
Geo log i cal Quar terly, 2020, 64 (1): 3–15
DOI: http://dx.doi.org/10.7306/gq.1517 

Slope fail ure on a Cam brian car bon ate plat form, mass-flow tran si tions 
and re sult ing com plex de posit

Zhaopeng WANG1, Jiaye LIU1, A.J. (Tom) VAN LOON1, Decheng ZHU3, 4, 
Peng QIN5 and Zuozhen HAN1, 2, *

1 Shandong Uni ver sity of Sci ence and Tech nol ogy, Shandong Pro vin cial Key Lab o ra tory of Depositional Min er al iza tion and
Sed i men tary Min er als, No. 579 Qianwangang Road, Qingdao, Shandong 266590, China

2 Qingdao Na tional Lab o ra tory for Ma rine Sci ence and Tech nol ogy, Lab o ra tory for Ma rine Min eral Re sources, No. 1
Wenhai Road, Qingdao 266237, China

3 Min is try of Land and Re sources of the Peo ple’s Re pub lic of China, Key Lab o ra tory of Gold Min er al iza tion Pro cesses and
Re sources Uti li za tion, No. 52 Lishan Road, Jinan 250013, China

4 Key Lab o ra tory of Geo log i cal Min er al iza tion Pro cesses of Met als and Re source Uti li za tion in Shandong Prov ince, No. 52
Lishan Road, Jinan 250013, China

5 Shandong Geo log i cal En vi ron men tal Mon i tor ing, No. 17 Jishan Road, Jinan 250013, China

Wang, Z., Liu, J.,  Van Loon, A.J. (Tom), Zhu, D., Qin, P., Han, Z., 2020. Slope fail ure on a Cam brian car bon ate plat form,
mass-flow tran si tions and re sult ing com plex de posit. Geo log i cal Quar terly, 64 (1): 3–15, doi: 10.7306/gq.1517 

The quiet en vi ron ment of the car bon ate plat form in the epeiric sea that ex isted dur ing the Cam brian be tween pres ent-day
China and Ko rea was oc ca sion ally af fected by pro cesses that have hith erto not been de scribed from such a set ting. A con -
glom er ate was found in the Mid dle Cam brian Gushan For ma tion near Chengouwan (Shandong Prov ince, E China), eroded
into the un der ly ing sed i ments. The con glom er ate is ex plained as a de posit con sist ing of ma te rial that was eroded up-slope
when slope-fail ure took place, re sult ing in a slump that passed into a high-den sity de bris flow with ero sive power that passed, 
in turn, again into a slump. The slump came to rest when it lost its mo men tum on a less in clined part of the ba sin slope. Im me -
di ately af ter de po si tion, fluidization oc curred in the lower part of the slump de posit, as proven by a fun nel-shaped wa ter-es -
cape struc ture and a lat eral in jec tion of some metres long of brecciated ma te rial.
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INTRODUCTION

Car bon ate plat forms that de vel oped in an cient epeiric seas
com monly rep re sent quiet con di tions that con tin ued for a long
time. The sed i ments tend con se quently to be very con tin u ous
over hun dreds of metres to sev eral kilo metres, so that they can
be cor re lated from sec tion to sec tion. The most com mon
events that in ter rupted the quiet con di tions were heavy storms
that in duced waves which could break-up thin lime stone beds
ei ther on the seafloor or intrastratally (un der a thin cover of sed i -
ment) due to cy clic load ing of storm waves, thus giv ing rise to
lime stone brec cias that of ten can be traced over long dis tances
(Chen et al., 2009a, 2011). Apart from such storms and from
truly ex cep tional events such as me te or ite im pacts or tsu na mis, 
only bi o log i cal ac tiv ity is com monly con sid ered to have been
ca pa ble of in ter rupt ing the com monly rel a tively quiet sed i men -

tary de vel op ment of car bon ate plat forms. This does not im ply,
how ever, that pro cesses able to af fect the sed i ment were ab -
sent dur ing such �quiet� con di tions. Cur rents, caused ei ther by
wind or by ocean cur rent, were pres ent, as in di cated by the
pres ence of in clined lam i na tion rep re sent ing the foresets of
cm-sized cur rent rip ples. Larger, dm-sized, may rep re sent
stron ger cur rents in duced by storm ac tiv ity. Also waves, and oc -
ca sion ally storm waves, must have been part of these �quiet�
con di tions. 

Al though the qui es cence of the epeiric seas con se quently
was cer tainly not out spo ken from a cli ma tic and sedimento -
logical point of view, tec tonic qui es cence is com monly pre -
sumed to have dom i nant for long times. Fault ac tiv ity tended to
be rare, in spite of the fact that the thick suc ces sions (of ten hun -
dreds of metres) of sed i ments de pos ited in shal low wa ter
(above storm wave base) could ac cu mu late. This proves that
ba sin sub si dence took place at the same pace as sed i ment ac -
cu mu la tion. The sub si dence ap par ently oc curred so grad u ally
that, as a rule, no fault ing re sulted that might have led to sig nif i -
cant height dif fer ences within the ba sin; nei ther did, as a rule,
earth quakes oc cur of such a mag ni tude (Mw >4.5–5) that might
have re sulted in liq ue fac tion and de for ma tion of the up per most
sed i men tary lay ers.
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SLOPE FAILURE

Only in the past few years it has be come clear that, in spite
of the very gen tle char ac ter of the slopes in this en vi ron ment,
mass trans port could take place (e.g., García-Tortosa et al.,
2011; Van Loon et al., 2012; Myrow and Chen, 2015). The pres -
ent con tri bu tion deals with such a pro cess that, though at a
scale of only a few metres, took place in a hith erto not well-rec -
og nized form. 

