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convex side up, and showing no sign of abrasion. Shelter porosity is common. Since grainstone

facies show the same type of fauna as the mudstones and packstones, we interpret the textural

differences as resulting from winnowing of muddy sediments on the sea-floor, either by
catastrophic events (Kreisa, 1981; Kreisa and Bambach, 1982) or by bottom currents (Kidwell,

1991; Monaco, 1992).

The marly-clay portion shows common (10-30%) to abundant (>30%) benthic foraminifers,
ostracodes, bivalves, holothurians, ophiurids, crinoid fragments and spines, while radiolarians,
which are very abundant in limestones, appear to be scarce or absent (except for sample Fle 10.10).
Textures suggest that the original faunal assemblages were disturbed or even mechanically
destroyed by an intense infaunal activity.

Marly levels show residual faunas dominated by benthic foraminifers (examination of more
than 100 limestone by thin sections, conversely, has revealed absence of foraminifers and no more
than 3 lenticulinas in samples Fle 1.4; 4.10; 8.45). Marlstone benthic foraminifer assemblages can
be characterised as follows (according to the assemblages proposed by Nocchi 1992):

1) The assemblages of section Fle are dominated by Lenticulira, Prodentalina and Eoguttulina,
common Spirillina, abundant Conicospirillina, and large Astacolus, Lenticulina d'orbignyi and
Falsopalmula tenuistriata appear (samples Fle 5.90 and 13.40 respectively, Fig. 3, assemblage G
according to Nocchi, 1992). This assemblage is typical of the Middle-Upper Toarcian.

2) Benthic foraminifer abundances fluctuate rhythmically between marlstones and limestones
showing high abundances in the marly intervals (Fig. 3).

3) Number of species decreases at the Late Toarcian/Early Aalenian boundary (Fig. 3).

4) Benthic foraminifers, bivalves and ostracodes show no evident signs of erosion, abrasion,
dissolution, or recrystallization when observed under the microscope.

5) Posidoniid shells are constantly found throughout the section both in marlstones and limestones
(abundance >30% in washed residues).

6) Calcified radiolarians are very rare in marlstones but common in limestones.

Interpretation

a) A suitable environment for posidoniid bivalves occurred both during deposition of marlstones
and limestones.

b) A favourable environment for benthic foraminifers occurred mainly during deposition of
marlstones. In this basinal setting it is likely that increased influx of clays derived from
continental settings could also signal the influx of additional organic matter from terrestrial
environments. During carbonate influx minima, more organic matter could have possibly made it
to the sea-floor, for consumption by benthic communities. The clay input from continental
settings diluted the production of carbonates (thin shelled bivalves and calcareous nannofossils)
through a Dilution Cycle. This latter, linked to fluctuating environmental conditions (Claps et al,
1997), might have triggered, through an increase of organic matter to the sea-floor, a rhythmicity
in benthic foraminiferal abundances, here named a proliferation cycle.

c) More abundant radiolarians found in limestones could suggest higher surface fertility conditions
during limestone sedimentation. However, we rather interpret the paucity of radiolarians in the
marlstones as a result of poor preservation (Baumgartner, 1987).

Figure 4. Dlagram showing Fle schematic lithology related to CaCO3, foraminifera abundance, 5 C
and §'%0 variations. Note the opposite trend between CaCQ; variations and foraminifera

abundances, and the covariance of 13CaCO; percentage and 8 C oscillations. For the exact
correspondences between CaCO,, 8 C and 8'80 variations see Fig. 5 B. Datum levels on

calcareous nannofossils refer to Mattioli, (1994; 1997). Ammonites occurrences:Venturi,
personal communication.



E § 513(: PDB 8130 o corT. C3C03 %
= 0 25 5 .75 1 12515175 2 22525 (3 20 2% 24 2 2 8 45 .M .2 -1 8|0 10 20 30 40 %0 60 70 80 9% 100
T
<E | N A
—e{1} S F &
A4l | |2 .
O ] e 4:ll.;l;l.lsi)lhn.l magharensis
E bl :x—l Qﬁmli:hussp.l
"_l (23.40)
ux-- 22 wemrs
(@ z ] ot (295) A
ﬂ"f( = &2 | LU ? S04 'Biscutum finchii 2
<’:() I b (20.20)
o ol =
z<« I |
2o} /T/
Lol o |
b y =
m g‘} ) I Be 1113 (1450
ory MY/ oo 0130
i bdus
S% [ e 'nms(nll.SO)
<& L
U% | = i
o ::;’ _I(.SA;;inlimd'uﬁlnyi L
& | | g U0
B P # IT/.
2 L= B
b Biscutum depravatum
~ ]
= | |[caoaes E:ﬁ — Triscutum sullivanii
| = e 075 i
& _ 0 Be0tD
e ESR mmmdy < planolites k& chondrites
KEY cToss stratifications
ESEE) timestone  ~<~  thin shelled bivalves B2 thalessincides & paleophycus

9 JOA WnioH Y21easaH0ay)

150517



494 5" Jurassic Symposium, Vancouver

Geochemical Characteristics

Isotopic data: the 513C and 5180 profiles
The absolute range of values for 813C varies between 0.14 and 2.3 %o (Figs. 4 and 5). The

average value of 813C at Fiuminata is 1.69 %o. Values below 0.9%o were suspected to result from
diagenetic calcite veins or voids. Measured values for marlstones differ systematically from those

measured in limestones (Fig. 5). The mean 813C value for marlstones is 1.52%o, and ranges from
0.68 to 1.93%o. The mean 513C value for limestones is 1.85%o, and ranges from 0.14 to 2.29%o. The
813¢c signature for marlstones is on average 0.3%o lighter than that for limestones. The average
813C difference between adjacent marl/limestone in individual couplets shows a value of 0.5%o
with maximum difference of 0.7%o. The absolute range of values for the 8180 varies between -2.83
and -1.03%o. The average value for 8180 is -1.53%o. The difference between marlstones and

limestones is present also for 8180, though to a smaller extent. The mean 5180 value for
marlstones is -1.63%o, and the absolute the range of values goes from -2.83 to -1.14%o. The mean

8180 value for limestones is -1.44%o, and range from -2.45 to -1.21%o. The 8180 signature for

marlstones is on average 0.2 % more negative than that for limestones. The average 5180
difference between adjacent marl/limestones in individual couplets shows a value of 0.2%.. The

mean shift recorded for oxygen is therefore by 0.1 %o smaller than the shift of the 813C. It seems
that oxygen values record environmental variations to a lesser extent than carbon values, and
because of this, our interpretation of isotope values significance will concentrate on carbon. Scatter

diagrams of 813C and 5180 and of 8! 3C versus CaCO3 values is shown in Fig. 5.

Interpretation

These measurements indicate a systematic difference in isotopic levels for limestones and
marlstones in each couplet. No isotopic studies on Jurassic and Cretaceous rocks have been able to
determine uniquivocally the primary or diagenetic origin of short term isotopic variations (Foucault
and Renard, 1987; Arthur et al, 1994;). Whether our isotope data reflect primary fluctuations in the
water column or early diagenetic changes at/or beneath the sediment-water interface- cannot be
determined. However, the isotopic data correlate well with fluctuations in benthic foraminifers
abundance and lithology. We therefore believe that these data record short term environmental
fluctuations either in the bottom waters or in the earliest diagenetic environment.

Although very small variations in the isotopic signature are often considered to be of solely
diagenetic origin (Thierstein and Roth, 1991), some authors (R.O.C.C. Group, 1986; Barron et al.,
1985, among others) have developed palaecoenvironmental and palaeoclimatic models based on
different isotopic signatures for marlstones and limestones.

Isotopic values recording a primary signal: if the observed isotopic variations are considered

primary signals, the lower 813C of marlstones might reflect different conditions at the sea-bottom
and in the superficial waters. Phytoplankton (Mattioli, 1997) is less abundant during marly

deposition, while benthos proliferates. The 813C in marly beds is lighter than in limestones, results

that can be explained by lower 12C uptake by phytoplankton. Benthic fauna proliferation is
probably encouraged by enhanced organic matter discharge from the continents to the sea-floor,
triggered by clay input, and not recycled because of stratified waters (pyrite was found in residues).

The positive values of §13C in limestone beds stands as an indicator of higher uptake of nutrients
from phytoplankton in the upper part of the water column; Mattioli (1997) notices higher

productivity during the limestone hemicouplet deposition, concomitant with heavier 313C values.
This hypothesis leads to the conclusion that short term nutrient/productivity fluctuations of the
water column were recorded as small but significant isotopic variations.

Isotopic values recording an earliest diagenetic signal: if the observed isotopic variations are
considered as an early diagenetic signal, the heavier isotopic value of limestones could be explained
by rapid cementation taking place at the sediment-water interface. The isotopic signature of
limestones is closer to equilibrium with sea water than the marlstones which tend to become
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cemented at later diagenetic stage, being influenced by the circulation of isotopically lighter fluids.
Burrowers may have influenced the earliest diagenetic environment by provoking earliest
cementation; a sufficiently firm substrate, created by early cementation will record burrowing,
while the softer marly uncemented substrate will not (as confirmed by ichnofacies, Monaco et al.,
1994).

Isotopic values recording burial compaction diagenesis: in this sense, isotope fluctuations simply
mirror variations in lithology, therefore entirely depending on diagenesis; once the whole
succession is buried and compacted, different diagenetic paths for limestones and marlstones occur,
giving rise to different isotopic signatures.

Discussion and Conclusions

Marlstone/limestone cyclicity recorded in the Colle Como section can be modeled following
the four cycle types proposed by Einsele et al. (1991): dissolution cycle, calcareous redox cycle,
productivity cycle, dilution cycle. A pure productivity cycle is characterised by a fluctuating supply
of pelagic carbonate during a steady contribution of clay (Einsele and Ricken, 1991; Ricken, 1991).
Since only extreme oceanic environmental changes, i.e., shifting of upwelling cells and climatic
belts, can cause major changes in productivity, cyclic variation in productivity seldom seems the
only factor controlling marl/limestone rhythms. In the Colle Corno section, thin-shelled bivalves
might provide sufficient carbonate for a “steady” production, while the oscillating parameters are
represented by periodic fluctuations of calcareous benthic foraminifers and by intermittent clay
input in the basin. A study of calcareous nannofossils seems also to indicate rhythmic variations
(Mattioli, 1994, 1997).

The absence of benthic foraminifers in the more calcareous lithologies and the abundance
within the marly portion might be related to enhanced influx of organic matter from terrestrial
environments during carbonate minima. Once on the sea-floor, the terrestrial organic material might
have been available for consumption by benthic communities. Since proliferation of benthic
foraminifers follows cyclic variations between carbonate-poor and carbonate-rich beds, we propose
to adopt the term proliferation cycle for this type of benthic fauna fluctuation. The benthos
fluctuation cannot be identified with the productivity cycle of Einsele and Ricken (1991), since the
fluctuating parameter (benthic foraminifers) is not a source of pelagic carbonate. The change in
benthic life can be interpreted as a trophic cycle at the substrate leading to a starvation during times
of limestone sedimentation. Bottom waters might have been enriched in organic matter during
periods of marlstone deposition, also due to lower O, contents (as proposed by Mattioli, 1997). The
isotopically lighter values of marlstones might reflect lower phytoplankton nutrient uptake and
higher quantities of organic matter reaching the sea-floor, only partially oxidized in the water
column.

The alternation of carbonate-rich and carbonate-poor layers are therefore interpreted as the
sedimentary expression of productivity and proliferation cycles induced by intermittent clay
discharge in the basin.

The second hypothesis considers the isotopic signal simply as a mirror of lithological cyclicity.
Carbon and oxygen isotopes can therefore enhance lithological cyclicity, but do not provide an
independent signal. The third hypothesis is concerned with an entirely diagenetic signal.

We favour the first hypothesis because phytoplankton cyclicities, benthic foraminifer
fluctuations and intermittent clay discharge, seem to be well correlatable with the systematic
isotopic variations.
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Abstract: Recently discovered plant megafossil assemblages from Bearreraig, Skye, northwest
Scotland offer a rare opportunity to study the anatomy of Middle Jurassic land-plants. The 14 plant-
bearing horizons occur throughout ca. 120m of strata and have yielded 15 disarticulated organ-
species, including unique, calcareously permineralized, cycadophyte leaves and conifer strobili.
They represent a minimum of eight whole-plant species: one equisetalean, four filicalean ferns, one
cycad, at least one bennettite, and at least one conifer. Calcitic nodules enclosing the plant
megafossils also contain diverse assemblages of well preserved miospores and representatives of
many major groups of contemporaneous marine biota. Integration of narrow ammonite biozones
with standard chronostratigraphies suggests prolonged accretion, from the earliest Aalenian to the
early Bajocian. Tectonic, sedimentologic, and paleontologic data all indicate deposition in fully
marine conditions, ca. 25km offshore from at least one substantial delta. The river systems drained
large and topographically variable catchments, and therefore probably sampled and homogenized
components from several biotic communities. Taphonomic depletion least affected organ-species
that were (1) resistant to mechanical disaggregation (i.e., robust), (2) resistant to biodegradation
(most effectively conferred by charcoalification), and (3) entered the transport system closest to the
site of deposition. Plants probably rafted seaward until encountering the turbulent zone of column
inversion and mixing, where they settled through the water column and were rapidly buried by
dominantly terrigenous sediment. Complex physico-chemical interactions in this unstable
depositional environment allowed permineralization of plant tissues by calcite leached from
surrounding invertebrate tests. Paleoecological interpretation of these highly allochthonous fossil
plant assemblages necessitates distinction between (1) putative whole-plant species of different
communities within each assemblage, and (2) evolutionary versus ecological causes of directional
changes in species compositions of successive assemblages. At least two distinct associations
apparently persisted throughout the notional 10my of accumulation: a coastal/deltaic community
dominated by the araucarian conifer Brachyphyllum cf. mamillare—Taxodioxylon—cf. 'Araucarites’
(admixed B. cf. crucis may represent an associated cheirolepidiacean conifer), and an inland
community represented primarily by burnt foliage of the matoniaceous fern Phlebopteris. Although
exaggerated by taphonomic depletion, the low species diversity and remarkable robustness of these
land-plant communities apparently reflect growth under appreciable extrinsic stresses, notably
periodic aridity. Prodelta and marine shelf facies are undoubtedly under-exploited as potential
sources of fossil megafloras that indicate contemporaneous terrestrial environments.

