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ABSTRACT

Microbialite morphostratigraphy is a new tool lor intrabasinal correlation using diverse microbialite structures (mor-
photypes). The recognition of the succession of morphotypes vver constrained temporal intervals and broad areas is
a function of the complex intcractions that operate to create the structurc. Because so many nonlinked variables
(e.g., biotic, sedimentological, physicochemical) are involved, similar morphotypes do not reoccur over long temporal
intervals. To demonstrate the technique, the upper Cambrian-lowermost Ordovician shell strata of the Great Basin,
United States, were correlated using both morphostratigraphy and standard lithostratigraphy. Six morphozones and
one morphosubzone were recognized, as were four main lithologic successions. Because the boundaries between the
morphozones and lithologic successions did not coincide, it is inferred that the characteristics of the various micro-
bialite structures are not solcly controlled by physical factors. The principles for establishing a morphostratigraphy
outlined in this article allow for the potential to correlate along other ancient marine margins in both the same
Cambrian and Ordovician interval, as well as any interval in the Phancrozoic in which diverse microbialite structures

OCCur.

Introduction

Stromatolite hiostratigraphy has been utilized in
pre-Phanerozoic strata for many years (e.g., Cloud
and Semikhatov 1969; Semikhatov 1976), yet very
little attention has been given to Phancrozoic
strata. In large part this is due to a wealth of other
biostratigraphical data in the marine sequences and
the belicf that stromatolites in the Phanerozoic arc
rare and are dominated by fairly indistinguishable
shapes (Monty 1973; Awramik 1990; Schubert and
Bottjer 1992). However, the Phancrozoic record of
stromatolites, as well as lesser known thrombolitic
and dendrolitic buildups (collectively, microbiali-
tes; see “Brief Overview of Terminology”), is both
more abundant and more diverse in the shallow
marine realm than is often generally appreciated
(Pratt 1982; Awramik 1992). Carcful analysis of the
structures of the various microbialites and the data
on how these structures changed over time leads
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to a stratigraphic sequence, or “microbialite
morphostratigraphy.”

The Late Cambrian through Early Ordovician has
long been known to contain microbialites of a va-
riety of shapes and sizes from many locations
worldwide (Hall 1883; Holtedahl 1919; Howe 1966;
Markello and Read 1982; Pereyra 1987; and others).
This global resurgence of pre-Phanerozoic shallow
marine microbial ecosystems is due to a combi-
nation of expansion of tropical passive margins and
a dcarth of large, sessile, skeletonized metazoans
le.g., corals, bryozoans), and calcificd algae. In ad-
dition to the lack of metazoan/coralgal reefs, most
tropical shallow shelves and intracontinental em-
bayments do not contain a robust invertebrate ree-
ord. The potentially large spatial distribution of a
morphostratigraphic succession can be highly use-
ful for correlating these strata rich in microbialite
buildups but lacking abundant alternative biostra-
tigraphical data. In addition, as benthic environ-
mental recorders, patterns of similar morphostra-
tigraphic  sequences will provide valuable
information on temporally constrained environ-
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mental/ecological episodes of the global Late Cam-
brian and, potentially, on other time intervals.

Fundamentals of Microbialite Morphostratigraphy

Microbialite morphostratigraphy is unique in that
it is not simply lithostratigraphy or biostratigraphy
or even a marriage of the two. The proposed em-
pirical approach is, however, equivalent to some
nontraditional biostratigraphic zonations, such as
“foraminifera coiling-direction zonation” (c.g., Er-
icson et al. 1963) or diachronous “biomeres” (Pal-
mer 1965). The model is not purely lithostrati-
graphic because some of the variables are time
dependent and cross facies and sequence bounda-
ries. Therefore, the morphozones cannot simply be
thought of as “assemblage zones.”

In order to appreciate the utility of morphostra-
tigraphy, onc needs to be able to view each micro-
bialitic structurc (morphotype| as a unique record
of the interaction of several different variables. The
factors that independently and collectively oper-
ated to create microbialite structures can be sepa-
rated into the biotic, sediment, and environmental
factors (e.g., Hotfman 1967; Semikhatov et al. 1979,
Awramik 1984; Beukes and Lowe 1989]. No single
variable, or class of variables, dictates the morpho-
logical attributes of the microbialite, but the in-
teraction can yield unique morphologies.

