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Abstract

Two sequences (SFr, SFa), each 1^1.2 Myr in duration, are recognised in the strata across the Frasnian^
Famennian (F^F) transition both in carbonate platform and interplatform basinal successions in South China. The
sequence boundary between the two sequences is placed a little below the top of the Frasnian. The sequences are
basically composed of coarsening-upward/bed-thickness increasing-upward cycles and shallowing-upward cycles
(parasequences) in basinal and platform deposits respectively, which stack into cycle-sets (typically six to eight cycles).
10 and 12 cycle-sets are identified in sequences SFr and SFa respectively. These cycle-sets can be further grouped into
larger-scale composite cycle-sets (herein termed mesocycle- and megacycle-sets with two and four cycle-sets
respectively). This vertical cycle-stacking pattern and the hierarchy of cyclicity suggest a Milankovitch style of forcing
such that the cycles and cycle-sets were formed in response to the orbital perturbations of precession (16^18 kyr) and
eccentricity (V100 kyr in duration), respectively. In the basinal cycles, smaller-scale rhythmic stratification beds
(typically six to eight beds in a cycle) are extensive, and were likely caused by millennial-scale climatic forcing. In the
lower sequence, SFr, the latest highstand deposits consist of calciturbidites and debrites in deep-water strata and
fenestral limestones in shallow-water strata, representing a major (third-order) sea-level fall. Within these deposits,
four cycle-sets are further identified in both coeval deep-water and platform successions. Succeeding deeper-water
organic-rich facies, within which three cycles occur, are the transgressive deposits of the overlying Famennian
sequence (SFa). These cycles represent three higher-frequency (16^18 kyr) sea-level fluctuations and accompanying
anoxia, superimposed on a major third-order sea-level rise. The F^F boundary is placed at the top of the first cycle,
based on conodont data. Thus, a major sea-level fall and then a rise occurred in the F^F transitional period. Faunal
and sedimentological data reveal a massive biotic decline in concert with the major sea-level fall, and a further biotic
demise coinciding with the major sea-level rise and its three superimposed higher-frequency sea-level fluctuations and
accompanying anoxia. The F^F biotic crisis was therefore characterised by two episodes of step-down extinction. On
the basis of Milankovitch orbital rhythms, the first major biotic extinction took place over V400 kyr, and the
subsequent event wasV50 kyr in duration, i.e.V450 kyr for the entire event. At the same time as the massive decline
of normal-marine fossils during the latest Frasnian sea-level fall, there was widespread cyanobacterial growth and a
thriving of planktonic calcispheres, suggesting eutrophic conditions. This situation could have caused a severe biotic
loss, as a result of the deterioration of surface water clarity and formation of anoxic bottom waters due to over-
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consumption of oxygen through respiratory demands and decomposition by the cyanobacteria and phytoplankton.
The subsequent rapid sea-level rise with superimposed higher-frequency sea-level fluctuations and accompanying
anoxia could have caused rapid elevation of anoxic bottom waters and expansion of eutrophic surface waters over
shallow-water platforms due to enhanced upwelling ocean currents and improved ocean circulation. This situation
would have exerted further stresses upon the already-weakened biota, leading to a further biotic demise. However, a
small number of organisms such as pelagic tentaculitids, small mud-adapted brachiopods and gastropods did survive
into the Famennian, although with very low diversity.
: 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The Frasnian^Famennian (F^F) biotic crisis is
recognised as one of the ¢ve major mass extinc-
tions of Phanerozoic time (Sepkoski, 1986). Sev-
eral hypotheses have been proposed for the F^F
event, including sea-level change (Johnson et al.,
1985), oceanic anoxia/eutrophication (e.g. Joa-
chimski and Buggisch, 1993; Murphy et al.,
2000), bolide impact (Wang et al., 1991; Yan et
al., 1993; Claeys et al., 1992) and climatic cooling
(Copper, 1986; McGhee, 1989; Joachimski and
Buggisch, 2002), but no unambiguous conclusion
has yet been reached. Extensive studies in cono-
dont stratigraphy in South China since the 1980’s
(e.g. Wang and Ziegler, 1983; Jia et al., 1988;
Hou et al., 1988; Ji, 1991) have provided the pos-
sibility of correlating the Devonian strata there,
particularly the deep-water facies, with succes-
sions elsewhere in the world. There are, however,
still some uncertainties in the precise correlation
of the deep-water facies with shallow-water car-
bonates where the conodont zonation is often
poorly constrained. By way of contrast, the F^F
biotic crisis itself is recorded much more conspic-
uously in shallow-water strata. Thus the key issue
in understanding the F^F extinction event is how
to link the well-dated deep-water carbonates with
the poorly-constrained shallow-water carbonates.
A sequence stratigraphic and cyclostratigraphic
approach opens a window to shed light on this
major biotic event and coeval depositional pro-
cesses, no matter where they occur.
This paper aims to constrain the F^F biotic

event through a high-resolution sequence strati-
graphic and cyclostratigraphic analysis, both in

basinal and platform strata. We here present
data from several deep-water successions and a
platform succession spanning the F^F faunal
turnover in South China. These provide more
realistic information about the palaeoenvironmen-
tal and palaeo-oceanographical variations, and
the timing of the F^F biotic crisis, and o¡er an
alternative way to understand and constrain the
F^F mass extinction event.
The Devonian strata in the Guilin region, and

in most other sections throughout the world, are
cyclic on a range of scales, and orbital forcing is
commonly accepted as the causal mechanism (as
discussed later). The terminology used in this pa-
per for the sedimentary cycles, in descending or-
der, is bed, cycle, cycle-set, mesocycle-set, mega-
cycle-set and sequence (see Table 1 for de¢nition
and Fig. 1 for schematic representation). The tem-
poral order is mainly based on Vail et al.’s (1977)
divisions. The bed is the smallest, cm-scale depo-
sitional unit. It represents 2^3 kyr of deposition
(i.e. sixth-order), and only occurs in the deep-
water strata. These strati¢cation beds (six to eight
commonly) usually bundle into an upward-coars-
ening/thickening unit, a cycle (6 50 cm thick
mostly). This bed-bundling cycle temporally cor-
responds to the m-scale (mostly), shallowing-up-
ward cycle (parasequence of Van Wagoner et al.,
1988; Goldhammer et al., 1990, 1993; Lehrmann
and Goldhammer, 1999 and others) in platform
successions, which is commonly bounded by a
marine £ooding surface. The bed-bundling and
shallowing-upward cycles are interpreted to repre-
sent 16^18 kyr of deposition (i.e. ¢fth-order).
The cycles stack into lower-order cycles, here

termed cycle-set, mesocycle-set and megacycle-
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set, based on the patterns of upward facies
change, facies o¡set across the bounding surface
and thickness of individual cycles. They are inter-
preted to range in duration from V100, V200
and V400 kyr respectively (i.e. all are fourth-or-
der cycles of Vail et al., 1977). The cycle-stacking
patterns de¢ne the system tracts and the sequen-
ces, which are bounded by unconformities or their
correlative conformities (cf. Van Wagoner et al.,
1988) and range 1^2 Myr in duration (i.e. third-
order of Vail et al., 1977).

