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The Upper Triassic Chinle Formation was deposited at 
an exceptional time in Earth's paleogeographic and pa- 
leoclimatic history. During the Triassic, the superconti- 
nent Pangaea was at its greatest size, in terms of both 
aggregated continental crust and exposed land area. 
Moreover, the exposed land was divided symmetrically 
about the paleoequator between the northern and south- 
ern hemispheres. These conditions were ideal for maxi- 
mizing monsoonal circulation, as predicted from paleo- 
climate models. The Chinle was deposited between about 
5?to 15?N paleolatitude in the western equatorial region 
of Pangaea, a key area for documenting the effects of the 
monsoonal climate. This study summarizes sedimento- 
logic and paleontologic data from the Chinle Formation 
on the Colorado Plateau and integrates that data with 
paleoclimatic models. The evidence for abundant mois- 
ture and seasonality attest to the reversal of equatorial 
flow and support the hypothesis that the Triassic Pan- 
gaean climate was dominated by monsoonal circulation. 

The Chinle Formation contains continental lithofacies 
deposited in fluvial channels, crevasse splays, lakes, bogs, 
marshes, and lacustrine deltas that reflect abundant pre- 
cipitation and shallow water tables. Paleosols and ich- 
nofossils indicate that water tables and lake levels fluc- 

tuated episodically. Interbedded lacustrine carbonates 
and marginal-lacustrine siltstones and mudstones indi- 
cate longer-term but regular, episodic fluctuations in lake 
level. Fine-scale laminations in lacustrine carbonates 
suggest a seasonal influx of clastic sediment, and thus 
precipitation, to the basin. Uppermost Chinle strata con- 
sist of lacustrine and marginal-lacustrine mudstones in- 
terbedded with minor eolian sand sheets and eolian dunes; 
thus, the later Triassic reflects continued precipitation, 
but was marked by more pronounced and extended dry 
seasons. 

The Chinle fossil record corroborates the paleoclimatic 
interpretation based on sedimentologic data. The flora is 
consistent with moist, rather humid conditions, at least 
in the vicinity of fluvial channels and ponds, where most 
of the known plants were preserved by rapid sedimen- 
tation and burial below the water table. Invertebrates 
include fluvial and lacustrine unionid bivalves, gastro- 
pods, conchostracans, and ostracodes. Widespread oc- 
currence of large unionids indicates perennial streams 
and lakes. Freshwater bivalves and gastropods provide 
evidence for seasonal climates on the basis of their eco- 
logical requirements, taphonomic occurrences, and growth 
banding preserved within unionid bivalve shells. A wide 
variety of actinopterygian fish are present, as well as 
isolated taxa of hybodont sharks, dipnoans, and coel- 
acanths. The large coelacanths require the presence of 
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FIGURE 1-Schematic reconstruction of Pangaea showing the approximate location of the Colorado Plateau (dark shading) and the United 
States (light shading) for reference. Modified from reconstruction of Induan (earliest Triassic) paleogeography by Ziegler et al. (1983). Inset: 
partial reconstruction of Pangaea for the Late Triassic (data from Owl Rock Member of the Chinle Formation; Bazard and Butler, in press). 

perennial fluvial and/or lacustrine systems. The tetrapod 
fauna is dominated by aquatic forms, notably metopo- 
saurid amphibians, and phytosaurian archosaurs; terres- 
trial archosaurs and synapsids are more poorly repre- 
sented quantitatively. Vertebrate taphonomy and the 
nature of skeletal preservation also provide evidence of 
seasonality during Chinle deposition. 

INTRODUCTION 

The supercontinent Pangaea represented an exceptional 
phase in Earth's paleogeographic history, a maximum of 
continental aggregation (Valentine and Moores, 1970) that 
began in the Carboniferous with the collision of Laurussia 
and Gondwana and culminated in the Triassic with the 
addition of Kazakhstan, Siberia, and parts of China and 
southeastern Asia (Smith et al., 1973; Smith and Briden, 
1977; McElhinny et al., 1981; Klimetz, 1983, fig. 4; Ziegler 
et al., 1983; Veevers, 1988). In the Triassic, exposed land 
extended from about 85? N to 90? S (Ziegler et al., 1983). 
Sea level was low through much of what might be called 
the "peak" Pangaean interval, the Permian and Triassic 
(Vail et al., 1977), and the area of exposed land was great 
(Parrish, 1985). More importantly, with the exception of 
a small fraction in parts of what is now China and southeast 
Asia, this exposed land area constituted a single continent 
(Fig. 1). On first principles, it would be expected that the 
continent would have had an extraordinary effect on global 
paleoclimate. The continent cut across and therefore dis- 
rupted nearly every part of the zonal atmospheric circu- 

lation. In addition, the great size of the exposed land, the 
presence of large landmasses in low mid-latitudes, and the 
presence of a warm seaway to act as a source of moisture 
would have maximized summer heating in the circum- 
Tethyan part of the continent. 