The key point to the success of the approach is
that each of these factors varies through a defined
time interval in either a linear, nonrepetitive fash-
ion or in a circular fashion that may or may not be
repetitive. When viewed as a dynamic system, the
multiple variations lead to a morphological suc-
cession that is nonrepetitive over large temporal
and spatial intervals (c¢.g., Phanerozoic stages and
continental margins), thus the resultant multiple
microbialite zonation is a linear, nonrepetitive
sequence.

Erection of morphostratigraphic zones (and
nested subzones) follows similar logic employed for
the designation of biostratigraphic zones. That is,
zones can be distinguished by the following; (1] the
unique range of a particular morphotype (range
zones), (2) the overlapping stratigraphic range of
more than one morphotype (concurrent range
zones), (3) the maximum abundance of one or more
maorphotypes (acme zones), and (4] the stratigraphic
interval bounded between the upper boundary of a
lower morphozone and the lower boundary of an
upper morphozone (interval zone; fig. 1). Because
the physical characteristics defining a morphotype
can bc caused by either time-independent or time-
dependent variables, the boundaries of the zones
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Figure 1. Microbialite morphostratigraphic zone types.
In each of the panels, the morphozone is centered around
morphotype B. A, Range zone is denoted by the range of
one morphotype. B, Concurrent range zone encompasscs
the time between the last appearance of one morphotype
B and the first appearancce of another morphotype E. C,
Acme zonges are defined as the time of peak abundance
of one morphotype. D, Intcrval zones occur between the
last occurrence ol older morphotypes A and B and the
first appearance of different morphotypes D and E.

can be isochronous or diachronous. It should be
noted that while isochroneity is implied in tradi-
tional biostratigraphy, some established biostrati-
graphic zones arc known to be diachronous (c.g.,
biomere boundaries; Palmer 1984). In terms of cor-
rclation, boundaries need not be isochronous, but
the naturc of the boundary is important for ad-
dressing larger questions on the control of the zo-
nation. Microbialite morphostratigraphy rclies on
fossilized evidence of the coadaptation or co-
cvolution of complex intcractions that can be cor-
relative across large depositional realms.

Briet Overview of Terminology

Microbialite is a general term used to describe “or-
ganoscdimentary deposits that have accreted as a
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result of a benthic, microbial community trapping
and binding detrital sediment and/or forming the
locus of mineral precipitation” (Burne and Moorc
1987, p. 241-242). By convention, the features of
microbialites arc studied on four scales of obser-
vation (modified from Grey 1989): the megastruc-
ture describes the large scale configuration of the
bed containing the microbialites (e.g., biostrome,
cyclicity), the macrostructure is the configuration
of the microbialite components [e.g., columns,
domes, stratiform), the mesostructure is used for
those features intermediate between macrostruc-
ture and microstructure, and the microstructure is
the microscopic fabric. It is at the mesostructural
level that the three main types of microbialites are
distinguished. Stromatolites arc characterized by a
laminated mesostructure, thrombolites have a clot-
ted mesostructure (Aitken 1967), and dendrolites
have a mesostructure composed of a dendritic fab-
ric of clusters of calcified microbes (Riding 1991;
fig. 2). For this study, the macrostructural features
proved vital for distinguishing the various
morphotypes.