2. Palaeogeographic setting

From the beginning of the Devonian, marine
waters gradually invaded South China from the
southwest to northeast, reaching their maximum
extent in the Frasnian. In the early Givetian, the
area of carbonate deposition expanded consider-
ably, while siliciclastic sediments retreated to
shorelines around landmasses. From the late
Givetian to early Frasnian, the extensive marine
regime of South China was intensely fragmented,

Table 1
Terminology used in this paper for the hierarchy of sedimentary cycles

Cycle order De¢nition Origin Duration Temporal
order

Bed a single strati¢cation bed di¡erentiated by lithology, only seen in basin facies millennial climatic rhythm 2^3 kyr sixth-order
Cycle (rparase-
quence)

in platform strata: a metre-scale (mostly), shallowing-upward unit bounded by a
£ooding surface; in basinal strata: a bed-bundling cycle consisting of a succession of
beds showing an upward-coarsening or bed-thickening

precession 16^18 kyr ¢fth-order

Cycle-set a succession of genetically related cycles that form a progradational, aggradational or
retrogradational succession bounded by a deepening surface

short eccentricity 100 kyr fourth-order

Mesocycle-set a succession of genetically related cycle-sets (i.e. two cycle-sets) bounded by an obvious
deepening surface

intermediate eccentricity 200 kyr fourth-order

Megacycle-set a succession of genetically related mesocycle-sets (i.e. two mesocycle-sets) bounded
by a very obvious deepening surface

long eccentricity 400 kyr fourth-order

Sequence a relatively conformable succession of genetically related strata bounded by
unconformities or their correlative conformities

very long eccentricity or
tectonic?

1^2 Myr third-order

Fig. 1. Schematic representation of the hierarchy of sedimentary cycles as seen in the Devonian basinal successions in South Chi-
na (and elsewhere). Similar arrangements of cycles are seen in the platform successions except that beds are not developed. See
Table 1 for terminology.
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and two areas of small platforms and basins were
created through transtensional and extensional
tectonics (see Chen et al., 2001a,b). They are the
elongate platform^basin systems trending NNE^
SSW from eastern Guangxi to central Hunan, and
the grid-like system trending NW^SE in western
Guangxi (Fig. 2). The study sections are mostly
located in eastern Guangxi.

3. Deep-water facies, sequences and cycles across
the F^F transition

3.1. Deep-water facies

In the strata of the F^F transition, depositional
facies from upper slope to basinal environments

include microbial buildups, coarse-grained grav-
ity-£ow breccias and pebble conglomerates, ¢ne-
grained sandy to muddy calciturbidites, nodular
limestones, calcareous shales and bedded cherts.

Microbial buildups generally occur in the upper-
most Frasnian and continue into the lowermost
Famennian strata (e.g. Chen et al., 2001b); they
commonly comprise massive microbial bound-
stones, minor stromatolites and thrombolites.
The biota are dominated by the cyanobacterial
Renalcis and Epiphyton, with minor other cyano-
bacterial colonies such as Rothpletzella, Wethere-
della, minor red algae, and rare skeletal fossils
including stromatoporoids, corals and locally bra-
chiopods (e.g. Kuang et al., 1989; Fig. 3). They
were commonly initiated on the platform margin
and formed domal to aggradational architectures.

Fig. 2. Palaeogeographic map for the Frasnian time in South China. Long-ranging basins and associated carbonate platforms oc-
curred in eastern Guangxi and Hunan. Outcrops (stars): 1, Tangjiawan; 2, Fuhe; 3, Baisha; 4, Longmen; 5, Liujing; 6, Qing-
xiushan; 7, Xiangtian; 8, Ma’anshan, Juntian; 9, Xikuangshan.

PALAEO 3026 24-2-03

D. Chen, M.E. Tucker / Palaeogeography, Palaeoclimatology, Palaeoecology 193 (2003) 87^11190



The onset and £ourishing of microbial buildups
suggest a conspicuous environmental change,
likely a result of abnormal salinity, eutrophication
and/or weak ocean circulation (Chen et al.,
2001a).

Breccias occur extensively at the base of the
upper Frasnian sequence (SFr) and locally at the

base of the lower Famennian sequence (SFa) (e.g.
Fig. 4; see Chen et al., 2001a for details). The
clasts range in size from 10’s of centimetres to a
few metres. The clast composition is variable, de-
pending on the nature of the upper slope and
platform margin. Breccias at the base of the upper
Frasnian sequence are mostly slope-derived and
mainly comprise clasts of hemipelagic lime mud-
stone/wackestone and calciturbidite, with rare
skeletal grainstone. The clasts commonly show
normal grading, but inverse grading locally. The
breccia unit of the lower Famennian sequence
generally consists of mixed clasts, derived both
from slope facies and marginal microbial build-
ups. These breccias were deposited from debris
£ows generated through slope failure or collapse
of microbial buildups (e.g. Hine et al., 1992;
Spence and Tucker, 1997; Chen et al., 2001a).

Pebble conglomerates commonly consist of tab-
ular clasts ranging in length from several to 10’s
of centimetres, and are mainly made of clasts of
lime mudstone or ¢ne-grained calciturbidite. The
pebbles are generally mud-supported, locally
clast-supported, and show subparallel to weak im-
brication. They commonly pass upwards into cal-
citurbidites. These deposits are thought to have
been transported and deposited by debris £ows
(e.g. Chen et al., 2001a), which may have been
followed by high-density turbidity £ows.

Calciturbidites in the study area are generally
thin-bedded, with beds several to 10’s of centi-
metres thick. The turbidite beds usually exhibit
normal grading and incomplete Bouma divisions
(Chen et al., 2001a). Compositionally, they consist
of grainstone/packstone with peloids, calcispheres,
microbial fragments, minor ooids and micritic in-
traclasts, which could be fragments of the fenes-
tral limestone facies of platforms. Slumps are seen
locally. These deposits are commonly intercalated
with basinal facies, such as nodular limestones.
Thus, they are interpreted as having been depos-
ited from turbidity £ows, produced through shal-
lowing and increasing sediment shedding o¡ plat-
forms and/or slope instability (cf. Schlager et al.,
1994).

Nodular limestones and lenticular limestones are
the most common basinal deposits, and are inter-
calated with calciturbidites locally. Nodular lime-

Fig. 3. Depositional sequences and biotic variations across
the F^F boundary at Liujing, where microbial (Renalcis
dominant) buildups thrived in early Famennian times. The
faunal data are based mainly on Kuang et al. (1989). In the
basal breccias, conodont species are mixed, coming both
from the latest Frasnian and earliest Famennian. Note the
pattern of decline of the benthos, which almost died out
near the top of the third depositional cycle. SFr, SFa, se-
quences; M, mudstone; W, wackestone; P, packstone;
G, grainstone; C, cobble; B, boulder; Bn, boundstone.
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stones are generally greenish grey to light pink in
colour, grading to exclusively red towards the
south of Guangxi, particularly in Famennian stra-
ta, e.g. at Qingxiushan, Nanning. Compositional-
ly they are lime mudstones with minor argilla-

ceous seams, showing ¢tted nodular fabrics and
locally a brecciated appearance. The latter, how-
ever, is usually in darker grey limestones, which
are more peloidal in composition, and boudinage-
bedded, e.g. at Liujing (Fig. 3), suggesting a de-

Fig. 4. Depositional sequences in deep-water successions across the F^F transition. See Fig. 2 for the location of outcrops. Se-
quences: SFr, top Frasnian sequence; SFa, lowermost Famennian sequence. Thick lines mark the sequence boundaries, thin lines
mark cycle-sets, and dashed lines demarcate the cycles (bed-bundling cycles). Dotted interval is the upper highstand deposits of
SFr; diagonal interval represents the transgressive deposits of SFa. Some index conodont fossils are listed on the right of the lith-
ological logs (from GMRBG, 1994). LST, lowstand deposits; TST, transgressive deposits; HST, highstand deposits.
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positional site closer to the basin margin. Fossils
are mainly planktonic tentaculitids and ostracods,
the latter only present in the Frasnian strata.
These deposits are interpreted as having been de-
posited in a deeper-water, quiet environment with
weakly- to well-oxygenated bottom waters, peri-
odically disturbed by turbidity currents (Chen et
al., 2001a).

