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Abstract

Alternations of thin-bedded limestone and shale, or ribbon rock, commonly occur throughout lower Palaeozoic carbonate
successions; however, their formative processes are still unclear. In this study, we discuss the origin of the ribbon rocks
of the upper Cambrian Hwajeol Formation, Korea, based on detailed microfacies analysis of a~2-m-thick interval. Five
sedimentary microfacies were identified: normally graded calcarenite to shale; parallel-laminated shale; lime mudstone;
wackestone-to-packstone; and bioclastic—intraclastic packstone-to-conglomerate. Shale facies were most likely formed by
frequent storm-induced bottom currents, whereas, lime mudstone facies were deposited in situ by suspension settling of
micrite, mudflows, or growth of keratose sponges on the seafloor, and/or formed by early diagenetic growth. Conglomerate/
packstone/wackestone indicate infrequent, larger-scale events, e.g., mega-storms, tsunamis, or earthquakes. We propose a
new formative model for tempestite-type ribbon rock based on the Hwajeol example, and suggest that this model can be dif-
ferentiated from the other types of ribbon rocks—tidalite, turbidite, and diagenetic types. Formation of the tempestite-type
ribbon rocks would have been promoted by the characteristic environmental conditions of the early Palacozoic, in particular
sea-water chemistry that promoted calcite precipitation and the paucity of burrowers. Detailed microscopic observations
can thus provide clues to elucidate previously unknown sedimentary processes in the deeper parts of carbonate platforms.
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Introduction

Ribbon rock is characterised by alternations of thin-bedded
(or nodular) lime mudstone and shale/marlstone (Reinhardt
and Hardie 1976; Cook and Taylor 1977; Markello and
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limestone (Chow and James 1987; Coniglio and James
1990), ribbon carbonate (Markello and Read 1981; Mosh-
ier 1986; Cowan and James 1992; Adams and Grotzinger
1996), limestone—shale/marl couplets/alternations/inter-
layers (Munnecke and Samtleben 1996; Kwon et al. 2006;
Westphal 2006; Chen et al. 2010), and rhythmite (Elrick
and Snider 2002). Herein, we apply the most commonly
used name for these rocks: ribbon rock. Many lower Pal-
aeozoic ribbon rocks consist of nodular or thin-bedded
(~ 1 cm) limestone alternating with shale (e.g., Markello
and Read 1981). In contrast, middle—upper Palaeozoic
and Mesozoic ribbon rocks are characterised by thicker-
bedded (2-10 cm) alternating limestone and shale units
(e.g., Westphal et al. 2008). The formative mechanisms
and depositional environments of ribbon rocks varied
from place to place and from time to time. They were
deposited within environments ranging from supratidal
to deep subtidal (e.g., Bayet-Goll et al. 2015), and could
have been formed during early diagenesis by segregation
of calcium carbonate from surrounding shale (Munnecke
and Samtleben 1996; Westphal 2006; Westphal et al.
2008; Amberg et al. 2016; Nohl et al. 2019; Nohl and
Munnecke 2019).

Ribbon rock is one of the most common sedimentary
facies in lower Palaeozoic carbonate successions, and
understanding the formation of ribbon rocks is essential
to interpret early Palaeozoic environmental conditions.
However, how the lower Palaeozoic ribbon rocks were
formed has long been a matter of debate. Previous stud-
ies rather simply interpreted the lower Palaeozoic rib-
bon rocks as turbidites (Coniglio and James 1990), deep
subtidal storm deposits (Pfeil and Read 1980; Markello
and Read 1981; Elrick and Snider 2002; Chen et al. 2010;
Bayet-Goll et al. 2015), or shallow subtidal to intertidal
deposits (Demicco 1983; Bayet-Goll et al. 2015). Sepko-
ski et al. (1991) suggested that the thin limestone beds
were formed as tempestites; whereas, the shales repre-
sented “muddy tails” following storms or hemipelagic
sediments between storm events. However, recent studies
of shales have revealed that currents are one of the most
important mechanisms of transport and deposition of fine-
grained siliciclastic sediments (Schieber and Yawar 2009;
Trabucho-Alexandre et al. 2012; Egenhoff and Fishman
2013), suggesting that there are still many unsolved ques-
tions regarding the formative mechanisms of lower Pal-
aeozoic ribbon rocks. In this study, we focus on a typical
lower-Palaeozoic-type ribbon rock in the upper Cambrian
(Furongian) Hwajeol Formation, Taebaek Group, Korea,
to describe a new formative mechanism for ribbon rock.
A better understanding of the sedimentological processes
involved in ribbon rock formation yields new insights into
early Palaeozoic sedimentary systems.
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Geological setting and methods

During the early Palaeozoic, thick mixed carbonate—silici-
clastic successions were deposited on the tectonically sta-
ble Sino-Korean Block that was located at the margin of
Gondwana (Meng et al. 1997; McKenzie et al. 2011). In
the eastern margin of the block, the Joseon Supergroup was
deposited in the Taebaeksan Basin, Korea (Fig. 1). The
supergroup is unconformably bound by Precambrian base-
ment rocks below and the Carboniferous—Triassic Pyeongan
Supergroup above (Chough 2013). The Taebaek Group, a
subunit of the Joseon Supergroup, was deposited from Cam-
brian Series 2 to the Middle Ordovician and consists of ten
lithostratigraphic units including the Hwajeol Formation
(Fig. 2a) (Choi et al. 2004; Kwon et al. 2006).

