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Abstract

An oolite in the Furongian (Late Cambrian) Chaomidian Formation in Shandong Province, China, which was deposited
on the North China Platform in an epeiric sea, contains several limestone breccia lenses of various dimensions (centi-
metres to decimetres thick and decimetres to more than 10 metres in length) in an E-trending section. The oolite, which
is approximately 40 cm thick, was originally thicker, as indicated by a planar truncation surface that formed by wave
abrasion. The breccia lenses in this oolite are generally mound-shaped with a flat base and a convex top. The western
margin of the lenses is commonly rounded whereas the eastern margin commonly has a tail (consisting of a rapidly
eastwards thinning breccia horizon that gradually ends in a horizon of isolated clasts). Some of the breccia lenses are
underlain by a shear zone.

The formation of the breccia lenses cannot be easily explained by normal depositional or deformational processes. It is
concluded that the lenses represent fragments of a partly consolidated layer, consisting of both rounded and angular
platy clasts, which slid down over a very gently inclined sedimentary surface which acted - possibly together with
a water film - as a lubricant layer. During transport, the layer broke up into several discrete bodies that formed small
‘highs” at the sedimentary surface of the shallow epeiric sea. Subsequently, waves partially eroded the lenses, mostly at
their margins, producing their mound-shaped form.

Sliding of blocks is known from a wide variety of environments in the sedimentary record; however, this is the first
description of the sliding of blocks in an epeiric sea. This indicates that such a low-relief submarine carbonate setting is,
like its siliciclastic counterparts, susceptible to this process.
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sea bottom. These conditions lead to low-ener-
gy accumulation of a sedimentary succession

1. Introduction

Epeiric seas are characterised by predomi-
nantly quiet depositional conditions (occasion-
ally interrupted by storms that may lead to
waves that can disturb the bottom of the shal-
low sea), and by a relatively low relief of the

in which mass-transported layers are common-
ly absent or rare. The North China Platform is
a representative example (Chen et al., 2011,
2012). It formed on a stable craton, the Sino-Ko-
rean Block (Meng et al., 1997) (Fig. 1A), and the
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Cambrian-Ordovician of the platform consists
of a thick succession of mixed siliciclastic and
carbonate deposits (Meng et al., 1997; Chough
et al., 2010) (Fig. 1B). The upper part of the
Cambrian succession (Chaomidian Formation)
consists mainly of various carbonate deposits
(e.g., lime mudstone, wackestone to grainstone,
microbialites), and, as common in carbonate
successions of epeiric seas, especially a number
limestone breccias and conglomerates (Chen et
al., 2009a, 2009b, 2011). Intraformational lime-
stone breccias and conglomerates in platforms
are commonly formed either by waves affect-
ing the sea floor, by intrastratal cracking due to
cyclic wave loading (probably during extreme
storms) (Chen et al., 2009a), or by secondary,
early-diagenetic processes such as soft-sedi-
ment deformation (e.g., Bouchette et al., 2001;
Chough et al., 2001; Kwon et al., 2002; Chen et
al., 2009a, 2009b). The Jiulongshan breccia lay-
ers do not show any sign of breaking up as a re-
sult of seismic shocks; for the major part they
show signs of transport (so that intrastratal
cracking as a result of wave-induced loading,
although present, cannot be the cause of most
breccias). It is therefore most likely that most

breccias are due to storm waves that affected
the bottom of the epeiric sea, which was situ-
ated below fair-weather base, as proven by the
frequent occurrence of (not often dolomitised)
micritic lime mudstones.

One of the oolitic grainstones in the Jiu-
longshan section (Fig. 1A) contains lenses of
breccias of different sizes; these lenses range in
length from a few decimetres to several metres.
They are mound- to teardrop-shaped, have
a tail, and are commonly underlain by a shear
zone; the characteristics of both the tails and
the shear zone will be detailed in the section
devoted to the description of the lenses. The
present contribution provides an interpreta-
tion for the formation of the lenses, which are
distinct from other limestones in the Chaomid-
ian Formation, and which are also considered
to represent a hitherto unknown feature from
epeiric seas, thus deepening our insight into
the processes affecting the sediments formed
in this geologically important environment.

