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At Flaming Cliffs —a famous vertebrate locality in southern
Mongolia —sand grains in red sandstones of fluvial and eo-
lian origin within the Upper Cretaceous Djadokhta For-
mation are coated with detrital clay. The nearest correlative
marine deposits are thousands of kilometers distant. Struc-
tureless sandstones with stringers and lenses of reworked
caliche pebbles lie laterally adjacent to sets of eolian cross-
strata up to 20 m thick. These pebbly sandstones, interpret-
ed as the deposits of intermittent streams that occupied in-
terdune positions, contain abundant Ophiomorpha. Bur-
rows are 1 to 3 cm in diameter, with a knobby exterior. The
traces occur not only as simple tubes, but also as Teichi-
chnus-like spreiten, produced by the systematic upward
and lateral migration of a spiral burrow. Spreiten can
reach vertical extents greater than 3 m and widths of 30 cm.
Although they commonly appear in stratal sequences that
contain no mudstone beds, many of the burrows are filled
by mud. The best modern analog is provided by freshwater
crustaceans that excavate deep burrows to the water table in
order to escape desiccation during drought. Mud was em-
placed during fluvial flood events when the open, near-ver-
tical shafts acted as storm sewers through the vadose zone.
Spreiten probably were generated by systematic offsets from
the original burrow axis during repeated re-excavations.

One mechanism for emplacing detrital clays in sand-
stones calls upon infiltration of muddy water through the
vadose zone during flood events. The burrow fills within the
fluvial facies of the Djadokhta Formation provide corrobo-
rative, independent evidence for the passage of muddy water
through the strata. Like the Callianassa burrows that fill
with coarse, shelly debris during the passage of Caribbean
hurricanes (“tubular tempestites”), burrows in continental
settings also can provide unique testimony to important de-
positional events and early diagenetic processes.

INTRODUCTION

Most flows of air and water across Earth’s surface that
entrain sediment are turbulent; therefore, clay and sand
are segregated into bedload and suspended load and de-
posited in different settings. In thin-sections and SEM im-
ages of sandstones, however, coatings of detrital clay are
common on sand grains (Walker et al., 1978). These grain
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coatings have received considerable attention from petrol-
ogists because they can promote pressure solution, inhibit
formation of syntaxial quartz overgrowths, and act as nu-
cleation sites for authigenic clays (Matlack et al., 1989;
Wilson, 1992). Clay coatings similar to those in sandstones
have been observed in Holocene sediments and have been
generated in the laboratory. Evidence indicates that most
detrital clay coatings are emplaced within sand bodies
that lie near or above the water table and are subjected to
infiltration by vadose water carrying suspended clay.
Many clay coatings in eolian and shelf sandstones show
evidence of transport from their site of origin—the inher-
ited clay rims of Wilson (1992)—suggesting that they can
survive considerable transport. Two mechanisms have
been suggested to explain the abundance of clay coatings
on sand grains within modern and ancient eolian dunes.
(1) Airborne dust that falls on dune slopes or crests is car-
ried directly into the sand by infiltrating rainwater (Walk-
er, 1979); this process may be especially important on veg-
etated dune surfaces where dust particles are not easily
resuspended (Pye and Tsoar, 1987; Winspear and Pye,
1995). (2) Mud-sized particles also can be emplaced in
coarse alluvium that lies above the water table when flood
waters infiltrate channel deposits during flooding (Crone,
1975; Walker et al., 1978); deflation later moves the clay-
coated sand onto nearby dunes (Wilson, 1992).

In the Gobi Desert of southern Mongolia, a diverse con-
tinental fauna of dinosaurs, mammals, and lizards is spec-
tacularly preserved in Upper Cretaceous redbeds of the
Djadokhta Formation (Dasheveg et al., 1995; Loope et al.,
1998). Strata of the Djadokhta Formation (as well as over-
and underlying rocks) are entirely nonmarine, represent-
ing eolian and fluvial environments (Jerzykiewicz et al.,
1993; Eberth, 1993). The nearest known correlative ma-
rine rocks are 2800 km away, in Kazakhstan (Averianov,
1997). The Djadokhta Formation, thus, represents a rare
glimpse of the climate and biota of the interior of a large
continent during the Cretaceous (Barron and Washington,
1982).

At our study site, Flaming Cliffs (= Bayan Dzak, Fig. 1),
both the structureless and the cross-stratified sandstones
that we interpret as the deposits of intermittent streams
and eolian dunes are composed of clay-coated sand grains.
Although many outcrops of these sandstones at Flaming
Cliffs are completely free of mudstone interbeds, near-ver-
tical, mud-filled Ophiomorpha burrows are common in
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FIGURE 1—Central portion of Flaming Cliffs showing location of bur-
rows, structureless sandstone (Ks), cemented dune foresets with rhi-
2oliths (Kcon), caliche horizons (Kcal), and orientation of camera for
Figure 3. Inset-Location of study site (Flaming Cliffs) and two other
sites where trace fossils (Bayun Mandahu; Jerzykiewicz et al., 1993)
and clay rims (Loope et al., 1998) from Djadokhta Formation red beds
have been described.

these exposures and bear testimony to the passage of nu-
merous mud-rich floods.