Introduction
Latest Triassic and Jurassic strata have yielded some of the best-known of all fossil floras
(Wing et al.,, 1992); notable examples include the Rhaetic flora of Scoresby Sound, east Greenland
(Harris, 1937), the largely Bajocian flora of northeast Yorkshire (Harris, 1961-1979) and the
largely Kimmeridgian flora of the French Jura (Barale, 1981). The plants typically occur in fine-
grained deltaic, estuarine, and shallow marine, clastic sediments, and consist largely of adpressions:
essentially two-dimensional fossils that provide information on gross morphology but lack



Stage Aalenian Lower Bajocian

Ammonite zone Opalinum Murchisonae  Concavum Discites Laeviuscula
Lithostratigraphic unit Dun Caan Sh. Ollach Sandstone Udairn Shale Holm Sandstone
Plant-bearing horizon P1 P2 P3 P4 P5 P6* P7* P8 P9* P10* P11 P12 P13* P14

Sphenopsida: Equisetales
'Equisetites’ cf. columnaris - - - - - - - O - — - elr — —
Pteropsida: Filicales
cf. Cladophlebis denticulatus — - - - ol
Hausmannia dichotoma - -
Hausmannia buchii - —
Coniopteris cf. hymenophylloides — -
Phlebopteris woodwardii | -
Rachises (?mostly Phlebopteris)y H® O ] - al
Gymnospermopsida: Cycadales
Nilssonia cf. tenuinervis — — — - —
Gymnospermopsida: Bennettitales
ct. Otozamites penna (small) —
ct. Otozamites penna (large) [ — — — — — — —
?Female cone (robust) —
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anatomical detail. In the Jurassic of western Europe, the most frequently encountered sources of
anatomical data are burnt fern foliage and calcareously petrified fragments of dominantly
coniferous driftwood. Elsewhere, siliceous petrifaction has preserved rare examples of ferns,
cycadophytes, and conifers. Calcareously petrified floras, frequent elsewhere in the geological
column, are especially rare throughout the Jurassic worldwide (for a rare and taxonomically
restricted exception see Seward and Bancroft, 1913).

This paper, abstracted from a more detailed manuscript currently in preparation, describes a
new sequence of allochthonous, anatomically-preserved Middle Jurassic floral assemblages from
coastal sections at Bearreraig, Skye, northwest Scotland (Morton, 1990; Bateman and Morton,
1994; Dower and Bateman, 1998). Although the plants have been severely taphonomically
disarticulated into a wide range of isolated organs, quality of preservation by calcareous petrifaction
is high. The plant megafossils occur at several stratigraphic levels, together with diverse
assemblages of well preserved miospores and contemporaneous marine organisms. These include
dinoflagellates, calcareous nannofossils, foraminifera, ostracodes, crinoids, bivalves, gastropods,
scaphopods, belemnites, and ammonites, together with fragmentary arthropods, crinoids, and fish;
nearby occur tetrapods, including the only known Scottish dinosaur bones. The biostratigraphic
value of most of these fossil groups was recently reviewed in detail, leading to Bearreraig’s
Auxiliary Stratotype status for the Aalenian-Bajocian boundary (Morton, 1990; Morton and
Hudson, 1995).

Here we use Bearreraig as a case-study in the interpretation of sequences of strongly
allochthonous fossil plant assemblages. The newly-acquired paleobotanical information is
integrated with tectonic, sedimentologic, and paleozoologic data to infer the nature of the
taphonomic cycle experienced by the plants. These interpretations in turn provide a framework for
tentative reconstructions of their source communities and of the prevailing climatic regime.

Location, Stratigraphy, Age, and Materials

Bearreraig Bay is situated on the east coast of the Trotternish Peninsula, 10km north of Portree
on the Isle of Skye, northwest Scotland. Our detailed measured section currently represents six
exposures extending laterally over 2km. The Jurassic stratigraphy of Bearreraig is based on zonal
and subzonal boundaries interpolated between numerous horizons that yielded abundant, well
preserved ammonite assemblages, thereby providing an unusually precise biozonation (Morton,
1990) that has since been supplemented with other biostratigraphic, paleomagnetic and Sr isotope
data (Morton and Hudson, 1995).

The 14 plant-bearing horizons discovered to date (excluding biologically uninformative wood
fragments) span a 120m-thick central portion of the Bearreraig Sandstone Formation (Fig. 1), from
the middle of the Dun Caan Member (opalinum Zone: earliest Aalenian) through the Ollach
Sandstone and Udairn Shale Members to the middle of the Holm Sandstone Member (/aeviuscula
Zone: early Bajocian); thus, they slightly pre-date or overlap the classic Yorkshire floras described
by Harris (1961-1979), and represent a nominal 10my of potential evolution (Harland et al,, 1989).

Numerous calcareous nodules were collected by N. Morton between 1963 and 1984. They were
fractured repeatedly into irregular (typically 1-5cm) fragments in order to expose abundant, well
preserved ammonites and bivalves, which yielded valuable biostratigraphic and paleobiologic
information (Morton, 1990; Morton and Hudson, 1995). As an unexpected by-product, small but
well preserved, land-plant fossils were also revealed, intimately associated with the marine molluscs
responsible for their calcitic preservation. Following re-examination of the stratigraphic collections,
the most promising plant-bearing horizons (notably P6, P9, and P10; Fig. 1) were sampled more
extensively by R. Bateman and O. Farrington in 1986 and 1995, supplemented with loose blocks
collected from the foreshore.

Figure 1. Stratigraphic distribution of petrified plant megafossil organ-species at Bearreriag Bay,
Skye. Preservation: circle = non-fusainized, square = fusainized, diamond = pyritized (if two
states present, dominant is listed first); data reliablity: open symbol = no specimen identified
with confidence, arrow = all specimens from loose blocks only; detail of ferns: f = fertile pinna,
r = possible rhizome; horizons yielding the largest samples are in boldface, those yielding
palynological samples are asterisked.
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Plant megafossils were prepared for photography, cellulose acetate anatomical peeling,
petrographic thin-sections, and SEM examination using standard paleobotanical techniques (Jones
and Rowe, in press). Plant microfossils and cuticles were macerated from the inorganic matrix; this
was analyzed geochemically to investigate modes of preservation (Bateman in Jones and Rowe, in
press).

Organic-walled Microfossils

Miospores and dinoflagellate cysts dominate the palynological preparations, supplemented with
occasional acritarchs, algae (marine prasinophyceans and the presumed brackish/freshwater
chlorophyte Botryococcus), and foraminiferal test-linings. They occur with variable quantities of
palynodebris, dominantly land-plant tracheids (internal) and cuticle (external).

Dinoflagellate assemblages from Bearreraig contain ca. 17 morphospecies (Riding, 1991) and
generally resemble those from Jurassic strata elsewhere in northwest Europe. The suites are
dominated by Nannoceratopsis species (notably N. ambonis and N. gracilis), together with the
pareodinoid Caddasphaera. Samples higher in the succession (P13 - P14) are more diverse,
including appreciable quantities of the gonyaulacoid Dissiliodinium and the pareodinoid
Kallosphaeridium.

Miospore assemblages are appreciably more diverse. Riding (1991) recorded at least 31
miospore species, even without attempting to differentiate morphospecies of the stratigraphically
unhelpful (but paleoecologically highly significant) bisaccate group that dominates most samples. A
substantial increase in morphospecies diversity approximating the junction of the Dun Caan Shale
and Ollach Sandstone Members occurs ca. 8§ m above the first appearance of identifiable plant
megafossils in the succession (horizon P1; Fig. 1). Putative gymnosperm pollen includes abundant
bisaccates, together with several organ-species of Callialasporites and the characteristic Jurassic
miospore ‘Classopollis’ (strictly, Corollina). Also consistently present are Cerebropollenites
macroverrucosus, Perinopollenites elatoides, and Cycadopites species.

The most abundant and persistent putative pteridophyte spore-species are Retitriletes austro-
clavatidites, Ischyosporites variegatus, and Cyathidites species (notably C. australis and C. minor).
Frequently occurring, but less abundant, spores are Coronatispora valdensis, Concavissimisporites
verrucosus, Todisporites minor, Osmundacidites wellmanii, Lycopodiacidites semimuris, and
Leptolepidites species (Riding, 1991). Sadly, few of these spore species have been conclusively
correlated with their source megafossil species.

Plant Megafossils

As systematic study of the plant megafossils is still in progress, no attempt has been made here
to revise their taxonomy. Work on the pteridophytes is regarded as complete, whereas further
paleobotanical investigation is planned for the gymnosperms. Due to severe disarticulation, taxa
listed in Figure 1 are isolated organ-species rather than whole-plant species.

Early hopes of detecting non-vascular plants at Bearreraig were dashed when the specimens in
question (non-charcoalified axes from horizons P1, P5, P8, P10, and P12) proved to resemble the
organic internal frameworks of sponges!

Tuming to the vascular land-plants, the Sphenopsida (Equisetales) is represented by a large,
pyritized putative rhizome of Equisetites cf. columnaris, comparison with related extant horsetails
suggests that it reached the size of a small tree. The ferns (Pteropsida: Filicales) are more diverse
and uniformly fusainized (charcoalified), thereby revealing intricate histological details under the
SEM. Much the most abundant and stratigraphically widespread fern is Phlebopteris woodwardii
(Matoniaceae), which occurs as both sterile and fertile pinnules derived from the palmate leaves,
plus occasional subtending rachises and one possible rhizome fragment. Next most frequent is
Hausmannia (Dipteridaceae), which occurs as two form-species, H. dichotoma and H. buchii. Their
co-occurrence in horizon P6 at Bearreraig, and their histological similarity under the SEM, support
Harris' (1961) speculation that the two organ-species represent a single dimorphic whole-plant
species that possessed specialized fertile and sterile fronds respectively (analogous to the extant
Stags-hom Femn, Platycerium). Much rarer are single pinnule fragments of cf. Cladophlebis
denticulatus (of the water-loving Osmundaceae) and Coniopteris cf. hymenophylloides (of the
typically shrub/tree-sized, forest-dwelling Cyatheaceae). Thus, the four putative whole-plant ferns
represent four different (and phylogenetically relatively primitive) families (Bateman and Morton,
1994); moreover, all four characterize the Yorkshire Jurassic floras (Harris, 1961).
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The remainder of the Bearreraig plants are gymnosperms. Although well preserved and rich in
morphological and histological characters, the 'cycadophytes' proved a serious challenge to
identification. The well known evolutionary convergence in gross leaf morphology between true
Cycadales and the more phylogenetically derived, unrelated Bennettitales was revealed primarily by
epidermal and stomatal specialisms of the latter mirrored in cuticlar imprints (Harris, 1964; 1969),
which are poorly preserved on the otherwise highly informative Bearreraig petrifactions. The rarer
of the two cycadophytes is a single central portion of an entire, strap-shaped leaf plus distinctive
rachis that appears assignable to the cycad Nilssonia cf. tenuinervis rather than the bennettite
Nilssoniopteris (Dower and Bateman, 1998). The larger (and more frequent), pinnate cycadophyte
genus is a bennettite, assigned to cf. Ptilophyllum by Bateman and Morton (1994). Most specimens
compared most closely with P. pecten, but a large specimen with elongate pinnae from the lowest
horizon in the succession resembled P. pectinoides. These two organ-species may represent
different growth forms of the same whole-plant species, an interpretation reinforced by the recent
discovery of a clearly juvenile frond by Dower and Bateman (1998). These authors tentatively
reassigned all the Bearreraig bennettite leaves to the very similar genus Otozamites cf. penna.
Isolated sporophylls and ovules from P9, and a cone fragment from P14, were probably bome by
cycadophytes.

The conifers have received least taxonomic attention thus far, despite being the most abundant
plant remains at Bearreraig (Fig. 1). Well preserved leafy shoots occur throughout the succession,
dominating most horizons. A few are sufficiently large to show two orders of branching. Leaves are
thickly xeromorphic and bear distinctive sunken, pentagonal stomata. They vary considerably in
morphology, from appressed sheaths through club- to egg-shaped; all fit the broadly delimited
form-genus Brachyphyllum. Most appear assignable to B. cf. mamillare (Araucariaceae), though the
convergent B. cf. crucis (Cheirolepidiaceae) may also be present. Frequent woody axes and wood
fragments throughout the sequence probably represent these conifers; those in the upper part of the
succession are sufficiently well preserved to identify as cf. Taxodioxylon.' Two excellent intact
female cones (one flattened) and a few isolated ovules are also consistent with araucarian
derivation.

To summarize, the Bearreraig organ-species most likely constitute a minimum of eight and
maximum of eleven whole-plant species (Bateman and Morton, 1994). This is a startlingly low
species diversity for a sizeable taphonomic catchment (for example, compared with the much richer
Late Aalenian—Bajocian floras of Yorkshire; Harris, 1961-1979), but remarkably the assemblage
encompasses eight or nine families and five orders/classes (sensu Stewart and Rothwell, 1993).

Tectonic Framework and Sedimentary Environment

The severe fragmentation and fully marine depositional setting of the floras conclusively
demonstrate their highly allochthonous nature. Nevertheless, many floral assemblages are preserved
in the 120m-thick plant-bearing sequence, documenting repeated input of plant debris. Inferences
concerning their taphonomy therefore require knowledge of the prevailing tectonic framework and
the resulting patterns of sedimentation.

The Lower to Middle Jurassic transition was marked by an episode of lithospheric stretching in
the proto-North Atlantic, which tectonically renewed subsidence in the sedimentary basins and
uplifted the hinterlands, rejuvenating topography (Morton and Hudson, 1995). Large quantities of
terrigenous material (including land-plant debris) were discharged into basins surrounding northern
Britain. Marginal and non-marine depositional environments dominated throughout the Aalenian
and Bajocian, persisting into the Bathonian in all areas except the northernmost North Sea.
Estuarine and deltaic sediments incorporated important adpression floras in the Bajocian of the
Yorkshire Basin (Harris, 1961-1979) and the Bathonian of Sutherland (Harris and Rest, 1966; Van
Konijnenberg-Van Cittert and Van Der Burgh, 1989).

The Middle Jurassic Hebrides Basin was greatly elongate north to south, connected to a broad
shelf sea to the south but closed at the northem end; consequently, it was strongly tidal. Clast
petrography and fine-sand mineralogy of the Bearreraig Sandstone indicate that associated
siliciclastics were derived from Moine and Dalradian sources eastward in the Scottish Highlands;
the Middle Jurassic coastline lay close to the present-day coastline of the Scottish mainland, 25—
30km east of Bearreraig. North to south variations in detrital mineralogy indicate that several rivers
drained into the Hebrides Basin.