The Permian-Triassic interval has long been regarded 
as unusual, representing a unique and extreme paleocli- 
matic state, because red beds and evaporites were global 
in extent (Schwarzbach, 1963; Waugh, 1973; Turner, 1980; 
Glennie, 1987; and many others) and because evaporite 
depositional regimes covered more area in the Triassic 
than at any other time (Gordon, 1975). As data on paleo- 
climatically significant fossils and rocks have gradually 
been accumulated and put into the context of plate tec- 
tonics, the uniqueness of the Permian-Triassic has only 
been emphasized. 

In a landmark work linking the then-new concept of 
polar wandering/continental drift and paleoclimate, Bri- 
den and Irving (1964) compared the modern and paleo- 
latitudinal distributions of climatically significant rocks. 
Briden and Irving (1964) started with the assumption that 
the distributions of climatically controlled sediments were 
similar in the past to their distributions today, that is, that 
the general zonal pattern characteristic of much of modern 
circulation and climate would have existed throughout 
Earth history. With this assumption, and despite the fact 
that their continental reconstructions were crude by cur- 
rent standards, the distributions of most rock types, par- 
ticularly carbonates, made more sense when plotted against 
paleolatitude than against present latitude. 

Unlike carbonates, however, the distribution of evapo- 
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THE PANGAEAN MEGAMONSOON 

rites and eolian sandstones was not clarified by plotting 
data on paleolatitudinal reconstructions (Briden and Ir- 
ving, 1964). Modern evaporites and sand seas tend to occur 
in the "dry belts" centered on 30? north and south (Bor- 
chert and Muir, 1964; McKee, 1979). Plotted against mod- 
ern latitudes, their ancient counterparts showed a similar 
distribution. However, plotted against paleolatitude, evap- 
orites and eolian sandstones clustered near the equator 
(Briden and Irving, 1964; Ziegler et al., 1979; Parrish et 
al., 1982). A breakdown of the data by time revealed that 
Mesozoic and Cenozoic deposits plotted where expected 
when restored to their paleolatitudes but that Paleozoic 
deposits, particularly those of the upper Paleozoic, did not. 
Parrish et al. (1982) showed further that the upper Paleo- 
zoic pattern extended into the lower Mesozoic. Although 
Briden and Irving (1964) were using the paleoclimatic data 
as a test of the paleomagnetic data, they did not change 
their continental reconstructions based on the discrepancy 
between the two data sets. First, they had no reason to 
regard the paleomagnetic data from upper Paleozoic rocks 
as systematically less reliable than data from older and 
younger rocks. Second, no adjustment of the continental 
positions could be made that would satisfy both the zonal 
climatic patterns and the known plate positions. Briden 
and Irving (1964) recognized, instead, that the anomaly 
might have been due to some unusual climatic process. 

Robinson (1973) was the first to explicitly describe the 
climate of Pangaea as monsoonal, basing her description 
on the global distribution of red beds, evaporites, and coals 
in Triassic rocks. She confirmed Briden and Irving's (1964) 
finding that these paleoclimatically significant rocks are 
not distributed in simple latitudinal zones, and also found 
that the rocks formed an odd geographic mixture. Al- 
though this mixture was at least partly an artifact of plot- 
ting data for the entire period on one map, the deposits 
nevertheless suggested to Robinson (1973) that the climate 
was strongly seasonal, and she used the term monsoon to 
describe it. The same concept has appeared repeatedly in 
different forms. Daugherty (1941), for example, described 
the flora and environment of the Chinle Formation as "sa- 
vanna," a term he used to compare the wet-dry climatic 
signature of the ancient ecosystem to modern savannas 
(although the comparison is not entirely realistic since 
modern savanna ecosystems are dominated by grasses, 
which evolved much later than the Triassic). Much of the 
present Earth's savanna occurs within the region of influ- 
ence of the Asian monsoon (Rumney, 1968; Espenshade 
and Morrison, 1978) and always in areas of strongly sea- 
sonal rainfall. Since Robinson's (1973) work, the begin- 
nings of a theoretical basis for the hypothesis of Pangaean 
monsoonal circulation have been established in a series of 
papers outlining the general hypothesis (Parrish et al., 
1982, 1986), the development of the monsoon (Rowley et 
al., 1985), the monsoonal maximum (Parrish and Peterson, 
1988), and the breakdown of the monsoon (Parrish and 
Doyle, 1984). Recent numerical climate experiments using 
Pangaean geography (Crowley et al., 1989; Kutzbach and 
Gallimore, 1989) also indicated a monsoonal climate. 