Although we use the term ‘breccia lenses’,
this is not entirely correct, because - in addition
to truly angular clasts - clasts also (and even
more commonly) occur with rounded edges.
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Fig. 1. Characteristics of the study area.

A: Location map of the study area (modified after Chen et al., 2009a).
B: Schematic Cambrian lithostratigraphy in Shandong Province, China.
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The common occurrence of angular fragments
makes the term ‘conglomerate’ also incorrect,
however. For the sake of simplicity these brec-
cia/conglomerate intermediates will be called
‘breccias” here.

2. Geological setting

The study area in the south-western part of
Shandong province belongs to the Luxi Block,
which forms part of the Sino-Korean Block.
The Cambro-Ordovician forms a succession
of some 1800 m thick; it consists of siliciclas-
tic and carbonate deposits, which have been
studied stratigraphically and sedimentologi-
cally in much detail in this province (Meng et
al., 1986; Wang et al., 1989; Mei et al., 1996; Shi
et al., 1997; Mei & Ma, 2001; Chen et al., 2009a,
b, 2011, 2012; Chough et al., 2010) because they
are well exposed here.

The Cambrian, which rests unconformably
on Precambrian granite and gneiss, consists
of carbonates and siliciclastics, subdivided
into six formations (Fig. 1 B), of which the
Chaomidian Formation is the youngest. This
formation, of which the thickness varies from
some 200 m to some 300 m, is overlain by the
Early Ordovician Sanshanzi Fm. The carbon-

Fig. 2. Characteristics of the breccia clasts.

A: Slightly bent platy clasts prove a (semi)consolidated conditions during the diagenetic stage when the breccias
originated, but before the breccia layer started sliding and became fragmented.
B: Many of the breccias in the Jiulongshan section show (sub)horizontal platy clasts at the bottom, slightly to steeply
inclined clasts in their middle part, and (sub)vertical clasts in their upper part. This occurred before the not yet con-
solidated breccia became fluidized due to upward water/sediment escape under high pressure (see Van Loon et al.,
in press). Before the breccia layer became fragmented, it had become semi-consolidated.

ates/siliciclastics ratio increases upwards in
the Cambrian (Fig. 1 B), and the Chaomidian
Fm. consists almost exclusively of carbonates.
These form limestone breccias, grainstones,
wackestones, packstones and microbialites. All
these sediments accumulated in a storm-dom-
inated shallow-marine environments (Chen et
al., 2011, 2012).

Detailed sections have been analysed at
a 1:50 scale in two sections: the Tangwangzhai
and the Jiulongshan section (Chen et al., 2011).
For detailed logs of the section under study,
the reader is referred to Chen et al. (2011, 2012).
Remarkably, the presence of the breccia lenses
inside an oolite did not receive any attention
thus far.

The breccia type that constitutes the lenses
in the oolite layer is oligomictic and has a marl-
stone matrix; some microbial infillings between
some of the clasts are present, but they do not
form a biogenic framework. The clasts con-
sist of lime mudstone to wackestone (mainly
micrite and peloids; bioclasts make up <20%);
the marlstone matrix is (as indicated by XRD
analysis) composed of micrite, dolomite and
some siliciclastics (clay minerals and very fine
quartz grains). The clasts in this type of brec-
cia have almost all the same composition as the
(commonly thin) layer underneath. They are




226

AlJ. (Tom) van Loon, Zuozhen Han, Yu Han

platy (i.e., the a- and b-axes are several times
longer than the c-axes) and may be angular,
subangular or subrounded; in some cases they
are even well rounded. Although the majority
of the clasts are flat, suggesting a consolidated
or even lithified nature during the fragmenta-
tion process that resulted in a breccia, clasts of
the same composition occur that show bending
(Fig. 2A), proving that at least part of the clasts
were not lithified during fragmentation. We
therefore conclude that the layer from which
the clasts were derived, was in a semi-consol-
idated to consolidated (but not lithified) state
when the brecciation occurred.

These breccias tend to be clast-supported,
and some show a remarkable fabric: mainly
(sub)horizontal clasts in the lower part, inclined
clasts in the middle part, and (sub)vertical
clasts in the upper part (Fig. 2B). This remark-
able fabric has been mentioned several times
in the literature, but a satisfactory explanation
was not published thus far; a detailed genetic
analysis will be presented soon (Van Loon et
al., in press).