Example from the Late Cambrian-Earliest
Ordovician ol the Great Basin

As a test, stratigraphic sections of Late Cam-
brian-earliest Ordovician strata (late Marju-
man-Canadian age| of the Great Basin (western
Laurentia] were measured, and the microbialites
were described. The limestones and dolomites are
predominantly microbialite boundstones, mud-
stones, skeletal wackestones and packstones, and
cross-bedded oolite and contain intraformational
breccias and flat-pebble conglomecrates (see table 1
for lithofacies and representative microbialites).
These deposits of the inner carbonate ramp and cra-
ton margin typically contain few invertebrate fos-
sils over much of this interval, with a few impor-
tant exceptions. Limestones and silty limestones
may contain trilobite and linguloid brachiopod de-
bris; however, these intervals are limited to the
Steptoean stage and Saukia zone. Conodonts are
abundant in the thick, post-Saukia dolomites and
have becn the most widely used correlation tool in
this area (Miller 1988), Thus, the majority of the
strata are not constrained biostratigraphically. A
thin interval (<100 m thick) rich in skeletal frag-
ments of the mollusks Matthevia and Matherella
does extend throughout the post-Saukia-dolomitic
interval and thus makes a good marker zone (Yoch-
clson et al. 1965). Available data do not support
cither an isochronous or a diachronous nature for
this mollusk zonc.
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Figure 2. Photographs of the defining mesostructural
differences in the three major forms of microbialites. All
photos are of longitudinal sections. A, Upward-arching
laminae of a columnar stromatolite. Field photograph. B,
Clotted labric of a columnar thrombolite, polished. Scale
bar = | em. C, Dendritic fabric (?Renalcis) of a domical
dendrolite, polished. Scale bar = 1 cm.

Inner ramp strata of this interval are divided into
tour main lithostratigraphic successions, all of
which contain some microbialitc deposits (table 1,
fig. 3). The lowest, Succession I, is dominated by
cvclical dolomitic units (lithofacies 1) in the south-
western Great Basin or limestone and silty lime-
stone (lithotacics 2] in the eastern and northeastern
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Table 1. Summary of Lithofacies Used on Correlation Charts
Interpreted environment and forms
Lithofacies Characteristic sedimentology of microbialites
] Predominantly meter-scale cycles that begin with Shallow, subtidal restricted marine, Patch
oncolite as deflation lags or flat-pebble conglom- reets and narrow tidal channels contain-
erate, overlain by trough and/or herring-bonc ing mobile ooidal dunces. No intertidal
cross-bedded oolite, and capped by planar- deposits. Forms A, B, C, D, E, F, G, I,
laminated mudstones. Sharp flat or undulatory K.
erosion surfaces at tops of cycles. Microbialites
occur throughout but may be absent in some
sections. Entire sequence is dolomitized; in
places replaced by white, saccharoidal dolomite.
2 Cross-bedded oolite, tHlat-pebble conglomerate, skel- Shallow, subtidal open marine. Strong cur-
ctal [trilobite, eocrinoid, phosphatic brachiopod) rents. Very rare intertidal deposits.
wackestones and packstoncs, interbedded thin Forms A, B, C,D,E, H, 1], K.
dolomite and silts. Rare calcareous shales,
mudcracks, and flaser bedding.
3 Planar-bedded cherty dolomites and limestonc. Deeper, open marine conditions, Forms A,

Limestone is wackestone and mudstonce. Also

G E.

massive dolomites and thin intercalated silts.

Rare trilobite and inarticulate brachiopod

lragments.

Great Basin (begins in the Dresbachian or late Mar-
juman amd Steptoean stages). The overlying Suc-
cession II is made up of silty limestones and silt-
stones (lithofacies 2 and 3) in the southwestern
Great Basin that are replaced by interbedded chert
in the cast (spans the Dresbachian-Franconian
boundary or latest Steptoean stage). Succession II1
is dominated by cyclical microbial dolomites (lith-
ofacies 1); however, in the cast-central Great Basin,
the interval is dominated by cherty dolomites (lith-
ofacies 3) with rare microbialites (spans the Fran-
conian stage or majority ot the Sunwaptan stage).
Succession IV sediments are interbedded limestonc
and siltstones (deposited during the latest Saukia-
trilobite zone through earliest Ordovician). The up-
permost strata of Succession IV are typically dol-
omitic in thc southwestern Great Basin and
limestone in the east. This same interval was ero-
sive in the inner craton scquences.