The Hwajeol Formation, which has a maximum thickness
of 200 m, was deposited throughout the Furongian (Kob-
ayashi 1966; Cheong 1969). Ribbon rock with several inter-
calated flat-pebble conglomerate beds dominates the upper
Hwajeol Formation (maximum thickness 120 m), and was
deposited in an inner- to outer-ramp environment (Kwon
et al. 2006; Byun and Kwon 2020). The upper Hwajeol For-
mation was formed during the late Jiangshanian—informal
Stage 10 (ca. 4-5 Myr), indicated by the Asioptychaspis,
Quadraticephalus, and Eosaukia trilobite biozones (Sohn
and Choi 2005, 2007) and the Proconodontus tenuiserratus,
P. posterocostatus, P. muelleri, Eoconodontus notchpeak-
ensis, Cambrooistodus minutus, Cordylodus proavus, and
Fryellodontus inornatus—Monocostodus sevierensis—Semi-
acontiodus lavadamensis conodont biozones (Jeong and Lee
2000; Lee and Seo 2008; Lee 2014).

This study was conducted at the Seokgaejae section, which
is a type section of the Taebaek Group (Choi et al. 2004)
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Fig.1 Geological map of the study area (Seokgaejae section;
37°04'27" N, 129°08'35" E). Illustration modified after Choi et al.
(2004)
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Fig.2 a Summary of the litho- and chronostratigraphy of the Taebaek
Group. Illustration modified after Lee et al. (2016a). b Detailed sedi-
mentological log of the studied interval of the upper Hwajeol Forma-
tion. Cg bioclastic—intraclastic packstone-to-conglomerate, Lm lime
mudstone, Sg normally graded calcarenite to shale, S/ parallel-lami-

(Fig. 1). Detailed sedimentological logging was conducted
of a~2-m-thick interval located about 50 m below the upper
boundary of the Hwajeol Formation (within the Unnamed
Zone below P. muelleri Zone; Lee and Seo 2008) (Fig. 2). A
total of 29 samples were collected, and 46 thin sections were
prepared from these samples. In addition, continuous sam-
ples were collected from a 75.7-cm-thick succession within the
2-m-thick interval to obtain more detailed information (Fig. 2);
these samples were prepared as four sets of serial thin sections
(17 thin sections for each set; a total of 68 thin sections) for
the purpose of detailed microfacies analysis (Fig. 3). In these
thin sections, microscale sedimentary features such as com-
ponent, ratio between limestone and shale, shape and geom-
etry of limestone nodules, and sedimentary structures such
as erosive surface, graded bedding, and parallel lamination
are described. The areal percentage of each microfacies was
calculated from the thin sections of the 75-cm-thick interval
using ImagelJ.

nated shale, WP wackestone-to-packstone. Yellow: shale, brown: lime
mudstone, blue: skeletal grainstone, grey: limestone conglomerate. S
shale, M lime mudstone, W wackestone, P packstone, G grainstone, C
conglomerate

Ribbon rocks in the Hwajeol Formation

In the field, ribbon rocks are characterised by nodular
(Fig. 4a, b) to bedded limestones (Fig. 4c, e) interbedded
with shale that gradationally change from one to another.
In some cases, sharp boundaries can be recognised within
the shale (Fig. 4d). Conglomerate beds are occasionally
intercalated with the ribbon rocks; these conglomerates
exhibit lateral variations in thickness (Figs. 2b and 4f).
From detailed microscale analysis, five microfacies were
identified from the studied interval of the Hwajeol For-
mation on the basis of grain composition and sedimen-
tary structures (Table 1). These microfacies are normally
graded calcarenite to shale (facies Sg), parallel-laminated
shale (facies Sl), lime mudstone (facies Lm), wackestone-
to-packstone (facies WP), and bioclastic—intraclastic
packstone-to-conglomerate (facies Cg). The occurrence

@ Springer



19 Page4of19 Facies (2021) 67:19
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Fig. 3 a Photomicrographs of continuous thin sections through the 75-cm-thick interval and b their interpretative sketch. Note that bioturbation
is concentrated within lime mudstone. Locations of some photomicrographs are marked on the thin sections

of each microfacies is generally less than 10 cm thick,
and is commonly a few mm to 3 cm thick (Fig. 3). A total
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Fig.4 Outcrop photographs of the Hwajeol Formation. a General
lithology of the Hwajeol Formation, which is composed mainly of
ribbon rock. Hammer for scale is 28 cm long. b Nodular ribbon rock.
¢ Thin-bedded ribbon rock. d Close-up of the ribbon rock. Note the

of 52 limestone—shale couplets (siliciclastic mudstone and
overlying limestone nodules/layers) consisting of 96 nodu-
lar to thin-layered lime mudstones were described from
the 75-cm-thick continuous-thin-section interval (Fig. 3).