The conditions under which these breccias
were formed have, on the basis of the various
facies of some of the carbonates, been described
(e.g. Chen et al.,, 2009a) as partly a low-energy
subtidal environment in which sediments accu-
mulated below the fair-weather wave base. On
the other hand, the stratified grainstones, the
biohermal microbialites and some ripple cross-
laminated limestones indicate, as do the ‘nor-
mally” stratified breccias, high-energy condi-
tions of the carbonate ramp (Meng et al., 1997).

The coarsest layers form breccias, conglom-
erates or a mixture of them. Brecciation under
the conditions prevailing here has been ascribed

to burial fragmentation of early cemented car-
bonate mud, liquefaction of carbonate sands,
and injection of uncemented argillaceous mud,
followed by mobilization of the fragmented
clasts (Chen et al., 2009a). The fragmentation
has been ascribed to an external trigger, most
probably storm-wave loading, a process that
is well known to have frequently affected the
bottom of epeiric seas (see, e.g. Spengler &
Read, 2010); the mobilization of the clasts in the
breccia layers has been ascribed to prolonged
compactional pressure due to progressive sedi-
mentation and burial (Kwon et al., 2002).

Whatever the precise processes resulting in
the breccias with (sub)vertical clasts may be,
one layer of such a breccia seems to have been
broken up, now forming lenses inside an oo-
lite. The process by which the lenses became
embedded in an oolite is the subject of the
present study.

3. Description of the lenses

The breccia lenses occur in a crudely strati-
fied oolite, approx. 40 cm thick, that is under-
lain by a stratified conglomerate (the platy
limestone clasts are for the large majority well
rounded and have roughly bed-parallel posi-
tions, suggesting breaking up of a limestone
layer, probably by wave action) and that is
overlain by yellowish-green shale containing
limestone nodules. The oolite is a grainstone
consisting mainly of ooids, peloids, abraded
fossil fragments, and abundant glauconitic
grains.

Eight breccia lenses are exposed in an E-W
(085°-265°) trending wall of the Jiulongshan
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Fig. 3. Overview of the oolite (light grey) with the five easternmost breccia lenses (numbered 1-5) (dark grey). The up-
permost section shows the western part of the section under discussion, whereas the lowermost section shows the
easternmost part (see the 2-m interval indications). Three more, comparable, lenses occur to the west of the upper
diagram, the largest one being approx. 12 m long. These three westernmost lenses are not depicted here because
they show characteristics that are identical to the five depicted here and described in the text.
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section (Fig. 3). All these lenses have an identi-
cal composition and fabric with a flat, slight-
ly irregular base and a mound- to teardrop-
shaped geometry (Figs 4-5A). The top of the
lenses show vertically orientated clasts that
commonly have been truncated at their top
parts (Fig. 5B). The base of all eight lenses is
situated at the same level in the oolite. This
level can be traced from one breccia lens to an-
other within the oolite because of the presence
of a horizon (Fig. 6) with mainly angular frag-
ments of the same composition as the clasts
and matrix of the breccias and the oolite in
which the breccia lenses are hosted. This level
cannot be regarded as a basal conglomerate of
a transgression, not only because fragments of
other rock types that would have been eroded
are missing, but also because too many frag-
ments are angular. The horizon with the frag-
ments cannot represent a phase of emergence
either, as there are no indications of subaerial
weathering or pedogenesis; neither do the fos-
sil fragments in the oolite below nor above this
horizon indicate such shallow conditions (their
assemblage indicates a subtidal position).

The breccia lenses tend to have a broadly
rounded outline at their western ends and
a tail (the tails are dealt with in detail below) on
the eastern side of the lenses (Fig. 7). They are

thickest in their middle part and thin towards
the east (Fig. 7). They consist of oligomictic
pebble- to cobble-sized platy, subangular to
subrounded clasts of peloidal grainstone. Their
matrix is composed of micritic limestone and
dolomitic marlstone, as well as some ooids,
both angular and abraded fossil fragments (tri-
lobites, echinoderms, brachiopods, and algae),
peloids, and glauconitic grains. Both clasts and
matrix are truncated along the upper bounda-
ries of the breccia lenses (Fig. 5B).