A great ef fort has been made in the past few de cades to
char ac ter ize and better un der stand re cent seafloor fail ure on
the mar gins of the At lan tic Ocean (e.g., Nor way, east ern Brazil,
east ern U.S.A., east ern Can ada, Mex ico; Mienert and Weaver,
2002; Locat and Mienert, 2003) and of the Pa cific Ocean (e.g.,
west ern U.S.A., west ern Can ada, French Poly ne sia, east ern
Ko rea; Lee et al., 1991) by side-scan so nar and seis mic im -
ages. Ten short-term and three long-term pos si ble trig ger
mech a nisms for the or i gin of the ob served slope fail ures have
been rec og nized by Sul tan et al. (2004), who pro pose that
earth quakes and storm waves are prob a bly the most com mon
causes of slope fail ure. Al though the above stud ies of slope fail -
ure on ocean mar gins are not rep re sen ta tive of epeiric seas,
they pro vide in sight into both the pro cess (and cause) of slope
fail ure and the tran si tions of grav ity flows from one type into an -
other; these data have been used in the pres ent study to help
ana lyse and in ter pret the pro cesses and re sult ing de po si tion of
the con glom er ate mass that forms the sub ject of the pres ent
study.

OBJECTIVE OF THE STUDY

The Mid dle Cam brian Gushan For ma -
tion and the over ly ing Late Cam brian
Chaomidian For ma tion on the North China 
Plat form have re ceived ever more at ten -
tion in the past few de cades. Par tic u larly
their biostratigraphy, sedimentology and
se quen ce stra tig ra phy have been stud ied
ex ten sively (e.g., Lu et al., 1953; Wang et
al., 1989; Mei et al., 1996), re sult ing in a
de tailed over all pic ture of their de vel op -
ments. Yet, new fea tures are still dis cov -
ered as field work goes on. The pres ent
study fo cuses on the rare oc cur rence of a
sed i men tary unit that rep re sents the con -
se quences of slope fail ure that took place
on the car bon ate plat form on which these
for ma tions ac cu mu lated. This unit con sists 
of a de formed con glom er ate with soft-sed i -
ment de for ma tion struc tures, dif fer ent
types of clasts, a fun nel-shaped es cape
struc ture and a lat eral injectite ex tend ing
for sev eral metres. 

Pre vi ous work ers in ter preted these
con glo m er ates ex clu sively as subtidal
storm de pos its ei ther by in situ rip-up and
sed i men ta tion by storm cur rents (or waves)
or by storm-in duced de bris flows and tur bid -
ity cur rents (Tian et al., 1994; Wang, 1995;
Meng et al., 1997). How ever, most of these
con glom er ates lack ev i dence of a storm or i -
gin such as nor mal or in verse grad ing,
cross -strat i fi ca tion and sharp ero sional
bases (Chen et al., 2009a). The pres ent
study ex am ines the or i gin of an ex cep tional
ex am ple of these con glom er ates.

The pri mary ob jec tives of the pres ent con tri bu tion are to de -
scribe the char ac ter is tics of the con glom er ate, to re con struct
the var i ous trans port pro cesses and their tran si tions, and to de -
ter mine the gen e sis of the re lated struc tures. This ob jec tive is
im por tant be cause the tran si tions from one type of grav ity flow
into an other are not only still un der stud ied (Strachan, 2008) but
also rarely de scribed on the ba sis of field data.

Con sid er ing the fact that these pro cesses and sed i ments
are hardly – if at all – known form an cient car bon ate plat forms,
the study is of in ter est for all earth sci en tists who are in volved in
the mor phol ogy, sedimentology or pro cess dy nam ics that took
place on car bon ate plat forms in the geo log i cal past – and that
pos si bly also take place in the few com pa ra ble ar eas that ex ist
now a days.

GEOLOGICAL SETTING

The sec tion un der study (Fig. 1) is lo cated near the vil lage of 
Chengouwan, ~70 km SSW of the city of Jinan, Shandong
Prov ince (E China). The re gion forms part of the Luxi Block of
the North China Plat form. This plat form was tec toni cally sta ble
and cov ered a vast epeiric sea dur ing the Pa leo zoic, with the
ex cep tion of a few phases of mi nor up lift dur ing the Mid dle
Cam brian to Early Or do vi cian (Meng et al., 1997; Zhen et al.,
2016; Yang et al., 2019). 
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Fig. 1. Lo ca tion maps

A – map of China with lo ca tion of the Jinan area (Fig. 1B); B – map of the Jinan area
with lo ca tion of the study area (Fig. 1C); C – lo ca tion of the sec tion 

un der study (CGW) in the Jinan area



PLATFORM CHARACTERISTICS

The North China Plat form de vel oped dur ing Cam brian Se -
ries 2. The plat form was al most to tally sub merged un der the
glob ally ris ing sea level, apart from some high lands that were
ex posed subaerially in the Ordos re gion dur ing the Mid dle
Cam brian (Se ries 3). The plat form was dom i nated by a shal -
low-wa ter fa cies, with fre quently shift ing supratidal, intertidal
and subtidal zones (Chen et al., 2011, 2012; Lee and Chough,
2011). Sed i men ta tion con tin ued un til the Mid dle Or do vi cian, re -
sult ing in a thick (~1800 m) suc ces sion of mixed car bon ates
(lime-mudstones, wackestones to grainstones, micro bialites)
and siliciclastics (mainly mudstones) (Meng et al., 1997;
Chough et al., 2010). The sed i ments show abun dant soft-sed i -
ment de for ma tion struc tures, prob a bly partly due to storm-wave 
load ing (Chen et al., 2009a, 2010; Chen and Lee, 2013; Chen,
2015), partly to the es cape of over-pres sur ized wa ter/sed i ment
mix tures (Van Loon et al., 2013).