occurrence of a sharp boundary within shale (arrow). e Grainstone
layers (arrowed) imbedded within the ribbon rock. f Flat-pebble con-
glomerate. The coin for scale in ¢—f is 23 mm in diameter

Microfacies analysis

Normally graded calcarenite to shale (facies Sg)

Description The normally graded calcarenite to shale facies
is characterised by a gradual transition from underlying

silt- to sand-sized carbonate grains to overlying mud-sized
grains with sporadic fragmented bioclasts (Fig. 5). Carbon-
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Table 1 Summary of the sedimentary facies
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Interpretation

Description

Facies

Weak storm-generated bottom current or distal turbidity current

Normally graded calcarenite to shale (facies Sg) Gradually fining upward from sand-sized bioclast to mud-sized parti-

cles; erosive lower boundary; differential compaction features

Non-turbulent lower energy flow evolved from storm current followed

by hemipelagic sedimentation

Mainly parallel-laminated mudstone; sometimes very thin bioclastic

Parallel laminated shale (facies Sl)

laminae at the base; gradually changes upward from underlying

facies Sg

Hemipelagic suspension settling of micrite/early diagenesis/in situ

calcification of keratose sponge/rarely mudflow

Mud flow

Thin bedded to nodular homogeneous micritic limestone; sharp to

diffuse lower boundary; sharp upper boundary

Lime mudstone (facies Lm)

Micritic clast and skeletal grains supported by the micritic matrix;

sharp lower boundary; some channel-like geometry

Wackestone-to-packstone (facies WP)

Strong storm-generated bottom current or debris flow

Flat micritic intraclasts and bioclastic grainstone matrix; showing

Bioclastic—intraclastic packstone-to-conglomer-

horizontal- to cross-lamination; generally clast-supported; partly

matrix-supported; sharp, channel-like lower boundary

ate (facies Cg)

ate grains mostly consist of fragmented or rounded fossil
fragments, such as trilobites, echinoderms, or brachiopods.
Grain-rich parts of this facies are generally horizontally
laminated. A total of 62 upward-fining cycles are recognised
in the 75-cm-thick interval: 34 (55%) overlie lime mudstone
(facies Lm), and 28 (45%) occur within shale. The lower
boundary of this facies is usually sharp, and the overlying
layer sometimes subangularly truncates more than two lay-
ers of the underlying facies (Fig. 5b). Facies Sg gradually
fines upward and changes into parallel-laminated shale
(facies Sl), or is directly overlain by lime mudstone (facies
Lm) or bioclastic—intraclastic packstone-to-conglomerate
(facies Cg) with diffuse to sharp upper contacts. Differential
compaction features are common, which extend into overly-
ing lime mudstone beds/nodules (Figs. 5a, b, and 6f). Bio-
turbation is absent in this facies.

Interpretation The sharp underlying boundaries and nor-
mal grading of this facies collectively suggest that deceler-
ating flows such as storm-generated bottom currents or the
distal regions of low-density turbidity currents were respon-
sible for its formation (Kreisa 1981; Aigner 1982; Sepkoski
et al. 1991; Zhou et al. 2011). The well-preserved primary
lamination and absence of bioturbation indicate that the
conditions were unfavourable for infauna, implying anoxic
to dysoxic conditions (Hips 1998; Labaj and Pratt 2016), or
that the shale deposition was rapid. The compaction features
would have resulted from differential loading during early
diagenesis.

Parallel-laminated shale (facies Sl)

Description The parallel-laminated shale facies consists of
dark grey mud-sized particles with some fossil fragments
(Fig. 5¢). Many mud-sized particles, and some larger fossil
fragments, are aligned horizontally-to-subhorizontally and
form laminations, which are generally parallel to the adja-
cent lime mudstone beds or nodules (Fig. 5d, e). Borings
and burrows, which is observed in lime mudstone (facies
Lm), is notably absent. A gradual transition from the under-
lying coarser-grained facies (facies Sg) to this facies was
often observed (Fig. 5). Very thin (less than a few grains
thick) bioclastic laminae with erosive lower boundaries spo-
radically occurs within the parallel-laminated shale facies,
possibly corresponding to the basal calcarenite unit of
normally graded shale facies (Fig. Sc, ). When this facies
experiences compaction, it may resemble normally graded
shale (facies Sg) (Fig. 5a).