Because the Chinle Formation was deposited in the 

western equatorial region of Pangaea where the effects of 
tropical monsoonal circulation should be pronounced, the 
Chinle is a key unit for understanding the dynamics of the 
Pangaean monsoon. Although a general consensus exists 
on the interpretation of the continental depositional en- 
vironments and depositional history of the Chinle For- 
mation, numerous disparate inferences have been drawn 
regarding the climate during Chinle deposition based on 
various paleontologic and sedimentologic criteria. Paleo- 
botanists, for example, have provided several incongruous 
interpretations of Chinle climate. Ash (1967, 1972, 1978) 
and Ash and Creber (1990) argued for a tropical, humid 
climate, possibly with increasing aridity in the upper parts 
of the Chinle. Daugherty (1941) interpreted the climate 
as humid subtropical to tropical with ample rainfall and 
a distinct dry season. Gottesfeld (1972) suggested the cli- 
mate was warm and arid, perhaps seasonal, with through- 
flowing streams and increasing aridity towards the top of 
the formation. Thus, the interpretations have ranged from 
ever-wet to predominantly arid. 

We begin by discussing the dynamics of monsoonal sys- 
tems as understood principally from the modern Asian 
monsoon, the strongest such system at present. This is 
followed by a discussion of the climatic patterns that are 
predicted for Pangaea based on our current understanding 
of monsoon dynamics, concentrating on the western equa- 
torial region, where the Chinle Formation was deposited. 
We show that the climatic patterns expected in that region 
were likely to have been controlled by the global circulation 
system. Interpretations of the climatically significant sed- 
imentological and paleontological evidence from the Chinle 
are then presented, followed by a discussion of the Chinle 
in the global climatic context. 

Documentation of the geologic evidence for Pangaean 
paleoclimate is extensive, as implied by the references cit- 
ed above, but it is scattered; integration of available evi- 
dence worldwide is underway (Parrish, 1988). However, 
full characterization of the monsoonal system requires more 
detail than is readily achievable on a global scale, and the 
global documentation must necessarily be accompanied by 
detailed studies directed toward key intervals and regions. 
As a result of the dynamics of the Pangaean monsoon, the 
western equatorial portion of Pangaea is such a region. 

MONSOONAL CIRCULATION AND CLIMATE 
AND THE PANGAEAN MONSOON 

Although the term "monsoon" sometimes is used by 
geologists interchangeably with "season," to climatologists 
the term refers to a climate system that is distinct from 
seasonality as expressed in most regions of the world. An 
important feature of monsoonal circulation is cross-equa- 
torial flow, which results from the thermal and pressure 
contrast between the winter and summer hemispheres. A 
monsoon system is driven primarily by sensible heating, 
so it necessarily involves circulation in the tropics and 
subtropics. The climatic consequences of monsoonal flow 
are 1) abundant, but extremely seasonal, rainfall, concen- 
trated in the summer months, and 2) little annual tem- 
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FIGURE 2-Rainfall (solid bars) and temperature (shaded lines) in: A. 
Mangalore, India; B. Belen Uen, Somalia; and C. Georgetown, Guyana 

perature fluctuation (e.g., Mangalore, India, Fig. 2A; Rum- 
ney, 1968). The rain may fall principally in the coastal 
regions or farther inland, depending on the topography of 
the continent. 

The strongest monsoonal circulation at present is over 
Asia, where the summer monsoon low-pressure cell is par- 
ticularly intense. Several factors contribute to the strength 
of the summer monsoon: 1) the size of the continent, which 
contributes to maximum summer heating; 2) the cross- 
equatorial pressure contrast between the low-pressure cell 
over southern Asia and the subtropical high-pressure cell 
in the southern Indian Ocean; 3) the Indian Ocean, which 
is a source of heat and moisture; 4) the effect of the Tibetan 
Plateau as a high-altitude heat source and conduit for 
latent heat release; and 5) the thermal isolation of the 
summer low-pressure center for cool air in northern Asia. 