STRATIGRAPHIC CONTEXT

The Cam brian suc ces sion in Shandong con sists of six
lithostratigraphic units: these are, from old to young, the
Liguan, Zhushadong, Mantou, Zhangxia, Gushan, and Chao -
midian for ma tions (Fig. 2). The Cam brian strata un con form -
ably over lie Pre cam brian gra nitic gneiss or, lo cally, Late Pro -
tero zoic metasedimentary rocks, and are con form ably over -

lain by Or do vi cian dolostones (Sanshanzi For ma tion)
(Chough et al., 2010; Fig. 2). 

The basal Cam brian unit, the Liguan For ma tion, con sists of
quartzose sand stones and mudstones and is lat er ally dis con tin -
u ous (Lee et al., 2018). The Zhushadong and Mantou for ma -
tions are mainly com posed of red mudstones interbedded with
dolomites and evaporites (Lee and Chough, 2011). The
Zhangxia For ma tion is dom i nated by wide spread oolitic lime -
stones, whereas its up per part and the over ly ing Gushan and
Chaomidian for ma tions are mainly com posed of shales and
subtidal car bon ates with a va ri ety of lime stone con glom er ates
and brec cias, as well as biohermal microbialites (Mei et al.,
1997; Chough et al., 2010; Chen et al., 2011, 2014; Han et al.,
2015; Ma et al., 2017). An ex ten sive (~100 km) ero sion sur face
of a strongly de formed lime stone bed oc curs in the up per most
part of the Gushan For ma tion, which is over lain by a bioclastic
grainstone of the Chaomidian For ma tion (Chen et al., 2011). 

DEPOSITIONAL ENVIRONMENT 
OF THE GUSHAN FORMATION

The Gushan For ma tion is mainly com posed of shales and
car bon ates, dom i nated by green ish-gray to yel low ish-gray
shales, fre quently in ter ca lated with thin ho mo ge neous lime -
-mudstone beds, form ing lime stone/shale al ter na tions, rep re -
sent ing subtidal low-en ergy en vi ron ments that were oc ca sion -
ally dis turbed by storms (Chen et al., 2011, 2012). 
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Fig. 2. Sche matic stra tig ra phy of the Cam brian suc ces sion 
in Shandong Prov ince, China (mod i fied from Chen et al., 2011)



DESCRIPTION OF THE SEDIMENT 
UNDER STUDY

The Gushan For ma tion in the Chengouwan sec tion is
~50 m thick. It is mainly com posed of thin-bed ded lime stones,
oo lites, lime stone con glom er ates and shales. An ex cep tional
fea ture is the ero sion of a one-metre-thick suc ces sion by a con -
glom er ate/brec cia mass (called “con glom er ate” in the fol low ing
for the sake of brev ity) of only 230 cm wide and 80 cm thick It is
sep a rated by a highly ir reg u lar bound ary from the over ly ing
oolitic lime stone layer U8.

The suc ces sion eroded by the con glom er ate con sists of five 
units (Fig. 3). This suc ces sion rests on a flat-peb ble con glom er -
ate with lime-mudstone clasts (U1) and a thin-bed ded peloidal
grainstone (U2); these two units are rel a tively in tact, not hav ing
been vis i bly eroded by the de formed con glom er ate mass. The
vis i bly eroded suc ces sion con sists, from old to young, of a
thin-bed ded lime-mudstone and ar gil la ceous lime-mudstone
(U3), a layer with ho mo ge neous and lam i nated clasts (U4), a
lam i nated peloidal grainstone with thin shale in ter ca la tions
(U5), a layer con sist ing of lime-mudstone clasts (U6), and a
cross-strat i fied oolite (U7). The lo cally eroded suc ces sion of
units U3 through U7 is over lain via a highly ir reg u lar bound ary
by a cross-strat i fied oolite with dis con nected lime-mudstone in -
ter ca la tions (U8). 

The con glom er ate mass that erodes units U3 through U7
con tains par ti cles of mud size to boul der size that do not show
any sort ing (Figs. 4 and 5). 

Four types of clasts are pres ent (Ta ble 1): 
– ho mo ge neous lime-mudstone clasts (LMC), 
– oolite clasts (OC), 
– clot ted/brecciated wackestone clasts (CWC),
– con glom er ate clasts (CC). 

Dif fer en tial early ce men ta tion of car bon ate caused that
oo lites are pres ent as clasts but that ooids are also pres ent as

ma trix. The mix ture of clasts with dif fer ent com po si tions (Fig.
6), which is a fea ture not en coun tered else where in the for ma -
tion, rep re sents an al most com plete pres ence of the older
types of sed i ments that are lo cally pres ent in the Gushan For -
ma tion.

POSITION WITHIN THE AUTOCHTHONOUS SEDIMENTS

The eroded suc ces sion de scribed above oc curs in the up -
per most part of the Gushan For ma tion, some three metres be -
low the base of the Furongian Chaomidian Fm. The suc ces sion
is lat er ally dis con tin u ous and con tains some small bioherms at
a dis tance of only a few tens of metres away from the site un der
study. As the con glom er ate mass flowed downslope to its pres -
ent lo ca tion, it merged with the un con sol i dated lay ers U3 and
U6 to form what is now the se verely de formed mass; the ex po -
sure does not al low to see whether the un der ly ing grainstone
U2 has been eroded, but this can not be ex cluded. 