Interpretation Parallel lamination of shale could have been
formed by suspension and settling of hemipelagic silici-
clastic sediments or lower/upper-flow-regime currents that
were supplied by various processes such as buoyant plumes,



Facies (2021) 67:19

Page70f19 19

Fig.5 Photomicrographs of the shale (facies Sg, Sl). Fining-upward
cycles within the shale are marked with white triangles. a Photomi-
crograph of the ribbon rock. Shale beds are intercalated between lime
mudstone. Differential compaction has often caused lateral variability
in shale thickness. b Normally graded calcarenite to shale, truncat-
ing underlying deposits (arrow). ¢ Close-up of a. Note the occurrence

gravity flows, and unidirectional currents driven by storms
and tides (Markello and Read 1981; Moshier 1986; O’Brien
1990, 1996; Southard and Boguchwal 1990; Aplin and
Macquaker 2011; Lazar et al. 2015). Bioclasts within the
shale could have been re-oriented during the compaction
process (Lash and Blood 2004; Aplin et al. 2006). How-
ever, the parallel lamination could have been modified from

of three cyclic changes from underlying normally graded calcaren-
ite to shale to overlying parallel-laminated shale. d Alternations of
normally graded calcarenite to shale and parallel-laminated shale. e
Close-up of d. Very thin bioclastic laminae with erosive boundary
can be recognised at the base of some parallel-laminated shale layers

low-angle cross lamination; as proven by experimental stud-
ies, cross-laminae can become oriented parallel to bedding
after compaction (Schieber and Yawar 2009; Trabucho-
Alexandre et al. 2012; Egenhoff and Fishman 2013). The
frequent occurrence of thin bioclastic laminae at the base of
this facies and the occurrence of sharp bases suggest that,
overall, the facies may represent deposits of non-turbulent
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Fig.6 Photomicrographs of the lime mudstone (facies Lm). a Thin
bedded lime mudstone interbedded with shale. b Lime mudstone with
poorly preserved vermiform fabrics (calcified remains of keratose
sponge). This facies contains abundant microborings (arrowed) filled
with cement. Lower left shows details of the facies. ¢ Homogeneous
lime mudstone overlying lime mudstone with microborings. Note the
occurrence of a sharp boundary (arrow) between these two lime mud-
stones and the presence of tiny bioclastic fragments above the bound-
ary (enlarged at lower left). d A relatively well-preserved example

lower-energy flows that arose from storm bottom currents
(Einsele 1998). Such weakly graded, laminated structures
are common in modern storm deposits (Reineck and Singh
1972; Kreisa 1981; Sepkoski et al. 1991). The upper part

@ Springer

of vermiform fabric (keratose sponge), with a clear margin (white
arrow). Euhedral pyrite crystals (grey arrows) can be observed in the
vermiform fabric. Sample from the Hyeoldong section (37°08'02" N,
128°55'10” E). e Nodular lime mudstone. The nodule has a diffuse
right margin and borings on the upper surface (arrows). f The lower
boundary of facies Lm. On the right side, well-lithified lime mud-
stone with a sharp margin is pressed into the underlying shale. Partly
or non-lithified lime mudstone on the left side is bounded by a diffuse
boundary. Arrows indicate pyrite crystals

of the facies may represent hemipelagic siliciclastic sedi-
ments supplied during fair-weather periods. The absence of
bioturbation suggests dysoxic to anoxic conditions (Labaj
and Pratt 2016).
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Lime mudstone (facies Lm)

Description The lime mudstone facies is the dominant type
of limestone in the couplets and exhibits variable shapes,
from horizontally extended thin layers (Fig. 6a) to circular
to elliptical nodules 2—12 mm thick (Fig. 6e). This facies is
mostly composed of micrite, with rare bioclastic fragments
(trilobites, echinoderms, and brachiopods) (Fig. 6¢) and
euhedral pyrite crystals (Fig. 6d, f). Borings and burrows (up
to 4 mm wide) are often present within the studied interval
(Fig. 6b, c, ). Two types of borings are described: variously
directed tube-shaped microborings (110-160 pm diameter,
maximum length 2 mm) that are filled with sparite (Fig. 6b)
and minor tube-shaped Trypanites (maximum diameter
0.5 mm) (Fig. 6e). There are no recognisable sedimentary
structures within this facies, except for the burrows/borings
and rare erosive surfaces (Fig. 6¢). The boundaries of the
limestone nodules/layers are sharp to diffuse. Some sharp
upper boundaries form an erosional surface with the overly-
ing facies Sg and Sl. In some cases of diffuse boundaries,
micrite grades into microspar at the margin of the nodule
and calcite crystals are dispersed in the surrounding shale
(Fig. 6e, f). Locally, vermiform fabrics resulted from calci-
fied remains of keratose sponges (Luo and Reitner 2014)
were recognised (six of 52 limestone—shale couplets; 11%)
comprising relatively regular networks of curved microspar-
filled tubules that are ca. 10 um wide and up to 200 pm long
(Fig. 6b, d). The vermiform fabrics rarely show well-defined
margins (Fig. 6d), similar to an Upper Ordovician example
from South China (Park et al. 2015, Fig. 6d).