Ophiomorpha, a distinctive, knobby-walled trace fossil
that is abundant in the rock record (Weimer and Hoyt,
1964; Bromley, 1990) is typically found in marine or mar-
ginal marine settings and is typically composed of simple
or branched cylinders. The Ophiomorpha specimens with-
in our study area are atypical on both of these counts.
They were built within intermittent stream deposits in a
fully continental setting and are preserved not as individ-
ual burrows, but instead as Teichichnus-like spreiten. Our
goal in this paper is to describe these unusual trace fossils
and to highlight their implications for the origin of clay
coatings on sand grains.

From a tropical, shallow marine setting, Wanless et al.
(1988) demonstrated the potential of open burrows as re-
corders of energetic events. Our study of ancient fluvial
deposits shows that deep, open burrows acted as storm
sewers that carried mud-rich flood water through a thick
vadose zone. Our evidence corroborates the findings of
Crone (1975) and Walker et al. (1978), who demonstrated
that abundant clay rims are generated by the flooding of
desert-stream courses.

STRATIGRAPHIC AND SEDIMENTOLOGIC SETTING

During the late Mesozoic, repeated intervals of block
faulting across east central Asia produced a complex mo-
saic of graben and semigraben structures which were in-

filled with bone-bearing strata (Jerzykiewicz and Russell,
1991). Rivers entered the basins from surrounding moun-
tains and provided a source of sand for dune fields, much
as occurs along the southern margins of the Junggar and
Tarim basins in modern China (Eberth, 1993). Our site,
Flaming Cliffs, is the type locality of the Djadokhta For-
mation, first described by Berkey and Morris (1927) and
studied by Lefeld (1971). On the basis of its vertebrate fau-
na, the sequence has been correlated to Upper Cretaceous
(Campanian) strata of western North America (Lillegrav-
en and McKenna, 1986) and Kazakhstan (Averianov,
1997). The Darbasa Formation of southern Kazakhstan,
in contrast to rocks of Late Cretaceous age in Mongolia
and China, yields both marine and nonmarine fossils (Av-
erianov, 1997).

About 30 m of strata are exposed at Flaming Cliffs (Fig.
2). Caliche horizons, identical to those that were well de-
scribed and illustrated from correlative rocks at Bayan
Mandahu in China (Fig. 1) by Eberth (1993), form promi-
nent benches near the top of our section. Sheets of caliche
pebble conglomerate lie near the top of the section, and
one-meter-wide, channel-filling ribbons and thin stringers
of this material are present in the lower beds that contain
abundant trace fossils (Fig. 2).

A single set of calcite-cemented cross-strata is present
in the lower part of the stratigraphic section. The set isup
to 15 m thick and is discontinuous laterally (Figs. 2, 3).
The scale of the foresets and the texture of the deposit sug-
gest a dune origin, and in a few locations it is possible to
see inverse-graded mm-scale laminations (Hunter, 1977)
that confirm an eolian interpretation.

Rhizoliths, ranging in diameter from about 1 em to
about 1 mm (Fig. 4) are abundant in the prominent, car-
bonate-cemented cross-strata. The larger rhizoliths typi-
cally lie parallel to stratification. In many cases, primary
sedimentary structures (laminae and beds) within the eo-
lian rocks are absent owing to intense burrowing and root-
ing; the orientation of the obscured foresets typically is
best recorded by sheets of preferentially cemented sedi-
ments with abundant small rhizoliths and, in a few cases,
by the orientation of large rhizoliths.

We interpret the rhizoliths that lie parallel to dune
cross-strata as a record of the growth of xerophytic dune
vegetation. Plants grew on the large eolian bedforms and
their roots derived water strictly from the vadose zone. Be-
cause tightly packed sands retain more water after wet-
ting than those that are loosely packed (Hillel, 1980), va-
dose water would have been most available to plants in fo-
resets dominated by wind ripple deposits rather than
grainflows, which have higher porosity (Hunter, 1981). In
the vadose zone, any anisotropy to flow within a porous
medium is greatly enhanced relative to the anisotropy of
the same material under saturated conditions (Stephens,
1996). McCord et al. (1991) showed that for a dune sand
that was nearly isotropic at saturation, the unsaturated
permeability parallel to bedding was as much as 20 times
greater than that perpendicular to bedding. Therefore,
plant roots that grow parallel to bedding are best able to
exploit the limited water resources in dune sand. Under
saturated conditions, there would be little advantage to
this growth pattern.