ADDITIONAL FEATURES

Two fea tures are pres ent that are di rectly con nected with
the con glom er ate mass. They are fun nel-shaped es cape struc -
ture and a lat eral injectite con sist ing of brec cia.

Fun nel-shaped struc ture – a fun nel-shaped struc ture is
pres ent at the left-hand side of the con glom er ate mass (Fig.
7). Its low er most part is ab sent be cause a fis sure at the side of
the con glom er ate mass has been wid ened by (prob a bly
weath er ing-en hanced) ero sion, but the width at its low est end
is ~1 cm. The struc ture grad u ally wid ens up wards, reach ing a
max i mum width of some 25 cm at its top. The fun nel shape of
the struc ture is par tic u larly well-vis i ble in its lower part (up to
~20 cm from its low est point) be cause ero sion at both sides
sep a rates the struc ture from the ad join ing rocks. This must be

6 Zhaopeng Wang, Jiaye Liu, A.J. (Tom) Van Loon, Decheng Zhu, Peng Qin and Zuozhen Han

Fig. 3. The con glom er ate mass eroded into undeformed de pos its that also are pres ent lat er ally of the mass

The undeformed units U1–U2 un der lie the mass; the eroded units U3-U7 are pres ent at both sides of the mass; unit 8 over lies the mass. The
var i ous units of the autochthonous suc ces sion have dif fer ent lithologies: U1 – flat-peb ble con glom er ate with lime-mudstone clasts that are
rounded, poorly sorted and mostly hor i zon tal, em bed ded in a grainy ma trix; U2 – thin-bed ded peloidal grainstone with low-an gle cross-lam i -

na tion; U3 – thin-bed ded (~1 cm) lime-mudstone in the up per part, ar gil la ceous lime-mudstone in the lower part; U4 – layer with mostly
rounded, hor i zon tally po si tioned, ho mo ge neous and lam i nated clasts that be come less fre quent up wards, em bed ded in a grainy ma trix, and
capped by cross-lam i nated lime-mudstone; U5 – lam i nated peloidal grainstone with a thin shale; U6 – layer with mostly rounded
lime-mudstone clasts in a grainy ma trix, with a sharp ero sional up per sur face; U7 – cross-lam i nated oolite; (U8) cross-lam i nated oolite, with
dis con nected lime-mudstone lay ers. The av er age thick nesses of the var i ous units in the sec tion are in di cated in the sed i men tary log at the
right; see ham mer for scale (shown in oval)



as cribed to zones of weak ness that orig i nated when the struc -
ture was formed.

The struc ture con sists of clasts within a lime-mud ma trix,
which li thol ogy is com pletely dif fer ent from the con glom er ate
mass at its right side and the flat-peb ble con glom er ate at its left
side. The clasts have shapes that range from an gu lar to
rounded; most seem to rep re sent frag ments that have been
trans ported in a lithified or semi-lithified state, but some frag -
ments have a slightly bent shape that sug gests de for ma tion
dur ing a con sol i dated but not yet lithified state; this bend ing
may have oc curred be fore or af ter the fi nal trans port. 

The most re mark able is the sort ing in the fun nel-shaped
struc ture: al though fine clasts (mm size) oc cur through out the
struc ture, larger clasts be come more com mon up wards. The
over all up ward in crease is clast size is ac com pa nied by an
equally over all up ward trend of the clasts to be come more an -
gu lar.

Lat eral Brec cia Injectite – a clastic dyke ex tends lat er ally
from the con glom er ate mass to ward the left. It con sists of clasts 
em bed ded in lime-mud (Fig. 8). The width of the vein is ~5 cm
and the vis i ble length of the dyke is some 80 cm. The clasts are
mostly ori en tated sub-par al lel to the bed ding, i.e., sub-par al lel
to the walls of the dyke. The oc cur rence of this dyke is re mark -
able be cause of its bed-par al lel po si tion (Fig. 8). Other dykes
and veins, which are com mon in the Gushan Fm., tend to be
roughly ver ti cal.

INTERPRETATION

The con glom er ate mass un der study dif fers fun da men tally
from the nu mer ous other con glom er ates that oc cur in this for -
ma tion and the over ly ing Chaomidian For ma tion. The most im -
por tant dif fer ences are: 

– it does not con sti tute a layer that ex tends lat er ally over hun -
dreds of metres or more with out sig nif i cant changes in char -
ac ter is tics, 

– it has a strongly ero sional base in the form of a nar row chan -
nel, 

– the up per bound ary is highly ir reg u lar, with clasts ex tend ing
above the av er age level, 

– the clasts are polymict, whereas other con glom er ates and
brec cias in this for ma tion tend to be monomict, 

– huge clasts with vis i ble lengths of sev eral decimetres (up to
90 cm) are pres ent, 

– no sort ing is pres ent in the de posit as an en tity,
– the elon gated clasts do not show any pre ferred ori en ta tions.

The above prop er ties can not be ex plained as a re sult of the
pro cesses that pre vail in an epeiric sea where lime-mud is the
main sed i ment, and where the re sult ing ar gil la ceous lime stones 
are, some times be fore and some times af ter lithification, bro ken
up by wave ac tiv ity, re sult ing in brec cias that may be trans -
ported over lon ger or shorter dis tances to form brec cias or con -
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Fig. 4. Left-hand part of the con glom er ate mass (see Fig. 3 for po si tion), show ing the un sorted char ac ter 
with boul der-sized frag ments of dif fer ent lithologies, and ir reg u lar vein-like struc tures formed 

by the es cape of fluidized wa ter/sed i ment mix tures

Note the un sorted char ac ter of the dyke in fill ings, and the large size of the frag ments in it



glom er ates. It should be men tioned here that we will use the
term “brec cia” in the fol low ing for the sake of brev ity, even
though part of the clasts may be rounded, be cause most clasts
are an gu lar. The un der ly ing pro cesses that formed the “nor mal” 
con glom er ates and brec cias in the over ly ing Chaomidian Fm.,
which is very well com pa ra ble with the Gushan Fm. re gard ing
the sed i men tary en vi ron ment and the pro cesses that were ac -
tive dur ing and af ter ac cu mu la tion, have been dealt with in de -
tail ear lier (Van Loon et al., 2013). 