The Bearreraig Sandstone varies considerably in thickness across the Skye—Raasay area,
reaching an intermediate 210m at Bearreraig itself. The most striking facies variation is the
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diachronous spread northwards of cross-stratified sandstones and sandy limestones that were
deposited as migrating tidal sand waves. Orientations of cross-strata show that sediment transport
was predominantly longitudinal to the Hebrides Basin, parallel to the north - south oriented
coastlines and fault-related topographic features within the basin. Terrigenous sediment from the
rejuvenated hinterland to the east was transported by rivers to the sea, where it was redistributed by
tidal currents and mixed with varying proportions of diverse marine shell debris.

Stenohaline nektic/nekto-benthic faunas occur in most beds at Bearreraig (Morton, 1990;
1992). A change in sea bottom conditions resulted in a paucity of cephalopods and a transition from
dominantly calcitic to dominantly sideritic cementation (with a concomitant decline in the
frequency and quality of plant preservation) in the upper part of the Udaim Shale Member. Bivalves
dominate the benthic megafaunas, and the only common gastropod is a small species of Actaeonina.
Current studies of microfossils from Bearreraig may eventually provide greater environmental
resolution than the megafossils.

Although the presence of land-plant debris and the brackish/freshwater alga Botryococcus
clearly demonstrate input of onshore biota, the closest evidence (both geographically and
temporally) of temporary emergence occurs 9km south of Bearreraig, where root-casts delimit a
paleosol. This horizon occurs higher in the succession than the uppermost plant-bearing horizon
(P14) at Bearreraig. Thus, the entire Bearreraig Sandstone was deposited in a normal-salinity
marine environment. The sediments and faunas are typical of soft, muddy to sandy sea-floors on an
offshore, shallow shelf experiencing relatively rapid accumulation of organic-rich sediment.

Taphonomy

The Bearreraig plant assemblages are highly fragmented and were deposited under fully marine
conditions, 25 - 30km from the nearest emergent terrain. They are, therefore, highly allochthonous;
a series of taphonomic filters (sensu Behrensmeyer et al., 1992) has severely depleted the number of
organ-species present and greatly modified the relative proportions of those that remain. Even
tentative reconstruction of their source communities, therefore, requires consideration of the
possible effects of all the biases listed by Bateman (1991) as potentially resulting in differential
preservation . ‘

The stratigraphic distribution of the permineralized floral assemblages (Fig. 1) is strongly
positively correlated with the occurrence of nodular concretionary horizons that are cemented
primarily by calcite rather than siderite. Laminar concretions in the upper Dun Caan Shale and basal
portion of the Ollach Sandstone Member, rich in molluscs, yielded floral assemblages P1 -P4; they
probably reflect decreased supply of siliciclastics relative to rates of biogenic carbonate
precipitation. The most diverse and best-preserved biotic assemblages occur in bands of calcareous
nodules and doggers, which vary considerably in size and shape. Nodules from the most productive
horizons (P6 - P10) are typically 10 - 30cm in maximum diameter and roughly ellipsoidal in
longitudinal section. Geochemical analyses demonstrate that the main distinguishing feature of the
nodules is the concentration of both biogenic and authigenic CaCO3 (Bateman in Jones and Rowe,
in press).

The heterogeneous distribution of biotas within individual horizons is probably largely a
secondary phenomenon, reflecting non-preservation of most of the megafossils that accumulated on
the sea floor at each point in time. Decay and dissolution of shells released sufficient calcium
carbonate to allow local re-precipitation of authigenic calcite, which nucleated around the remaining
shells. Cementation filled pore spaces, thus protecting intra-nodular biota from further chemical
dissolution and from physical compression. Meanwhile, biotas in the enclosing sediment were
severely depleted by further dissolution. Plant fragments (including charcoal) that were intimately
associated with the molluscs were thus fortuitously preserved by calcitic permineralization.

Some of the conifer branches reveal fossilized excreta of wood-boring insects, but these
probably formed pre-mortem. Evidence for post-mortem modification is confined to the best
preserved of the cf. Otozamites leaves, which contain sparse degradative fungi within the mesophyll
(Dower and Bateman, 1998). Otherwise, the paucity of chemical and/or microbial degradation of
the plant tissues at Bearreraig suggests that permineralization (and therefore nodule formation)
occurred very rapidly after deposition, as the relatively shallow water column and sandy substrate
are unlikely to have allowed the development of anoxic conditions at the water - sediment interface
(this inference is supported by evidence of extensive bioturbation). Subsequent recrystallization of
calcite, which can severely disrupt anatomical detail in calcareously permineralized plant fossils,
has only seriously affected the larger woody conifer branches.
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The abundance of plant-bearing fossils in the Bearreraig Sandstone and the dominance of
Brachyphyllum and Phlebopteris throughout the succession indicate repeated input from broadly
similar communities during the notional 10my gross accumulation period. Together with the rapid
accumulation of terrigenous sediment, this suggests deposition offshore from one or more persistent
river discharges. Although disarticulated, the floral assemblages are dominated by delicate, non-
charcoalified, leaf-bearing conifer twigs and charcoalified (and therefore brittle) fem pinnules.
Neither component could have survived the minimum of 25km of transport from the nearest
landmass across an ocean floor that was rapidly accumulating medium - coarse clastic sediment.
Thus, the floral assemblages are more likely to have been carried into the shelf environment as rafts,
before becoming waterlogged at the zone of saline inversion and backflow, and subsequently
sinking through the water column to the ocean floor (Bateman and Morton, 1994).

The long distance from shore and rapid accumulation of terrigenous sediment suggest that
discharge from the rivers was substantial. Relatively high gradients (reflecting considerable
topographic relief) and a large catchment are postulated. Thus, the Bearreraig floral assemblages
potentially contain components of several ecologically distinct communities, sampled by the rivers
from a considerable geographical area that encompassed an appreciable range of altitudes. Many
authors argue that long-distance aqueous transport results in plant megafossil assemblages that
preserve general community patterns (Behrensmeyer et al., 1992), though preservation bias is likely
to be severe and temporal acuity poor.

Several pieces of evidence indicate a high degree of taphonomic bias at Bearreraig:

1. Although the organ-species assemblages contain representatives of five orders (sensu Stewart and
Rothwell, 1993), they can be resolved into a minimum of only eight whole-plant species.
Moreover, only the araucarian conifer Brachyphyllum cf. mamillare and the matoniaceous fern
Phlebopteris woodwardii are frequent, the former dominating the preserved biomass. This low 2.
Most of the foliar organs recovered possessed thick, robust leaves that appear potentially
resistant to both mechanical and chemical degradation. Any more vulnerable plant debris that
entered the water-course was presumably eliminated earlier in the taphonomic cycle.

3. Dispersed diaspores (notably cycadophyte and, especially, conifer seeds) are surprisingly rare; it
seems likely that they lacked the flotation potential of leaves, strobili, and wood fragments, and
hence were winnowed out as bedload to form more proximal assemblages.

4. The Bearreraig palynofloras appear considerably more diverse than the associated plant
megafossils. This situation characterizes most well preserved fossil floras, as dispersal ranges for
miospores generally greatly exceed those of megafossils derived from the same individual plant.
Thus, the miofloras may provide a more accurate assessment of overall species diversity in the
hinterland, though they are far too admixed to record accurately the composition of individual
communities.

Any attempt to differentiate source communities within the Bearreraig floral assembiages
should, therefore, take account of their profound taphonomic depletion, and will inevitably be
tentative.

Terrestrial Paleocommunities

It is logical to assume that the Bearreraig discharge sampled both riparian/coastal and
hinterland communities. The most compelling (albeit circumstantial) evidence for the presence at
Bearreraig of plant megafossils from more than one community is provided by variation in
preservation.

The single large Equisetites axial fragment is pyritized, suggesting that it was a component of a,
riparian community and was therefore able to enter the water-course directly. The remaining plant
megafossils exhibit two distinct modes of preservation. Portions of the fern Phlebopteris (together
with the single frond fragments of Cladophlebis, Hausmannia, and Coniopteris from horizon P6)
are invariably black and brittle, whereas the various organ-species of conifer (together with the
cycadophyte leaves Nilssonia and cf. Otozamites, mostly from horizons P9 and P10) are invariably
brown and less prone to fragmentation. The black specimens are regarded as fusain (fossil
charcoal). Harris (1961) argued that Phlebopteris dominated extensive inland heaths, analogous to
those dominated by Bracken (Pteridium aquilinum) in present-day northwest Europe. Periodic
wildfire swept through the seasonally dry heaths, consuming the more flammable components of
the vegetation such as conifers but charcoalifying the thick, heavily cutinized and comparatively
resin-deficient Phlebopteris fronds. Cyathidites spores, which may in part represent Phlebopteris,
are frequent in the Bearreraig palynofloras, providing additional (albeit equivocal) evidence that this
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fern was a significant component of the regional vegetation. Modern descendants of all four fem
genera from Bearreraig preferentially inhabit nutrient-poor soils.

Coniferous remains occur even more frequently in the Bearreraig succession than Phlebopteris
(Fig. 1). Most specimens are rich brown in colour, relatively well articulated, and their size often
appears constrained only by the dimensions of the preservation envelope conferred by the enclosing
nodules. Similar preservation is exhibited by the cycadophyte leaves Nilssonia and cf. Otozamites.
The Brachyphyllum cf. mamillare twigs, Taxodioxylon-type wood and rare cf. ‘Araucarites’ cones
are all consistent with derivation from araucarian confers (Harris, 1979; Stewart and Rothwell,
1993). However, the very similar foliage-species B. cf. crucis, which has also been correlated with
Taxodioxylon-type wood, reputedly possesses pollen-bearing cones assigned to the highly
morphologically divergent Cheirolepidiaceae. Interestingly, the palynofloras consistently contain
‘Classopollis', which is considered to be exclusively cheirolepidiacean in origin. However, it is
diluted by an abundance of bisaccate pollen, more consistent with derivation from Pinaceae or
Podocarpaceae (Hart, 1987).

The relative abundance and articulation of Brachyphyllum species at Bearreraig suggest that
they occupied distal (possibly intertidal) zones around the deltas. The araucarian B. cf. mamillare
appears more abundant than the putative cheirolepidiacean B. cf. crucis, though it may simply have
grown closer to the water-courses and thus been preferentially preserved. The poorly represented
cycadophytes Nilssonia and cf. Otozamites may have been less common components of this riparian
(possibly mangrove-like) community, or they may have occupied drier (possibly back-swamp)
habitats. There are currently no obvious criteria for distinguishing between elements of upland and
lowland communities in the area.

Thus, two coarsely resolved putative communities persisted throughout the ca. 10my
depositional history represented by the Bearreraig floral assemblages: an inland (presumably
basinal) community characterized by Phlebopteris woodwardii and a coastal (possibly delta-
swamp) community characterized by the Brachyphyllum—Taxodioxylon aggregate. Given the
probability of severe taphonomic depletion, neither Phlebopteris nor Brachyphyllum s. | can be
confidently regarded as having dominated their respective communities, though they must have
been important components. Interestingly, the Bearreraig fern assemblages are paralleled in the
Jurassic adpression floras of eastern Scotland (Bathonian—Kimmeridgian: Harris and Rest, 1966;
Van Konijnenberg-Van Cittert and Van Der Burgh, 1989) and Yorkshire (Aalenian—Bajocian:
Harris, 1961-1979), but the gymnosperm assemblage is not; in short, gymnosperm communities
appear more regional in composition that fem communities. Sadly, the current qualitative data from
Bearreraig (Fig. 1) are insufficient to (1) identify quantitative changes in relative contributions from
the two putative communities through the succession, or (2) support further ecological subdivision.
Nonetheless, they have prompted investigations into the potential calorific value gained from the
plants by the associated herbivorous dinosaurs (Dissanayake, 1996).

Paleoclimatic and Evolutionary/Biostratigraphic Implications

During the Aalenian—Bajocian, Scotland was marginal to a large aggregation of continents to
the east and an ocean to the south and west (Scotese and McKerrow, 1990). The Bearreraig flora
grew at a latitude of ca. 35°N, in a dominantly semi-arid climatic zone that did not amelicrate until
the end of the Bajocian, when persistent brackish water lagoons occupied the Hebrides Basin,
indicating reliable input of freshwater. Atmospheric oxygen approximated present-day levels (22 +
2%: Berner and Canfield, 1989), thereby offering similar environmental constraints to plant
respiration.

Sedimentation patterns in the region suggest the following tentative scenario: tectonic
rejuvenation of the hinterland generated considerable topographic relief. This steepened the river
gradients, increasing erosion of the coarse-textured putative source rocks in the upper reaches and
also increasing the load-carrying capacity of the lower reaches. Precipitation was low and strongly
seasonal; wet periods allowed transport of large volumes of bedload, and dry periods inhibited
pedochemical weathering (which decreases overall particle size) and development of continuous
vegetation cover (which reduces erosion rates). Once the clastics reached river mouths, strong
longshore tides provided optimal conditions for redistribution across the shelf.

This sedimentologically based hypothesis can be evaluated by morphotypic interpretation of
the plant megafossils. With the exception of the rare fems Cladophlebis and Coniopteris, all of the
species present had thick, fleshy leaves that were probably thickly cuticularized. Stomata are
confined to the abaxial surfaces of leaves and recessed behind large subsidiary cells (Phlebopteris,
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Hausmannia, cf. Otozamites, Nilssonia) or protected by pentagonal arrays of subsidiary cells
(Brachyphyllum s. 1). In addition, Phlebopteris fronds were hirsute. All of these features
characterize xeromorphy in extant plants and have been cited as xeric specializations in other
Mesozoic species (Wing et al., 1992). The apparent co-existence of an araucarian (Brachyphyllum
cf. mamillare) and a cheirolepidiacean (B. cf. crucis) in a similar deltaic paleoenvironment at
Bearreraig may reflect iterative evolution, wherein severe extrinsic environmental stress induced
similar vegetative morphologies in only distantly related clades of conifers. The classic
cheirolepidiacean spore genus ‘Classopollis’, present at low frequencies at Bearreraig, is also
routinely associated with semi-arid vegetation.

However, the paleobotanical evidence for at least seasonal tropical aridity is prone to over-
interpretation. The same robust characteristics of the Bearreraig organ-species that indicate xeric
adaptation also undoubtedly aided their survival through severe and probably prolonged taphonomic
filtration'; thus, they may provide a distorted impression of the overall morphological facies’ of
their source communities. Independent paleoclimatic data are desirable, perhaps exploiting tree-ring
patterns and isotopic signatures.

Only two plant megafossil genera occur sufficiently frequently through the Bearreraig
succession to monitor putative evolutionary changes: the fem Phlebopteris and the conifer
Brachyphyllum-Taxodioxylon. No evidence of morphological change was detected in Phlebopteris,
and evolutionary interpretation of the conifers is compromized by the paucity of reproductive
organs and the difficulty of delimiting biologically-meaningful species among the vegetative
fragments. However, more detailed scrutiny of the numerous, petrifed, conifer-dominated
megafossil assemblages at Bearreraig provides an unusually good opportunity to increase
taxonomic resolution, as histological characters of leaves and twigs can be combined with
characters representing gross morphology and epidermal features. Male cones are desirable to allow
correlation of in situ and dispersed conifer pollen.