At the west end of our study area, a lens of red mudstone
is present in the lower part of the section (Lefeld, 1971, fig.
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FIGURE 2—Stratigraphic section, central Flaming Cliffs. Section is
dominated by structureless sandstone; note absence of mudstones.

5). It reaches a maximum thickness of 7 m and extends
over approximately 1 km?. The lowermost 30 ecm of mud-
stone is cut by sandstone dikes that form polygons that are
about 25 cm in diameter. A 1-cm-thick sandstone caps the
polygons. A set of dune cross-strata lies within 100 m of
the edge of the mudstone outcrop, and the cross-strata dip
toward the lens. Mud-filled trace fossils are present in the
sandstone that underlies the mudstone lens, but the large
spreiten structures described below are absent. We inter-
pret the mudstone lens as the fill of an interdune swale
that was flooded during major runoff events. Eolian sand
filled the polygonal desiccation cracks that formed after
the first preserved flood event.

The soil carbonates of the study area—both the caliche
horizons and the rhizoliths—suggest a semi-arid climatic
setting. The absence of evidence of perennial surface wa-
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FIGURE 3—View to the northeast toward the main escarpment at
Flaming Cliffs. Calcite-cemented foresets (foreground) dip away from
camera. Burrows exposed at base of escarpment (see Fig. 1).

ter is notable. In Quaternary dune fields, especially those
stabilized by vegetation like the Nebraska Sand Hills, in-
terdune lakes are numerous, but they are restricted to ar-
eas that lack throughgoing stream courses (Loope et al.,
1995). Although large eolian dunes were present within
the study area during deposition of the Djadokhta For-
mation, they apparently did not block stream courses. The
environmental interpretation offered by Eberth (1993, fig.
19) and Jerzykiewicz et al. (1993, fig. 14 1) for strata in
China that are correlative to the Djadokhta Formation ap-
ply very well to our site. The configuration of streams and
dunes may have resembled the modern Channel Country
of central Australia (Gibling et al., 1998).

DETRITAL CLAYS IN SANDSTONES OF THE
DJADOKHTA FORMATION

Description

Scanning electron microscopy of sand grains in the
walls of the Ophiomorpha traces (described below) shows
abundant clay bridges (Fig. 5) and clays that lie parallel to
sand-grain surfaces. Clays are absent at points of contact
between framework grains. X-ray diffraction reveals the
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FIGURE 4—Evidence for plant growth on dunes. (A) Rhizoliths within
preferentially cemented dune cross-strata. (B) Close-up showing
branching of rootlets. Knife is 9 cm long.

presence of mixed-layer illite/smectite and chlorite; sam-
ples from burrow fills and the mudstone lens described
above contain the same minerals. Our samples from the
calcite-cemented dune deposits do not contain clay bridges
and clays are present at points of contact.

Interpretation

Based on application of criteria and terminology sug-
gested by Wilson (1992), the fluvial sandstones that we
have examined contain abundant infiltration clays (in situ
accumulations), whereas the eolian rocks are dominated
by inherited clay rims (transported after infiltration).
Cross-stratified eolian sandstones in Djadokhta Forma-
tion outcrops at Ukhaa Tolgod, 100 km west of Flaming
Cliffs, also contain abundant inherited clay rims (Loope et
al., 1998). Although positioned in the vadose zone relative-
ly near the surface of a vegetated sand dune, the sand
grains associated with the rhizoliths that we examined
show no evidence of in situ grain-coating detrital clay.

We have not done an exhaustive study of the distribu-
tion and characteristics of detrital clay within Djadokhta
Formation sandstones. Although our limited petrographic
observations support the view that clays were emplaced in
a fluvial setting and were later recycled to the dunes, we
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FIGURE 5—SEM image of sandstone from burrow wall, showing clay
bridges (arrows) on broken surfaces. Scale bar is 0.5 mm long.

believe that another post-depositional process makes in-
terpretations that are based solely on petrography equiv-
ocal. After transport of clay-coated grains (which removes
bridges) and their deposition in a second sand body (as in-
herited clay rims), those clays can be removed from their
host grains by infiltrating water and can provide material
for a second generation of bridges on grains a few centi-
meters away. In this case, the presence of clay bridges be-
tween sand grains in the second sand body could mislead
the petrographer to the conclusion that the observed clays
are primary infiltrates.