Interpretation As there are no sedimentary structures
within this facies that provide evidence for its formation
process, it is not possible to clarify origin of the micrite. The
occurrence of sharp, erosional boundaries on top of these
nodules as well as borings/burrows suggest that, regardless
of the micrite origin, the facies was exposed at the sedi-
ment—water interface before the deposition of subsequent
layers, and possibly during primary deposition as well (Ken-
nedy and Garrison 1975; Moller and Kvingan 1988). The
lime mudstones would have experienced early cementation
because of favourable sea-water chemistry (i.e., calcite seas)
(Wilson et al. 1992; Kim and Lee 1996; Lee et al. 2015;
Wright and Cherns 2016b) and elevated sea-water tempera-
ture (Trotter et al. 2008; Elrick et al. 2011; Goldberg et al.
2021) while the intercalated shale facies (facies Sg and SI)
remained unlithified. During early burial, the unlithified,
liquefied shale would undergo mechanical compaction and
dewatering (see facies Sg). This process might have broken
the partially lithified thin-bedded limestone and formed
nodules.

Three possible scenarios are proposed: hemipelagic sus-
pension settling of micrite; transportation by mudflow; or

early diagenetic segregation within calcareous mudstone
(e.g., Coniglio and James 1990). If the micrites had been
formed by primary sedimentary processes, they would have
been generated in the shallower platform by organisms or
in the shallow water column by inorganic precipitation of
whitings (Shinn et al. 1989; Morse et al. 2003). The absence
of calcifying plankton in the early Palaeozoic ocean negates
the possibility of a pelagic organic origin (Eichenseer et al.
2019). Syndepositional bacterial degradation of sponge soft
tissue (Reitner 1993; Warnke 1995; Luo and Reitner 2014)
could have been responsible for the formation of vermiform
micrites (Park et al. 2015; Lee and Riding 2021), although
detailed analysis may be nessary to confirm origin of the
vermiform fabrics (Kershaw et al. 2021). Some of the mic-
rites, especially those containing fossil fragments and with
sharp bases, are likely to have formed by mudflows (Fig. 6¢),
although such examples occur only rarely in the study inter-
val. The spherical to ellipsoidal shapes of some nodules and
the diffuse contact with increased crystal size toward the
margin may indicate early diagenetic growth of concretions
for some micrites (Hallam 1986; Moller and Kvingan 1988;
Arzani 2006; Westphal et al. 2008). In such a case, diage-
netic growth of nodules would have occurred during very
shallow burial, a few centimetres to decimetres below the
sediment—water interface, as the nodules would have been
exposed above the seafloor and experienced erosion (Moller
and Kvingan 1988). However, the absence of primary sedi-
mentary structures (e.g., laminations) that laterally extend
from the adjacent shale into the nodules suggests that such
diagenetically formed nodules may be uncommon in Hwa-
jeol examples, although some ellipsoidal nodules with dif-
fuse margins could have been solely formed by diagenesis.
Some primary lime mudstone could have been modified by
diagenetic growth, but it is not currently possible to distin-
guish between these possibilities.

Wackestone-to-packstone (facies WP)

Description The wackestone-to-packstone facies is charac-
terised by micritic clasts and skeletal grains supported by a
micritic matrix (Fig. 7b). Clasts are generally well-rounded
with relatively low sphericity, ranging from coarse sand to
gravel size. Trilobite and echinoderm fragments often occur
within this facies. The lower boundary of this facies is usu-
ally sharp and flat, and truncates underlying facies such
as lime mudstone or shale (Fig. 7b). In contrast, the upper
boundary of this facies is often undulatory, formed along the
margin of clasts within the facies, or truncated by overlying
shale (facies Sg and Sl) or grainstone (facies Cg) facies.

Interpretation Micritic clasts would have originated from

the erosion of underlying lime mudstone substrates (facies
Lm) that had experienced submarine lithification, either at
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Fig.7 Photomicrographs of wackestone-to-packstone (facies WP)
and bioclastic—intraclastic packstone-to-conglomerate (facies Cg). a
Flat-pebble conglomerate with a grainstone matrix gradually chang-
ing upward into a skeletal grainstone. b Micritic matrix-supported
packstone-to-conglomerate truncating underlying lime mudstone

the sea floor or within the very shallow subsurface (Myrow
et al. 2004; Wright and Cherns 2016b). The sharp lower
boundary and poorly sorted nature of the facies collectively
indicate that the components of this facies were transported
together by mudflows (Shanmugam and Benedict 1978;
Sawyer et al. 2012).