Bedded cherts are only present in the uppermost
Frasnian strata south of Guangxi, where the
deepest water existed in the Devonian (Zhong et
al., 1992). They are generally ¢nely laminated and
intercalated with siliceous shales. Biota mainly in-
clude planktonic tentaculitids and rare radiolar-

ians, similar to those documented by Chen et al.
(2001a). These siliceous facies were deposited in
oxygen-depleted deep water, under conditions of
nearly stagnant bottom waters and no carbonate
in£ux. The silica was most likely derived from
deep-seated fault zones in view of the evidence
of volcanic ash partings in the cherts and contem-
poraneous volcanic activity in Guangxi (e.g.
Zhong et al., 1992).

3.2. Deep-water sequence stratigraphy

Two depositional sequences (SFr, SFa) are rec-
ognised in the strata across the F^F boundary in

Fig. 5. Outcrop photos showing detailed lithological variations across the boundary between Frasnian and Famennian. (A) Litho-
logical succession across the F^F boundary at Fuhe, where detailed conodont analyses were undertaken by GMRBG (1994). The
arrows mark three bed-bundling cycles commencing with dark marly shale (weathered recessions) overlain by nodular lime mud-
stone, in which strati¢cation beds can be seen (i.e. in bed 27b). The F^F boundary is placed at the top of bed 26f (the top of
¢rst cycle). Pen for scale (14.5 cm). (B) Lithological succession across the F^F boundary at Baisha. See the salient lithological
change between Gubi (dark platy calciturbidites) and Wuzhishan (nodular lime mudstones) Formations. Clearer basal dark marly
shale (locations of hammers) of bed-bundling cycles (arrows) in comparison with (A). Short lines mark the strati¢cation beds in
the nodular limestone. Hammer (top) is 35 cm long.
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terms of the conventional model of sequence stra-
tigraphy (cf. Van Wagoner et al., 1988). Based on
the conodont zonation of GMRBG (1994), se-
quence SFr is located in the uppermost Frasnian,
and sequence SFa straddles the F^F boundary
(Fig. 4).
Sequence SFr mostly commences with a breccia

unit, likely a result of pronounced slope erosion
caused by a signi¢cant fall of relative sea-level in
this region, and is terminated with a turbidite
succession near the top of the Frasnian, represent-
ing the late highstand deposits. One exception oc-
curs at Qingxiushan, where sequence SFr is
mostly composed of bedded chert and siliceous
shale, representing the area of deepest water in
the study region, with a unit of pebble conglom-
erate towards the top.

Ten cycle-sets (see Table 1 and Fig. 1 for ter-
minology) are recognised in sequence SFr, with
four cycle-sets present in the gravity-£ow deposits
towards the top of the sequence (Fig. 4). These
cycle-sets are interpreted as indicating higher-fre-
quency sea-level £uctuations superimposed on the
major sea-level fall. The internal lithology of the
sequence varies from nodular limestone, to calci-
turbidites to bedded chert, depending on the de-
positional bathymetry.
The overlying sequence SFa commonly starts

with nodular limestone and mudstone and ends
with calciturbidites. In some localities, it starts
with breccias (lowstand deposits) followed by mi-
crobial buildups (e.g. at Liujing, Fig. 3). The
transgressive deposits are dominated by nodular
limestone, with thin dark shale intercalations (2^
5 cm thick) at the base of SFa (Figs. 4 and 5).
Upwards, the vertical cycle-stacking pattern is not
clear due to outcrop quality.
In both sequences SFr and SFa, the upper grav-

ity-£ow deposits are generally darker in colour,
richer in organic matter and pyrite, and back-
ground sediment is less bioturbated, in compari-
son with the nodular limestones (see Fig. 5B).
Black shales are intercalated locally (e.g. at Bai-
sha; see later section).
Conodont biostratigraphy suggests the place-

ment of the F^F boundary at the top of the ¢rst
cycle at the base of sequence SFa. Immediately
above this, the conodont Palmatolepis triangula-
ris, a signature of the onset of the Famennian,
occurs in nodular limestone (bed 27b, Fig. 5A).
In the bed below is Palmatolepis gigas (GMRBG,
1994).

3.3. Deep-water cyclostratigraphy

Detailed examination of the cycle-sets in se-
quences SFr and SFa reveals smaller-scale stack-
ing patterns, i.e. individual beds and cycles (see
Table 1 and Fig. 1 for de¢nitions). Individual
beds were counted and thicknesses measured in
detail for sequence SFr at Baisha and Fuhe. Typ-
ically, six to eight beds, each 1^15 cm thick (aver-
age 4.2 cm at Baisha and 4.4 cm at Fuhe), are
bundled into a cycle (i.e. a bed-bundling cycle)
exhibiting upward-coarsening or upward-thicken-

Fig. 6. Outcrop photo showing bed-bundling cycles, com-
posed of eight strati¢cation beds, in the lower part of se-
quence SFr at Baisha. Arrows point to the top of cycles.
Hammer for scale (35 cm long).
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ing bed patterns (Figs. 6 and 7). Commonly, six
to eight cycles group into a cycle-set displaying
successive variations in facies and bed patterns,
namely an upward-increase in turbidites and bed
thickness. The cycle-sets are bounded by a deep-
ening surface (a thin black shale).
Overall 10 cycle-sets are recognised in SFr, ex-

cluding the lower breccia horizon. Furthermore,
two cycle-sets can be seen to stack into a meso-
cycle-set, and four cycle-sets into a megacycle-set,
and these are bounded by more distinctive deep-
ening surfaces. Only 2.5 megacycle-sets are con-
tained within sequence SFr (Fig. 7).
The individual beds within cycles, and these

cycles within cycle-sets, are not always persistent
between the two localities, which are V10 km
apart. The numbers of beds and cycles are gener-
ally lower at Fuhe than at Baisha; this is prob-
ably the result of synsedimentary erosion and/or
non-deposition. A similar situation occurs in the
capping calciturbidite units, in which the number
of cycles (commonly four) in each cycle-set is low-
er than that in the underlying succession (Fig. 7);
this is likely the result of erosion by turbidity
£ows. In general, more rhythmic pelagic beds
are preserved where there are fewer grainy calci-
turbidites in the succession. Nevertheless, the
numbers of cycle-sets and lower-order cycle pat-
terns are quite persistent between the two local-
ities (Figs. 4 and 7), although the actual number
of cycles within cycle-sets (and mesocycles and
megacycles) may be di¡erent.
At the base of sequence SFa, three thin cycles,

commencing with basal shales overlain by nodular
limestone, are composed of six beds if the basal
shales are counted (Figs. 4, 5 and 7). These cycles,
however, are commonly obscured through burial
compaction and stylolitisation, especially in the
nodular limestone part.
If there is no cycle missing, then the cycle ratios

megacycle-set :mesocycle-set:cycle-set :cycle are 4:
2:1:1/6^1/8. This hierarchical alignment of depo-
sitional cyclicity argues for an orbital forcing of
eccentricity modulated by precession (e.g. Berger
et al., 1992; Berger and Loutre, 1994). In this
case, the megacycle-sets, mesocycle-sets, cycle-
sets and cycles may have been driven respectively
by long, intermediate and short eccentricity