The three westernmost lenses have charac-
teristics that are identical to those of some of
the five eastern lenses, apart from the fact that
they originally must have had, like lenses 1 and
3 (Fig. 3), a height that surpassed the present
thickness of the oolite layer in which they are
embedded, and that their top parts have conse-
quently been abraded to the same level as this
oolite layer, just like lenses 1 and 3. Because of
the general resemblance, these three western-
most lenses will not be described here in detail;
let it suffice here to mention that the western-
most lens is the largest of all, with a width (or
a length) of some 12 m. The five lenses dealt
with in more detail here are numbered in the
following 1-5, from west to east (Fig. 3).

Lens 1 is 6.58 m wide and has a maximum
thickness of 33 cm. Its westernmost part is

Fig. 4. Breccia Lens 3 (L). The matrix is coloured orange-brown. Note the flat lower boundary (sliding plane, SP) with
the underlying oolite (O); the boundary between the oolite and the underlying breccia (B) is also plane and may rep-
resent an abrasion level. The top of the breccia lens (L) is abraded in its middle part (A). The tail at the right (T) seems
to consist of particles broken off from the top part of the lens. Note that part of the tail is well visible thanks to the
contrasting colour of light grey fragments, but that these form only part of the tail: fragments with a less contrasting
colour also occur above and below these well visible grey fragments (see for details Fig. 9).
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covered by the ‘host” oolite, but its thickness
increases rapidly towards the east, so that no
oolite cover is present. In its middle part it has
been abraded to the same level as the oolite
in which it is embedded. At its eastern end,
the breccia lens thins again towards the tail
and is overlain by the oolite. All over its up-

per boundary, the great majority of clasts have
a (sub)vertical position; most of the clasts are
truncated due to the abrasion that affected the
succession at this level. At the base of the lens,
most clasts are orientated (sub)horizontally,
and locally a more weathered zone with exclu-
sively horizontal to subhorizontal clasts that

Fig. 5. Characteristics of Lens 4.

A: Main body of the lens. Note the flat lower boundary and the chaotic fabric with numerous more or less vertical

limestone clasts.

B: Truncation of clasts at the top of the lens interpreted as abrasion by waves. The clasts were apparently slightly
more resistant to the abrasion than the matrix of the breccia. The matrix between the large vertical clasts consists
mainly of micrite with some small clasts that are sometimes well rounded, indicating that they underwent indi-
vidual transport (or movement by waves) before they became embedded in the breccia.

Fig. 6. A thin horizon char-
acterised by fragments of
the breccia lenses and the
underlying oolite connects
the bases of the breccia
lenses.

Fig. 7. The tail (35 cm long) of
Lens 3, which gradually
thins to the east (= right).
Note that the light grey
fragments form only, be-
cause of their colour, the
best visible part of the tail.
Above and below the grey
fragments, the tail consists
of darker fragments (see ar-
rows). The lowermost tail
fragments are positioned
at the same level as the
base of the breccia lens.
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have been broken into small fragments (Fig. 8).
The composition of the clasts includes breccia
(both greyish wackestone and brownish dolo-
mitised lime mudstone) and oolite, suggesting
that it is a shear zone (the shear zone is detailed
below).

Lens 2 (Fig. 3) is 45 cm wide and maximally
5 cm thick, showing a flat mound-shaped ge-
ometry. This small lens has neither a tail, nor
a shear zone underneath. The clasts inside show
relatively rarely a (sub)vertical orientation, and
these clasts do not show truncation. In fact, the
breccia shows much similarity to the lower part
of the breccias in lenses 1, 3 and 4.

Lens 3 (Figs 3, 4) is 132 cm wide and maxi-
mally 28 cm thick. The fabric is similar to that
of Lens 1. The lens is mound-shaped (though
with an abraded surface in the middle) with
a flat bottom, and with a tail at its eastern end.
The most obvious irregularity is at its western
boundary, where oolite seems to penetrate the
breccia. At this place, the overall horizontally
stratified oolite penetrating the lens shows
a vague lamination dipping eastwards, resem-
bling the wedge-shaped structures that are
formed in front of an advancing glacier that
‘bulldozes” the sediments forward (cf. Moraw-
ski, 2009). A shear zone, consisting of clasts with
horizontal or eastward-dipping orientations,
underlies the breccia body, suggesting move-
ment with a component from east to west.