Admittedly, further paleobotanical investigation will not negate the problems of distinguishing
true evolutionary innovation from local ecological replacement; at a local level, speciation is
difficult to distinguish from immigration, and global extinction from regional loss (extirpation).

Hypotheses of subtle environmental change affecting community structure may be better tested
using the miospore assemblages rather than the less diverse and apparently taphonomically more
modified megafloras. Unfortunately, few of the spore-species have been correlated with their source
plants, and species delimitation is especially poor among the abundant bisaccate pollen types that
lack obvious correlates among the conifer megafloras. The dispersed miospore assemblages vary
little in composition throughout the succession (Riding, 1991), indicating remarkable ecological and
evolutionary conservatism in the terrestrial realm. Intriguingly, this pattern contrasts with the
unusually high species tumover evident in many associated groups of marine organisms, including
ammonites (Morton, 1990), foraminifera (Gregory, 1990), and dinoflagellates (Riding, 1991).

Conclusions

The presence of numerous petrified plant megafossil assemblages within the Bearreraig
succession ostensibly provides a rare opportunity to examine time-related phenomena such as
evolution, large-scale changes in regional floral composition, and (crudely and on a much shorter
time-scale) local ecological succession. It also offers the potential to relate these biotic phenomena
to changing environmental parameters. However, in the absence of reliable and constant periodicity
of deposition, such interpretations require assumptions regarding the biostratigraphic and
lithostratigraphic completeness of the section and time-averaging of depositional rates between
supposedly fixed and accurately dated stratigraphic markers (in this instance, the primarily
ammonite-delimited Tithonian—-Aalenian, Aalenian—Bajocian, and Bajocian—Bathonian boundaries).
Such assumptions may have some validity for successions deposited in large, persistent lakes (over
relatively short time periods) and abyssal oceans (over longer time periods), but Bearreraig is
unlikely to demonstrate an equivalent level of temporal acuity. Variable sedimentation rates, and
probable depositional breaks, severely reduce the likelihood of accurately dating speciation events.
Assuming that the succession represents a ca. 10my period, megafloras have only been preserved on
average once every 0.7 my. This level of time resolution, together with the highly allochthonous
nature and presumed severe taphonomic depletion of the megafloras, only permits detection of
large-scale and exceptionally long-term ecological changes.

However, this study does indicate the potential value of considering the taphonomy and paleo-
ecology of biotas that are unusually diverse, both in terms of the range of higher taxa present and,
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especially, the modes of life of individual species. At Bearreraig, the highly allochthonous
terrestrial floras outlined in this paper provide a stark contrast with the dominantly autochthonous
and/or parachthonous marine biotas (Bateman, 1991). Also, the Bearreraig assemblages contradict
the commonly expressed opinion that prodelta and shelf sediments are poor sources of
paleobotanical material. Indeed, the suggested mechanism of deposition at Bearreraig - rafting
followed by waterlogging at the zone of water-column inversion - is probably generally applicable
to estuarine and deltaic environments, providing a dynamic, chemically complex system that allows
formation of calcareous nodules and thus fortuitously permineralizes plant debris. Thus,
paleobotanical surveys of similar depositional settings throughout the Phanerozoic might prove
unexpectedly rewarding.
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Abstract: The Early Jurassic Neocalamites - Cladophlebis Flora in the north of China is composed
mainly of ferns, Ginkgopsida, conifers and numbers of equisetaceans dominated by Neocalamites. 1t
is further divided into the Hettangian-Sinemurian assemblage, the Pliensbachian assemblage, and
the Toarcian assemblage.

The Middle Jurassic Comopterzs-Phoemcopszs Flora is more extensively distributed than the
Early Jurassic one. Ferns are the most developed group, Ginkgopsida ranks second, followed by
conifers; Cycadopsida is also common. Abundance of Neocalamites greatly decreases, while that of
FEquisetites usually increases substantially. It is also divided into 3 assemblages: the Aalenian-
Bajocian Coniopteris hymenophylloides-Baiera spp. assemblage, the Bajocian Coniopteris
hymenophylloides-Anomozamites  thomasi assemblage, and the Bathonian Coniopteris
hymenophylloides-Brachyphyllum assemblage.

A few Late Jurassic plants have been reported, chiefly from Hebei and Liaoning.

Introduction

A broad territory in the north of the Kunlun Mountains, Qinling Mountains and Dabie
Mountains is discussed in this paper. The territory includes northwestern, northern and northeastern
China. The Jurassic is one of the most widespread systems in this region, mainly characterized by
continental deposits, except for a few marine and continental-marine alternating rocks of the
Middle-Upper Jurassic which are restricted to the east of Heilongjiang Province, northeastern
China. Generally speaking, the Lower Jurassic and the lower part of the Middle Jurassic rocks are
coal-bearing units deposited in warm-humid climates and rich in plant and palynomorph fossils.
The upper part of the Middle Jurassic and the Upper Jurassic are usually characterized by red beds
or multicolored sediments which were deposited in semi-dry or dry climates, with rare plant
megafossil and palynomorph assemblages. However, these sediments are relatively rich in Reptilia
and freshwater fossils such as Charophyta, Ostracoda Chonchostraca and Blvalves

The study of the Jurassic plants of the North of China started in the 19" century, but not until
the 1930s did Chinese paleobotanists begin their work (Sze, 1931; 1933). Then, in the 1950s and
1960s, a series of papers was published dealing with the Jurassic plants of Xinjiang (Sze, 1956),
Qinghai (Sze, 1959), Gansu (Sze, 1960; Shen, 1961) and Shanxi (Lee, 1955). However, the most
systematic research results were completed during the past two decades (Huang and Chow, 1980;
Chen et al., 1984; Duan, 1987; Li et al., 1988; Zhang and Zheng, 1987; Mi et al., 1996; Zeng et al.,
1995).

The present paper briefly introduces the Jurassic floras in north China based on previous
studies by other paleobotanists as well as our current work.

Early Jurassic Floras in Northern China
The Early Jurassic Neocalamites-Cladophlebis Flora is best developed in Qaidam Basin,
Qinghai and is widely distributed in the North of China (Fig. 1). With more than 100 recorded
species, this flora is composed mainly of ferns, Ginkgopsida, conifers and numerous equisetaceans
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dominated by Neocalamites. This flora differs from the Late Triassic one by the disappearance of
Danaeopsis and Bernoullia. Among the ferns, dipteridaceans are quite abundant. Cladophlebis
appears both in abundance and high diversity and is characterized by large pinnules. The
dicksoniaceous fern Coniopteris is very rare in the early Early Jurassic but is usually represented by
2 or 3 species with slender fronds and small pinnules in the late Early Jurassic. Cycadopsida is not
abundant, while the Ginkgopsida is represented by numbers of Ginkgoites and abundant
Czekanowskiales. The conifers are characterized by long leaf types including Elatocladus,
Pityophyllum, Storgaardia and varied Podozamites. Cycadocarpidium is common in the early Early
Jurassic but decreases in the late Early Jurassic. It can be divided further into 3 assemblages.

Hettangian - Sinemurian Assemblage

Ferns, Ginkgopsida and numbers of MNeocalamites dominate the assemblage, while
Cycadopsida and conifers are usually represented by a few species. The presence of numbers of
Todites, Thaumatopteris, Phlebopteris, Hausmannia, Dictyophyllum, Clathropteris and
Cycadocarpidium, and absence of Coniopteris, indicate that this assemblage is very closely
comparable with those of the Hettangian-Pliensbachian Thaumatopteris flora of eastern Greenland
(Harris, 1931-37), floras of the same age in Middle Asia (Vakhrameev, 1991) and the Hettangian-
Sinemurian (or Pliensbachian) Guangyintan flora of Southwestern Hunan, China (Zhou, 1984). This
assemblage has been discovered from the lower part of the Badaowan Formation of Xinjiang,
Xiaomeigou Formation of Qaidam, Qinghai, Daxigou Formation of Gansu and the Hongqi
Formation of Jilin Northeast China.

About 15 species have been described from the Xiaomeigou Formation of Qaidam, Qinghai (Li
et al., 1988), among which Neocalamites sp., Todites williamsonii, Cladophlebis ingens,
Dictyophyllum sp., Zamites cf. gigas, Czekanowskia pumila, C. cf. nathorsti, cf. Vittifoliolum
segregetum, cf. Storgaardia spectabilis, Podozamites cf. mucronatus and Elatocladus sp. occur.
Most of them are the same as, or similar to, the Thaumatopteris flora of eastern Greenland (Harris,
1931-37).

The flora from the lower part of the Badaowan Formation of Toksun, Turpan, Xinjiang is
composed mainly of dipteridacean fems, such as Dictyophyllum cf. nathorsti, Clathropteris elegans,
Hausmannia (Protorhipis) nariwaensis, and matoniaceaen fermns Phlebopteris microphylla.
Cycadocar pidium and, questionably, Coniopteris is also present (Wu et al., 1986).

Recently, the authors have collected a large number of plant fossils from the lower part of the
Badaowan Formation of Junggar Basin, Turpan Basin and Yanji Basin, Xinjiang. The main species
are Fquisetites lateralis, Neocalamites hoerensis, N. carrerei, Todites princeps, Clathropteris
elegans, Cladophlebis suluktensis, C. haiburnensis, C. hirta, C. cf. kaoiana. But no Coniopteris has
been found. This form now seems to be early Early Jurassic in age. Another possible Hettangian-
Sinemurian Flora is known from the Daxigou Formation, Jingyuan, Gansu (Xu, 1986a; Liu, 1982).
The more than 30 species are principally femns, Ginkgopsida and conifers. Cycadopsida is rare. The
ferns are represented by Todites williamsonii, T. denticulata, Marattiopsis asiatica, Thaumatopteris
hissarica, T. sp., Cladophlebis suluktensis, C. nebbensis, C. jingyuanensis, C. tsaidamensis.
Cycadocarpidium is rather abundant.

The flora from the Daxigou Formation of Lanzhou (near Jingyuan), is composed of 46 species
(Yang and Shen, 1988), with abundant dipteridacean ferns including Hausmannia, Dictyophyllum,
Clathropteris and 9 species of Cladophlebis, but no Cycadocarpidium was recorded. The age is
considered to be Early-Middle Lias.

In Jarud Qi of Inner Mongolia, Northeastern China, the coal-bearing unit of the Honggqi
Formation has yielded 34 species of plants (Yang and Sun, 1985). Neocalamites and ferns are
predominant. Ginkgopsida and conifers are common, while Cycadopsida is represented by only one
species. The great abundance of Neocalamites, Todites, Cladophlebis, the presence of
Thaumatopteris schenki and Cycadocarpidium, and absence of typical Middle Jurassic or Early-
Middle Jurassic elements, such as Coniopteris and Eboracia, indicate that it belongs to the early
Early Jurassic.

Pliensbachian Assemblage

The Pliensbachian assemblage is characterized by numerous species of Neocalamites, e.g., N.
carcinoides, N. hoerensis; by the predominance of Cladophlebis and reduction of dipteridacean
ferns; and by the first appearance of 1-2 species of the dicksoniaceous fern Coniopteris.
Cladophlebis reaches a great diversity, usually comprising 20-30%, even 45%, of the assemblage.
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This assemblage is recorded in Xinjiang and Qaidam of Qinghai, but is poorly studied in other
areas.

In Qaidam, the Pliensbachian assemblage, with 33 species, is characterized by 45%
Cladophlebis.

& I

Figure 1. Distribution of the Jurassic plants in the North of China

1. Toutunhe Fm. 2(J2) Jiangjunmiao, Junggar Basin, Xinjiang; 2. Badaowan Fm. (Jl)
Sangonghe Fm. (J;°) and Xlshanyao (J2"), Junggar Basin, Xinjiang; 3. Badaowan Fm. (J;'),
Sangonghe Fm. (J \ ), Xishanyao (J,'), Taoshuyuan, Turpan Basm ijlang, 4. Lower part of the
Badaowan Fm. (J;'), Toksun, Turpan Basm Xinjiang; 5. Badaowan Fm. (J;'), Awelgou, Turpan
Basin, Xinjiang; 6. Badaowan Fm. (Ji"), Yanji Basin, Xinjiang; 7. Yangxia Fm. (le) and
Kezilnur Fm. (Jz) north Tarim Basin, Xinjiang; 8. Saritax Fm. ), Kangsu Fm. (Ji) and
Yangye Fm. (J2"), southwest Tarim Basin, Xinjiang; 9. Xishanyao Fm. (J,'), Sandaoling, Turpan
Basin, Xinjiang; 10 Caishiling Fm. (J3), Qaidam Basin, Qinghai; 11. Xiaomeigou Fm. (J,') and
Dameigou Fm. (J1%-J,), Qaidam Basin, Qinghai; 12. Riyueshan Fm (J1), Xining, ngha1 13.
Qingtujing Group (J2), Yabulai Basin, Gansu; 14. Daxigou Fm ah, Tandonggou Fm. (J )and
Yaojie Fm. (J,'), Lanzhou, Gansu; 15. Daxigou Fm. (Ji'), Longfengshan Fm. (J,') and
Wangjlashan Fm. (Jzz) Jingyuan, Gansu; 16. Fuxian Fm. (J,?), Fuxian, Shaanxi; 17. Yan’an Fm.
(Jz) Yan’an, Shaa.nx1 18. Fuxian Fm. (J 2) and Yan’an Fm. (J,'), Shenmu, Shaanxi; 19.
Wudan%gou Fm. (J;%) and Zhaogou Fm. (J,'), Shiguazi Basin, Inner Mongoha 20. Nansuletu
Fm. (J)%), Nansuletu Inner Mongolia; 21. Yongdingzhuang Fm. Jd, Datong Fm. (J,") and
Yungang Fm. (J,%), Datong, Shanxi; 22. Houcheng Fm. (J3) and Zhangjiakou Fm. (J3), Fengning,
Hebei; 23. Houcheng Fm. (J3) and Zhangjlakou Fm. (J3), Weichang, Hebei; 24. Jiashan Fm. (J, )
Chende Hebei; 25. Hongql Fm. (J;"), Jarud Qi, Inner Mongolia; 26. Beipiao Fm. (le),
Haifanggou Fm. (J;') and Langi Fm.(J,%), Beipiao, Liaoning; 27. Yixian Fm. (J3?, K,?),
Chaoyang, Liaoning; 28. Beipiao Fm (Ji°), Shimenzhai, Hebei; 29. Yaopo Fm. (J;), Longmen
Fm. (Jz) and Yudaishan Group (J,%), West Hills, Beijing; 30. Fangzi Fm. (J;), Weifang,
Shandong; 31. Yima Fm. (J,'), Henan; 32. Fanghushan Fm. (J,.;), Hefei Basin, Anhui.
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Another possible Pliensbachian assemblage of Qinghai is from the coal-bearing unit of the
Riyueshan Formation of Xining. It consists of 17 species, of which 8 belong to Cladophlebis.