Ophiomorpha
Description

The trace fossils that are the focus of this paper are
within generally structureless, friable, fine- to medium-
grained sandstone, and they are best displayed along the
bases of cliffs that are exposed to very strong winds. Al-
though isolated cylindrical burrows with knobby exteriors
are present in some exposures (Fig.6B, E), strap-like, Tei-
chichnus-like spreiten (Bromley, 1990, p. 133) with the
same knobby ornamentation are much more abundant
and prominent (Fig. 6A-F). The outside diameter of the
isolated cylinders and the thickness of the cumulative
spreiten structures range from about 1 to 3 cm. The width
of the cumulative structures (measured perpendicular to
the long axis of individual burrows) can reach at least 30
cm. Burrows within the cumulative structures typically
are nearly vertical and the spreiten commonly twist into
helices (Fig. 6A, D, E). Both right-handed and left-handed
helical segments have been observed in a single, elongate
specimen. Cumulative structures reach at least 3 m in ver-
tical extent (Fig. 6A).

Details of burrow-wall morphology are visible only
along overhung cliff exposures where differential wind
erosion brings trace fossils into nearly full relief. The
knobby appearance of the exterior walls is produced by
protruding hemispheres of friable sandstone ranging from
3 to 5 mm in diameter (Fig. 6B, C, E). These hemispheres
contain no more clay than the matrix and are free of cal-
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FIGURE 6—In situ Ophiomorpha spreiten at Flaming Cliffs. (A) 2-m-
long spreite with large radius of curvature. Arrows mark highest and
lowest preserved parts of burrow. (B) Closer view of same specimen;
two small cylinders with nodular wall ornamentation in upper left (ar-
row). (C) Nodular surface of spreite; note linear alignment of surface
ornamentation. (D) Broken specimen with small radius of curvature.
(E) Portions of two spreiten; note broken cross-sections showing con-
cave-up structure (black arrows) and simple cylinders with nodular
wall ornamentaion (white arrows). (F) Deeply eroded specimen show-
ing multiple mud (arrows) and sand fills.

FIGURE 7—Transverse section of 5 cm long fragment of a spreite
showing concave-up structure. Top is to right; specimen is 3 cm wide.
Compare with lower right portion of Fig. 8B.

cium carbonate cement. The inner walls, although rarely
visible, are smooth (Fig. 6E).

Cross-sections of the spreite reveal thin sandy laminae,
interbedded sand and mud (Figs. 6F, 7), or structureless
mudstone. Some laminae in the sandy fills are concave-up,
others are nearly planar. Mud is a major component of the
fill of some spreiten, but it is totally absent in many others.

Interpretation

Ophiomorpha is a knobby-walled burrow (Hantzschel,
1975) that is common in high-energy, clean sand deposits
from Ordovician to Recent age. Hester and Pryor (1972)
described blade-shaped spreiten traces from Eocene sand-
stones near Starkville, Mississippi, that share several key
characteristics with the Cretaceous traces from Mongolia
(compare their figs. 3 and 4 with Figs. 6 and 7). Noting
that their traces have the knobby exterior of Ophiomorpha
but an overall form similar to Teichichnus, they made a
compelling case for the use of the former ichnogenus
name, arguing that the trace was made by the same or-
ganism that produced typical (non-spreite) Ophiomorpha
in the same deposit. Bromley (1990, p. 161) pointed out
that a logical alternative name for the trace described by
Hester and Pryor (1972) would be Teichichnus nodosus.

A major difference between the Mississippi and Mongo-
lia examples, however, is that the spreite in the Mongolian
material is produced by upward and lateral migration of a
steeply inclined cylinder; in the Mississippi traces, a simi-
lar blade-like morphology is produced by simple upward
migration (retrusion) of a horizontal cylinder. Trace fossils
more similar to the Mongolian material are present in Up-
per Cretaceous shallow marine strata of the Book Cliffs of
central Utah (Ekdale, personal communication, 1999). Al-
though Ophiomorpha annulata at the Utah locality most
commonly display a horizontal maze geometry, they also
uncommonly form subvertical, slightly twisted, Teichi-
chnus-like spreiten.

Frey et al. (1978, fig. 6¢), Hobbs (1981, p. 31,34), and
Bromley (1990, fig. 5.22) have noted the tendency of both
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FIGURE 8—Upward migration (retrusion) of a spiral-shaped Ophio-
morpha burrow (A; after Frey et al.,, 1978) generates the “twisted
strap” morphology (B) described in this paper.

marine and freshwater crustaceans to build spiral bur-
rows. We interpret the helical, twisted strap form of our
traces to be the result of repeated re-excavations of a near-
vertical, spiral burrow (Fig. 8).

