delta deposits in 
a strike-slip setting. Geol. Soc. Am. Bull., 101: 1091-1102.

Eyles, N., 1987. Late Pleistocene debris-flow deposits in large 
glacial lakes in British Columbia and Alaska. Sediment. Geol., 
53:33-71.

Eyles, N. & Clark, B. M., 1988. Last interglacial sediments o f the 
Don Valley brickyard, Toronto, Canada, and their paleoenvi- 
ronmental significance. Can. J. Earth Sei., 25: 1108-1122.

Eyles, N., Clark, B. M. & Claque, J. J., 1987. Coarse-grained 
sediment gravity flow facies in a large supraglacial lake. 
Sedimentology, 34: 193-216.

Fitzsimons, S. J., 1992. Sedimentology and depositional model for 
glaciolacustrine deposits in an ice-dammed tributary valley, 
western Tasmania, Australia. Sedimentology, 39: 393-410.

Ghibaudo, G., 1992. Subaqueous sediment gravity flow deposits: 
practical criteria for their field description and classification. 
Sedimentology, 39: 423-454.

Harrison, S. S., 1975. Turbidite origin o f glaciolacustrine sedi­
ments, Woodcock Lake, Pennsylvania. J. Sediment. Petrol., 
45: 738-744.

Huff, W. D., 1989. Pleistocene varves and related sediments Lac 
DuTrieves, Drac Valley, SE France. Geol. Alpine, 65: 75-104.

Johnson, A. M., 1970. Physical Processes in Geology. Freeman, 
San Francisco, 577 pp.

Kerr, D. E., 1987. Depositional environments during a glaciolacus­
trine to marine transition in the Richardson and Rae River 
basin, NWT. Can. J. Earth Sei., 24: 2130-2140.

Kossowski, L., 1974. The geological structure o f Bełchatów brown 
coal deposit considering the tectonic of the underlayer. (In 
Polish, English summary). Górnictwo Odkrywkowe, 10/11: 
336-344.

Krzyszkowski, D., 1989. The tectonic deformation of Quaternary 
deposits within the Kleszczów Graben, central Poland. Tec- 
tonophysics, 163:285-287.

Krzyszkowski D., 1991. The Middle Pleistocene polyinterglacial 
Czyżów Formation in the Kleszczów Graben (centra! Poland): 
stratigraphy and paleogeography. Folia Quaternaria, 61/62: 
5-58.

Krzyszkowski, D., 1992. Qutemary Tectonics in the Kleszczów 
Graben (Central Poland): a  study based on sections from the 
Bełchatów outcrop. Quaternary Studies in Poland, 11: 65-90.

Krzyszkowski, D., 1993. Pleistocene glaciolacustrine sedimenta­
tion in a tectonically active zone, Kleszczów Graben, Central 
Poland. Sedimentology, 40: 623-644.

Krzyszkowski, D. & Brodzikowski, K., 1987. Quaternary geology

in the Bełchatów brown-coal mine, (in Polish only). In: Bara­
niecka, M.D., Kasza, L. & Brodzikowski K. (eds.), Ouaternaiy 
o f  the Bełchatów region. Und Symposium, Wyd. Geol. 
(Warszawa): 7-20.

Lambert, A. M. & Hsü, K .J., 1979. Non-annual cycles o f varve-like 
sedimentation in Walensee, Switzerland. Sedimentology, 26: 
453-461.

Lindner, L., 1982. South-Polish glaciations (Nidanian, Saanian) in 
Southern Central Poland. Acta G eol Polon., 32: 163-178.

Lindner, L., 1991. Problems of correlations o f main stratigraphie 
units o f the Quaternary o f mid-western Europe. (In Polish, 
English Summary). Przegl. Geol., 5-6: 249-253.

Liverman, D. G. E., 1991. Sedimentology and history of a Late 
Wisconsinan glacial lake, Grande Prairie, Alberta, Canada. 
Boreas, 20: 241-257.

Lowe, D. R., 1976. Grain flow and grain flow deposits. J. Sediment. 
Petrol., 46: 188-199.

Lowe. D. R., 1982. Sediment-gravity flows. II. Depositional mod­
els with special reference to the deposits o f high-density 
turbidity currents. J. Sediment. Petrol., 52: 279-297.