In the upper part of the Badaowan Formation of Junggar, Xinjiang, Cladophlebis (with 9
species) accounts for 40% of the assemblage. It is significant that Coniopteris gaojiatianensis also
appears.

Toarcian Assemblage

The Toarcian assemblage is more extensively distributed in north China than the older
assemblages. It is characterized by abundant dipteridacean ferns, such as Hausmannia and
Clathropteris, scale leaf conifers, including Brachyphyllum and Pagiophyllum; and, even a possible
desert plant, Ephedrites, in Qaidam. A high proportion (usually 30%-50%) of Classopollis pollen
from the sediments is frequently recorded. Two or three species of Coniopteris commonly appear,
including Coniopteris gansuensis, C. simplex and C. cf. hymenophylloides. They are characterized
by distinctive features, such as small fronds with slender rachis and small pinnules, but relatively
larger sori.

This assemblage is somewhat comparable with the Toarcian floras in Southem China and
Central Asia. The high proportion of Classopollis pollen commonly occurs in plant bearing strata.
This feature indicates a climatic change in the Toarcian, similar to that in Siberia and Middle Asia
(Vakhrameev, 1991).

In Junggar and Turpan of Xinjiang, the Sangonghe Formation has an assemblage with 20
species. The main elements are Neocalamites spp., Marattiopsis asiatica, Todites princeps,
Phlebopteris polypodioides, Coniopteris gansuensis, C. simplex, C. cf. hymenophylloides,
Hausmannia ussuriensis, Clathropteris elegans and much Cladophlebis. Ginkgopsida and conifers
are similar to that from the Badaowan Formation.

In the south of Tarim, Xinjiang, there is an abundance of Nilssonia and Bennettitales including
Dictyozamites, Otozamites, Ptilophyllum, and Nilssoniopteris, in the Kangsu Formation. Thus, the
climate was hotter than northern areas during the Toarcian (Wu, 1990).

A list of 13 species from the Tandonggou Formation of Gansu was published (Xu, 1986b).
Cladophlebis and Ginkgopsida, some Otozamites, Zamites, Nilssonia and one Coniopteris were
reported, besides the commonly observed elements, such as equisetaceans.

In Ordos Basin, Shaanxi, the upper part of the Lower Jurassic Fuxian Formation is composed
of red, purple and gray sediments. The 27 species in the Fuxian Formation (Huang et al, 1980)
include Todites williamsonii, Phlebopteris digitata, Coniopteris tatungensis, C. hymenophylloides,
C. sp., Hausmannia papilinacea, numbers of Ginkgopsida and some conifers. However, the frond of
Coniopteris hymenophylloides is morphologically different from the Middle Jurassic specimens and
possibly belongs to another species.

The Nansuletu Formation of the center of Inner Mongolia is rich in plants, including
Marattiopsis asiatica, Asterotheca acumirata, Todites dagingshanensis, Klukia exilis, Phlebopteris
brauni, P. polypodioides, Thinnfeldia rhomboidalis, Otozamites hsiangchiensis, O. cf.
mixomorphus, Ptilophyllum acutifolium, P. contiguum, Nilssonia complicatis, N. undulata and
Pseudoctenis cf. lanei (Wang, 1984). It is characterized by ferns and Cycadopsida, but contains no
ginkgos or conifers. It is significant that most of the species are usually distributed in the Lower
Jurassic of Southern China and Europe.

In the Yongdingzhuang Formation of Datong, Shanxi, more than 30 species have been found
(Wang, 1984; Li and Hu, 1984). Femns are dominant, and Cycadopsida, Ginkgopsida and conifers
are also quite common. It is noteworthy that many elements, which commonly appear in the Xianxi
Flora Hubei, southern China (Wu et al., 1980), such as Todites princeps, Phlebopteris brauni,
Coniopteris gaojiatianensis, Tyrmia nathorsti, Ixostrobus magnificus and even Brachyphyllum
muensteri, are present.

Similarly, among the 17 species from the Jiashan Formation of Chende, Hebei (Wang, 1984),
Todites hsiehiana, T. princeps, Phlebopteris brauni, Clathropteris obovata, Cladophlebis gigantea,
Phaphidopteris rugata, Ptilophyllum contiguum and Swedenborgia cryptomerioides are Early
Jurassic elements usually occurring in South China.

The Beipiao flora from western Liaoning, Northeastern China and Shimenzhai, north Hebei,
has been systematically studied in detail in the last decade (Zhang et al., 1987; Mi et al., 1996). The
total of about 60 species from western Liaoning consists mainly of ferns, Ginkgopsida and conifers.
Four or five species of Cycadopsida are present as well. It is assigned to the late Early Jurassic due
to the presence of Marattiopsis hoerensis, M. muensteri, Todites denticulata, T. williamsonii,
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Thaumatopteris pusilla, Dictyophyllum nathorsti, Clathropteris meniscioides, a high percentage of
Cladophlebis with large pinnules, Cycadocarpidium and a few Coniopteris.

Middle Jurassic Floras

Middle Jurassic floras are more amply represented than Early Jurassic ones in the northern
China due to the more extensive development of Middle Jurassic continental, coal-bearing deposits.
The flora of Qaidam, Qinghai and West Hills of Beijing, named the Coniopteris-Phoenicopsis
Flora, have been studied in detail (Li et al., 1988; Chen et al., 1984).

This flora includes more than 150 species. Ferns are the most developed group, accounting for
30-40% of the flora. Ginkgopsida ranks second, with about 30% of the flora, followed by conifers.
Cycadopsida usually makes up of about 10% of the flora, except in a few regions. Neocalamites
gradually declines in the Middle Jurassic, while Equisetites usually increases greatly. Of the ferns,
Dicksoniaceae is extremely well developed and reaches its maximum diversity, with Eboracia,
Gonatosorus and more than 10 species Coniopteris. Although a few species with small pinnules are
represented, i. e. Coniopteris simplex (C. tatungensis), most have large fronds and pinnules such as
C. hymenophylloides and C. burejensis. Cladophlebis persists in abundance, mostly represented by
forms with large pinnules. Dipteridaceans and matoniaceans are represented by Clathropteris and
Hausmannia. Cycadopsida is usually represented by great varieties of Pterophyllum, Anomozamites
and Nilssonia. However, in the eastern part of this area, such as in western Liaoning, Cycadopsida
may even dominate the flora and besides the genera above, Zamites, Ptilophyllum, Tyrmia,
Williamsoniella, Zamiophyllum and Ctenis occur as well. Ginkgopsida flourishes both in number of
individuals and variety of genera and species. Ginkgo, Ginkgoites, Baiera, Sphenobaiera,
Pseudotorellia, Eretmophyllum, Phoenicopsis, Czekanowskia, Sphenarion, Vittifoliolum and many
reproductive organs are present. Among the Coniferopsida, Pityophyllum and Podozamites,
Ferganiella and Elatocladus are frequently represented and dominate the coniferous group. The
scale leaf conifers, such as Brachyphyllum and Pagiophyllum, appear in the late Middle Jurassic.
Cycadocarpidium disappears.

This flora is comparable in composition with the Yorkshire Flora (Harris, 1961-79; Harris and
Millington, 1974) and with more than 20 Yorkshire species, pamcularly those elements of
biostratigraphic significance, such as Coniopteris hymenophylloides.

Based upon the data of Qaidam Basin, Qinghai (Li et al., 1988) and of West Hills of Beijing,
this flora can be separated into 3 assemblages as follows:

1. Coniopteris hymenophylloides - Baiera spp. assemblage (Aalenian-Bajocian). Dicksoniaceae
reaches its maximum diversity, with Coniopteris hymenophylloides, C. tatungensis and
Eboracia lobifolia appearing together. Numerous Cladophlebis are characterized by large
pinnules. Ginkgopsida and conifers are abundant while Cycadopsida makes up a lower
percentage.

2. Coniopteris hymenophylloides - Anomozamites thomasi assemblage (Bajocian). Characterized
by the persistent development of dicksoniaceous ferns, by a great reduction of Cladophlebis and
ginkgos, and by relatively abundant Cycadopsida and long leafed conifers.

3. Coniopteris hymenophylloides - Brachyphyllum assemblage (Bathonian). This is a depauperate
flora and most of the early species have disappeared. Some fems, including Coniopteris
hymenophylloides, C. tatungensis and Gleichenites, occur. The scale leaf conifer Brachyphyllum
and Pagiophyllum appear. Cycadopsida makes up a high percentage of the assemblage and is
represented by varied Bennettitales such as Orozamites and Nilssoniopteris.

These three assemblages succeed one another gradually in time. In most areas, it is difficult to
divide them definitely, based on the current level of understanding. Therefore, we will discuss them
in geographical order from the west to the east of China.

Northwestern China

Recently, the flora from the coal-bearing Xishanyao Formation of the Turpan and Junggar
Basins, and the Kezilnur Formation of north Tarim Basin, Xinjiang, has been systematically studied
by the authors. It is composed of more than 100 species dominated by ferns and Ginkgopsida.
Cycadopsida, with Anomozamites, Nilssoniopteris, and Pterophyllum, are abundant and more
abundant than conifers. This flora is possibly Aalenian to Bajocian in age.

Bathonian plants in Xinjiang are represented by numerous silicified woods yielded in the
Toutunhe Formation of Jiangjunmiao, Junggar Basin. However, no leaf fossils have been found.

The Middle Jurassic flora in Gansu has been studied in detail and can be divided into two
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assemblages. The lower one, from the Yaojie Formation of Lanzhou (Sun, 1986) and the correlative
Longfengshan Formation of Jingyuan (Xu, 1986b), is dominated by ferns and Ginkgopsida, and is
similar to the Aalenian-Bajocian assemblages of Qaidam. The upper one, from the Honggou
Formation of Lanzhou (Sun, 1986) and the correlative Wangjiashan Formation of Jingyuan (Xu,
1986b), is probably of Bajocian age.

A possible Bathonian, and most likely Late Bathonian, flora was recently found by the authors
in the upper part of the Qingtujing Group of Yabulai Basin, western Inner Mongolia. It is composed
of 20 species and dominated by Cycadopsida, including Otozamites, Taeniopteris, Nilssonia and
Cycadolepis. Ferns are represented by a few taxa, including Coniopteris hymenophylloides,
Cladophlebis delicatula, and Gleichenites with very small pinnules. Only a few specimens of
Neocalamites sp. and Ginkgoites sp. are found.

The Middle Jurassic flora from the coal-bearing unit of the Yan’an Formation of Ordos Basin,
with about 50 species, is dominated by Ginkgopsida and ferns (Huang et al, 1980; He, 1987).
Cycadopsida is only represented by a few species, while the conifer Elatocladus is rather abundant.
It is Aalenian-Bajocian in age. The Zhiluo Formation, which lacks coal, lies conformably on the
Yan’an Formation. About 30 species from this formation are dominated by ferns and Cycadopsida,
while Ginkgopsida is represented by few species.

Northern China

The Mentougou flora of West Hills, Beijing is dominated by ferns and Ginkgopsida; however,
Cycadopsida and conifers are also common. The ferns consist mostly of Cladophlebis and
Dicksoniaceae. More than 20 species of Ginkgopsida include Ginkgo, Ginkgoites, Baiera,
Sphenobaiera, Czekanowskia, Sphenarion, Phoenicopsis and Stenorachis. Cycadopsida is
represented of various species of Nilssonia, Pterophyllum, Anomozamites and one or two species of
Otozamites, Nilssoniopteris, Beania, Tyrmia and Ctenis. Among the Coniferopsida, Pityophyllum is
abundant, Podozamites, Ferganiella and Elatocladus are common, a few Storgaardia are
represented, but no scale leaf conifer (i.e. Brachyphyllum and Pagiophyllum) occurs (Chen et al.,
1984; Duan, 1987).

The flora is subdivided into two assemblages (Chen et al., 1984). The lower assemblage, with
73 species, in the lower part of the Yaopo Formation, is considered to be Early Aalenian-Middle
Bajocian in age. The upper assemblage, with 55 species, in the upper part of the Yaopo Formation
and Longmen Formation, has a much lower diversity than the lower assemblage, while the
Cycadopsida with 12 species is much increased in number and percentage compared to the lower
assemblage. It is Bajocian in age.

The Yudaishan Group of west Beijing and north Hebei yields a possible Bathonian assemblage
(Wang, 1984; Chen et al., 1986). Although Dicksoniaceae and Cladophlebis are each represented by
S species, ferns are greatly reduced. Ginkgos are represented by a few elements, while
czekanowskias are absent. The presence of Ptilophyllum, the scale leaf conifer Pagiophyllum, and a
high proportion of Classopollis indicate a dry and hot climate.

The flora of the Yima Formation, Yima Basin, Henan, consists of more than 100 species and is
similar to the Mentougou flora in composition (Zhou, 1995; Zhou and Zhang, 1989; Zeng et al,,
1995). It is dominated by ferns, which are represented by 6 species of Coniopteris and dozens of
Cladophlebis. Ginkgopsida, the second most abundant group, has more than 20 species. Nilssonia,
of Cycadopsida, is abundant and varied. Conifers are represented by Pityophyllum, Elatocladus.
Sewaediodendron, Schizolepis and Podozamites.

The Middle Jurassic floras from the Wudanggou Formation and the Zhaogou Formation of
Inner Mongolia (Lee, 1954; Wang, 1984); the Datong Formation (Wang, 1984) and the Yungang
Formation (Lee, 1955), Datong, Shanxi; and the Fangzi Formation of Shandong and Fanghushan
Formation of Hefei Basin, Anhui are incompletely described. There are 15-30 species recorded at
these locations, which are similar to the Mentougou and Yima Floras in their features and ages.

Northeastern China

The flora from the Haifanggou Formation of western Liaoning, northeastern China, is
composed of about 130 species (Zhang et al, 1987; Mi et al., 1996). The Cycadopsida, with 15
species of Cycadales and 21 of Bennettitales is the dominant component of the flora. Ferns are of
secondary importance. Dicksoniaceae reaches its maximum diversity, with 9 species of Coniopteris.
Dipteridacean ferns are represented by Clathropteris and Hausmannia. Todites of the
Osmundaceae, and Cladophlebis, are common. Ginkgopsida is almost the same as the Early
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Jurassic except for a few new elements. The coniferous group is dominated by Pinaceae, including
Pityophyllum, Pityocladus and Pityospermum. Equisetites, rather than Neocalamites, dominates the
Equisetales. The age is early Middle Jurassic, or Aalenian-Bajocian.