The dominant fossils for the entire interval stud-
ied are large microbialitic buildups, chictly throm-
bolites with lesser amounts of stromatolites (fig. 4).
Dendrolites are common in the early to middle
Dresbachian strata (upper Marjuman and lower
Steptoean stages). Eleven main types of microbi-
alites were found (detailed descriptions will be pre-
sented in a scparate article): form A, cylindrical co-
lumnar stromatolite; torm B, domical stromatolite;
form C, “rind”-type stratiform stromatolite; form
D, “biostromal”-type stratiform stromatolite; form
E, cylindrical columnar thrombolite; form F large
columnar branched thrombolite; form G, small co-
lumnar branched thrombolite; form H, domical
thrombolite; form T, domical dendrolite; form J, co-

lumnar dendrolite; and form K, stratiform den-
drolite. Nearly all arc preserved in late-diagenetic
dolomite and thus lack original microstructure.
With the exception of a distinctive microbe [?Ren-
alcis) found within the dendrolites and Girvanella
filaments from interbedded oncoids, no microbes
were observed in the other microbialites.

The morphostratigraphic zonation constructed
for the Great Basin was mostly defined based on
differences in the macrostructure and mesostruc-
ture. Microstructure could not be used for mor-
phostratigraphic zonation because of diagenetic
overprinting. This is quite different from most pre-
Phanerozoic stromatolite biostratigraphies, where
the microstructure can play a key role [c.g., Se-
mikhatov 1976; Bertrand-Sarfati and Walter 1981;
Grey 1984, 1995; Bertrand-Sarfati and Awramik
1992).

Based on differences in the macro- and meso-
structural attributes, six morphozones and one
morphosubzone were recognized (fig. 5). The zones
will be discussed in ascending stratigraphic order.
Following the descriptions of the zones, the li-
thology and isochroneity of the morphozones will
be discussed.

o« Zone. The « zone is a bottomless interval zone
that includes those forms below the first appear-
ance of dendrolitic morphotypes characteristic of
the 38 zone, but the lower boundary is not defined.
Reconnaissance of the strata below the 8 zone sug-
gests that unique morphozones may be erccted be-
low the g zone, particularly based on mesostruc-
tural differences within columnar stromatolites
(form A}, but careful study has not been under-
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Figure 3.

Correlation chart showing the four successions and the dominant lithofacies (sce table 1 for details]. The

pattern of vertical lines on the left of the diagram denotes missing strata in the more cratonward sections. Inset map
shows the location of the stratigraphic columns in the Great Basin. For specific details on the measured columns,
see Shapiro (1998). MH = Mohawk Hill, California; NR = Nopah Range, California; DM - Delamar Mountains, Nevada;
SP - Shingle Pass, Nevada; WW = Wah Wah Summit, Utah; TC = Taylor Canyon, Utah; LC = Lawson Cove, Utah.
Late Cambrian stage boundaries, shown on the right, are approximate. Ma = Marjuman stage; St = Steptoean stage;

Su - Sunwaptan stage; Sk = Skullrockian stage.

taken. The « zone typically contains form A stro-

matolites and form G thrombolites.
8 Zone. The B zone is a range zone defined by

the first and last appearance of dendrolites. Within
this interval, the dendrolites are found as domical
(form I), columnar (form J), and rind and stratiform
(form K) structurcs. The domical forms are the
most common but are not present everywhere.
Small columnar stromatolites (form A and colum-

nar and stratiform thrombolites (form HJ also occur
within the 8 zone. The 8 zonc was recognized at
every scction across the Great Basin, including the
inner craton margin settings. The ubiquitous na-
ture of this zone, coupled with its relatively thin
stratigraphic thickness (generally <100 m thick],
makes it one of the most important morphozones

recognized for correlation.
vy Zone. The v zone is defined as an interval zone
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Figure 4. Macro- and mesostructural features of the 11 microbialite forms used in this study
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between the last occurrence of the $-zone den-
drolites and the first appearance of the §-zone co-
lumnar branching thrombolites (form F). Although
in some sections microbialites were rarc to non-
cxistent in the y zone, in most sections this zone
is dominated by domical stromatolites (form B) and
domical thrombolites (form H]. Columnar stro-
matolites (form A) and stratiform thrombolites
(form H) can also occur in this zone. Future study
may segregate the domical stromatolites of this
zone as unique forms, thus switching the emphasis
on the designation (in some arcas) to a range zonc.
Becausc both the 8 and 6 zones were recognized
across the Great Basin, by default the ¥ zone was
also recognized. Because this is an interval zone,
the thickness is quite variable and ranges between
95 and 185 m thick in the measured sections.