(V400, V200, and V100 kyr with major com-
ponent at 125 and 98 kyr), and precession (16^18
kyr in comparison to 19^23 kyr of later geological
times).
In the Devonian, the theoretical ratio between

the short eccentricity periodicity and precession
periodicity was 1:6 to 1:8 in comparison with
the 1:5 of later geological periods. This is due
to the faster rotation of the Earth in the past
(e.g. Berger et al., 1992; Berger and Loutre,
1994). The ratio between the long eccentricity pe-
riodicity and short eccentricity periodicity is 1:4
and this has remained stable through geological
time. The intermediate component of eccentricity
at 200 kyr identi¢ed in this study has not been
recognised in theoretical studies (e.g. Berger and
Loutre, 1994), but has been observed in Triassic
(Olsen and Kent, 1999; Preto et al., 2001), Plio-
cene (Clemens and Tiedemann, 1997) and some
Pleistocene records (Rial, 1999). The apparent ab-
sence of an obliquity signal here is probably re-
lated to the palaeogeographic position of the
South China block in the Late Devonian, when
it was located very close to the Equator (Scotese
and McKerrow, 1990; Zhong et al., 1992). Varia-
tions of the Earth’s obliquity mainly have an im-
pact upon high-latitude areas (s 40‡) through
changes there in the caloric insolation from the
Sun (Berger, 1978).
Following these assumptions, the individual

beds are interpreted as the result of millennial-
scale climatic forcing rhythms, each spanning 2^
3 kyr in duration, similar to the examples docu-
mented in Mississippian, Devonian and Cambrian
deep-water successions (Elrick et al., 1991; Elrick
and Hinnov, 1996). Similar bed-bundling patterns
have been described in the Devonian deep-water
strata in South China by Gong et al. (2001). How-
ever, they attributed the cycles (their bundle-sets),
composed of Vsix strati¢cation beds (their bun-
dles), to forcing of short eccentricity (V100 kyr)
modulated by precession. Under this hypothesis,
theV60 cycles recognised here in sequence SFr in
17 m of strata at Baisha and 13.7 m at Fuhe (Fig.
6) would represent a time interval of V6 Myr.
This is an unlikely ¢gure since the entire Frasnian
(with four sequences in South China, see Chen et
al., 2001b) only spanned V7^10.5 Myr, depend-
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ing on which time-scale is used. Such a long time-
scale for this sequence is also not supported by
conodont biochronology, in which a conodont
zone is supposed to have spanned about half a
million years (Sandberg and Ziegler, 1996). Sec-
ondly, if the strati¢cation beds are assumed pre-
cessional in origin, then the sedimentation rates of
these hemipelagic to pelagic deposits are in the
range of 0.23^0.28 cm kyr31, and decompacted
sedimentation rates are in the range of 0.46^0.93
cm kyr31, assuming a decompaction ratio of 50^
70% (e.g. Goldhammer, 1997). These rates are
very low compared to geological hemipelagic sed-
imentation rates (e.g. Elrick et al., 1991; Enos,
1991; Elrick and Hinnov, 1996), particularly in
view of the fact that these rhythmic facies were
deposited only a few kilometres away from their
shallow-water, carbonate platform source area (cf.
Chen et al., 2001a). In addition, there is no strik-
ing sedimentological evidence of very low sedi-
mentation, such as hardgrounds or phosphatic/
glauconitic mineralisation (e.g. Tucker, 1974), ex-
cept for one bioturbated horizon in the pelagic
deposits (Figs. 4 and 7). Finally, the stratigraphic
sections measured by Gong et al. (2001) are gen-
erally not long enough to record lower-frequency
cyclic patterns. It should be noted that the strat-
i¢cation beds, and even cycles, are not always
persistent from place to place; this is di¡erent
from the claims made by Gong et al. (2001).
Thus these strati¢cation beds appear more likely
to have been caused by millennial-scale climatic
rhythms, rather than by precessional forcing, in
view of the larger-scale bundling patterns of the
cycles.
Palaeoclimatic £uctuations with periods be-

tween 1 and 3 kyr are recognised in a variety of
terrestrial and marine environments. However, no
de¢nitive conclusion has been reached yet for the
origin of these short-term rhythms. Di¡erent
mechanisms in di¡erent depositional settings are

frequently invoked, e.g. changes in seawater tem-
perature, salinity, circulation, air temperature,
wind patterns and rainfall (e.g. Elrick et al.,
1991). In our case, the fact that individual beds
(typically six to eight) bundle into a larger-scale
cycle, interpreted as driven by precession, suggests
a harmonic relationship between the two rhythmic
£uctuations. The individual upward-coarsening/
thickening beds within a cycle implicate enhanced
carbonate production probably related to im-
proved ocean circulation during the precession-
induced sea-level fall. However, these minor
changes were only recorded in quiet, deep-water
settings.

4. Platform facies and cyclostratigraphy/sequence
stratigraphy across the F^F transition

4.1. Depositional facies

The Guilin Platform is here chosen as an exam-
ple to document the platform facies across the
F^F transition in view of its excellent exposure.
The main facies include laminite, fenestral lime-
stone, Amphipora £oatstone/packstone, stromato-
poroid £oatstone/rudstone, bioclastic wackestone/
mudstone, tentaculitid wackestone/packstone and
bioturbated lime mudstone. Detailed descriptions
can be found in Chen et al. (2001b).

Laminites form the caps of peritidal through
subtidal facies, and two subtypes, planar laminite
and wavy laminite, are distinguished. In the study
area, the planar laminites occur only in the Fa-
mennian strata; they consist of millimetre-scale
laminae of alternating lime mudstone/peloidal
packstone or dolomudstone/dolosiltite. Intraclasts
between laminae and shrinkage cracks are com-
mon. This facies is interpreted as having been
formed in the upper intertidal to supratidal envi-
ronments. Wavy laminites commonly form caps

Fig. 7. Details of stacking patterns of bed-bundling cycles in sequence SFr and in the base of SFa at Baisha and Fuhe. Thin
dashed lines mark the range of bed-bundling cycles. Numbers within brackets along logs are the numbers of strati¢cation beds of
each cycle. Thin line arrows de¢ne the range of cycle-sets (Cs1^Cs10), medium line arrows de¢ne the mesocycle-sets, and thick
line arrows de¢ne megacycle-sets. Note three bed-bundling cycles (C1^C3) above the calciturbidite horizons. Facies ranks:
0.5= shale, 1 =nodular lime mudstone, 2 = lenticular/boudinage peloidal wackestone/mudstone, 3 = cm-bedded distal calciturbi-
dites, 4 = calciturbidites, 5 =breccia.
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to subtidal facies, and consist of centimetre-scale,
relatively coarse, undulatory laminae, alternating
with peloidal packstone/microbialite or inter-
grown with microbialite. Biota commonly include
cyanobacterial microbes, Amphipora, ostracods,
gastropods and calcispheres. They were likely de-
posited in subtidal to low intertidal conditions in
view of their depositional features and occurrence.

Fenestral limestones are extensively developed
in the uppermost Frasnian through Famennian,
especially within shallowing-upward cycles. Both
irregular and laminoid fenestrae are present, and
tepee structures can be seen locally (Fig. 8). Lith-
ologically, they are mainly composed of wacke-
stone/packstone dominated by calcisphere grains
and peloids (or micropeloids) within a matrix of

microbial micrite (Fig. 9A), locally with ¢laments.
Macrofossils are rare, but include gastropods
(Fig. 8). This facies is most likely to have been
deposited in a restricted, very shallow subtidal
through intertidal environment, with an abnormal
salinity and nutrient level (e.g. Kaz¤mierczak,
1976).

Amphipora £oatstones/packstones are widely
distributed in the Frasnian and decrease abruptly
in the uppermost Frasnian. They are dominated
by the spaghetti-like Amphipora stromatoporoids
(Fig. 9B), with sparse ostracods, foraminifera and
hemispheric stromatoporoids. These branching
stromatoporoids are mostly overturned and bro-
ken, with random to bedding-parallel orientations
(Fig. 9B). They were deposited in restricted shal-
low subtidal environments with moderate current
agitation (e.g. Elrick, 1995; Chen et al., 2001b).

Stromatoporoid £oatstones/rudstones are widely
distributed in the upper Frasnian of the study
area, and are dominated by bulbous and massive
stromatoporoids with a matrix of skeletal mud-
stone/wackestone. The stromatoporoids are gener-
ally overturned and rarely in growth position,
suggesting moderate current activity. Other biota
include branching stromatoporoids, corals, bryo-
zoans, gastropods and ostracods. These features
suggest open-marine, moderately deep subtidal
environments with low to moderate current agita-
tion on the platform.