Laminae within sandy fills that are concave-up repre-
sent the migration of the smooth inner wall and were pro-
duced actively by the burrower. The concave-up aspect in-
dicates that the spreiten are retrusive—the burrow moved
obliquely upward with each renewed episode of excava-
tion. The planar-laminated sand probably represents pas-
sive fill, which was deposited as sand fell from the roof or
slipped down the steeply sloping floor of the spiral burrow.
Mud is absent from many spreiten but is the nearly exclu-
sive kind of fill of others, so we interpret the mud fills as
passive. We think mud was emplaced in the burrows when
muddy water from stream floods flushed downward
through the channel sands toward the regional water ta-
ble. According to Dunne (1990), when water infiltrates a
porous medium under unsaturated conditions, it migrates
only within the matrix, avoiding burrows, open fractures,
and other macropores. Any water within macropores
moves outward into the unsaturated matrix. Under satu-
rated conditions, however, the pressure gradient is re-
versed, and water flows into the macropore from the ma-
trix. When desert streams flood, channel sands become
saturated, forming an inverted water table. Unsaturated
flow, however, would occur between the inverted water ta-
ble and the deeper, regional water table (Stephens, 1996,
p. 116-117). Some of the mud in the burrows probably was
deposited from suspension and some as a filter cake that
accumulated against the burrow walls as water flowed
outward from the burrow into the unsaturated sands that

lay below the inverted water table and above the regional
water table.

The similarities in wall structure and morphology of the
Mongolian trace fossils to Ophiomorpha from marine
rocks of Eocene and Late Cretaceous age (Hester and
Pryor, 1972; Ekdale, personal communication, 1999)
strongly suggest that the Mongolian structures were pro-
duced by crustaceans. The surface ornamentation, mor-
phology, and geometry of the Mongolian burrows are dis-
tinct from those of modern crayfish burrows, but because
the Mongolian trace fossils are present in fluvial sedi-
ment, crayfish appear to be the only living crustaceans
that can provide behavioral clues for the interpretation of
our material. We do not imply that the Mongolian traces
were produced by crayfish, only that they were produced
by animals that had important anatomical, behavioral,
and ecological similarities to modern crayfish. The great
vertical extent (at least 3 m) of individual traces at our
study site is comparable to the length of some modern
crayfish burrows. Because crayfish must keep their gills
moist, they live at the water table. Therefore, the vertical
extent of their burrows is a direct indication of the dis-
tance from the surface to the water table (Hasiotis and
Bown, 1992). Many hyper-arid desert settings are unsuit-
able habitat for crustaceans—the regional water table lies
tens of meters below the floors of stream channels and sur-
face fiows are ephemeral. The presence of Ophiomorpha in
the Mongolian fluvial deposits suggests to us that surface
water was present seasonally and that, although the pa-
leo-water table may have fluctuated seasonally, it typical-
ly lay within 2 to 3 m of the surface. The trace fossils thus
corroborate other sedimentological evidence for a semi-
arid climatic setting. ~

Hobbs (1981) and Horowitz and Richardson (1986) at-
tempted to classify the burrows of crayfish on the basis of
behavior and relation to the water table. Hasiotis et al.
(1993) showed that these classifications can be applied to
ancient traces. The vertically elongate, unbranched bur-
rows that dominate our study site are most similar to
those in Hobbs’ (1981) “tertiary burrows” category. Mod-
ern crayfish species that make such burrows live in open
water and retreat to the burrows (1) to get below the frost
line in winter; (2) to lay and brood eggs; and (3) to avoid
desiccation when the body of water begins to disappear.
Because Late Cretaceous climates were mild, even within
continental interiors at relatively high latitude (Barron
and Washington, 1982), air temperatures probably did not
reach freezing. The deep burrows of the Djadokhta For-
mation may reflect reproductive behavior or, since the
host sediments were deposited between eolian dunes and
show evidence of vadose conditions, may have provided
refuge from desiccation. It seems likely that seasonal
droughts were terminated by flooding events that filled
the open burrows with sand and or mud. Rather than ex-
cavate the fresh fill, the buried animals offset from the
axis of the burrow and constructed the new burrow in ad-
jacent, firm parent material.

DISCUSSION

From Djadokhta Formation outcrops in China, Jerzyk-
iewicz et al. (1993, p. 2193, fig. 13b) were the first to de-
scribe and illustrate examples of the trace fossils similar to
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those discussed here. Their Chinese site is about 360 km
southwest of our study area. The structure that these
workers called Teichichnus is very similar to the trace fos-
sils described here, but those authors did not describe any
knobby-walled or mud-filled specimens. They speculated
that the spreiten may have been produced by a selective
deposit feeder, and they took this as an indication that the
sediment originally contained a substantial quantity of or-
ganic material. Deposit-feeding behavior by crayfish has
not been described, but at least one marine decapod crus-
tacean, Callianassa californiensis, is mainly a deposit
feeder (Bromley, 1990). Like most deposit feeders, Calli-
anassa californiensis lives in intimate contact with reduc-
ing pore waters and builds burrows that have poorly rein-
forced walls.

We do not favor the deposit-feeder interpretation, be-
cause the spreiten burrows from the Djadokhta Formation
were excavated in strongly oxidized sediment and have re-
inforced walls. Not only does the host sediment have a
very low organic matter content, but its red color indicates
that oxidizing conditions persisted during diagenesis
(Walker et al., 1978).