8 Zone. The 6 zonc is a range zone that is brack-
cted by the first and last appearances of columnar
branching thrombolites (form F|. In addition to the
columnar branching thrombolites (form F), domical
thrombolites [form F) and small cylindrical colum-
nar stromatolites (form A) also occur. This zone is
recognized across the Great Basin and is thicker
than any other morphozone (up to 367 m thick at
Lawson Cove, Utah; 179 m thick at the inner craton
margin section at Mohawk Hill, California). Future
study may further subdivide this zone into sub-
zones based on discrete forms of the columnar

branching thromholites.
£ Subzone. In most sections, a subzone can be

delineated at the top of the é zone. The & subzone
is also a range zone and is defined by the first and
last appearances of large, cylindrical columnar
thrombolites (form E). In addition to these throm-
holites, large columnar (form A) and rind-type stro-
matolites (form C) are also common, the latter
found encapsulating the former. The thickness of
the & subzone is quite variable (from a maximum
of 135 m to 0 m) across the Great Basin and was

showing the correlation of the morphozones. Patterned
squares within each zone show measurable units con-
taining morphotypes indicative of that zone. Units <10
m thick arc not shown at this scale but were used for
constraining the tie lines. Inset map shows the location
ol the stratigraphic columns in the Great Basin, MH -
Mohawk Hill, California; NR = Nopah Range, California;
DM = Dclamar Mountains, Nevada; SP = Shingle Pass,
Nevada; WW = Wah Wah Summit, Utah; TC = Taylor
Canyon, Utah; .CC = Lawson Cove, Utah. Late Cambrian
stage boundaries, shown on the right, are approximate.
Ma = Marjuman stage; St = Stcptoean stage; Su = Sun-
waptan stage; Sk = Skullrockian stage.
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unrecognized along the measured transects in

southern and central Nevada.
¢ Zone. Although the lower boundary of the ¢

zone is defined as the last appearance of §-zone mor-
photypes, it is essentially an acme zone recognized
by an abundance of domical stromatolites (form B)
and small columnar stromatolites (form A). This
zone was recognized at all of the shallow shelf scc-
tions; it was missing within the inner craton mar-
gin sections. At one locality, very rare biostromal
dendrolites (that have a different mcsostructure
from the pB-zone dendrolites) were recognized
within this zone. An upper boundary has not been

firmly established. _
n Zone. The n zone was erected to account for

the small columnar stromatolites (a type of form
A stromatolite) that occur above clearly recogniz-
able ¢-zone domical stromatolites. The lack of ro-
bust documentation of the naturc of, and the
boundary between, the { and 5 zones precludes firm
cstablishment. Also, an upper boundary of the g
zone has not been created.

Correlation of Lithostratigraphy and Microbialite
Morphostratigraphy

By overlapping the lithostratigraphic and morpho-
stratigraphic boundaries for each section, it is read-
ily apparent that the two stratigraphic sets are not
congruent (fig. 6). The boundary between the 3 and
v zones is found both above and below the bound-
ary between Successions Il and III. This is impor-
tant because the Succession II-11I lithostratigraphic
houndary marks a profound change from silty lime-
stones and shaley siltstones deposited under open
marine conditions below (lithofacies 2 and 3]} to
cyclical, very shallow water boundstones and oo-
lites deposited under restricted conditions above
(lithofacies 1]. Thus, to have the diverse micro-
bialite forms of the @ and v zones found in each
lithologic succession is strong evidence against a
purely environmental control. Furthcrmore, the
boundary between the 8 and v zones moves down-
section toward the craton and is possibly an iso-
chronous boundary. Becausc this boundary marks
the demise of a distinct microbe (? Renalcis) found
in the dendrolites, it is possible that this is an ex-
tinction horizon.