Skeletal wackestones/mudstones are generally
thin- to medium-bedded, with argillaceous part-
ings. Fossils are not abundant but are mainly
open-marine with brachiopods, bryozoans and
corals. They were deposited in intermediate to
deep subtidal environments.

Tentaculitid wackestones/packstones are charac-
terised by a tentaculitid-like biota with relatively
thick walls in comparison with their planktonic
species (Fig. 9C), suggesting a nekto-benthic hab-
itat. Minor ostracods and foraminifera are locally
found. These deposits are thin- to thick-bedded,
and commonly pass upwards into stromatoporoid
£oatstone/rudstone facies. These features point to
deposition in a semi-restricted, deep lagoon on the
platform.

Bioturbated lime mudstones are present in lower
Famennian strata; they are characterised by anas-

Fig. 8. Outcrop photo showing decimetre-scale, shallowing-
upward cycles in fenestral limestones, indicated by irregular
fenestrae passing upwards into laminoid fenestrae. Tepee
structures locally occur at the top of cycles (triangles), and
gastropods are present at the base of a cycle (arrow). Ham-
mer for scale (37 cm). Dongcun Formation, Tangjiawan.
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tomosing burrow networks, with a mottled ap-
pearance due to selective dolomitisation of the
burrow ¢lls (Fig. 9D). Biota are rare, with only
gastropods and ostracods. This facies commonly
grades upwards into fenestral limestones and lam-
inites. These features suggest they formed in re-
stricted shallow subtidal environments.

4.2. Shallow-water cyclostratigraphy/sequence
stratigraphy

In platform successions, the basic building unit
is the decimetre- to metre-scale, upward-shallow-
ing cycle (parasequence of other authors, see Ta-
ble 1). Bundles of beds within the cycles as occur

in the deep-water facies are not present. Thus
these shallowing-upward cycles of the platforms
correspond to the bed-bundling cycles of the ba-
sins and both are ¢fth-order.
Two types of shallowing-upward cycle are rec-

ognised, based on the intracycle facies arrange-
ment and features of the bounding surfaces. These
are subtidal cycles, capped by shallow through
intermediate subtidal facies, and peritidal cycles,
capped by peritidal facies. The former type is ex-
clusively present in Frasnian strata, whereas the
latter is more common in the Famennian (Fig.
10).
Subtidal cycles commonly commence with ten-

taculitid (or skeletal) wackestone/mudstone grad-

Fig. 9. (A) Photomicrograph of fenestral limestone composed mainly of non-radiosphaerid calcispheres and peloids with matrix
of microbial micrite displaying vague ¢lamentous traces. Scale bar is 0.5 mm long. (B) Rock that is overwhemingly composed of
mono-speci¢c amphiporid stromatoporoids. Pen for scale (14.5 cm). Top of Guilin Formation, Tangjiawan. (C) ‘Tentaculitid’
wackestone/packstone. Relatively thick walls of the fauna suggest a nekto-benthic lifestyle. Abundant organic matter. Scale bar is
1 mm long. Lower part of sequence SFr, Guilin Formation, Tangjiawan. (D) Bioturbated lime mudstone in cycle C1. Note selec-
tively dolomitised burrow networks. Ruler is 6 cm across. Lower part of Dongcun Formation, Tangjiawan.
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ually passing upwards into stromatoporoid (or
Amphipora) £oatstone/rudstone, and they pre-
dominate in the Guilin Formation (Fig. 10). Peri-
tidal cycles are mostly capped by fenestral lime-
stones, rarely by laminites, with basal facies
including stromatoporoid (or Amphipora) £oat-
stone/rudstone, bioturbated lime mudstone, fenes-
tral limestone and rare ooidal packstone/grain-
stone (Fig. 10). The upward-shallowing cycles in
the Famennian strata are overwhelmingly domi-
nated by fenestral limestones, with fenestrae vary-
ing from irregular to laminoid (Fig. 8). The sub-
tidal cycles are generally around a metre thick,
whereas the peritidal cycles are thinner, on the
decimetre-scale. This is most likely a re£ection
of variations in accommodation space or carbon-
ate productivity.
All these shallowing-upward cycles can be

grouped into larger-scale cycle-sets, with each set
generally consisting of a package of two to seven
cycles, displaying thinning-upward and increasing
peritidal facies upward, bounded by a major
£ooding surface. Ten cycle-sets (Cs1^Cs10) are
identi¢ed in the upper Frasnian sequence (SFr),
the same number as in the basinal successions
(compare Figs. 7 and 10), and 12 cycle-sets
(Cs1^Cs12) in the overlying Famennian sequence
(SFa).
In general, fewer cycles are incorporated into

cycle-sets dominated by subtidal facies, particu-
larly in those comprising overall subtidal facies,
i.e. in the basal part of sequence SFr in the Guilin
Formation (Figs. 10 and 11). This scenario is
likely a result of the e¡ect of ‘deep subtidal missed
beats’ (e.g. Goldhammer et al., 1990; Elrick,
1995; Chen et al., 2001b). By way of contrast,
more cycles (about six to seven) are contained in
the cycle-sets dominated by peritidal facies, par-
ticularly those in the Dongcun Formation (Figs.
10 and 11). This vertical stacking pattern suggests
that the cycle-sets could have been driven by the
orbital forcing rhythm of eccentricity (V100 kyr)
modulated by the precessional index, where the
ratio between periods of eccentricity and preces-
sion is 1:6 to 1:8. This is consistent with the the-
oretical calculation for the Devonian Milanko-
vitch orbital rhythms of a constant eccentricity
period and a shorter precessional period (V16

to 18 kyr) than the recent (19 to 23 kyr), as dis-
cussed earlier. This conclusion is further con-
strained by the biochronometric evidence re-
corded in corals (Wells, 1962; Scrutton, 1964).
Based on the systematic vertical facies varia-

tions (e.g. percentage peritidal facies) within the
shallowing-upward cycles and cycle thickness
(Figs. 10 and 11), the cycle-sets can further stack
into larger-scale mesocycle-sets and megacycle-
sets bounded by more obvious £ooding surfaces,
and comprising two and four cycle-sets respec-
tively, in a similar manner to the deep-water suc-
cessions (earlier section). In this scenario, the
mesocycle-sets and megacycle-sets were likely
formed in response to the intermediate and long
eccentricity rhythms (V200 and 400 kyr respec-
tively), as also discussed earlier.
The overall vertical stacking patterns of these

cycles are illustrated by the Fischer plot (Fig. 11),
a diagram designed to illustrate long-term changes
in accommodation space (Read and Goldham-
mer, 1988; Sadler et al., 1993). Two ups and
downs of long-term variations in accommodation
space (or changes in relative sea-level) are recog-
nised in the study strata, and represent the two
depositional sequences (SFr, SFa), which are
bounded by subaerial exposure zones (or mini-
mum accommodation zones) (Fig. 10).
The massive demise of the benthos during the

period of major sea-level fall in the uppermost
part of sequence SFr (Figs. 10 and 11) is a feature
of the F^F biotic crisis, and this is attributed to
the Upper linguiformis Zone (e.g. Sandberg et al.,
1988). Thus, this sequence (SFr) in the platform
succession is logically correlated to that in the
deep-water successions described earlier, which is
well constrained by conodont zonation as within
the uppermost Frasnian strata (compare Figs. 4
and 7 with Figs. 10 and 11).
The overlying sequence (SFa) in the platform

succession, overwhelmingly consisting of fenestral
limestones barren of benthic fauna except for mi-
nor gastropods and ostracods (Figs. 10 and 11), is
the result of post-extinction deposition; thus it is
here correlated to sequence SFa in basinal succes-
sions, dated as within the uppermost linguiformis^
Middle triangularis Zones (Fig. 4). Following on
from this, the 10 cycle-sets in sequence SFr, both
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in platform and basinal successions, can be corre-
lated through their similar cycle-stacking patterns.
This same correlation strategy is also applicable
to the mesocycle-sets and megacycle-sets within
the framework of the sequence. The three deep-
ening cycles (C1^C3) in the basal transgressive

part of sequence SFa also ¢nd their equivalents
in the basinal successions (Figs. 7 and 10). The
two sequences spanning the F^F transition are
widely developed in South China (Chen et al.,
2001a,b), and can be correlated with those re-
corded elsewhere around the world (e.g. Johnson
et al., 1985) (Fig. 12).