The Langi Formation, which overlies the Haifanggou Formation, is composed of volcanic rocks
intercalated with sediments in its middle-upper part. The flora from the sediments includes 76
species (Zhang et al., 1987) and is completely dominated by Cycadopsida. The Cycadopsida, with
36 species, is characterized by typical southern China types, such as Zamites, Ptilophyllum,
Cycadolepis, Williamsonia, Williamsoniella and Bennetticarpus. Although the dipteridacean ferns
have greatly declined, being represented only by Hausmannia, it is very abundant. The
Dicksoniaceae and other ferns are similar to those from the Haifanggou Formation. Ginkgopsida,
with 8 species, occupies the third position and is much reduced in diversity. High diversity and
numerous Cycadopsida reflect a hot climate and indicate a Bathonian age.

Late Jurassic Plants

The Jurassic flora in north China began its decline in the late Middle Jurassic due to widespread
increased aridity. The Upper Jurassic is largely represented by red beds in the west of the Taihang
Mountains and by red beds intercalated with volcanic rocks in the east of the Taihang Mountains.
Plant fossils are scarce in these areas.

No undoubted Late Jurassic flora has been reported from northwestern China. Some poorly
preserved specimens of Otozamites sp. recently have been found by the authors in the base of the
Caishiling Formation of Qaidam. This formation is assigned to the Middle Jurassic based on
Ostracoda and Conchostraca, but to the Upper Jurassic based on spores and pollen.

Synthesizing the data by Wang (1984) and Xiao et al. (1994), a short list of plants from the
Houcheng Formation of Fengning and Weichang, Hebei, includes Equisetites cf. sarrani,
Neocalamites sp., Saginopteris colpodes, Coniopteris hymenophylloides, C. tatungensis,
Onychiopsis elongate, Pterophyllum angustum, Zamites sp., Ginkgoites sp., Sphenarion lineare,
Podozamites sp., Pityophyllum sp., Elatides sp. and Xenoxylon latiposum. Wang and Xiao both
considered the age as Late Jurassic, while Zhou (1995) was doubtful about this.

Late Jurassic plants from the Zhangjiakou Formation of Weichang and Fengning, Hebei
(Wang, 1984) include Equisetites rugosus, Czekanowskia rigida, Leptostrobus sphaericus,
Sphenarion lineare, Pityolepis larixiformis, P. pingquanensis, Schizolepis fenglingensis, S.
liaoxiensis, and Pagiophyllum sp. It is characterized by quite abundant conifers and Ginkgopsida,
and by a lack of femns.

[t is notable that in recent years many plant fossils have been found from the “Jehol Biota” bed
of the Yixian Formation and its correlative units in Hebei, western Liaoning and Jilin. There include
angiosperms such as Archaefructus (Sun et al., 1998), quite abundant czekanowskias, conifers such
as Pityophyllum and Podozamites, and some unnamed plants. However, it is still a matter of
controversy whether the “Jehol Biota” is Late Jurassic or Early Cretaceous in age. The “Jehol
Biota” is composed of fish, insects, Conchostraca, Ostracoda, Bivalves, plants, spores and pollen,
Amphibia, Reptilia, Aves (including Confuciusornis, Sinosauropteryx, Liaoningornis,
Protarchaeopteryx) and ancient Mammalia. Most palaeontologists believe that it is Early
Cretaceous, while others think it should be Late Jurassic, of similar or slightly younger age than the
Archaeopteryx bed of Solnhofen, Germany. Some isotopic data from the volcanic rocks of the
Yixian Formation support the Early Cretaceous viewpoint, but other data not. Although plant fossils
are abundant and very significant, current studies are insufficient to allow a definite age assignment
to be made.
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Abstract: The continental carbonate record of the Upper Jurassic Morrison Formation is well-
developed in east-central Colorado and contains sensitive climatic and hydrologic indicators. This
record includes 1) a succession of open- and marginal-lacustrine carbonates and 2) pedogenic
carbonate within paleosols. Open-lacustrine carbonate facies commonly contain Magadi-type chert,
suggesting alkaline-saline lake deposition in semi-arid settings. Marginal-lacustrine carbonates
typically contain pseudo-microkarst and microkarst features indicating that lake margins were
repeatedly subjected to variations in lake level. The marginal-lacustrine deposits also contain minor
pseudomorphs after evaporites and gypsum nodules; bedded evaporite deposits are restricted to the
lower Morrison in southeastern Colorado. Pedogenic carbonate displays evidence of multiple cycles
of nodule breaking, healing and re-cracking.

Overall, the continental carbonate record suggests that the Morrison paleoecosystem in east-
central Colorado was dominated by semi-arid conditions during deposition of the lowermost
Morrison, with evaporitic playas in the southeast and freshwater to alkaline-saline lakes to the
north. Exposure indicators suggest the majority of the lake complex was deposited under a semi-
arid to ‘intermediate’ (transitional between semi-arid and sub-humid) climate, with distinct wet and
dry periods; hydroperiods ranged from ~180-325 days for open-lacustrine areas and ~15-310 days
for marginal-lacustrine settings.

Introduction

A semi-arid to arid Late Jurassic climate with strong seasonal contrasts has been suggested for
the western United States as a result of the breakdown of the Pangean megamonsoon (Parrish, 1992;
1993a; 1993b) and based on the global sedimentary and fossil records (Hallam, 1992). Global
climate models also have suggested a semi-arid to arid climate for most of the Western Interior
during the Late Jurassic (Moore et al., 1992; Valdes, 1992). On the Colorado Plateau,
sedimentologic evidence from the Morrison Formation corresponds well with a Late Jurassic
paleoecosystem dominated by semi-arid to arid conditions. This sedimentologic evidence is derived
from two main sources: 1) the siliciclastic and volcaniclastic deposits associated with the extensive
alkaline-saline Lake T’oo’dichi’ complex of the Brushy Basin Member (Tumer and Fishman,
1991); and 2) the eolian deposits associated with the Bluff Sandstone Member (Peterson and
Turner-Peterson, 1987).

Controversy over Morrison climatic interpretations has arisen due to apparently conflicting
paleontological interpretations from the plant and terrestrial vertebrate records. Paleofloral
interpretations of pteridophytes, cycadophytes, and other plants have suggested a humid and
subtropical climate for the Colorado Plateau during deposition of the Brushy Basin Member
(Jensen, 1966; Tidwell and Medlyn, 1992). Similarly, the metabolic demands of large terrestrial
vertebrates, such as dinosaurs, have resulted in the invoking of strong seasonal precipitation to
correspond with high seasonal plant productivity to try to explain dinosaur biogeography and
taphonomy (Dobson et al., 1980).
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One aspect of the sedimentary record that has yet to be fully utilized in the discussion of Late
Jurassic paleoclimate are the lacustrine and pedogenic carbonate deposits; this is despite the fact
that these deposits are valuable archives of continental paleoclimatology and paleohydrology on a
fine temporal scale. The purpose of this paper is to: 1) describe the major climatically- and
hydrologically-sensitive sedimentologic indicators associated with the lacustrine and pedogenic
carbonate record; and 2) present a paleoclimatic synthesis for east-central Colorado during the Late
Jurassic. Although continental carbonates are not volumetrically significant, these deposits are
present throughout the Morrison Formation and provide a high resolution record of subtle Late
Jurassic climatic and hydrologic changes. This record is particularly well-developed in east-central
Colorado, and a detailed examination should provide critical climatic insights and a framework for
studies in other parts of the Western Interior where continental carbonates occur.

Geologic Setting

During the Late Jurassic, the Morrison Formation was deposited as part of the thick Middle
Jurassic-early Eocene succession in the back-bulge depozone of the Cordilleran foreland basin
system (Fig. 1, DeCelles and Currie, 1996) at a paleolatitude of approximately 31-35°N (Peterson,
1988). In east-central Colorado, the Upper Jurassic Morrison Formation contains a well-developed
lacustrine carbonate succession within a complex sequence of interbedded floodplain and fluvio-
lacustrine deposits with minor evaporitic and marine deposits (Figs. 1 and 2; Peterson and Turner-
Peterson, 1987; Peterson, 1994; Dunagan, 1998). This lacustrine complex is different from the
alkaline-saline Lake T’o0o’dichi’ complex, associated with Morrison Formation in the Colorado
Plateau region. In east-central Colorado, the lacustrine complex represents numerous shallow,
perennial to ephemeral, carbonate lakes and ponds with low-gradient (‘ramp’-type) margins
surrounded by extensive mudflats and distal alluvial plain deposits (Dunagan, 1998).

Paleoclimatic and Paleohydrologic Indicators
The utilization of lacustrine carbonate deposits as sensitive paleoclimatic and paleohydrologic
indicators is not a new approach (Allen and Collinson, 1986; Platt and Wright, 1991). Numerous
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Figure 1. 1, Paleogeographic distribution (shaded) of the Morrison Formation in the Western
Interior basin (from Peterson, 1972) and the primary study area; 2, location of nine stratigraphic
sections in east-central Colorado. Localities: PCR (Park Creek Reservoir); H (Highway 287); HR
(Horsetooth Reservoir); 170 (I-70 exposure); WAP (West Alameda Parkway); SD (Skyline
Drive); CN (Cope’s Nipple); MFQ (Marsh-Felch Quarry); and P (Purgatoire area); see Dunagan
(1998) for detailed locality information.
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climatically and hydrologically sensitive sedimentologic features are present within the lacustrine
complex in east-central Colorado, including palustrine limestones, evaporite deposits, Magadi-type
chert, and pedogenic carbonate.

Palustrine Limestones

Marginal-lacustrine carbonate facies containing abundant pseudo-microkarst, pedogenic, and
subaerial exposure features are referred to as ‘palustrine’ (Freytet and Plaziat, 1982; Wright and
Platt, 1995). Palustrine features are commonly associated with the open- and marginal-lacustrine
facies of the Morrison Formation, which suggests that Morrison lake margins were repeatedly
subjected to fluctuations in lake level. Pseudo-microkarst is common and includes: complex voids
filled with vadose silt and internal sediment, micritic clasts, and calcite cement (Fig. 3.1);
circumgranular, desiccation, horizontal, and septarian cracks (Fig. 3.2); brecciation and
grainification (Fig. 3.2); and columnar and stacked rhizoconcretions, and root traces (Fig. 3.3).
Microkarstic features also were observed, such as dissolution of metastable skeletal allochems and
dissolution voids.

Platt and Wright (1992) noted that climatic control exerts a particularly strong effect on the
evolution of palustrine facies. Their study of Carboniferous to Quaternary palustrine examples
from Europe and the United States indicates that three characteristic types of palustrine sequences
are recognizable, each deposited under different climatic regimes: semi-arid, intermediate, and sub-
humid (Table 1; Platt and Wright, 1992). Based on the abundance of pseudo-microkarst features
and the relative paucity of evaporites and calcrete horizons, Morrison lacustrine carbonates
collectively imply deposition under Platt and Wright’s (1992) ‘intermediate’-type climatic
conditions. The presence of bedded evaparites in the basal Morrison Formation in southeastern
Colorado (discussed below) suggests playa-lake deposition under semi-arid climatic conditions.

Lytle Formation
K-1unconformity

Interbedded lacustrine
mudstone & limestone

Tuffaceous mudstone

Red bed paleosol

Overbank siltstone
& mudstone

Fluvial or lacustrine
sandstone

Marine sandstone

(60 to 130 m)
|-
C1E O M

MORRISON FORMATION

<
.

Windy Hill Member
J-5 unconformity
Middle Jurassic strata

Figure 2. General stratigraphic section of the Morrison Formation in east-central Colorado
(Dunagan, 1998). Note that the lacustrine deposits primarily occur within the lower portions of
the Morrison Formation.

The progressive effects of subaerial exposure on the lacustrine carbonate substrate produce
characteristic sedimentary structures and diagenetic features that can be used to construct a
conceptual freshwater carbonate exposure index (Platt and Wright, 1992). Using the exposure
features associated with the lacustrine facies associations from the Morrison Formation, an inferred
hydroperiod is estimated for both the marginal- (i.e., palustrine) and open-lacustrine facies
associations (Fig. 4). The marginal-lacustrine deposits have an estimated hydroperiod of about 15-
310 days as compared to approximately 180-325 days for the open-lacustrine facies. The duration
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and intensity of exposure experienced by the different lacustrine settings is reflected in the two
distinct hydroperiods. This difference in hydroperiods also illustrates the effects of lake-level
fluctuations on open- and marginal-lacustrine deposits in low-gradient (‘ramp’-type) settings. The
exposure index suggests that the Late Jurassic climate was characterized by a distinct wet and dry
season during periods associated with lacustrine carbonate deposition.

Climatic Regime Palustrine Features
. . Calcrete development, evaporites, brecciation and nodularization, and

Semi-arid : :
laminar coatings

Intermediate Extensive pedogenic activity (rhizoliths), desiccation and pedogenic cracks,
Microcodium, pseudo-microkarst and microkarst

Sub-humid Well-developed organic-rich horizons (coals, lignites), channel deposits, and
blackened pebbles + desiccation cracks and rhizoliths

Table 1. Climatic regimes and associated palustrine features (Platt and Wright, 1992).

Evaporite Deposits

Calcite and chert pseudomorphs after evaporites, evaporite nodules, and evaporite pore-fillings
are associated with the lacustrine carbonate deposits. Pseudomorphs after evaporites, such as
gypsum and trona?, are present within micritic mudstones and skeletal mudstone to packstones (Fig.
3.4). These pseudomorphs are typically displacive and disrupt the sedimentary fabric. Sweet
(1984) noted calcite pseudomorphs after evaporites in the Cafion City area and interpreted them as
pseudomorphs after trona, gypsum, shortite, and gaylussite. Other evaporites, such as anhydrite,
and pseudomorphs after halite, are present primarily within pore-fillings. The evaporite nodules are
rare; they are ellipsoidal (up to 0.7cm diameter) and are composed of calcite pseudomorphs after
gypsum and possibly trona. Bedded evaporites are restricted to southeastern Colorado, where a
prominent sequence of nodular-bedded gypsum (10-130cm) interbedded with red, gypsiferous
mudstone, approximately 25m thick, is present in the lower Morrison Formation.