The oc cur rence of a mix ture of non-ori ented peb bles and
even boul ders within a fine-grained ma trix (the sed i ment un der
study might con se quently be called a diamictite) can be ex -
plained feasibly only in a few ways if ex cep tional (and ob vi ously
not ap pli ca ble) oc cur rences such as gastroliths in a lac us trine
sed i ment or gla cial dropstones in a deep sea are ex cluded. The 

two com mon pro cesses that can re sult in such de pos its are gla -
cial ac tiv ity (re sult ing in gla cial tills) and mass flows. A gla cial or -
i gin can be ex cluded for sev eral rea sons: 

– no gla ci ation is known to have oc curred in this re gion dur ing
this time-span in spite of nu mer ous de tailed in ves ti ga tions; 

– a gla ci ation would have left de pos its over a much wider ex -
tent than a few metres; 

– none of the clasts show gla cial striae. This leaves an or i gin
by mass flow as the only fea si ble ex pla na tion.

ANALYSIS OF MASS-FLOW TYPES

Mass flows may take nu mer ous forms, rang ing from high
wa ter/sed i ment ra tios to low ones, form ing hyperpycnal flows,
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Fig. 5. Right-hand part of the con glom er ate mass, with large clasts 
and nu mer ous ir reg u lar es cape struc tures

T a  b l e  1

Types of clasts in the con glom er ate mass

Clast type De scrip tion

Ho mo ge neous 
lime- mudstone clasts 
(LMC)

slightly red dish or brown rim, rounded to subrounded, partly an gu lar, up to a few mm to 3–4 in size

Oolite clasts

 (OC)
rounded to subrounded with dis tinct bound aries; some clasts with rel a tively vague bound aries, 

within clot ted/lam i nated white wacke

Clot ted/brecciated 
wacke clasts

 (CWC)
clot ted/brecciated white wacke, within sim i lar ma te rial, subrounded to subangular, vague bound aries

Con glom er ate clasts 

(CC)

sharp bound aries; boul ders of flat-peb ble con glom er ate and over ly ing lam i nated wacke
 to packstone, up to 90 cm; blocks of white microbialite and tri lo bite-rich microbialite; 

boul ders with red-rimmed frag ments



tur bid ity cur rents, low-den sity and high-den sity de bris flows,
and slumps in or der of de creas ing ra tios. Each of these flows
re sults in de pos its with spe cific char ac ter is tics, but the sed i -
ment un der study shows a mix ture of char ac ter is tics. It must
there fore be as sumed that the mass flow has un der gone tran si -
tions from one type into an other dur ing trans port.

The ex ter nal shape of the de posit, which looks more or less
ball-shaped as far as can be de duced from the ex posed part
(Fig. 3), sug gests that the de posit came to rest when it was a
slump. Such a na ture would also be con sis tent with the ero -
sional struc ture in which the sed i ment mass came to rest: the
higher the sed i ment/ra tio, the more down ward ero sive ca pa bil -
ity. A de bris flow would more eas ily have spread out over a wide 

area, rather than be re stricted to a chan nel-like ero sional form
of only 2.3 m wide. An other ar gu ment in fa vour of a slump char -
ac ter when the sed i ment mass came to rest is the highly ir reg u -
lar up per sur face (Fig. 3), where sev eral clasts stick out above
the av er age up per bound ary up to sev eral centi metres; this
can not be ex plained as an ero sional fea ture, as the spaces be -
tween these clasts have be come filled up with the same oolite
that was de pos ited be fore this mass-flow event took place and
that con tin ued af ter wards with out in ter rup tion, as can be de -
duced from the sed i men tary suc ces sion along side the mass -
-flow de posit un der study.

The in ter nal tex ture of the sed i ment mass can, how ever, not 
be ex plained as a re sult of trans port in the form of a sub aque -
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Fig. 6. Pol ished slabs and pho to mi cro graphs of the con glom er ate mass

A – the fluid-es cape struc ture in the oo lites; B – bound ary be tween oolite and bioclastic lime-mudstone; C – over -
view of dif fer ent types of clasts (for po si tion, see Fig. 4); D – sharp bound ary be tween oolite and bioclastic lime -
stone un der the mi cro scope; E – fluid-es cape struc ture with bioclasts pen e trat ing and crush ing an oolite



ous slump. There are no traces of orig i nal bed ding left, clasts
with widely vary ing lithologies are pres ent, and large boul ders of 
up to 90 cm float ap par ently hap haz ardly in the unit un der study
(Fig. 4). These char ac ter is tics point at trans port in the form of a
high-den sity de bris flow that picked up ma te rial from the suc -
ces sive lay ers over which it ran down. This ex plains not only the 
dif fer ent clast types, but also the dif fer ent shapes of the clasts
in volved: some are bent, in di cat ing a con sol i dated but non -
-lithified state, oth ers were ap par ently eroded as lithified ma te -
rial, and the partly fine-grained ma trix shows that most likely
also hardly con sol i dated sed i ments be came in volved in the de -
bris flow. It thus must be con cluded when the con sid er ations of
the pre vi ous para graph are also taken into ac count, that a
high-den sity flow ex isted that trans formed into a slump be fore
com ing to rest.