Hasiotis et al. (1993) have pointed out that many fresh-
water crayfish excavate deep burrows in order to escape
desiccation—a problem faced by few marine crustaceans.
They described burrows more than 3 meters in vertical ex-
tent with few horizontal elements. We interpret the Dja-
dokhta spreiten burrows as products of either long-lived
individuals or colonies of surface-feeding crustaceans. In-
stead of reflecting a feeding strategy, we interpret the lat-
eral shifts of the cylindrical burrow to be a response to sed-
imentation events that filled an open, near-vertical spiral
shaft. Rather than removing the freshly deposited mate-
rial from the original shaft, the shut-in burrow occupant(s)
offset slightly and, moving upward, excavated a parallel
shaft. Hobbs (1981, p. 31, 35) noted that modern crayfish
that construct deep, tertiary burrows commonly plug
them, presumably to prevent their infilling with sediment.
If the Djadokhta Formation burrows were originally
plugged, it seems likely that the plugs were removed dur-
ing fluvial floods.

The Ophiomorpha described here are unusual not only
for their spreiten structure, but also for their presence in
an unequivocally non-marine setting. The utility of
Ophiomorpha as a marine indicator has been a subject of
dispute for about 20 years. To illustrate their warning that
all Ophiomorpha should not be interpreted as indicators of
marine or marginal marine environments and products of
the shrimp Callianassa in particular, Frey et al. (1978, p.
215) noted that if a freshwater crayfish were found to pro-
duce knobby-walled burrows, and the structures were fos-
silized, those burrows would have to be called Ophiomor-
pha. In the same year, Stewart (1978) identified Ophio-
morpha in a Late Cretaceous fluvial sequence on the Isle
of Wight. Later, Bown (1982) included Ophiomorpha in
the ichnofauna of an Oligocene sequence from Egypt that
he considered to be nonmarine. Goldring and Pollard
(1995) argued more recently that the British examples de-
scribed by Stewart (1978) actually lack the pelleted wall
structure of Ophiomorpha, and, therefore they reassigned
those traces to Beaconites. Hasiotis and Bown (1992) rein-
terpreted the Ophiomorpha-bearing portions of the Oligo-
cene strata in Egypt to represent an estuarine environ-

ment. Only the Ophiomorpha described from Eocene flu-
vial rocks by Merrill (1984) now appear to be widely ac-
cepted as an example of a nonmarine occurrence of the
ichnogenus (Anderson and Droser, 1998). The abundant
specimens of Ophiomorpha described here from Late Cre-
taceous redbeds of central Asia must now be added to a
very short list of nonmarine examples of this distinctive
trace fossil.

CONCLUSIONS

(1) Upper Cretaceous fluvial sandstones of the Djadokhta
Formation at Flaming Cliffs, southern Mongolia con-
tain speiten trace fossils best assigned to Ophiomor-
pha. These sandstones were deposited in a continental
interior setting under a semi-arid climatic regime. In-
termittent streams carrying abundant mud in suspen-
sion flowed seasonally between large, vegetated eolian
dunes. In the vicinity of fluvial channels, the water ta-
ble sometimes dropped 3 m below the surface.
Ophiomorpha and rhizoliths within dune cross-strata
have provided new insights into the environmental
setting of this important vertebrate fossil locality.

(2) The spreiten structure of Ophiomorpha resulted from

repeated, bottom-to-top re-excavation of spiral bur-

rows that were passively filled during fluvial floods.

Petrographic observations suggest that grain-coating

clays within sandstones of the Djadokhta Formation

were emplaced by fluvial processes. This interpreta-
tion is corroborated by the presence of mud-filled

Ophiomorpha burrows in the fluvial deposits. Mud-

filled trace fossils should be sought in other sand-dom-

inated fluvial sequences.

We found no evidence that rainwater infiltrating the

dunes emplaced dust-derived, primary clays on grain

surfaces. Fluvial sediments were apparently the
source of both sand and clay for the dunes.

(3

—
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et

ACKNOWLEDGMENTS

We thank Demberelyin Dasheveg, Mike Novacek, Mark
Norell, and the Infoquest Foundation for assistance with
field work. Mark Sweeney helped with X-ray diffraction
and drafting. Discussions with Mary Anne Holmes, Don
Boyd, Tony Ekdale, Steve Hasiotis, and Darryll Pederson
provided useful insights. PALAIOS co-editor Chuck Sa-
vrda and two anonymous reviewers provided many help-
ful suggestions.

REFERENCES

ANDERSON, B.G., and DrosER, M.L., 1998, Ichnofabrics and geomet-
ric configurations of Ophiomorpha within a sequence stratigraph-
ic framework: An example from the Upper Cretaceous US western
interior: Sedimentology, v. 45, p. 379-396.