Lens 4 (Figs 3, 5A, B), which is 91 cm wide
and maximally 21 cm thick, resembles Lens 3 in
almost each detail; since its height is less than
that of the host oolite, its top has, however,
not been abraded. This lens shows, like Lens

Fig. 8. The shear zone underneath [
Lens 1 (visible part of pen ~ 3 |a
cm). The clasts consist of oolite of
with the same composition as the
underlying oolite, and of grey-
ish wackestones and brownish
dolomitised lime mudstones that
have the same compositions as the
clasts in the breccia lenses.

3, a westernmost boundary that is irregular.
There is a shear zone visible under the breccia,
and a tail is present, again on the eastern side.
An interesting aspect of this lens is that 30 cm
west of its western end, a small N-S trending
section is exposed perpendicular to the general
E-W trending wall. In this N-S trending section,
part of the breccia lens is also visible (Fig. 9).
It starts 5 cm north of the E-W trending expo-
sure and shows part of a breccia lens of which
a width of 35 cm is visible, with a maximum
height of 28 cm at a place where the lens is still
covered with 10 cm of oolite, but the thickness
decreases rapidly to the north, strongly sug-
gesting only a small northward extent. This
configuration suggests an ESE-trending orien-
tation of the breccia lens (~115°).

Lens 5 (Fig. 3) has a much lower height/
width ratio than the other lenses. It is 142 cm
long and maximally 7 cm thick. Most clasts
of the breccia have a subvertical position, and
the topmost clasts are truncated. The western
boundary is irregular and the eastern side fea-
tures a tail. No shear zone is visible.

3.1 Characteristics of the tails

The tails that all lenses (except Lens 2) show,
are all present at the eastern end of the respec-
tive lenses. They resemble the tails that have
frequently been described from slumps: they
consist of fragments with the same composi-
tion as the lens, and they form a gradually thin-
ning body that tends to approach the level in
the oolite that forms the basis of the lenses.
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The thinning of the tails results from frag-
mentation. It appears that the individual frag-
ments decrease in average size from the lens
body to the end of the tail. Moreover, the farther
away from the lens body, the less fragments
tend to form the tail, until only small isolated
fragments are left at the base level of the lenses.
Eventually, only a horizon with some particles
remains; these have a ‘lens composition’, but
a few particles with a composition that is simi-
lar to that the oolite may also be present. This
horizon can be traced from lens to lens, thus
proving that the bases of all lenses are situated
in the host oolite at the same level.

3.2 Characteristics of the shear plane

A chaotic zone is present beneath lenses 1,
3 and 4 (Fig. 8). It consists of clast-supported
angular fragments that represent both the ma-
terial from the underlying oolite layer and that
of the breccia lenses; in between these clasts,
a badly sorted matrix is present that is - as
far as can be observed in the field - derived
from the same sources. The clasts show a cha-
otic fabric (though almost all fragments have
a horizontal to subhorizontal position) and it
seems that at some places concentrations ex-
ist of clasts derived from the lenses, whereas
clasts derived from the material below seem
to predominate at other places. This zone thus
shows, though at a much smaller scale, the
same characteristics as the shear zones found

Fig. 9. Eastern end of Lens 4,
where a roughly N-S orien-
tated exposure is present
perpendicular to the main
E-W trending exposure, al-
lowing a rough estimate of
the elongation direction of
the lens.

under large overthrusts (‘nappes’) like in, for
instance, the Alps.

4. Genetic interpretation

Lens-shaped sedimentary bodies (in cross-
section) are common in stratigraphic succes-
sions and they may have many origins. The
most common lenticular bodies are (1) channel
deposits, particularly in the case of relief inver-
sion due to differential compaction (Van Loon
et al., 2012); (2) megaripples/dunes (Martin-
ius & Van den Berg, 2011); (3) slump masses
(Martinsen, 2003), and (4) reefs or bioherms
(Kiessling, 2003). Less common are (5) lifted/
transported sediment blocks (Van Loon & Wig-
gers, 1976) and (6) horizontal intrusions (sedi-
mentary sills) (Hiscott, 1979; Parize & Fries,
2003; Whitmore & Strom, 2010). The character-
istics of the breccia lenses under study cannot
be explained by invoking these mechanisms,
as will be shown in Section 5.1 (Alternative ex-
planations).