Malik, K. & Olszewska, B., 1984. Sedimentological and micropa- 
leontological study o f the Grodziszcze Beds at Żegocina, 
flysch Carpathians. (In Polish, English summary). Ann. Soc. 
Geol. Polon., 54: 293-334.

Miall, A. D., 1978. Lithofacies types and vertical profile models in 
braided rivers: a summary. In: Miall, A. D. (ed.). Fluvial 
Sedimentology. Can. Soc. Petrol. Geol. Mem., 5: 597-604.

Middleton, G. V. & Hampton, M. A., 1973. Sediment gravity flows: 
mechanics o f flow and deposition. In: Middleton, G. V. & 
Bouma, A. H. (eds.). Turbidites and deep-water sedimentation. 
Pacific Sect. Soc. Econ. Paleont. Mineral. Short Course Lec­
ture Notes: 1-38.

Myrow, P. M. & Hiscott, R. N., 1991. Shallow-water gravity-flow 
deposits, Chapel Island Formation, southeast Newfoundland, 
Canada. Sedimentology, 38: 935-959.

Nemec, W., 1981. Markov models in geological applications. 1. 
Theoretical background and description o f the method. (In 
Polish, English summary). Acta Univ. Wratislaviensis, 521: 
3-22.

Nemec, W. & Steel, R. J., 1984. Alluvial and coastal conglomer­
ates: their significant features and some comments on gravelly 
mass-flow deposits. In: Koster, E. H. & Steel, R. J. (eds.), 
Sedimentology o f Gravels and Conglomerates. Can. Soc. Pet­
rol. Geol. Mem., 10: 1-31.

Pharo, C. H. & Carmack, E. C., 1979. Sedimentation processes in 
a short residence-time intermontane lake, Kamloops Lake, 
British Columbia. Sedimentology, 26: 523-541.

Pierson, T. C. & Scott, K. M., 1985. Downstream dilution o f  a lahar: 
transition from debris flow to hyperconcentrated streamflow. 
Water Res. Research, 21: 1511-1524.

Postma, G., Roep, T. B. & Ruegg, G. H. J., 1983. Sandy gravelly 
mass flow deposits in an ice-marginal lake (Saalian, Leu- 
venumsche Beek Valley, Veluwe, The Netherlands) with em­
phasis on plug-flow deposits. Sediment. Geol., 34: 59-82.

Pożaryski, W., 1971. Tektonika Elewacji Radomskowskiej. Ann. 
Soc. Geol. Polon., 41: 169-179.

Pożaryski, W., 1977. The early Alpine Laramide Epoch in the 
platform development east o f the Fore-Sudetic and Silesian- 
Cracovian Monoclines. In: Geology o f  Poland, IV: Tectonics. 
Wyd. Geol. (Warszawa): 351-416.

Różycki, S. Z., 1978. From Mochty to a synthesis o f the Polish 
Pleistocene. (In Polish, English summary). Ann. Geol. Soc. 
Polon., 48: 445-478.

Saunderson, H. C., 1977. The sliding bed facies in esker sands and 
gravels: a criterion for full-pipe (tunnel) flow? Sedimentology,



80 B. G R U SZK A  & T. ZIELIŃSKI

24: 623-638.
Shanmugam, G., Lehtonen, L. R., Straume, T., Syvertsen, S. E., 

Hodgkinson, R. J. & Skibeli, M., 1994. Slump and debiïs-flow 
dominated upper slope facies in the Cretaceous of the Norwe­
gian and northern North Seas (61-67°N): Implications for sand 
distribution. Amer. Assoc. Petrol. Geol. Bulletin, 78, 6 : 910- 
937.

Shaw, J. & Archer, J. J. J., 1978. Winter turbidity current deposits 
in Late Pleistocene glaciolacustrine varves. Okanagan Valley, 
British Columbia, Canada. Boreas, 7: 123-130.

Shultz, A. W., 1984. Subaerial debris-flow deposition in the Upper 
Paleozoic Cutler Formation, western Colorado. J. Sediment. 
Geol., 54: 759-772.

Smith, N. D., 1978. Sedimentation processes and patterns in a 
glacier fed lake with low sediment input. Can. J. Earth Sei., 
15: 741-756.

Syvitski, J. P. M., Smith, J. N., Calabrese. E. A. & Boudreau, B. 
P., 1988. Basin sedimentation and the growth of prograding 
deltas. J. Geophys. Res., 93, C6 : 6895-6908.