AvVERIANOV, A.O., 1997, New Late Cretaceous mammals of southern
Kazakhstan: Acta Paleontologica Polonica, v. 42, p. 243-256.

Barron, E.J., and WasHiNGTON, W.M., 1982, Cretaceous climate: A
comparison of atmospheric simulations with the geologic record:
Palaeogeography, Palaeoclimatology, Palaeoecology, v. 40, 103—
133

Berkey, C.P.,, and Morris, F.K., 1927, Geology of Mongolia, natural
history of Central Asia, Volume II: American Museum of Natural
History, New York, 475 p.

Bown, T.M., 1982, Ichnofossils and rhizoliths of the nearshore fluvial




458

LOOPE & DINGUS

Jebel Qatrani Formation (Oligocene), Fayum Province, Egypt: Pa-
laeogeography, Palaeoclimatology, Palaeoecology, v. 40, p. 255—
309.

BroMLEY, R.G., 1990, Trace Fossils: Biology and Taphonomy: Unwyn
Hyman, London, 280 p.

CRONE, A.J., 1975, Laboratory and field studies of mechanically infil-
trated clay matrix in arid fluvial sediments: Unpublished Ph.D.
Dissertation, University of Colorado, Boulder, 162 p.

DASHZEVEG, D., NOVACEK, M.J., NORELL, M.A., CLARK, J.M., CHIAP-
PE, L.M., DAVIDSON, A., MCKENNA, M.C., DINGUS, L., SWISHER, C.,
and ALTANGEREL, P., 1995, Extraordinary preservation in a new
vertebrate assemblage from the Late Cretaceous of Mongolia: Na-
ture, v. 374, p. 446-449.

Dunng, T., 1990, Hydrology, mechanics, and geomorphic implications
of erosion by subsurface flow: in Higgins, C.G., and Coates, D.R.,
eds., Groundwater geomorphology: The role of subsurface water in
earth-surface processes and landforms: Geological Society of
America Special Paper 252, p. 1-28.

EperTH, D.A., 1993, Depositional environments and facies transi-
tions of dinosaur-bearing Upper Cretaceous redbeds at Bayan
Mandahu (Inner Mongolia), People’s Republic of China: Canadian
Journal of Earth Science, v. 30, p. 2196-2213.

Frey, RW., HowaRrD, J.D. and PrYor, W.A., 1978, Ophiomorpha: Its
morphologic, taxonomic, and environmental significance: Palaeo-
geography, Palaeoclimatology, Palaeoecology, v. 23, p. 199-229.

GIBLING, M.R., NaANSON, G.C., and MaroULIS, J.C., 1998, Anastomos-
ing river sedimentation in the Channel Country of central Aus-
tralia: Sedimentology, v. 45, p. 595-619.

GOLDRING, R., and PoLLARD, J.E., 1995, A re-evaluation of Ophiom-
orpha burrows in the Wealden Group (Lower Cretaceous) of
southern England: Cretaceous Research, v. 16, p. 665—680.

HanTzscHEL, W., 1975, Trace fossils and problematica: in Teichert,
C., ed., Treatise on Invertebrate Paleontology, Part W, Miscella-
nea, Supplement 1: Geological Society of America and University
of Kansas Press, Boulder, and Lawrence, 269 p.

Hastoris, S.T., and Bown, T.M., 1992, Invertebrate trace fossils: The
backbone of continental ichnology: in Maples, C.G., and West,
R.R., eds., Trace Fossils: Paleontological Society, Short Course
Notes No. 5, p. 64-104.

Hasioris, S.T., MitcHELL, C.E., and DuslieL, R.F., 1993, Application
of morphologic burrow interpretations to discern continental bur-
row architects: Lungfish or crayfish: Ichnos, v. 2, p. 315-333.

Hester, N.C., and PrYOr, W.A., 1972, Blade-shaped crustacean bur-
rows of Eocene age: A composite form of Ophiomorpha: Geological
Society of American Bulletin, v. 83, p. 677-688.

HiLLEL, D., 1980, Fundamentals of soil physics: Academic Press, San
Diego, p. 151.

Hoses, H.H., Jr., 1981, The Crayfishes of Georgia: Smithsonian Con-
tributions to Zoology, v. 318, 549 p.

Horowirz, P.H.J., and RicHARDSON, AM.M., 1986, An ecological
classification of the burrows of Australian freshwater crayfish:
Australian Journal of Marine and Freshwater Research, v. 37, p.
237-242.

HunteRr, R.E., 1977, Basic types of stratification in small eolian
dunes: Sedimentology, v. 24, p. 361-387.