Taking into the occurrence of tails and of
shear zones underneath the lenses, it is pro-
posed that movement of brecciated material
relative to an oolitic substratum took place.
This cannot have been a tectonic movement, as
only one layer is involved, and since this layer
does not show any characteristics of a seismite.
Thus some kind of mass transport of semi-con-
solidated material is the only possibility. The
transport must have occurred over the sedi-
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mentary surface that is now still traceable as
the horizon that connects the bases of the vari-
ous lenses and on which isolated breccia and
oolite clasts can be found. The breccia lenses
themselves, however, do not show any evi-
dence of transport in the form of a debris flow
or another type of mass flow (the various lens-
es are all positioned horizontally at exactly the
same level in the host oolite), but rather appear
to have been transported as bodies in a (semi)
consolidated state. Taken all evidence togeth-
er, it must thus be deduced that the transport
took place in the form of subaqueous sliding of
breccia bodies over an oolite-covered seafloor.

Similar lenses are hardly known from other
stratigraphic levels in this formation. Howev-
er, one comparable lens has been found in an
oolite at a few metres above the horizon under
study here and another one has been found at
a distance of several hundreds of metres from
the study site at a level that cannot be corre-
lated precisely enough with that of the lenses
under study. It is consequently unlikely that
several sliding events took place after each
other over the same sedimentary surface. We
interpret the present situation therefore as the
consequence of a single sliding event of a block
of semi-consolidated breccia. During the slid-
ing process, the block broke apart (Fig. 10).
Because there were most likely some irregu-
larities at the sedimentary surface (for instance
current-induced scours, or microbial build-
ups), the sliding must locally have resulted in
the formation of a shear zone at the contact be-
tween the sliding blocks and the substratum,
even though a water film may have facilitated
the movement. One might compare the process
with the sliding of a piece of crumbly cake from
an inclined plate with some rippling: when the
cake meets a ripple, a crack will develop, and
at the next ripple this crack may result in break-
ing off of a piece of cake. The more ripples are
passed, the more fragments originate and the
more small crumbles become isolated from the
larger fragments. Eventually the whole plane
will show dispersed crumbles (comparable to
the isolated clasts on the plane that connects
the bases of the individual lenses.

This does, obviously, not explain the shear
zone under the lenses, but one can imagine
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Fig. 10. Genetic model of the breccia lenses.
A: Formation of a breccia layer.
B: Initial break-up and subsequent sliding along
a very shallow inclined surface of oolite.
C: Further break-up during sliding.
D: Abrasion by waves after sliding of the breccia lens-
es stopped.
E: Burial by ongoing accumulation of the host oolite.

that such a shear zone is formed when the cake
does not slide down from a plate, but from the
top of another cake with some cream (to facili-
tate the sliding) and some cherries (reflecting
an irregular sedimentary surface) on top. The
sliding took most probably place in a direction
roughly from towards 295° (uncorrected for
tectonic tilt because the layers are almost hori-
zontal), as indicated by the 3-D configuration
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of Lens 3, in combination with the fact that the
tails of the lenses have a directional component
towards the east.

5. Discussion

The North China Platform was a typical
epeiric platform during the Late Cambrian
(Meng et al., 1997), which is a low-relief envi-
ronment where sliding is not typically expect-
ed. Nevertheless, sliding seems the only sat-
isfactory explanation, because all other known
geological processes and mechanisms that
might explain the shape, position and char-
acteristics of the lenses appear inadequate, as
will be detailed here.

5.1 Alternative explanations

Several alternative explanations for the gen-
esis of the lenses were mentioned in the chapter
about the genetic interpretations. These alterna-
tives were rejected for the following reasons.