Bioclastic-intraclastic packstone-to-conglomerate (facies
C9)

Description The bioclastic—intraclastic packstone-to-con-
glomerate facies is characterised by well-rounded flat-peb-
ble intraclasts with low sphericity that are embedded within
a bioclastic packstone-to-grainstone matrix composed of
trilobite and echinoderm fragments (Fig. 7). This facies
forms the thickest beds in the entire study interval, and is
commonly a few centimetres to decimetres thick. The con-
glomerate is generally clast-supported, and displays some
imbrication (Fig. 4f). The texture of this facies sometimes
changes vertically (Fig. 7a). In some cases, the lower part

@ Springer

(facies Lm). The packstone is truncated by the overlying skeletal
grainstone. Sl; parallel-laminated shale. ¢ Flat-pebble conglomerate
with grainstone matrix, sharply truncating underlying lime mudstone
with a few bioclasts. d Macroborings (arrows) within micritic clasts
of flat-pebble conglomerates. Photomicrograph after Lee et al. (2018)

of the facies contains abundant intraclasts, which grades
upward into grainstone texture without clasts. In other
cases, the lower part exhibits grainstone texture; whereas,
the upper part has packstone texture. Most of the clasts are
composed of pure micrite, although some bioclastic wacke-
stone, peloidal packstone, and multi-generation clasts occur.
Some of the intraclasts were bored during or before the
formation of intraclasts, with Trypanites and Gastrochae-
nolites-like borings (Fig. 7d) (Lee et al. 2018). The lower
boundary of this facies is sharp (Fig. 7c).

Interpretation The polymictic intraclasts and sharp lower
boundary indicate that the components of this facies were
transported by flow events (Demicco and Hardie 1994; Pratt
and Bordonaro 2007). Micritic clasts would have become
horizontally and subhorizontally aligned by strong currents,
similar to other flat-pebble conglomerates of this time (Sep-
koski 1982; Demicco and Hardie 1994; Myrow et al. 2004).
The packstone texture occurring in the lower part can be
interpreted as resulting from gravity flows such as debris
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flows (Shanmugam and Benedict 1978; Sawyer et al. 2012).
Given the predominance of mud-sized sediment in the study
interval, it is also possible that after deposition of the facies,
micrite settled and infiltrated between intraclasts at the top
(Reid et al. 1990). The components of intraclasts are gener-
ally similar to those in the nearby micritic limestones, sug-
gesting that these intraclasts originated from a local source
(Pohler and James 1989; Belka et al. 1996). On the other
hand, bioclasts would have originated from the shallower
part of the carbonate platform (Myrow et al. 2004).

Facies distribution in the Hwajeol ribbon rock

In the Hwajeol ribbon rock, lime mudstone (facies Lm,;
46.7% of thin-section area) and shale facies (facies Sg and
S1; 34.8% of thin-section area) are the most common facies,
whereas, coarser sediments (wackestone—packstone (facies
WP) and grainstone (facies Cg); 1.6% and 16.9% of thin-sec-
tion area, respectively) are less abundant in the 75-cm-thick
interval (Fig. 3). Among the 96 lime mudstone nodules to
layers, the majority (89 of 96; 93%) of them overlie parallel-
laminated shale, but some occur on top of normally graded
calcarenite to shale (five of 96; 5%) or bioclastic—intraclastic
packstone (two of 96; 2%). These lime mudstone nodules
to layers are overlain by normally graded calcarenite to
shale (46 of 96; 48%), parallel-laminated shale (42 of 96;
44%), wackestone—packstone (four of 96; 4%) or bioclas-
tic—intraclastic packstone to grainstone (three of 96; 3%).
Wackestone—packstone (facies WP) is generally uncommon,
mostly overlies lime mudstone and is overlain by parallel-
laminated shale (eight of nine; 89%), and only one example
occurs within the normally graded calcarenite to shale (one
of 9; 11%). Only four beds of conglomerate (facies Cg) were
described from the 75-cm-thick interval. Upward-fining
cycles of shales (from facies Sg to Sl) are very abundant
(62 boundaries) within the 75-cm-thick interval.

Discussion
Formative process of the Hwajeol ribbon rock

The formative process of the Hwajeol ribbon rock in the
studied interval can be summarised as follows. The micritic
sediments are likely to have formed by hemipelagic settling
of lime mud and minor mudflows supplied from the nearby
shallow carbonate platform or at least partly by keratose
sponges, and then burrowed. Early diagenetic formation of
concretions below the sediment—water interface within the
siliciclastic mud cannot be fully discarded. These micritic
sediments then experienced submarine lithification, either
at the sea floor or within the sediment. The lithified lime
mudstone consequently exposed at the sediment—water

interface, where they got eroded and bored. Storm-induced
bottom currents would have truncated the lime mudstones
and/or deposited shale. The occurrence of numerous erosive
surfaces and upward-fining cycles suggests that each cycle
reflects repetitive short-term-scale storm events. Differential
compaction and subsequent soft-sediment deformation of
lime mudstone and shale would have resulted in nodular
limestone. Conglomerate beds may represent events occur-
ring on a scale of ten thousand to hundreds of thousand years
such as mega-storms, tsunamis, or earthquakes (Myrow et al.
2004; Pratt and Bordonaro 2007). A similar storm-induced
model was previously proposed for the ribbon rocks, but
that model suggested that the carbonate sediments are storm
deposits whereas the siliciclastic sediments are background
deposits, in contrast to our model for the Hwajeol ribbon
rocks (Markello and Read 1981; Sami and Desrochers 1992;
Bayet-Goll et al. 2015). The current model thus presents a
tempestite origin of Hwajeol-type ribbon rocks, and empha-
sises the importance of sedimentary structures preserved
within the shale.