It is not likely, how ever, that sed i ments de pos ited on a car -
bon ate plat form in an epeiric sea start mov ing in the form of a
high-den sity flow. The up per most sed i men tary suc ces sion

must have con sisted of an al ter na tion of lime-mud, oolitic sed i -
ments, and bro ken up lime stones – all prob a bly with a com bi na -
tion of still wa ter-sat u rated, slightly con sol i dated, strongly con -
sol i dated, slightly lithified and com pletely lithified lay ers. Such a
suc ces sion will, par tic u larly in cases like a tec toni cally quiet
epeiric sea where the sed i men tary sur face shows max i mally a
slope of a few de grees, not likely start to move in the form of a
high-den sity de bris flow: there is just a too large abun dance of
pore wa ter. It is well-pos si ble, how ever, that on go ing rapid sed i -
men ta tion – and this was prob a bly the case as in di cated by
centi metre- and even decimetre-scale foresets sug gest ing
rapid ac cu mu la tion – led to slope fail ure. A sed i ment that thus
be comes re leased from its sub stra tum tends ini tially to slide
down, then be com ing grad u ally dis turbed by the fric tion with the 
bot tom over which it slides down. This fric tion leads to bend ing
of plas tic (= con sol i dated and semi-con sol i dated) lay ers, which
thus take the form of a slump mass. Such a slump mass gains
mo men tum while mov ing downslope, thus be com ing ca pa ble of 
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A

Fig. 7. The fun nel-shaped es cape struc ture at the left-hand side of the con glom er ate mass
 (for po si tion, see Fig. 3)

A – over view of the struc ture; B – de tail of its lower part, show ing the rel a tively small frag ments in a dense pack -
ing; C – de tail of the mid dle part with on av er age larger frag ments and more finer-grained ma trix ma te rial; D – de -
tail of the top part with the larg est frag ments and more ma trix



erod ing sed i ments of the sub stra tum on its path way, which in -
creases the wa ter/sed i ment ra tio. If this pro ceeds, the slump
trans forms into a high-den sity flow in which the eroded clasts
be come hap haz ardly dis trib uted. Only when the slope di min -
ishes and the de bris flow slows down suf fi ciently (but grad u ally), 
it may trans form again into a slump.

The above se quence of changes im plies that, like in some
other cases men tioned in the lit er a ture (e.g., Tournadour et al.,
2015; Sobiesiak et al., 2016; Carvalho and Vesely, 2017), slope 
fail ure led to a mass flow that changed from a slid ing mass into
a slump, then into a high-den sity flow and even tu ally again to a
slump, in which state the mass came to rest. A de tailed anal y sis 
of such tran si tions was pro vided by Strachan (2008) for the
Early Mio cene Lit tle Manly Slump in the Waitemata Ba sin, New
Zea land; our find ings re sem ble his ex am ple in many re spect,
though we did not find any ev i dence of a trans for ma tion of the
grav ity flow into a tur bid ity cur rent, which must have oc curred in
the New Zea land ex am ple.

ORIGIN OF THE FUNNEL-SHAPED STRUCTURE

The fun nel-shaped struc ture de scribed in Sec tion 3.3.1 has
char ac ter is tics that are al most iden ti cal to those men tioned by
Chen et al. (2009b), also from Cam brian lime stones in Shan -
dong Prov ince. We there fore re fer to their study for de tails, and
only men tion the most rel e vant as pects and con clu sions. 

The fun nel struc ture rep re sents a spe cial type of clastic
dyke. It was formed by the in tru sion of pore wa ter and/or
fluidized ma te rial from the un der ly ing sed i ment that be came
over-pres sur ized un der the in flu ence of the sud denly in creased
weight of the slump mass. The fluidized sed i ment started to es -
cape up wards (into the di rec tion of the low est lithostatic pres -
sure) through a nar row zone of weak ness in the ad ja cent lime -
stone layer, form ing a nar row con duit in the lower part. Due to
the en ergy of the es cap ing pore wa ter and fluidized sed i ment,
the walls of the only slightly lithified in truded lime stone be came

frag mented. Con se quently, the con duit grad u ally wid ened up -
wards. 

These fun nel struc tures rep re sent a type of soft-sed i ment
struc ture that has been hardly men tioned in the lit er a ture, even
though we have found sev eral ex am ples of this fea ture in shal -
low-ma rine car bon ate de pos its.

DEVELOPMENT OF THE LATERAL BRECCIA INJECTITE

Wa ter-es cape struc tures are com mon fea tures in the
Gushan Fm. be cause dif fer en tial con sol i da tion and lithification
of lime-mud lay ers re sulted in seals over still wa ter-sat u rated
sed i ments. All these struc tures are di rected up wards, be cause
the es cap ing wa ter/sed i ment mix tures that even tu ally broke
through a seal ing layer choose the di rec tion of least (lithostatic)
pres sure, i.e. to ward the sed i men tary sur face. The lat eral
injectite de scribed in Sec tion 3.3.2. is there fore an ex cep tional
fea ture in this for ma tion, and there can be lit tle doubt that its for -
ma tion was di rectly re lated to the mass-flow de posit from which
it ex tends into the ad ja cent sed i ment.

The tex ture of the injectite is re mark able be cause it does not 
con sist of fine-grained ma te rial but of a clast-sup ported brec cia
(Fig. 5). Ob vi ously, in jec tion could take place only if the in trud -
ing ma te rial was in a fluidized state. This im plies that fluidization 
must have oc curred at the base of the slump mass. The only
fea si ble ex pla na tion for this phe nom e non is that the de po si tion
of the slump mass, when the ve loc ity of the slump head de -
creased and the ki netic en ergy was no lon ger suf fi cient to over -
come the fric tion with the sed i men tary sub stra tum, led to a sud -
den pres sure in crease of the wa ter-sat u rated sed i ments on
which it came to rest, so that fluidization took place.