(1) An origin as channel fills can be exclud-
ed for two main observations: (a) the base of
the lenses is horizontal while the top is convex,
which cannot be ascribed to differential com-
paction, because the oolite does not show more
compaction than the breccias, and (b) the verti-
cal position of a large number of clasts is not
consistent with channel filling.

(2) An origin as megaripples (dunes) can be
excluded because (a) the clasts should prefer-
entially be orientated according to the lee-side
inclination, and (b) a megaripple with a length
of some 12 m is difficult to explain in the shal-
low environment of an epeiric sea; moreover,
no megaripples are found elsewhere in this
section of the Chaomidian Formation.

(3) An origin as slump masses cannot be ful-
ly excluded, but slumping includes rotational
movement, whereas the fabric of the clasts in
the lenses suggests a more rigid (semi-consol-
idated) behaviour of the breccia body because
the clasts did not re-orientate according to
a flowage pattern (cf. Van Loon, 1983).

(4) The breccia lenses are neither metazoan
reefs nor microbial mounds in origin, although

some microbial infilling between some of the
clasts is present. These constitute, however,
minor components. Moreover, talus from a mi-
crobial mound is unlikely to be composed of
mainly vertically oriented fragments.

() It is known that blocks of water-saturat-
ed sediment with a mass comparable to that
of water (e.g., peat) can be uplifted by waves,
transported over some distance, and deposited
elsewhere (Van Loon & Wiggers, 1976), but
(a) (semi)consolidated breccias are too heavy,
(b) such an origin could not explain the tails
of most lenses, nor (c) the sharp horizon con-
necting the bases of the breccia lenses; and (d)
such an origin could not explain the shear zone
under most breccia lenses.

(6) An origin as a sedimentary sill (dike) is
excluded because (a) the clasts would show
a preferential orientation according to the flow
lines (like crystals carried along in an intrud-
ing magmatic vein) whereas, in the lenses, the
clasts form clusters with other orientations;
(b) an intrusion would neither explain the flat
lower boundaries of the lenses, nor the tails
consisting of isolated clasts. In addition, only
the clasts in the upper (convex) margin of brec-
cia lenses are truncated, which indicates that
the breccia lenses were abraded after emplace-
ment. This truncation implies that the lenses
either have been exposed at the sedimentary
surface or that they were positioned at such
a shallow depth that wave action could abrade
their topmost parts (the latter option is by far
the most likely, as no signs of emergence have
been found at this level in the wide surround-
ings). Subaerial deposition of the lenses would,
however, imply that the “intrusion” would have
taken place at the sedimentary surface, which
is mutually inconsistent and can thus be ne-
glected. Horizontal intrusion of the oolite by
a fluidized lime mud mass seems, however, not
possible either, as explained in the arguments
(a) and (b) above. An origin as sill is therefore
not feasible.

Considering the mechanisms that might
explain the genesis of the lenses, it seems that
only a slump origin cannot be fully excluded.
However, a slump requires plastic behaviour
and would have most likely resulted in de-
formed (rotated, contorted, or overturned)
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bedding inside the slump mass (Martinsen,
2003). The clasts do, however, not show any ev-
idence of mutual displacement during slump-
ing, but have retained a fabric similar to that
in non-slumped breccias of the Chaomidian
Formation which resulted from re-orientation
by upward escape of pore water and fluidized
sediment (Chen et al., 2009a; Van Loon et al., in
press); it must therefore be concluded that the
breccia lenses were at least semi-consolidated
(this can also be deduced from the rounding
of many of the clasts). If the mechanisms de-
scribed above were not responsible for the for-
mation of the breccia lenses inside the oolite,
sliding of (semi)consolidated blocks is the only
satisfactory process that can explain the vari-
ous characteristics detailed above.

5.2 Required inclination of the slide
plane

Sliding on a carbonate ramp has been re-
ported before (Pedley et al., 1992), but this slid-
ing was ascribed to seismic shocks. No indica-
tions for seismic activity have been found in
the section under study here. Therefore, spe-
cific conditions must, for at least one time dur-
ing the long depositional history of the Chao-
midian Formation, have initiated the breaking
off of a breccia layer that then started to slide
down along a very low-gradient sedimentary
surface.