HuNTER, R.E., 1981, Stratification styles in eolian sandstones: Some
Pennsylvanian to Jurassic examples from the Western Interior
U.S.A.: in Ethridge, F.G., and Flores, R.M., eds., Recent and an-
cient nonmarine depositional environments: Models for explora-
tion: Society of Economic Paleontologists and Mineralogists Spe-
cial Publication no. 31, p. 315-329.

JERZYKIEWICZ, T., and RussiLL, D.A., 1991, Late Mesozoic stratigra-
phy and vertebrates of the Gobi Basin: Cretaceous Research, v. 12,
p. 345-377.

JERZYKIEWICZ, T., CURRIE, P.J., EBERTH, D.A., JoHNSON, P.A., and
ZHENG, J.-J., 1993, Djadokhta Formation correlative strata in
Chinese Inner Mongolia: An overview of the stratigraphy, sedi-
mentary geology, and paleontology and comparisons with the type
locality in the pre-Altai Gobi: Canadian Journal of Earth Sciences,
v. 30, p. 2180-2195.

LEFELD, J., 1971, Geology of the Djadokhta Formation at Bayn Dzak
(Mongolia): Palaeontologica Polonica, v. 25, p. 101-130.

LiLLEGRAVEN, J.A., and McKENNA, M.C., 1986, Fossil mammals from
the “Mesaverde” Formation (Late Cretaceous, Judithian) of the
Bighorn and Wind River Basins, Wyoming, with definitions of
Late Cretaceous North American Land-Mammal “Ages” Ameri-
can Museum Novitates, no. 2840, p. 1-68.

LoorE, D.B., SWINEHART, J.B., and Mason, J.P., 1995, Dune-dammed
wetlands and buried paleovalleys of the Nebraska Sand Hills: In-
trinsic vs. climatic controls on the accumulation of lake and marsh
sediments: Geological Society of America Bulletin, v. 107, p. 396
406.

Loorg, D.B., SWISHER, C.C., III, and MinJiN, C., 1998, Life and death
in a Late Cretaceous dunefield, Nemegt Basin, Mongolia: Geology,
v. 26, p. 27-30.

MaTLAack, K.S., HouseknecHT, D.W., and ArPLIN, K.R., 1989, Em-
placement of clay into sand by filtration: Journal of Sedimentary
Petrology, v. 59, p. T7-87.

McCorp, J.T., StEPHENS, D.B., and WiLson, J.L., 1991, Hysteresis
and state-dependent anisotropy in modeling unsaturated hillslope
hydrologic processes: Water Resources Research, v. 27, p. 1501-
1518.

MERRILL, R.D., 1984, Ophiomorpha and other nonmarine trace fossils
from the Eocene Ione Formation, California: Journal of Paleontol-
ogy, v. 58, p. 542-549.

Pyi, K., and Tsoar, H., 1987, The mechanics and geologic implica-
tions of dust transport and deposition in deserts with particular
reference to loess formation and dune sand diagenesis in the
northern Negev, Israel: in Frostick, L., and Reid, 1., eds., Desert
Sediments: Ancient and Modern: Blackwell Publishing, Oxford, p.
139-156.

STEPHENS, D.B., 1996, Vadose Zone Hydrology: CRC Press, Florida,
347 p.

StEwART, D.J., 1978, Ophiomorpha: A marine indicator?: Proceedings
of the Geologists’ Association, v. 89, p. 33-41.

WALKER, T.R., 1979, Red color in dune sand: in McKee, E.D, ed., A
study of global sand seas: U.S. Geological Survey Professional Pa-
per 1052, p. 61-81.

WALKER, T R., WAUuGH, B., and CRONE, A.J., 1978, Diagenesis in first-
cycle desert alluvium of Cenozoic age, southwestern United States
and northwestern Mexico: Geological Society of American Bulle-
tin, v. 89, p. 19-32.

WanLEss, H.R., TEnpEsco, L.P., and TYrRrELL, K.M., 1988, Production
of subtidal tubular and surficial tempestites by Hurricane Kate,
Caicos Platform, British West Indies: Journal of Sedimentary Pe-
trology, v. 58, p. 739-750.

WEIMER, R.J., and HovT, J.H., 1964, Burrows of Callianassa major
Say, geologic indicators of littoral and shallow neritic environ-
ments: Journal of Paleontology, v. 38, 761-767.

WiLson, M.D., 1992, Inherited grain-rimming clays in sandstones
from eolian and shelf environments: Their origin and control on
reservoir properties: in Houseknecht, D.W., and Pittman, E.D.,
eds., Diagenesis and petrophysics of clay minerals in sandstones:
SEPM Special Publication No. 47, p. 209-225.

WinsPEAR, N.R., and Pyg, K., 1995, The origin and significance of
boxwork clay coatings on dune sand grains from the Nebraska
Sand Hills, USA: Sedimentary Geology, v. 94, p. 245254,

ACCEPTED APRIL 13, 1999