The fluidized ma te rial un der the slump mass tried to find an
es cape route into the di rec tion of least re sis tance. In this case,
this was not up wards, as the slump mass was, al though partly
de pos ited in the chan nel that it had eroded it self, so thick that
the top part stuck out above the sur face of the ad ja cent sed i -
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Fig. 8. The lat eral in jec tion (for po si tion see Fig. 3) 

Note its ir reg u lar char ac ter, which must be as cribed to the inhomogeneous li thol ogy 
of the pen e trated flat-peb ble con glom er ate



men tary suc ces sion (see Sec tions 3.1 and 4). This im plies that
the lithostatic pres sure in a lat eral di rec tion was lower than up -
wards, and con se quently the over-pres sur ized fluidized ma te -
rial in jected the neigh bour ing sed i ments lat er ally. Ob vi ously,
this must have re quired a con sid er able en ergy, which must
have been sup plied by the weight of the slump mass.

DISCUSSION

Car bon ate plat forms in epeiric seas can de velop over im -
mense dis tances only be cause the depositional con di tions in
the en tire area are sta ble. Such con di tions are not fa vour able
for the ini ti a tion of mass flows, but it should be kept in mind that
the ba sin in which the Gushan Fm. ac cu mu lated must have
been sub sid ing: a thick unit of very shal low de pos its (in clud ing
oo lites and storm-in duced brec cias) could ac cu mu late (Fig.
9A); it thus must be con cluded that sub si dence and sed i men ta -
tion were in bal ance. This must have con tin ued for a con sid er -
able time, as not only the Gushan Fm. but also the over ly ing
Chaomidian Fm. (with a joint thick ness of ~250 m in the study
area) lack any trace of a sig nif i cant change of the depositional
en vi ron ment. On go ing sub si dence im plies in sta bil ity, whether
caused by tec ton ics or by the weight of the ac cu mu lat ing sed i -
ment. 

If endogenic tec ton ics were the pro cess be hind the sub si -
dence, it could well be pos si ble that the over all grad ual sub si -
dence was oc ca sion ally (but rarely) ac com pa nied by some
small-scale fault ing. Such fault ing could have in duced small
shock waves that were suf fi cient to trig ger the slope fail ure (Fig.
9B) that ini ti ated the pro cesses de scribed in the pres ent con tri -
bu tion. Such slope fail ure would have been fa cil i tated by the
fairly high sed i men ta tion rate, which had re sulted in wa ter-sat u -
rated lay ers (cf. Parker, 1982). If it was the weight of the ac cu -
mu lated sed i ment that ini ti ated the sub si dence (such as com -
monly is the case in deltaic ar eas), it is even more likely that the
re quired rapid sed i men ta tion rate in duced fail ure of the slope.

An im por tant ques tion in this con text is whether a slope was
pres ent, in deed, and whether such a slope – if pres ent – was
suf fi ciently steep to al low mass flows to de velop and trans form
into other types. The first part of the ques tion can be an swered
eas ily: if the ba sin was sub sid ing, slopes must have orig i nated
(un less it is as sumed that the whole ba sin sub sided at the same 
rate due to global-scale tec ton ics, for which hy poth e sis no ar gu -
ments can be found). More over, some small bioherms oc cur at
a dis tance of only some tens of metres away from the site un der 
study; the bioherms are de vel oped at the same or nearly the
same strati graphic level as the mass-flow de posit un der study
(pre cise cor re la tion is im pos si ble be cause ter races have been
built for ag ri cul tural pur poses, which make most of the rocks un -
ex posed). Such bioherms must, due to their ir reg u lar outer
shapes, also have caused some slop ing area on the plat form.
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Fig. 9. Sche matic model show ing the suc ces sive pro cesses lead ing 
to the po si tion of the cha otic con glom er ate/brec cia mass within

 a suc ces sion of well-bed ded lime stones

A – sit u a tion be fore the event; B – slope fail ure, re sult ing in an ero sional slump that trans -
forms into a high-den sity grav ity flow in which the orig i nal strat i fi ca tion is lost, caus ing a
cha otic fab ric of un sorted clasts of all types of li thol ogy; C – de po si tion of the mass that
had trans formed back into a slump, caus ing over-pres sur ized pore wa ter of the un der ly -
ing sed i ments that be come fluidized and es cape up wards at the side of the slump mass
and lat er ally un der the mass; D – on go ing oolite sed i men ta tion cov ers the ir reg u lar sur -
face of the con glom er ate/brec cia mass and the ad ja cent sed i ments



The ques tion of whether the slopes that were pres ent be -
yond any doubt were suf fi ciently steep to al low mass flows to
de velop, has al ready been an swered in other stud ies that men -
tion mass trans port in a com pa ra ble set ting. Pedley et al.
(1992), for in stance, in ves ti gated seis mi cally-in duced slid ing on 
a car bon ate ramp. It was found fre quently that even a very gen -
tle slope is suf fi cient for mass trans port (Gibert et al., 2005;
Moretti and Sabato, 2007; Alsop and Marco, 2011). Ex am ples
of slump ing that must have oc curred over near-hor i zon tal sed i -
men tary sur faces (in mainly deltaic and lac us trine en vi ron -
ments) have been de scribed sev eral times, also for in cli na tions
of <1° (e.g., García-Tortosa et al., 2011) and even <0.25° (Field
et al., 1982). Very low-an gle move ment has also been dem on -
strated ex per i men tally (Owen, 1996). Con se quently, mass
trans port must have been pos si ble at the study site.