This latter aspect does not pose a problem
because even a very gentle slope is sufficient
for mass transport (Gibert et al., 2005; Moretti &
Sabato, 2007; Alsop & Marco, 2011); examples
of slumping and sliding over near-horizontal
sedimentary surfaces (in other environments)
have been described several times, also for in-
clinations of less than 1° (e.g. Garcia-Tortosa et
al., 2011) and even less than 0.25° (Field et al.,
1982). Very low-angle movement has also been
demonstrated experimentally (Owen, 1996).

5.3. Fragmentation of the breccia layer

Animportantquestioniswhichmechanism(s)
triggered the initial break-up and subsequent

sliding of the breccia layer. Several mechanisms
can do so in principle; they include overload-
ing, tsunamis, earthquakes, storms, and sea-
level fluctuations (Spence & Tucker, 1997; Kull-
berg et al., 2001; Moretti & Sabato, 2007; Van
Loon, 2009). As mentioned above, no evidence
of seismic activity is present, which excludes an
earthquake. No signs of a tsunami are present
either, and the sediments below and above the
host oolite of the breccia lenses do not indicate
rapid sea-level fluctuations. This leaves cyclic
wave overloading by storm-induced waves as
the most likely trigger; this is consistent with
the restricted lateral occurrence of the breccia
lenses (probably a few km?).

Another question is why only one layer
hosts a number of slid-down breccia blocks (we
found only one - badly exposed - layer a few
metres higher with just one such block; and one
isolated slid-down block a few hundred metres
further at a not precisely known level in the for-
mation). In our opinion, this question should
not be asked this way: because descriptions of
comparable features are extremely rare (Pedley
etal., 1992), the question should be why several
blocks occur that slid down over the bottom of
an epeiric sea. Since there are no clues from the
field, an answer can be only speculative. Con-
sidering the many layers in the succession that
have been broken up, storms must have been
relatively frequent. Present-day observations
indicate that storms with a specific power/
magnitude decrease exponentially in number
with increasing power/magnitude. Since the
Chaomidian Formation covers more or less
the entire Furongian (which lasted approx. 12
million years), some extremely heavy storms
must have occurred. Having no other clues, we
consider the sliding of the breccia block (and
its subsequent fragmentation) therefore as the
probable result of cyclic overloading due to ex-
tremely heavy storms.

5.4 Geographical source area

The source of the breccia lenses must have
been a breccia layer that has the characteris-
tics mentioned above. Since such breccias are
common (dozens in this section), this does not
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pose any problem: numerous breccias of this
type are present in the Chaomidian Formation,
also under the layer with the lenses. It can, un-
fortunately, not be checked whether a layer ex-
ists from which a large piece was broken off;
the reason is that the transport direction, as
deduced from the only 3-D outcrop, indicates
that the source area must have been located in
a direction (probably ~115°) where no hills are
present that reach to this stratigraphic level.
Considering the shear zone below several of
the blocks, the sliding blocks must have met
fairly much resistance. It is therefore likely that
the transport distance was small (possibly only
a few hundreds of metres or even less).

The various features that occur in, or associ-
ated with, the breccia lenses are summarized in
an emplacement model (Fig. 10). Breccias of the
type that make up the lenses described here are
common throughout the Chaomidian Forma-
tion (Chen et al., 2009a, 2011). If, for one reason
or another (such as instability due to differen-
tial compaction or storm wave loading), a part
breaks off and starts to slide down, smaller
parts may more easily break off, as explained in
Chapter 4. This explains the ‘series’ of breccia
lenses. Sliding takes place over the sedimentary
surface, and the clear continuous horizon that
can be distinguished between the bases of the
laterally present lenses represents this palaeo-
surface. Local friction with the underlying oolite
(most probably because the bases of the various
breccia fragments were not entirely flat due to
irregularities formed due to the re-orientation
of the clasts that took place when the breccia
became liquified during a phase that occurred
possibly long before the sliding took place: cf.
Van Loon et al., in press) explains the shear
zones. The semi-consolidated breccia fragments
retained their internal fabric during sliding, but
resistance at their front led to the irregularities
in the shape of the breccia ‘front’. Friction with
the substratum led to the fragmentation of some
material at the base of the sliding blocks, so that
a tail was formed, as in the case of a slump.
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