The presence of evaporites and evaporite nodules in lacustrine carbonates indicates hydrologic
periods characterized by a high evaporation rate relative to groundwater, meteoric, and/or fluvial
input into Morrison lakes. In addition, the presence of evaporites (as pseudomorphs) and small
scale brecciation and grainification associated with the marginal-lacustrine carbonates points toward
short-term climatic shifts to dominantly semi-arid conditions. The bedded gypsum-mudstone
deposits represent deposition within an evaporitic playa environment and were apparently restricted
to the lowermost Morrison Formation in southeastern Colorado. The distribution of these deposits
suggests deposition in a hydrologically closed basin under semi-arid to arid conditions. These
conditions apparently moderated because a distinct lacustrine carbonate sequence is present above
the evaporite deposits.

Magadi-Type Cherts

Magadi-type cherts (MTC) represent important indicators of continental hydrochemistry in
lacustrine successions. These cherts have been reported from a variety of ancient and modern
lacustrine settings (see references in Surdam et al., 1972; Sheppard and Gude, 1986; Krainer and
Spotl, 1998), and more rarely from marginal marine settings (Houser, 1982) in association with

sodium silicate minerals (magadiite, NaSi;O;3(OH);:3H,0) and typically sodium carbonate-
bicarbonate minerals (trona, primarily). Chert formation commonly involves a process of evaporite
precipitation and subsequent alteration, Na-silicate precipitation, and subsequent alteration to a

Figure 3. Climatically- and hydrologically-sensitive sedimentologic features of the Morrison
Formation; 1, 2, 4, and 8, photomicrographs; 3, S, 6, and 7, field photographs; 1, 2, pseudo-
microkarst features from palustrine carbonates; 3, root trace (RT); 4, calcite pseudomorphs after
evaporites; 5, bedded Magadi-type cherts; 6, microbial dome silicified by Magadi-type cherts
(MTC); 7, pedogenic carbonate (PC); 8, pedogenic carbonate micro-nodules.
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Figure 4. Estimated hydroperiod and exposure index for Morrison lacustrine environments, based
upon features observed from the lacustrine facies associations. The hydroperiod represents the
number of days the sediment surface is inundated over the course of the year. The exposure
index is the percentage of time the sediment surface is exposed. The freshwater carbonate
exposure index is based on Platt and Wright (1992, Figure 8, p. 1069).

silica gel, which dehydrates to chert. Although the dynamics of this chert forming process are not
completely understood, the restriction of modern MTC to semi-arid environments and limnological
settings characterized by high alkalinity (pH > 9.0-9.5; Eugster and Jones, 1968; Hay, 1968;
Sheppard and Gude, 1986) make the identification of MTC useful in interpreting paleoclimate and
paleohydrogeochemical conditions within ancient lake deposits.

Open-lacustrine facies are typically restricted to the lower portions of the Morrison Formation.
Within this lacustrine facies, Magadi-type cherts associated with microbialite- and charophyte-rich
carbonates are present (Figs. 3.5 and 3.6; Dunagan et al., 1997). The occurrence of Magadi-type
cherts strongly suggests that carbonate sedimentation was common in both freshwater and alkaline
lakes in east-central Colorado. Previously, Magadi-type cherts were known only from Wyoming
(Surdam et al, 1972); however, the distribution of Magadi-type cherts now includes east-central
Colorado (Dunagan et al., 1997) and the Colorado Plateau (Dunagan, unpublished data). Alkaline-
saline conditions required for modern MTC occurring in East African rift lakes, such as Lake
Natron and Lake Magadi (Hay, 1968), suggest chert formation in alkaline Morrison lakes during
climatic periods characterized by semi-arid conditions.

Pedogenic Carbonates

Reddish-gray to drab olive gray paleosols interbedded with lacustrine and fluvial deposits are
present in east-central Colorado. The paleosols are characterized by pedogenic slickensides,
pedogenic carbonate, and pseudoanticlines. Pedogenic carbonate occurs as sharp to diffuse nodules
disseminated through the paleosol matrix (Fig. 3.7), stacked nodules, and columns. Petro-
graphically, the pedogenic carbonate is composed of nodules and micro-nodules displaying
circumgranular cracks, craze planes, and evidence for multiple cycles of nodule breaking, healing
and re-cracking similar to features observed in marginal-lacustrine carbonates (Fig. 3.8).

Implications for Late Jurassic Climate
The Morrison Formation occupies a unique paleogeographic position that is useful for
interpreting climatic evolution in North America during the Mesozoic. Strong monsoonal conditions
have been documented for the Triassic and into the Early Jurassic (Dubiel et al, 1987; Parrish,
1993a) followed by the breakdown of the Pangean monsoon during the remainder of the Jurassic
(Parrish, 1993b). Eventually, the establishment of zonal circulation and relatively cooler climate
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occurred, which was characteristic of the Cretaceous (Parrish, 1993b; Schudack, in press).
Interpretations of a semi-arid to arid Late Jurassic climate for the western United States are based
on sedimentologic evidence of the waning Pangean monsoon (Parrish, 1992, 1993a; 1993b). A
semi-arid to arid climate for most of the Western Interior has also been interpreted for the Late
Jurassic based on global climate models (Moore et al., 1992; Valdes, 1992). Moore et al. (1992,
Figure 6) also suggested that a high-pressure system dominated southwestern North America during
the Late Jurassic, which contributed to seasonality with surface temperatures during
June/July/August of 30-40°C and 0-20°C during December/January/February. Schudack (in press)
recently suggested that taxonomic compositions and oxygen isotope compositions from ostracodes
and charophytes point toward a generally arid climate that cooled throughout Morrison time.

Numerous sedimentologic indicators point toward a dry, semi-arid to arid climate, but much of
the debate is currently centered around the presence or absence of seasonality in the Morrison
paleoecosystem, because there is also evidence that has been interpreted as “wet” indicators. These
“wet” indicators include: an abundance of dinosaur remains that must have had large vegetation
requirements (Dobson et al., 1980); the necessary plant population would have required large
quantities of water; and the “freshwater” lake deposits are abundant and scattered throughout the
depositional area (see references in Peterson and Turner-Peterson, 1987; Peterson, 1994).

Sedimentologic evidence from Western Interior Jurassic deposits documents extensive
evaporite precipitation and eolian dune fields, and the formation of a large saline-alkaline lake
complex toward the latest Jurassic (Peterson, 1994), which appears to agree with the interpretations
of Parrish (1993a; 1993b) and the predictions of global climatic models. Peterson (1994) presented
two main interpretations of Morrison climate: 1) an overall semi-arid climate that fluctuated
between relatively wetter and drier conditions; or 2) an overall dry climate with abundant water
resources brought into the region by fluvial systems originating from the western and southern
highland regions.

The well-developed continental carbonate record in east-central Colorado points toward a
climatic regime for this region characterized by seasonality. In the study area, pedogenic carbonate
displays evidence of repeated cracking, micro-nodule formation, healing and re-cracking, which
suggests a wet and dry climate as well as a net water deficit in the ancient soils (Cerling, 1991).
The type of pseudo-microkarst features associated with Morrison open- and marginal-lacustrine
carbonates (see Dunagan et al., 1996; Dunagan, in review) are common from climatic regimes
‘intermediate’ (sensu Platt and Wright, 1992) between semi-arid and sub-humid; the exposure index
suggests these palustrine features are associated with a distinct wet and dry season (Fig. 4).

Platt and Wright (1992) demonstrated the close association between the hydroperiod,
seasonality, and exposure features in modern freshwater marshes, which serve as an analog for
“palustrine” limestone forming environments. Platt and Wright (1992) noted that a freshwater
exposure index, similar to the marine exposure index of Ginsburg et al. (1977), could be developed
thereby linking the development of characteristic pseudo-microkarstic and exposure features found
in marginal lake settings to hydroperiod and seasonality (Fig. 4). Assuming that this model is
applicable to the lacustrine carbonate record and that the spectrum of features observed from the
marginal-lacustrine carbonates of the Morrison Formation is representative of the average climatic
and hydrologic conditions, Morrison lakes and ponds had sum hydroperiod of 15-325 days,
corresponding to an exposure index between 15 and 98%. Open-lacustrine deposits have a
hydroperiod of ~180-325 days; marginal-lacustrine settings had a greater hydroperiod range of
about 15-310 days. This broad hydroperiod and exposure range suggests that Morrison open- and

marginal-lake settings were constantly evolving as the lakes shallowed and each basin eventually
filled. -

Conclusions

1. The Morrison lacustrine carbonate succession in east-central Colorado contains sensitive
sedimentologic indicators that record variations in paleoclimate and paleohydrology.

2. The abundance and type of pseudo-microkarst associated with the lacustrine carbonate
succession indicate the Late Jurassic climate was characterized by a distinct wet and dry season
that was primarily intermediate between semi-arid and sub-humid conditions. Magadi-type
cherts, evaporite deposits, and some types of pseudo-microkarst record brief climatic intervals
during lacustrine carbonate deposition associated with more semi-arid conditions.

3. Exposure features associated with the lacustrine facies association indicate that the shallow-
water, lake settings within the Morrison paleoecosystem were characterized by a wide range of
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hydroperiods, approximately 180-325 days for open-lacustrine areas and about 15-310 days for
marginal-lacustrine settings.
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Abstract: A paleontological survey of the Upper Jurassic Morrison Formation was conducted in
and near several U.S. National Parks in the Rocky Mountain region. Over 500 documented fossil
localities provide data on the distribution of diverse fossil material with respect to stratigraphy and
lithofacies. The most common fossils are dinosaur bones exhibiting a range of preservation from a
few complete skeletons to abundant fragments of bone. This supports the interpretation for the
fauna of the Morrison Formation as being an attritional sample. Silicified logs indicate the presence
of large trees in the region, although how near the site of preservation cannot be precisely
determined. Small vertebrates and invertebrates inhabited near-channel, floodplain environments
where water was present. Dinosaurs are distributed throughout the Salt Wash and Brushy Basin
members of the Morrison, but other elements of the biota are more restricted stratigraphically.

Introduction

The Upper Jurassic Morrison Formation of the Rocky Mountain region of North America has
long been known for its fossil vertebrate fauna. Some of the first great colléctions of dinosaurs in
North America were made from the Morrison Formation (Ostrom and Mclntosh, 1966; Breithaupt,
1998), and the mammalian fauna of the Morrison provides one of the most diverse samples of
Mesozoic mammals in the world (Engelmann and Callison, 1998). In addition, a less widely known
fauna of lower vertebrates and invertebrates and a flora of plant macrofossils and palynomorphs
makes the Morrison one of the best sampled biotas in the fossil record (Chure et al., 1998). With so
many elements of this ancient ecosystem available, the Morrison is an appealing choice for
paleoecological interpretation. This is especially so because of the curiosity excited by the
dinosaurs, especially the large sauropods like Apatosaurus, so different from any animals alive
today, and the resulting wish to interpret them as living animals. The high diversity of these gigantic
animals makes the paleoecology of the Morrison unique in the history of North America (Fiorillo,
1998).

There have indeed been many attempts at interpreting the depositional environment of the
Morrison Formation from sedimentologic and paleontologic evidence; one of the most recent to
consider the dinosaur fauna in this context (Dodson et al., 1980) provides a brief summary of earlier
work. Early interpretations were strongly biased by the interpretation of the large sauropod
dinosaurs as aquatic, and tended to favor a very wet environment with deep lakes. In contrast,
Dodson et al. (1980) suggested that the depositional environment of the Morrison was characterized
by strong seasonality, with a wet season and an intense and perhaps prolonged dry season. They
cited growing sedimentologic evidence for arid environments in the Morrison and the
reinterpretation of the functional morphology of the sauropods suggested they could live as fully
terrestrial animals. More recent work on the sedimentology of the Morrison Formation has provided
additional and stronger support for arid conditions (Dunagan, et al., 1996; Ekart, 1996; and Demko
and Parrish, 1998).

In addition: to synthesizing diverse evidence for paleoenvironments of the Morrison, Dodson et
al. (1980) focused specifically on the nature of occurrences of the dinosaurs. The distribution of
dinosaur localities with respect to the four predominant sedimentary facies they identified, and the
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degree of disarticulation of specimens, were used to infer the probable habitat preferences of the
dinosaurs and the characteristic features of the depositional environment that preserved them. They
relied on well-documented quarry samples for their analysis.

Paleontological Survey

As part of a multidisciplinary study of the Morrison Formation, a survey of Morrison fossil
localities was undertaken within National Park Service units of the Rocky Mountain region. Parks
included in the survey were: Dinosaur National Monument, Arches National Park, Capitol Reef
National Park, Colorado National Monument, Black Canyon of the Gunnison National Monument/
Curecanti National Recreation Area, Glen Canyon National Recreation Area, Bighorn Canyon
National Recreation Area, and Yellowstone National Park (Engelmann, in press).

The survey sought to locate and document occurrences of fossil material of any type that could
be found by examination of surface exposures within the Morrison Formation. Fossil localities were
identified wherever fossils exposed at the surface, even if poorly exposed or fragmentary. indicated
the presence of fossil material in situ in the rock.

The survey documented 574 localities within the Morrison Formation for occurrences of a wide
range of fossil material, including dinosaur bone (in varying degrees of completeness of
preservation), small vertebrate bone, invertebrates, silicified wood, other plant fossils, and
vertebrate and invertebrate traces. In addition to documenting the location and type of fossil
material present, each site was also characterized in terms of stratigraphic position within the
Morrison Formation and the lithofacies within which it occurred. Locality data gathered by the
survey are maintained in the archives of the respective parks surveyed.

Only at Dinosaur National Monument and Black Canyon of the Gunnison National Monument/
Curecanti National Recreation Area was the survey exhaustive, examining all available exposures.
In most other parks, stratigraphically and lithologically representative intervals were examined
throughout the outcrop area, but not all outcrops were visited. It is largely for this reason that the
majority of localities recorded (360) are at Dinosaur National Monument; but in addition, the
Morrison at Dinosaur National Monument was more prolific than at some other parks. Other parks
at which significant numbers of localities were found are Arches National Park, Capitol Reef
National Park, and Colorado National Monument. Many fewer localities were found at the
remaining parks probably, in large part, because of more limited exposures. Although each outcrop
at Black Canyon of the Gunnison National Monument/Curecanti National Recreation Area was
examined thoroughly for fossil material, the total area of Morrison exposures for these parks was
small compared with other parks.

By including all fossil occurrences in the survey, rather than just collectable specimens, we can
see a more accurate representation of the distribution of fossils with respect to stratigraphy and
sedimentary facies. Although the incomplete or fragmentary nature of most of the material, and the
methods and intent of the survey greatly limit how specific the taxonomic identifications can be
(e.g., dinosaur bone is the most specific identification possible in many cases), it allows us to
greatly increase the sample size.