Types of ribbon rock

Ribbon rocks similar to that of the Hwajeol Formation
are a common sedimentary facies of the lower Palaeozoic
(Table 2). Although this rock type is commonly called “rib-
bon rock”™, at least four different types of ribbon rock have
been defined: tempestite type (this study); tidalite type (e.g.,
Demicco 1983); turbidite type (e.g., Coniglio and James
1990); and diagenetic type (e.g., Westphal et al. 2000). The
different types may occur in a range of environments, from
supratidal to deep basin. For example, Bayet-Goll et al.
(2015) demonstrated that the ribbon rock-dominated middle
Cambrian platform of Iran contains various environments,
ranging from intertidal to deep subtidal below storm wave
base. The Iranian example demonstrates correct definition of
lithofacies is important to reconstruct depositional environ-
ments during the early Palacozoic. Below we compare the
tempestite-type ribbon rocks of the Hwajeol Formation with
other types of ribbon rocks and present criteria to distinguish
different ribbon rock types.

Tempestite-type ribbon rocks can be differentiated from
those formed in Cambrian tidal flats. Tidalite-type ribbon
rocks are characterised by alternations of grainy sediment
showing (bi-directional) cross-lamination and muddy sedi-
ment and are associated with intertidal to supratidal sedi-
mentary structures such as mudcracks and microbial lam-
inites (Demicco 1983; Chow and James 1987, Alvaro and
Vennin 1997; Bayet-Goll et al. 2015; Zhang et al. 2015)
(Fig. 8a). This type of rock is interpreted to have been
formed by tidal currents, similar to flaser and lenticular bed-
ding, based on the alternation of sediments of different grain

@ Springer
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sizes and the association with peritidal facies (Demicco
1983).

Turbidite-type ribbon rock is an important type of rib-
bon rock that occurs throughout the Cambrian—Ordovi-
cian platform margin sequence of Newfoundland, Canada
(Coniglio and James 1990). The calcilutite/shale lithofa-
cies of Coniglio and James (1990) has been interpreted to
have been formed by partial diagenetic alteration of sedi-
ment from turbidity currents and/or hemipelagic settling,
or entirely by diagenesis. Turbidite-type ribbon rocks are
characterised by laterally traceable (> 10 s of metres) lime-
stone and shale layers of even thickness, with partial Bouma
sequences preserved in limestone layers (Fig. 8b), that can be
distinguished from laterally discontinuous tempestite-type.

Differential diagenesis has been introduced to explain the
origin of ribbon rock. According to this model, calcium car-
bonate migrates into the limestone layers from the marlstone
interlayers during early diagenesis, resulting in cementation
of the limestone prior to mechanical compaction. Evidence
for this model is the existence of largely uncompacted lime-
stone beds and intensely compacted interlayered marlstones,
and laterally traceable sedimentary structures from the lime-
stone to the adjacent marlstone layers (Westphal et al. 2000,
2008; Westphal 2006; Amberg et al. 2016; Nohl et al. 2019;
Nohl and Munnecke 2019). These diagenetic-type ribbon
rocks are markedly different from tempestite-type ribbon
rocks, because they lack erosive surfaces along the lime-
stone—shale boundaries (e.g., Westphal et al. 2008; Nohl
et al. 2019). Diagenetic-type ribbon rocks are especially
common in Jurassic and Cretaceous strata (Westphal et al.
2008), but are also found from other time intervals (Nohl
etal. 2019).

In addition, climatically controlled change in carbonate
and/or siliciclastic sediment input by suspension-settling or
dilute density currents has been proposed for the origin of
the ribbon rocks, which suggests they are rhythmites (Elrick
and Snider 2002). Considering the thickness of the stud-
ied interval to the upper boundary of the Hwajeol Forma-
tion (~50 m) and duration (4-5 Myr), as well as the thick-
ness of each thin-bedded or nodular shale and limestone
(~1 cm), the approximate duration of each ribbon rock
layer (~1 cm/1000 year) is too short to reflect Milanko-
vitch cycles. Nonetheless, it will be necessary to discuss
the detailed sedimentary processes of ribbon rocks prior to
applying cyclostratigraphic interpretations.