5. Timing of the F^F biotic crisis : constraints from
hierarchical stratigraphic cyclicity

The F^F biotic crisis is well recorded, but
poorly dated, in shallow-water successions due
to insu⁄cient biostratigraphic control (conodont
biozones mainly). A high-resolution sequence
stratigraphic and cyclostratigraphic approach
provides a good tool to link the shallow-water
depositional record with its more precisely bio-
zone-dated deep-water equivalent.
The two sequences (SFr, SFa) recognised both

in basinal and platform successions across the
F^F transition contain 10 (basinal lowstand de-
posits not included) and 12 cycle-sets respectively.
Thus, the duration of the two sequences should be
in the range of 1^1.2 Myr (third-order), assuming
that the cycle-sets were driven by the orbital per-
turbations of the Earth’s eccentricity (V100 kyr,
fourth-order), as discussed earlier.
In the carbonate platform succession, the mas-

sive decline in abundance and diversity of the

Fig. 10. Lithological logs of the platform succession across
the F^F transition (from the top of the Guilin Formation to
the base of the Dongcun Formation) at Tangjiawan, near
Guilin. Massive biotic decline can be seen in parallel with
onset of massive fenestral limestones (dotted bar on the left
of logs; Dongcun Formation). Short horizontal lines on the
right of logs mark bounding surfaces of decimetre- to metre-
scale shallowing-upward cycles (parasequences). Thin vertical
line arrows de¢ne the range of cycle-sets (Cs), medium verti-
cal line arrows mesocycle-sets, and thick vertical line arrows
megacycle-sets. Note three thin deepening cycles (C1^C3) at
the base of sequence SFa, which can be correlated precisely
with those in deep-water successions (see Figs. 4 and 5), cor-
responding to the second biotic extinction horizon (slashed
bar on the left of logs). Cs1^Cs10 in sequence SFr are cycle-
sets equivalent to those in the deep-water deposits in Fig. 7.
SB, sequence boundary. Fr, Frasnian; Fa, Famennian.
M, mudstone; W, wackestone; P, packstone; G, grainstone.
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shallow-water benthic fauna occurs within the in-
terval deposited during the late highstand and rel-
ative sea-level fall of sequence SFr (Figs. 10 and
11). Most importantly, in the deep-water succes-
sions the contemporaneous deposits, dominated
by gravity-£ow deposits, are dated to the upper
interval of the Palmatolepis linguiformis Zone
(Fig. 4). This stratigraphic relationship indicates
that the major biotic decline of the F^F crisis
occurred during the third-order relative sea-level
fall in the latest Frasnian. A similar stratigraphic
relationship for this major biotic crisis has been
documented in South China (Ji, 1991; Ma and
Bai, 2002). This major sea-level fall in the latest
Frasnian is widely recorded in the F^F transition
around the world (Fig. 12; Johnson et al., 1985;
Sandberg et al., 1988; Muchez et al., 1996; House
and Ziegler, 1997; House et al., 2000; Racki et
al., 2002). Probably the largest amplitude, longest
time of sea-level fall (s 100 m, from the Latest
linguiformis through Middle triangularis Zones) is
recorded in western Canada (Van Buchem et al.,
1996; Mountjoy and Becker, 2000).
Detailed cyclostratigraphic analysis of the plat-

form succession identi¢es four cycle-sets, each
composed of six to seven decimetre-scale, fenes-
trae-dominated cycles within the crisis interval
(Figs. 10 and 11). Similarly, in deep-water succes-
sions four cycle-sets are equally well recognised in
the calciturbidite unit at the top of sequence SFr,
but fewer bed-bundling cycles (commonly four)
are contained within each cycle-set (Figs. 4 and
7); this is probably the result of erosion by tur-
bidity currents. The hierarchical pattern also sup-
ports the interpretation that the cycle-sets were
driven by the short eccentricity rhythm (V100
kyr), modulated with precession rhythms that
were responsible for the formation of individual
bed-bundling cycles in deep water and shallowing-
upward cycles in shallow water. If all these as-
sumptions are correct, the major episode of the
F^F biotic crisis spanned V400 kyr, that is one
cycle of the long eccentricity rhythm during the
major (third-order) sea-level fall.
The third-order sea-level fall of the latest Fras-

nian was immediately followed by a rapid third-
order sea-level rise with three superimposed high-
er-frequency sea-level perturbations and anoxic

Fig. 11. Fischer plots of high-frequency, upward-shallowing cycles (parasequences) displayed in Fig. 10, showing cycle-stacking
patterns and long-term changes in accommodation space. Short lines below the curve mark the range of cycle-sets. Thin line ar-
rows de¢ne the range of mesocycle-sets, and thick line arrows de¢ne the megacycle-sets. Biotic declining patterns of major faunal
groups at this outcrop are also illustrated. Dotted interval represents the horizon of massive decline of normal-marine fauna,
where calcispheres increase signi¢cantly. Slashed bar indicates the highest horizon of normal-marine benthic fauna at this locality.
Black triangles below the curve represent the three thin deepening cycles above the sequence boundary. SB, sequence boundary.
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events (Figs. 3^5, 7, 10 and 11), which are also
identi¢ed in the intrashelf basinal successions
fringing the clastic shelf in Hunan (e.g. at Xi-
kuangshan; Hou et al., 1988; Muchez et al.,
1996). In the basinal successions, the higher-fre-
quency sea-level £uctuations are indicated by
cycles (bed-bundling cycles) starting with dark
marly shale passing upwards into nodular lime-
stone, generally with Vsix individual beds (Figs.
4, 5 and 7). Their shallow-water equivalents com-
mence with grey to dark grey bioturbated lime
mudstone grading upwards into fenestral lime-
stone, much thicker than surrounding cycles
(Fig. 10), suggesting a rapid increase in accommo-
dation during their formation. Vertical cycle-
stacking patterns (Vseven cycles in a cycle-set,
Fig. 10) also argue for an orbital forcing origin
of precession for these cycles ; each cycle is thus
16^18 kyr in duration (¢fth-order), giving V50
kyr in total for the three. Within the three high-
frequency (¢fth-order) cycles, only the basal one is
located below the F^F boundary (Figs. 4 and 7);
this means that the transgression of sequence SFa
started 16^18 kyr before the F^F boundary. In
many sections in Europe, a dark grey to black
shale or limestone (Upper Kellwasser Horizon),

about 15^150 cm thick, occurs extensively be-
tween the last Frasnian limestone with conodonts
of the linguiformis Zone and the ¢rst Famennian
limestone with conodonts of the Lower triangula-
ris Zone; it is generally placed below the F^F
boundary (e.g. Sandberg et al., 1988; Streel et
al., 1998; Racki et al., 2002). Recent conodont
biostratigraphical work on the Java Formation
in New York (Over, 1997) indicates that a black
shale horizon is present just below the F^F
boundary. Therefore, the rapid sea-level rise
(third-order) of sequence SFa starting from the
latest Frasnian seems to have been synchronous
worldwide (Fig. 12).
Most of the biotic relics that survived the ¢rst

major biotic crisis did not escape the e¡ects of the
rapid major sea-level rise with superimposed high-
er-frequency sea-level perturbations and associ-
ated anoxic events (Figs. 3, 11 and 13), at least
in South China (Hou et al., 1988; Jia et al., 1988;
Ma and Bai, 2002). This rise lead to a further
massive faunal decline, especially for those deep-
er-water benthic and pelagic species. Hence, the
entire mass extinction across the F^F transition,
lasting V450 kyr in duration, was actually com-
posed of two step-down episodes: the ¢rst major

Fig. 12. Changes in accommodation space for platforms and basins from late Middle Devonian to Late Devonian in South Chi-
na in comparison to the eustatic sea-level curve for Euramerica from Johnson et al. (1985). The shaded bar indicates the timing
of the major sea-level fall near the end of the Frasnian.
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crisis coincided with the third-order sea-level fall,
and the second coincided with the third-order sea-
level rise with three superimposed higher-fre-
quency sea-level and anoxic perturbations.
Isotopic data across the F^F transition show a

strong positive N13C excursion coinciding with the
third-order sea-level fall and the F^F major ex-
tinction, and a negative N13C shift during the ma-
jor sea-level rise and subsequent biotic demise.
Within this positive excursion, there is commonly
a short sharp negative N

13C peak, or peaks (e.g.
Wang et al., 1996; Chen et al., 2002b).