Dinosaur Localities

Because Dodson et al. (1980) focused on the dinosaurs and the interpretation of their habitat
and their place in the ecology, it may be informative to consider the dinosaur localities first. It might
be argued that the dinosaur localities are one of the most useful taphonomic indicators by virtue of
their abundance. Our survey corroborates the casual observation that dinosaur bone is common in
the Morrison. With 340 (62%) of the localities, it is the most commonly occurring fossil in the
survey, both overall, and at each of the parks.

Why is dinosaur bone the commonest fossil? It seems unlikely that this reflects simple
abundance of living dinosaurs in the Morrison ecosystem. Rather, we believe this is the result of the
greater durability of the large, massive dinosaur bones compared with the remains of other
organisms when subjected to decomposition, weathering, and other pre-burial processes.
Preferential preservation of larger animal bones is consistent with patterns observed in modern
environments. For example, in their study of modern East African mammal assemblages,
Behrensmeyer and Dechant Boaz (1980) concluded that a preservational bias was present for
animals greater than 100kg in size. Furthermore, dinosaur bones are generally very robust. More
robust bones tend to survive better than less robust bones according to Lyman’s (1994) summary of
the effects of bone density on their survival. Thus, the sample available for burial and preservation
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is limited by the time it takes for the remains to disintegrate beyond recognition. For small and/or
lightly built organisms, this would be a very short time, while for the dinosaurs this would represent
a much longer time. This interpretation demands that, overall, the Morrison represents an attritional
sample of the dinosaur populations.

Evidence from the nature of the fossil occurrences in the survey supports the interpretation of
an attritional accumulation. If the dinosaur localities are classified according to completeness of
specimens, one can see that the number of localities is inversely related to the degree of
completeness (Fig. 1). Only five sites represent associated and articulated skeletons (e. g., Fiorillo
and May, 1996). There were 27 localities with more than one bone, representing either
disarticulated, incomplete specimens, or a concentration of transported elements. Isolated bones
were found at 126 localities.

200 -
185

Number of
Locelities

Fregments Single Bones Skeleton
Bone

Figure 1. Number of dinosaur localities according to the degree of completeness of the specimen(s)
present. Localities at which fragments were observed in place in the rock are represented as a
subset of localities for bone fragments.

Only fragments of bone were found at 191 localities. Some of these sites may represent isolated
elements that had broken apart on exposure to weathering; others may represent specimens buried
as bone fragments. At 53 of these localities, the fragments were observed in situ in the rock,
indicating the latter explanation. In some cases bone fragments found in sifu in conglomeratic layers
had been rounded by abrasion to form bone pebbles. The range of conditions represented includes
every stage of pre-burial modification of a specimen, from the death of the dinosaur to the complete
disintegration of its remains. The pattern described above would be expected for a sample that has
accumulated and been exposed on a surface over an interval of time sufficient to achieve
equilibrium between addition of new material and destruction of old material. It could represent a
much longer time.

Fossil Wood
By far the greatest number of plant fossil localities documented by the survey represented
silicified wood (120). In fact, after dinosaur bone, silicified wood was the next most common fossil
in the Morrison Formation. The wood occurred primarily as segments of logs or small pieces of
logs. Although the specimens are not sufficiently complete to estimate the size of the trees that
produced them, some are quite large, a meter or more in diameter. Most were relatively short
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segments, less than 3 meters in length, but one log was more than 20 meters long. With only a few
exceptions, virtually all of the fossil wood was found in fluvial channel sandstones and the logs
were undoubtedly transported some distance from their growth sites. Broad inferences can be made
based on our current appreciation of plant taphonomy. It is reasonable to expect that plant material
in lag and point-bar deposits is not far removed from the source (Scheihing and Pfefferkorn, 1984,
Spicer, 1989), though channel-margin vegetation has a higher probability of transport downstream
(Gastaldo et al., 1987). Waterlogged versus non-waterlogged tree trunks have differing potentials
for transport in a fluvial system (Macdonald and Jefferson, 1985), and with no further data
available, the distance of transport for these Morrison tree trunks cannot be ascertained. However,
further work to determine the depth of channels where the logs occur and, more importantly, the
depth of upstream channels within the paleodrainage basin, might be useful in limiting the
maximum distance some of the larger specimens could have been transported.

In most cases the silicified wood is rather poorly preserved with the cellular structure largely
destroyed and only the gross morphology of the log preserved. This greatly limits the opportunity
for taxonomic identification.

Stratigraphic Distribution of Fossils

Within the Colorado Plateau where most survey sites were located, several members within the
Morrison can be recognized (Peterson and Turner-Peterson, 1987; Peterson and Turner, 1998). In
most areas the Tidwell, Salt Wash, and Brushy Basin members could be readily distinguished. Very
few fossils were found in the Tidwell, so our data apply primarily to the Salt Wash and Brushy
Basin members. In most cases, it was possible to identify stratigraphic position more specifically as
being within the lower, middle or upper part of the Salt Wash, or the lower or upper part of the
Brushy Basin, with the upper part divisible again into lower and upper parts. Stratigraphic position
of fossil localities is presented here in terms of these 6 subdivisions of the Salt Wash and Brushy
Basin members of the Morrison Formation.

Fossils were found throughout both the Salt Wash and Brushy Basin members of the Morrison
Formation, although specific types of fossils were restricted to, or decidedly more common within
particular stratigraphic intervals. Dinosaur bone was found in all of the stratigraphic intervals (Fig.
2), and it was somewhat surprising to find that it was as common in the Salt Wash as in the Brushy
Basin. In fact, more dinosaur localities were found in both the middle (87) and upper (98) parts of
the Salt Wash than in the lower part of the upper Brushy Basin (77). Other parts of the Salt Wash
and Brushy Basin had still fewer dinosaur localities.

Upper part of Brushy Besin Mbr.

upper unit IH]]]]I[[I]]] 38
Upper part of Brushy Basin Mbr. ]]]]]]IHII]]]I”]]]I['I”]] -
lowrer unit
Lower part of Brushy Besin Mbr. [[[[TT]]T]]]] 24
Upper Salt Wash Mor. - [TITITTIITTITTATTTCIENTY o
Middle Satt Wesh Mor. ([T -

LowerSelt WeshMbr. ][ ®

Figure 2. Stratigraphic distribution of dinosaur localities documented by the survey.

Although silicified wood was found throughout both the Salt Wash and Brushy Basin members,
it was far more common in the Salt Wash, and most of the large logs were in that member. The
greater abundance of fluvial channel sandstones in the Salt Wash than in the Brushy Basin may be
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responsible, in part, for this distribution because of the close association of the fossil wood with this
facies (see below). It is noteworthy that there is a difference along stratigraphic lines in the quality
of preservation of the fossil wood. Although abundant, silicified wood found in the Salt Wash was
poorly preserved. Silicified plant remains found in the Brushy Basin, on the other hand, were much
more likely to preserve fine details of the plant’s internal cellular structure. The higher volcanic ash
content of the Brushy Basin may have made silica more available in the diagenetic environment,
leading to silicification sooner after burial than in the Salt Wash.

Microvertebrates, including mammals, small amphibians and reptiles, have been found only in
the lower unit of the upper part of the Brushy Basin. However, they occur only within the
mudstones (see below), which are abundant in the Brushy Basin and scarce in the Salt Wash. The
number of such sites is small, so it is possible that this lithologic bias is primarily responsible for the
stratigraphic restriction.

Another type of fossil that exhibits a marked stratigraphic restriction is the invertebrate traces
that occur within a horizon spanning the upper Salt Wash and lower Brushy Basin. This is
especially true for deep burrows such as termite nests, which were common within this interval in
some areas, but applies to all invertebrate traces. The types of invertebrate traces include termite
nests, unionid clam burrows, crayfish burrows, vertical tube burrows, and probable beetle burrows.

Lithofacies

The Morrison Formation was deposited in diverse environments and includes equally diverse
lithofacies, but fluvio-lacustrine facies dominate the section in most areas and include virtually all
of the fossil localities. For purposes of this summary, fossil localities can be characterized as
occurring within one of three broad categories of rock type. Fluvial sandstones, representing
channel and near channel environments, are present throughout the section and dominate in some
parts of the section, notably the Salt Wash Member in most areas. Mudstones deposited in various
overbank environments such as levee, crevasse splay, pond, and other floodplain environments are
present throughout the section and dominate in parts of the section, especially the upper part of the
Brushy Basin Member. Carbonates occur as thin layers throughout the section, and represent
lacustrine, palustrine, and pedogenic environments. These lithofacies equate roughly with the four
lithofacies recognized by Dodson et al. (1980), with the exception that, for this study, we have not
distinguished between variegated mudstones and drab mudstones as they did. In most cases, the
variegated mudstone lithofacies would probably represent the most appropriate equivalent.

Fossil localities are not evenly distributed among the various lithofacies of the Morrison
Formation. Most of the localities occurred in sandstone (409); substantially fewer were in
mudstones (109), and only a small proportion was found in carbonates (19). To some extent this
reflects the dominance of sandstone as the principal lithology of the Salt Wash Member in most
areas. However, when localities are broken down according to stratigraphy and lithofacies (Table
1), it is apparent that even in the upper Brushy Basin Member that is dominated by mudstones,
localities occur nearly equally in sandstone and mudstone. A similar effect can be seen when
considering dinosaur localities alone. Of 340 dinosaur localities in the Morrison, 62 were in
mudstone. Almost all of the others were in sandstone. In the upper part of the Brushy Basin, 55
were in mudstone and 54 in sandstone. Dodson et al. (1980) made a similar observation concerning
the distribution of the dinosaur localities they studied and that occurred primarily within the Brushy
Basin.

Hypotheses that explain the predominance of sandstone as the lithofacies within which fossils
are found are not mutually exclusive. One obvious explanation is that organic remains were
concentrated by streams by being swept into the channel from the floodplain during floods or as
lateral migration of the channel consumed floodplain sediments with whatever had accumulated on
or in them. It is also possible that the living organisms were concentrated to some extent along
streams. Supporting this interpretation is the observation that most of the mudstones that contain
fossil localities are closely associated with fluvial sandstones. In contrast, in parts of Capitol Reef
National Park, mudstones of the upper Brushy Basin include extremely little sandstone and are
devoid of fossils. Finally, the bias toward sandstone may represent a collection bias to some extent.
Exposures of mudstone in the Morrison Formation are usually deeply weathered, and often the
mudstones are highly smectitic. Shrinking and swelling of the clays in the weathering zone break up
fossils, and the irregular “popcomn” texture of the surface, with numerous cracks, may make small
fragments difficult to see. Fossils may have little or no surface expression and be easily overlooked.
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Sandstones are more likely to present a relatively unweathered exposure and do not subject fossils
to such great stresses in weathering.

The bias toward occurrence in the channel sandstones is especially pronounced for fossil wood.
Of 116 fossil wood localities, only 3 were in mudstone. All others were found in sandstone. It
seems likely that this is a result of preservational processes, including, and perhaps especially,
postdepositional processes. Termites, for which there is good evidence in part of the section, and
microorganisms may have consumed woody material even after it was buried, except where the
entombing sediment remained saturated for some time after burial.

Sandstone Mudstone Carbonate
Upper Brushy 21 2
Basin, upper unit
Upper Brushy 59 64 4
Basin, lower unit
Lo»Yer Brushy 37 6 2
Basin
Upper Salt Wash 126 3 0
Middle Salt
Wash 128 14 10
Lower Salt Wash 35 1 1

Table 1. Distribution of localities according to stratigraphy and lithology.

A strong bias is also apparent for microvertebrates. The few sites that have produced
amphibians, lizards, and mammals (3) have all been found in mudstone. The sites represent
overbank sediments interpreted as pond and crevasse splay deposits. Of several other sites with
small bone fragments identifiable only as small vertebrate, almost all occurred in mudstone. It is
perhaps simplest to explain these occurrences as indicating the habitat of these small vertebrates,
living in and around small ponds and other floodplain subenvironments. It is not clear why these
organisms are not known from the sandstones. The fact that their remains are very small and
delicate and unlikely to survive any significant transport can account for their general absence from
the sandstone, but clay pebble lag deposits have preserved equally delicate specimens in Cretaceous
and Tertiary sediments. Similar sediments have been observed and examined in the Morrison
Formation, but were devoid of fossils.

Although large unionid clams are known from channel sandstones (they are the most common
fossils in the Carnegie Quarry at Dinosaur National Monument), most of the unionid clam localities
documented by this survey occurred within mudstones of the middle, shaly part of the Salt Wash in
the vicinity of Colorado National Monument. These gray mudstones, interspersed with thin
carbonate ledges, are very different from most other mudstones that contain fossil localities in the
Morrison Formation, and undoubtedly represent a distinct environment. The presence of carbonates
Hith' clharophytes and gastropods indicates an environment that is more paludal or lacustrine than

uvial.

Conclusion
Although our approach to the taphonomic interpretation of fossils of the Morrison Formation is
different from that of Dodson et al. (1980), we arrive at some of the same conclusions. The
abundance of dinosaur boné in the Morrison Formation and the nature of occurrences of dinosaur
bone are best explained as an attritional sample. Dinosaurs are disproportionately represented
because they are the largest elements of the fauna with the most durable remains. Like Dodson et al.
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(1980), we found that the dinosaur localities are distributed in both fluvial channel and overbank
sediments, indicating that dinosaurs ranged throughout the near-channel and floodplain
environments rather than having been restricted to a particular subenvironment. We corroborate
their observation that there is a bias toward preservation in the channel sandstones. We agree that
this is probably largely the result of concentration of the sample by sedimentary processes, but
suggest the possibility that it is also the result to some extent of concentration of the biota along
major drainages.

Silicified logs are also abundant in the Morrison and are largely a transported sample, although
the distance they were transported cannot be determined. The silicified logs occur almost
exclusively in the channel sands, but this may be because of a preservational bias in
postdepositional processes.

In contrast, small vertebrates, such as mammals and small herpetofauna, occur preferentially in
mudstones. This appears to be the result of habitat preference for small ponds and similar floodplain
environments.

The stratigraphic distribution of localities reveals some new information. The dinosaurs appear
to be as abundant in the Salt Wash Member of the Morrison as in the Brushy Basin, in spite of the
fact that most of the classic dinosaur localities are in the Brushy Basin. Silicified logs, on the other
hand, are noticeably more common in the Salt Wash than in the Brushy Basin, probably because of
the much greater abundance of sandstone in the former unit. Small vertebrate localities exhibit a
complementary distribution, being primarily in the Brushy Basin, possibly because of the close
association with mudstone. Invertebrate traces are particularly common and widespread in some
areas in the upper part of the Salt Wash and lower part of the Brushy Basin and may provide a
useful horizon for interpretation of the stratigraphy and tectonics of the region.
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