Teisseyre, A. K., 1983. Bottom sediments o f Jezioro Turawskie 
Lake: a geological study. (In Polish, English summary). Geol. 
Sudetica, 18: 21-55.

Todd, S. P., 1989. Stream-driven, high-density gravely traction 
carpets: possible deposits in the Trabeg Conglomerate Forma­
tion, SW Ireland and some theoretical considerations o f  their 
origin. Sedimentology, 36: 513-530.

Van Loon, A. J.. Brodzikowski, K. & Zieliński, T., 1995. Shock- 
induced resuspension deposits from a Pleistocene proglacial 
lake (Kleszczów Graben, Central Poland). J. Sediment. Res., 
A65: 417-422.

Visser. J. N. J., 1983. The problems of recognizing ancient 
subaqueous debris flow deposits in glacial sequences. Trans. 
Geol. Soc. South Africa. 86: 127-135.

Walker, R. G., 1967. Turbidite sedimentary structures and their 
relationship to proximal and distal depositional environments. 
J. Sediment. Petrol., 37: 25-43.

Streszczenie

Grawitacyjnie redeponowane osady glacilimniczne 
rowu Kleszczowa (pleistocen, centralna Polska)

B eata  G ruszka & Tom asz Zieliński

Analizie sedymentologicznej poddano osady kompletnej suk­
cesji jeziora glacjalnego, które istniało w rowie Kleszczowa 
(odsłonięcie kopalni “Bełchatów'’) podczas zlodowacenia Sanu 
(Fig. 1). Wśród typowych glacilimnicznych iłów i mułów 
występują tam liczne pakiety piasków (Fig. 2, 4, 5), które 
stanowiły główny przedmiot opracowania. Zastosowano trójstop­
niową gradację wydzieleń litofacjalnych: od litofacji, poprzez 
zespoły litofacji do kompleksów litofacjalnych (Fig. 3, 4; Tab. I).

In terpretacja  sposobu  depozycji w zględnie  g ruboziar­
n istych  osadów  jez io rn y ch  um ożliw iła  w ydzie len ie  ośm iu  
facji genetycznych , tj. o sadów  pow stałych  w  efekcie  róż­
nych  odm ian  sp ływ ów  i p rądów  g raw itacy jnych  (F ig. 6 , 11, 
12).

Facja A -  gruboziarnisty diamikton (brekcja ilasta) to bardzo 
charakterystyczny osad tworzący cienkie, masywne ławice o po­
kroju taflowym, gdzie klasty ilaste (często w formie rozerwanych 
i zdeformowanych lamin) są gęsto i bezładnie upakowane w ma- 
triksie piaszczystym (Fig. 7). Jest to osad gęstych spływów ko­
hezyjnych migrujących po stromych skłonach dnajeziora.

Gruboziarniste piaski masywne z rozproszonymi klastami 
ilastymi (facja Bi) i piaski masywne z klastami skoncentrowanymi 
w stropie (B2) to osady występujące w miąższych ławicach o 
erozyjnych spągach, pokroju taflowego lub stanowiące wypeł­
nienia kanałów (Fig. 7-10, 13). Obie te facje interpretowane są 
jako dwie odmiany (Bi -  bardziej gęsta i B2 -  mniej gęsta) 
spływów uwodnionego materiału, w których czynnikami transpor­
tującymi były zarówno siły wyporu matriksu, naprężenia kolizji 
międzyziarnowych, jak i turbulencja.

Różnoziarniste piaski o niewyraźnych strukturach warstwo­
wych (C) zawierają często domieszki żwirów lub/i obtoczonych 
klastów ilastych (Fig. 7). Powstały one w efekcie depozycji z wy­
sokoenergetycznego przepływu o dużej koncentracji osadu -  po­
średniego między spływem masowym a prądem hydraulicznym.

Piaski o normalnym uziarnieniu frakcjonalnym (D) reprezen­
tują sekwencje pionowego następstwa strukturalnego (struktura 
masywna —> laminacja pozioma —> przekątna laminacja riple- 
markowa) typowego dla turbiditów (Fig. 7, 14).