6. Discussion

The F^F biotic crisis was largely dependent on
the palaeolatitude and bathymetric level. The

tropical, shallow-marine organisms were severely
a¡ected, whereas those living in high-latitude,
deep-water and terrestrial environments were
only slightly a¡ected (e.g. Copper, 1986; Joachim-
ski and Buggisch, 1993). A stepwise rather than a
sudden decline of organisms is more evident on
the basis of studies of di¡erent faunal groups (e.g.
Copper, 1986; McGhee, 1989, 1996). Extinction
patterns of organisms across the F^F transition
varied from taxa to taxa. At the generic level,
the rugose corals were greatly reduced both dur-
ing the late Givetian and late Frasnian (Oliver
and Pedder, 1994), but deeper-water dwelling ru-
gose corals (i.e. non-zooxanthellate corals) were
almost una¡ected (Sorauf and Pedder, 1986).
Tabulate corals were less a¡ected as well (Copper,
1994). Stromatoporoids declined during the Fras-
nian and were extremely rare during the early

Fig. 13. Patterns of biotic decline in the context of sea-level £uctuations across the F^F transition in South China, based mainly
on our observations integrated with data from several authors (Hou et al., 1988; Jia et al., 1988; Kuang et al., 1989; Ji, 1991;
Li, 1995; Liao, 2001). Note dotted interval, in which massive normal-marine biotic losses occurred in parallel with the third-order
sea-level fall. Slashed interval represents a subsequent episode of serious biotic extinction in the time of the rapid third-order sea-
level rise with superimposed higher-frequency sea-level £uctuations and anoxic events. Note the coincidence of onset and blooms
of cyanobacterial colonies with the biotic crisis in normal-marine benthic habitats.
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Famennian (Joachimski and Buggisch, 1996).
Most brachiopods (e.g. atrypids) were severely
a¡ected (Copper, 1986). Similar patterns to these
are also recorded in South China (Fig. 13), where
the normal-marine benthic fauna (reef-dwelling
rugose corals, stromatoporoids, and pentamerid
and atrypid brachiopods) declined massively in
the latest Frasnian and nearly died out in the ear-
liest Famennian (Lower triangularis Zone) (Ji,
1991); very few species survived these biotic cri-
ses. Thus the F^F extinction horizon is mainly
within the Upper linguiformis through Lower tri-
angularis Zones (Jia et al., 1988; Hou et al., 1988;
Kuang et al., 1989) and is characterised by two
step-down episodes of extinction (see Fig. 13; also
Ma and Bai, 2002). However, clearly the most
devastating diversity loss was in the Upper lingui-
formis Zone (Sandberg et al., 1988).
It is noteworthy that some brachiopods, mostly

small-sized species (e.g. Cyrtospirifer and Tentico-
spirifer), were less a¡ected by this biotic crisis and
even diversi¢ed in nearshore muddy substrate en-
vironments in the Famennian (e.g. Yunnanella
and Yunnanellina, Hou et al., 1988; see Fig. 13).
Corals are extremely rare in the lower Famennian
except for a few individuals of Smithiphyllum in
very speci¢c niches (Liao, 2001). Tentaculitids
were also severely a¡ected by this faunal crisis,
but some relics (homoctenids, striatostyliolinids
and styliolinids) did survive locally into the mid-
dle Famennian (top of rhomboidea Zone) (Li,
1995). In general, groups of reef dwellers, suspen-
sion feeders and large predators were severely af-
fected, whereas detritus feeders and small- to me-
dium-sized predators were less a¡ected (Copper,
1994). However, the ultimate cause of this faunal
crisis is still controversial.
During the F^F transition, a major sea-level

fall (third-order) within the latest Palmatolepis lin-
guiformis Zone has been identi¢ed worldwide
(Fig. 12; Johnson et al., 1985; Sandberg et al.,
1988; Muchez et al., 1996; Van Buchem et al.,
1996; House and Ziegler, 1997; House et al.,
2000; Mountjoy and Becker, 2000; Racki et al.,
2002), and coincides with the major biotic decline
(Figs. 11 and 13). During this time interval, or-
ganisms colonising platforms were severely af-
fected; rugose corals (especially platform-dwelling

species), stromatoporoids and most brachiopods
and nektonic tentaculitids were severely a¡ected
and died out. Only gastropods and ostracods sur-
vived this crisis, as seen on the Guilin Platform
(see Figs. 10 and 11). The fauna living on the
slopes of platform margins (Fig. 3) and on near-
shore muddy shelves were less a¡ected. A small
number of normal benthic organisms of these en-
vironments survived into the earliest Famennian
(Hou et al., 1988; Jia et al., 1988; Kuang et al.,
1989).
In contrast to the massive demise of normal-

marine benthic organisms, cyanobacterial colonies
initiated buildups at this time in platform margin
upper slope environments (Chen et al., 2001a,
2002a). In addition, non-radiosphaerid calci-
spheres, probably a kind of phytoplankton thriv-
ing in near-surface waters (Kaz¤mierczak and
Kremer, 2001), £ourished in back-margin areas
of platforms, particularly those o¡shore, and
they constituted the major components of fenes-
tral limestones (Fig. 9A). This scenario points to a
carbonate supersaturated environment with ele-
vated alkalinity and nutrient levels in surface
waters, favouring the colonisation and in vivo or
post mortem calci¢cation of these microbial or-
ganisms (e.g. Kaz¤mierczak, 1976; Feldmann and
McKenzie, 1997; Neuweiler et al., 1999; Riding,
2000).
The extensive colonisation of the sea£oor by

microbes would have, in turn, caused oxygen de-
pletion in bottom waters due to over-consumption
of oxygen during respiration and decomposition.
This is re£ected in the minor black shales, abun-
dant pyrite nodules and rare bioturbation in co-
eval deep-water deposits. In the dysaerobic zone
of modern and ancient environments, non-skeletal
or weakly calci¢ed organisms are more tolerant of
low-oxygen conditions, and thus more common
than more heavily calci¢ed taxa (e.g. Arthur et
al., 1984; Kammer et al., 1986). On the other
hand, the sea-level fall could have dropped the
depth of photic zone (or anoxic waters), as seen
in the stratigraphic record, reduced the ocean cir-
culation, and further enhanced the stagnancy of
deep waters in the basin regime in view of the
speci¢c interlocking platform^basin con¢guration
(Fig. 2). Under these circumstances, normal-ma-
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rine benthic organisms would have been excluded,
mainly through the deterioration of surface water
clarity and formation of anoxic bottom waters as
respiratory demands exceeded O2 supply in the
presence of excess nutrients (Hallock, 1987; Mur-
phy et al., 2000). Below the depth of massive bi-
otic decline, colonial organisms are common, but
rather low in diversity, merely species of Amphi-
pora (see Fig. 9B) in organic-rich muds. This sug-
gests an already abnormal ecological niche with
increased nutrient-levels pre-dating the major bi-
otic crisis since the increasing nutrient supply
would have led to diversity loss in the marine
fauna (cf. Hallock, 1987).
During the sea-level fall, expanded land areas