The tran si tion from one type of mass trans port into an other
type, as de duced from the char ac ter is tics of the mass-flow de -
posit un der study, in volves sev eral pro cesses from the slope
fail ure to fi nal de po si tion (Mulder et al., 2003), but is not ex cep -
tional, even in the case of a sin gle event. By gain ing mo men tum 
dur ing down ward flow (Parker et al., 1986), even tur bid ity cur -
rents can re sult from slide trans for ma tion, con cen tra tion pro -
cesses, or a mix ture of pro cesses, com monly pass ing states as 
a slump and as a de bris flow (Middle ton and Hampton, 1973,
1976; Lowe, 1979, 1982; Nardin et al., 1979). The trans for ma -
tion of a sub ma rine slide into a flow in which tur bu lent en ergy
sub stan tively in creases (Fig. 9B) has been de scribed by nu -
mer ous au thors from nu mer ous places (e.g., Fukushima et al.,
1985), both from an cient de pos its and from mod ern set tings, in -
clud ing the 1929 Grand Banks event (Hughes-Clarke, 1990;
Piper et al., 1992), and the 1979 Nice event (Malinverno et al.,
1988). 

The high-den sity flow trans formed into slump again (as
can be de duced from its char ac ter is tics ana lysed and de tailed
in the In ter pre ta tion sec tion) when the fric tion with the grad u -
ally less in clined slope be came too large so that wa ter was ex -
pelled from the mass, and fi nally the con glom er ate mass
came to rest. This re sulted in a sud den in creased pore-wa ter
pres sure of the lower sed i ments, caus ing the ver ti cal es cape
of fluidized wa ter/sed i ment mix tures in the form of fun nel-
 shaped (and other) clastic dykes at the side of the slumped
mass, and in the lat eral es cape where the weight of the over ly -
ing mass re sulted in a lithostatic pres sure that was higher up -
wards than lat er ally (Fig. 9C).

This event was no more than a mo men tary in ter rup tion of
the autochthonous sed i men ta tion, which con tin ued in the form
of oolite de po si tion, cov er ing the ir reg u lar up per bound ary of
the con glom er ate/brec cia mass (Fig. 9D).

Based on the above data from both an cient and mod ern
set tings, it must be de duced that the depositional pro cess of the 
rock unit un der study here is not ex cep tional in it self, but that it
is ex cep tional be cause it has not been de scribed be fore from
an cient car bon ate plat forms. This raises the ques tion why sim i -
lar de pos its are not found more fre quently in lime stone suc ces -
sions that ac cu mu lated on car bon ate plat forms in epeiric seas.
An an swer to this ques tion must, by def i ni tion, be spec u la tive,
but we feel that we should pro pose some pos si bil i ties, so as to
help fu ture in ves ti ga tors to pro vide a more founded an swer.
One rea son might be that, if con glom er ates are pres ent in Early 
Pa leo zoic lime stone suc ces sions that ac cu mu lated on car bon -
ate plat forms, they have not been rec og nized as hav ing an or i -
gin that dif fers from the com monly nu mer ous other ma te rial with 

a di verg ing li thol ogy (like in our case: see Ta ble 1) may not be
pres ent in other suc ces sions; car bon ate plat forms tend to ex -
tend over hun dreds of kilo metres, so that clastic ma te rial from
else where must be ex tremely rare. A third rea son might be that
epeiric seas are com monly con sid ered, on the ba sis of hun -
dreds of stud ies, as tec toni cally sta ble; con se quently, height dif -
fer ences on the plat forms are, as a rule, ab sent or small, so that
grav ity flows do not orig i nate eas ily; we can not ex clude that
some shock, pos si bly re sult ing from an over load ing-trig gered
earth quake, has af fected the Gushan suc ces sion. What ever
the case, it seems worth while to pay at ten tion to this as pect in
fu ture stud ies.

CONCLUSIONS

A more or less ball-shaped con glom er ate in the Mid dle
Cam brian Gushan For ma tion near Chengouwan (Shandong
Prov ince, E China) has so many char ac ter is tics that dif fer from
the nu mer ous other con glom er ates in this for ma tion that its or i -
gin has been stud ied in de tail. The con glom er ate con tains four
types of clasts: 

– ho mo ge neous lime-mudstone clasts (LMC), 
– oolite clasts (OC), 
– clot ted/brecciated wackestone clasts (CWC),
– con glom er ate clasts (CC). 

More over, it con tains a fun nel-shaped es cape struc ture and 
a large lat eral injectite.

The stud ied unit is in ter preted as orig i nated from mass flow
and is ex plained as a de posit con sist ing of ma te rial that was
eroded up-slope when slope-fail ure took place, re sult ing in a
slump that passed into a high-den sity de bris flow with ero sive
power that passed, in turn, again into a slump. The slump came
to rest when it lost its mo men tum on a less in clined part of the
ba sin slope. The sud den de po si tion of the slump mass on top of 
wa ter-sat u rated sed i ments caused the lat ter to liq uefy. This re -
sulted in the es cape of pore wa ter un der high pres sure, re sult -
ing in the for ma tion of a  fun nel-shaped es cape struc ture where
the pore wa ter could es cape up wards along side the slump
mass. Where such an up ward es cape was im pos si ble be cause
of the over ly ing slump, the pore wa ter was pressed out
sideward, form ing a large lat eral injectite. 

The anal y sis of the or i gin of the con glom er ate mass shows
that, in con trast to what is com monly be lieved, mass trans port
could take place on an cient car bon ate plat forms that de vel oped 
in an epeiric sea.
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