Najbardziej drobnoziarniste osady piaszczyste reprezento­
wane są przez grupę facji E: Ei -  cienkie ławice piasków masy­
wnych (efekt nagłej agradacji z intensywnych prądów dennych); 
E2 -  piaski o warstwowaniach przekątnych średniej skali, lami­
nacji poziomej i przekątnej laminacji riplemarkowej; £ 3  -  piaski 
mułowe o laminacji soczewkowej i falistej (Fig. 10, 15-19). 
Wszystkie te facje utożsamiamy z prądami dennymi o malejącej 
mocy strumienia: od intensywnych prądów cechujących się 
wzmożoną agradacją(£/), przez przepływy formujące megariple- 
marki i górne płaskie dno (£ 2), przepływy kształtujące dno riple- 
markowe, aż po niskoenergetyczne. okresowo zamierające prądy
(Es).

Rozpatrzono czasową i przestrzenną zmienność jakości i 
ilości wyróżnionych facji w obrębie osadów jeziornych. Najwięk­
sza frekwencja działania gęstych spływów mas przypadała na czas 
powstawania kompleksu b, natomiast piaszczyste osady młod­
szych kompleksów (d, e) powstały głównie w efekcie hydrau­
licznych prądów dennych (Fig. 20). Dowiedziono również, że w 
przekroju kopalnego jeziora występuje nieprzypadkowa oboczna 
zmienność poszczególnych facji. W przybrzeżnej (proksymalnej) 
strefie dominują wyraźnie osady spływów mas (facje A, Bi, 8 2 ). W 
kierunku dystalnym (tj. ku centrum zbiornika) pojawiają się kole­
jno facje C  i D (osady przepływów zawiesinowych), a następnie 
facje grupy £  (związane z coraz słabszymi prądami dennymi). 
Takie oboczne następstwo facji dowodzi, że w strefach stromych 
skłonów dna powstawały osuwiska, z których materia! spełza! 
jako gęste spływy masowe. Z czasem tej podwodnej redepozycji 
osad ulegał stopniowemu rozproszeniu w wodach zbiornikowych, 
traci! na gęstości i przeradzał się w szybki spływ uwodnionego 
materiału. W efekcie postępującej depozycji koncentracja osadu w 
spływie malała, aż dochodziło do przejścia w prąd zawiesinowy. 
W strefach bardziej połogich skłonów i przejścia do płaskiego dna 
otwartego zbiornika prądy turbiditowe wytracały swą prędkość i 
obciążenie osadem i ewoluowały do prądów dennych deponują­
cych osad z transportu saltacyjnego. W najbardziej zewnętrznych 
strefach zamierały one i tam trakcyjna depozycja piaszczysta 
przechodziła w parapelagiczną depozycję aleurytowych zawiesin 
z wód stojących.

W celu określenia szczegółowego następstwa procesów de- 
pozycyjnych w trakcie powstawania miąższych pakietów pia­
szczystych dokonano analizy tych osadów m etodą łańcuchów 
Markowa. Najbardziej kompletną sekwencję wychwycono w 
kompleksie b, w którym istnieje największe bogactwo facji spły­
wowych (Fig. 21). Wypadkowa sekwencja reprezentowana jest 
pakietem o normalnym uziarnieniu frakcjonalnym. Rozpoczyna 
się ona facją gęstego spływu, która ku górze przechodzi w od­
mianę o mniejszej gęstości, a wyżej nadbudowana jest osadem
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prądu trakcyjnego (Fig. 22). Z tego kompleksu uzyskano też inne, 
krótsze sekwencje związane z działaniem prądów zawiesinowych 
(Fig. 23, 24). Natomiast w piaszczystym kompleksie e, znaczącym 
etap finalnego zapełniania jeziora, stwierdzono obecność prost­
szych sekwencji (niekiedy wręcz rytmów osadowych) utworzo­
nych przez drobnoziarniste facje słabych prądów dennych (Fig. 
25, 26).

Autorzy sądzą, że wyjątkowe bogactwo osadów spływów i 
prądów grawitacyjnych w rozpatrywanej serii plejstoceńskiego

wypełnienia rowu Kleszczowa ma związek z tektoniczną akty­
wnością tego obszaru. Częste powstawanie osuwisk i gęstych spły­
wów mas wynikało najprawdopodobniej z licznych wstrząsów 
związanych z subsydencją podłoża rowu. Jezioro będące środo­
wiskiem sedymentacyjnym analizowanych osadów było z pew­
nością głębokie, a urozmaicona morfologia dna zbiornika uła­
twiała rozwój szerokiej gamy procesów redepozycji grawitacyj­
nej.