could have led to an increase in riverine nutrient
£ux into the oceans, including particulate and dis-
solved N, P and K compounds, and organic mat-
ter (Martin, 1996; France-Lanord and Derry,
1997; Gro«cke et al., 1999). This increased nutrient
supply may have been reinforced through en-
hanced chemical weathering, since the lands
were becoming increasingly colonised with vascu-
lar plants in this later Devonian time. Increased
nutrient levels would have stimulated blooms of
phytoplankton in surface waters, which could
have reduced water transparency and so the depth
ranges of other benthic autotrophs and mixo-
trophs (Hallock and Schlager, 1986); the simulta-
neous initiation of cyanobacterial colonies is the
likely response, as reported in the stratigraphic
record (Chen et al., 2001a, 2002a).
In turn, this scenario would have created an-

oxic bottom waters (Algeo et al., 1995, 1998),
and subsequently enhanced the burial of Corg,
leading to the positive N13C excursion of inorganic
and organic carbon (e.g. Arthur et al., 1988). This
hypothesis is in good agreement with Chen et al.’s
(2002b) isotope stratigraphy across the F^F tran-
sition in South China, where the positive N

13C
excursion in carbonates occurs in parallel with
the interval of third-order relative sea-level fall.
The high radiogenic 87Sr/86Sr ratios from well-
preserved brachiopod shells across the F^F
boundary also suggest a higher continental input
into the oceans at this time (Veizer et al., 1997).
Similar positive N

13C excursions associated with
sea-level falls (and glaciation) are recorded in

Late Precambrian (Vendian) through Early Cam-
brian strata (e.g. Kaufman et al., 1993) and the
latest Ordovician (e.g. Brenchley et al., 1994;
Qing and Veizer, 1994).
As noted earlier, the stratigraphic record for the

F^F transition reveals a rapid sea-level rise with
three superimposed higher-frequency sea-level ris-
es, accompanied with anoxia, immediately after
the major sea-level fall (Figs. 4, 10, 11 and 13).
The initial rapid sea-level rise could have elevated
the depths of the photic zone and anoxic bottom
waters (or pycnocline, below the photic zone), re-
sulting in the expansion of relatively cool and
nutrient-rich waters stored in the basins over
shallow-water platforms through the intensi¢ed
circulation and enhanced upwelling. The basinal
nodular limestones with less pyrite, stronger bio-
turbation and a lighter colour (greenish to pink),
in comparison to the underlying gravity-£ow de-
posits and interbedded mudrocks, suggest more
oxygenated bottom waters during their deposition
(Chen et al., 2002b). This was likely a result of
elevation of the anoxic zone and improved circu-
lation of bottom waters on the basin £oor. The
elevated photic zone could have also reduced the
depth of colonisation for the benthic autotrophs
and mixotrophs (i.e. cyanobacterial colonies); the
simultaneous thriving of cyanobacterial buildups
on the platform margin/upper slope (Fig. 3; Chen
et al., 2001a, 2002a) was likely the result. This
scenario may have also promoted blooms of phy-
toplankton and so eutrophication in shallow
waters for a time. Accordingly, this would have
resulted in sustained increased burial of Corg due
to expansion of the areas of shallow seas, and
thus maintained a heavy carbon interval as regis-
tered in the upper part of the F^F transition (Joa-
chimski and Buggisch, 1993; Joachimski et al.,
2001; Chen et al., 2002b). Nevertheless, further
progressive rising of sea-level during the early
highstand stage of sequence SFa would have re-
duced the quantity of continent-derived nutrients
entering the oceans, leading to the waning of phy-
toplankton blooms as the nutrient storage in deep
basinal waters was depleted. This would have fur-
ther reduced the burial of Corg from the carbon
reservoir, leading to a negative N13C shift, back to
the background value (Chen et al., 2002b). How-
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ever, the timing of the return to the background
level may have been di¡erent from nearshore/plat-
form to o¡shore/basin, later in the former and
earlier in the latter, in view of the transport dis-
tance of nutrients from the source area (compare
Joachimski and Buggisch, 1993; Chen et al.,
2002b).
The rapid major sea-level rise with superim-

posed ¢fth-order sea-level rises, the anoxia and
the eutrophication, would have placed further
stresses on those already-weakened biotic relics
that lived on platform margin slopes and near-
shore muddy shelves that had survived the earlier
major crisis, and caused their demise too (Hou et
al., 1988; Jia et al., 1988; Kuang et al., 1989).
However, a small number of planktonic tentacu-
litids (Li, 1995), small-sized and mud-adapted
brachiopods (Hou et al., 1988), and extremely
rare corals (Liao, 2001) did survive these ecolog-
ical pressures and persevered into Famennian
times, although in very low diversity and abun-
dance.

7. Conclusions

Two sequences (SFr, SFa, each 1.0^1.2 Myr in
duration), representing two third-order relative
sea-level £uctuations, are recognised in the strata
across the F^F transition. The sequence boundary
between the two sequences is placed just below
the F^F boundary (V16^18 kyr earlier). Thus,
a major sea-level fall occurred close to the end
of Frasnian time, and this was followed in the
very latest Frasnian and earliest Famennian by
a rapid third-order sea-level rise with three super-
imposed, higher-frequency, ¢fth-order (16^18 kyr)
sea-level £uctuations and accompanying anoxic
events.
Bed-bundling cycles and shallowing-upward

cycles (¢fth-order) are extensively distributed in
basinal and platform successions respectively,
and these are packaged into larger-scale cycle-
sets, mesocycle-sets and megacycle-sets (all
fourth-order), driven respectively by precession
(16^18 kyr), and short, intermediate and long ec-
centricity (100, 200 and 400 kyr respectively).
Four cycle-sets and three cycles are recognised

respectively towards the top of sequence SFr
and at the base of sequence SFa, and these cor-
respond to the F^F faunal extinction interval.
Thus the timing of the F^F biotic crisis is con-
strained at V450 kyr in duration.
The massive faunal decline, particularly on o¡-

shore platforms, occurred in parallel with the
third-order sea-level fall near the end of the Fras-
nian, and a further faunal demise mainly on plat-
form margin slopes and nearshore shelves took
place during the subsequent major, rapid sea-level
rise, with its three superimposed higher-frequency
(16^18 kyr) sea-level £uctuations and associated
anoxia. The F^F biotic crisis, therefore, experi-
enced two episodes of faunal demise, occurring
in the interval from the Upper linguiformis
through Lower triangularis conodont Zones.
The initiation of cyanobacterial colonies on

platform margin slopes and the onset of extensive
fenestral limestones with abundant calcispheres
on platforms occurred in parallel with the third-
order relative sea-level fall, suggesting eutrophic
conditions during the fall. This was likely induced
by increased riverine nutrient £ux to the oceans
due to enhanced chemical weathering, since vas-
cular plants had proliferated over land areas and
coastal lowlands in this later Devonian time. The
initiation of eutrophication may have excluded
normal-marine benthic organisms, mainly through
deterioration of surface water clarity and deple-
tion of oxygen in bottom waters, as respiratory
demands and decomposition of microbial colonies
exceeded oxygen supply in the presence of excess
nutrients.
The subsequent rapid third-order sea-level rise

with superimposed higher-frequency ¢fth-order
sea-level £uctuations and associated anoxia and
eutrophication would have exerted further lethal
ecological stresses upon the already-weakened
fauna that had survived the earlier crisis, leading
to further faunal demise in this mass extinction
event.
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