The 6-zone microbialites, with the important ex-
ception of the form E thrombolites, are entirely
found within Succession III and, in essence, com-
prise 1t. This direct correlation argucs for a more
direct environmental control (i.e., associated with
lithofacies 1). The form F thrombolites are common
but not exactly coeval in upper Cambrian and lower
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Figure 6. Chart comparing the results of the lithostrat-

igraphic and morphostratigraphic correlation. The lith-
ostratigraphic zone boundaries are holder lines. Note the
lack of congruence between the two schemes.

Ordovician strata globally; howcever, the environ-
ments in these other areas are not analogous to
those in the Great Basin (Baldis et al. 1981; Pratt
and James 1982; Armella 1994; de Freitas and Mayr
1995; Shapiro 1998). This rclationship points to a
potential biotic intluence.

The e subzone is interesting in that it spans the
next major lithostratigraphic boundary separating
Successions III and TV (dominated by lithofacies 1
and 2, respectively). This subzone is not recognized
everywhere—even in lithologically similar sec-
tions—and may be biotically controlled. In the sec-
tions near the craton margin, this boundary is a
major hiatus, and thus the top of the € subzone is
not recognized.

In the most cratonward section studied (Mohawk
Hill; see fig. 3|, the entire overlying { zone was also
missing. Regardless, in the other, more complete
sections, the form E large, cylindrical, columnar
thrombolites are found within both Successions IT1
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and IV. It is interesting to note that the [orm E
thrombolites are found mostly, but not exclusively,
within the zone occupied by abundant onycho:
chilid gastropods and polyplacphorans (Shapiro
1995].

The common domical stromatolites (form B] of
the { zone are similar to domical dendrolites (form
1) and thrombolites (form H) of the 8 zone. Indeed,
the silty and skeletal limestonces of Succession [V
are nearly indistinguishable from those of Succes-
sion II-—both are representative of lithofacies 2. RBe
that as it may, the repetition of the gross stromatoid
structure is suggestive of two important points: (1]
there is a strong environmental control on the reap-
pearance of the domical morphologic types, and (2)
various mesostructures can form in similar cnvi-
ronments, contrary to depth-dependent models pro-
posed by others (e.g., Glumac and Walker 1997].

Discussion and Conclusion

Morphostratigraphic zonation in nonrepetitive mi-
crobialite sequences can be used to correlate shal-
low shelf strata in the Late Cambrian to earliest
Ordovician of the Great Basin. This is important
because standard biostratigraphical markers, such
as trilobites or conodonts, arc not common over
the interval. Furthermore, the principles outlined
for microbialite morphostratigraphy in this article
could easily be applied to any other Phanecrozoic
shelf or basinal deposits that host diversc and abun-
dant microbialites. Certainly, Middle Cambrian
through Early Ordovician strata would be most ap-
plicable to this trcatment, but other zones of rel-
atively abundant microbialites could also be cor-
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related, such as Devonian, Late Paleozoic, or some
Tertiary deposits.

In applying this technique to other areas, it is
hoped that refined corrclation using microstruc-
ture—not possible in the Great Basin—would en-
hance the deflinition of the zonal boundarics. Al-
ready, the usc of microstructure is an important
criterion in stromatolite taxonomy and biostratig-
raphy in pre-Phanerozoic correlation and may re-
flect true evolutionary control on the stromatolite-
building communities.

In addition to morphostratigraphic correlation of
strata, the application of this technique will allow
for enhanced assessment of environmental control
on microbialite shape and structure. If supplemen-
tary chronostratigraphic data are available, such as
abundant biostratigraphic markers, ash beds, or
chemostratigraphy, isochroneity of morphozone
boundaries can be evaluated. Most important, as
the diversity of microbialites of various shelves is
recognized and morphostratigraphic zonation 18 es-
tablished, larger spatial-scale patterns can be in-
vestigated, and bigger issues of palcoenvironments
and paleoecology can be addressed.
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