Bova and Read (1987)

References

Offshore open marine set-
ting, quite-water subtidal
facies; storm deposits

Interpretation

pellet grainstone with

Mud/wackestone or fine
mud interlayer

Description

Facies name
Ribbon carbonate

Chepultepec and Stone-
henge fms

Formation

Lower Ordovician

Age

Temporally restricted occurrences of Hwajeol-type
ribbon rocks

The known occurrences of ribbon rocks similar to those
of the Hwajeol Formation are mainly concentrated in
middle Cambrian—Lower Ordovician successions world-
wide (Table 2). Interestingly, flat-pebble conglomerates

Table 2 (continued)
Location
Virginia, USA

@ Springer
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Fig.8 Other types of ribbon rocks. a Wavy and lenticular-bedded
ribbon rock of the Conococheague Limestone (upper Cambrian),
exposed along the Chesapeake and Ohio Canal Towpath at Clear
Spring, Maryland, USA (39°36'34" N, 77°55'27" W). Note cross-
stratified calcarenite with flat base. See Demicco (1983) for formative
processes. b Green Head Global Stratotype Section and Point, New-

characterised by flat, rounded micritic clasts are also con-
fined to coeval strata (Zhuravlev and Wood 2008; Wright
and Cherns 2016b). The formation of flat-pebble conglomer-
ates is thought to be closely linked with ribbon rocks (Sep-
koski 1982; Myrow et al. 2004; Chen et al. 2009), because
submarine lithification of micritic substrates to produce
thin-bedded limestone is essential for the formation of the
micritic intraclasts of flat-pebble conglomerates (Wright and
Cherns 2016a, b). The limestone would have been reworked
to form micritic intraclasts (Sepkoski 1982; Kim and Lee
1995; Myrow et al. 2004) or experienced soft-sediment
deformation during early burial (Kwon et al. 2002; Chen
et al. 2009). Understanding the formative mechanisms of the
ribbon rock would thus provide a clue to solve the question
of how this extraordinary sedimentary facies of the early
Palaeozoic formed.

The occurrence of ribbon rock has been suggested to
have been controlled by two major factors: sea-water chem-
istry inducing precipitation of calcite and the abundance of
infauna (Sepkoski 1982). The aragonite sea of the Terre-
neuvian and Cambrian Series 2 transitioned into a calcite
sea during the Miaolingian, which would have promoted
precipitation of calcium carbonate, accompanied by elevated
temperature in the later Cambrian (Zhuravlev and Wood
2008; Lee et al. 2015; Lee and Riding 2018). As a result,
thin-bedded limestone could have been deposited between
storm events as a background deposit. The resulting deposit
could have been preserved unless biota living on the sea-
floor destroyed the sedimentary structure (Droser and Bottjer
1988), as happened in the later Palacozoic and after. Prior
to the Great Ordovician Biodiversification Event, when bur-
rowers expanded to the deeper part of the ocean, deep-water

>
4
U]
z
o]

foundland, Canada (uppermost Cambrian) (49°40'57" N, 57°57'52"
W). An interbedded limestone layer shows a gradual fining-upward
trend from gravelly calcirudite into cross-stratified calcarenite that
can be interpreted as Ta to Tb of the Bouma sequence. Scale in centi-
metres. See Coniglio and James (1990) for formative processes

sediments could have been preserved without disruption
(Sepkoski 1982; Bottjer et al. 2000; Droser and Li 2001;
Liu 2009; Buatois et al. 2016). The lower Palaeozoic ribbon
rocks, therefore, preserve various sedimentary processes that
occurred in the deeper part of the ocean during the calcite
sea interval. These sediments could not have been preserved
during the rest of the Phanerozoic (probably excluding those
deposited during the post-mass extinction intervals and in
the oxygen minimum zones), and thus provide a unique win-
dow to understand the sedimentary processes that operated
in deep-water carbonate environments at that time.

Conclusions

This study documents the formative mechanism of rib-
bon rock from the Furongian Hwajeol Formation, Korea,
which is characterised by the alternation of thin-bedded
lime mudstone and shale. Shales, as well as intercalating
flat-pebble conglomerates, were formed by storm-induced
bottom currents as event deposits, whereas lime mudstones
were formed as background deposits by suspension-settling
of micritic sediment produced from the shallower part of
the platform and/or the upper part of the water column, by
sponges living on the seafloor, or by diagenetic concretions.
Sporadic larger storm events would have transported and
deposited coarser-grained grainstones and conglomerates.
The Hwajeol ribbon rock is classified as a tempestite-type
and can be distinguished from other types of ribbon rocks—
tidalite, tempestite, and diagenetic types. The formation of
the ribbon rocks was enhanced by the characteristic sea-
water chemistry that enhanced carbonate precipitation and

@ Springer
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the scarcity of burrowers during the early Palaeozoic. This
study may provide a key to help understand the sedimen-
tary processes in the deeper portions of Cambro—Ordovician
carbonate platforms as well as during other periods of the
Phanerozoic, for which sedimentary structures are not pre-
served as a result of the expansion of burrowing biota into
deep environments.
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