Sensible and Latent Heating and 
Cross-equatorial Flow 

Initiation of the summer monsoonal circulation occurs 
when Asia begins to warm up in the Spring (Ramage, 1966). 
With the warming, the surface air rises and return flow 
into the southern Indian Ocean subtropical high-pressure 
cell commences. During the summer monsoon, circulation 
in the southern Indian Ocean is strongly affected by the 
circulation in the Northern Hemisphere (Ramage, 1971; 
Webster et al., 1977). The subtropical high-pressure cell 
in the southern Indian Ocean has an annual cycle unlike 
any other. Typically, a subtropical high-pressure cell is 
centered over the eastern half of the ocean basin it occu- 
pies, and its intensity is greatest during the summer, the 
season of maximal thermal contrast with the adjacent con- 
tinents. The southern Indian Ocean high-pressure cell, 
however, occupies the expected position only during Jan- 
uary-March. During the height of the Asian summer mon- 
soon, the cell shifts to the west; it is also at its strongest, 
despite the season (southern winter; see, for example, Knox, 
1987, fig. 13.1). Clearly, the intensity and position of the 
southern Indian Ocean subtropical high-pressure cell, at 
least during the northern summer, are controlled in large 
part by the climate to the north (Webster et al., 1977). 
This illustrates the importance of cross-equatorial pres- 
sure contrast in disrupting zonal circulation. 

In the Pangaean monsoon, differential heating between 
Tethys and the summer hemisphere would have been sim- 
ilar to that occurring between the Indian Ocean and Asia 
during the summer Asian monsoon. However, in Pangaea, 
the interhemispheric thermal contrast would have been 
augmented by the even stronger cooling of the largely ter- 

(Rumney, 1968). A shows the annual rainfall pattern typical of the 
Asian monsoon system. B and C show the difference between equa- 
torial eastern Africa, which is affected by the Asian monsoon, and 
equatorial eastern South America, which experiences zonal circulation 
and normal seasonality. Belen Uen lies at about 5? N and Georgetown 
at about 7? N. Note the scale change for rainfall. 
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THE PANGAEAN MEGAMONSOON 

restrial Southern Hemisphere. Even without input of heat 
and moisture from Tethys to the summer hemisphere the 
thermal contrast between the large land masses flanking 
the equator would have been strong enough to drive mon- 
soonal circulation; indeed, monsoonal circulation occurs 
today on Mars, where latent heat processes are minimal 
or non-existent (Haberle,1986; Young, 1987). Because of 
the latitudinal distribution of the Pangaean land mass, the 
seasonally alternating circulation over the large land areas 
would have occurred in both hemispheres. The high-pres- 
sure cell in the winter hemisphere would have "faced" a 
low-pressure cell in the summer hemisphere across Tethys, 
and this maximal temperature and pressure contrast would 
have been semiannual. 

A consequence of cross-equatorial flow in the modern 
Asian monsoon system is that eastern Africa (e.g., Fig. 2B) 
is much drier than similarly situated regions (equatorial 
South America, eastern East Indies; e.g., Fig. 2C). In these 
other regions, the easterlies associated with the ascending 
Hadley circulation carry warm, very moist air over the 
land, and the moisture is released as abundant rainfall. 
Because the equatorial easterlies are diverted by the mon- 
soon, eastern equatorial Africa does not receive much rain- 
fall. Indeed, the greatest rainfall in equatorial Africa is in 
the west, and this also is attributable to the summer mon- 
soon over Asia. Flow in the vicinity of western equatorial 
Africa is west to east, the reverse of "normal" equatorial 
circulation, especially during the northern hemisphere 
summer. The thermal low over the Sahara might be re- 
garded as an extension of the Asian low, and it is intense 
enough to reverse equatorial flow (Das, 1986). 

Although the monsoonal circulation is initiated by sen- 
sible heating, moist processes are very important to the 
strength of the Asian summer monsoon. In a dry system, 
the maintenance of convection depends entirely on con- 
tinued heating at the ground surface. In a moist system, 
the convection is partly self-propagating, through latent 
heat release, so long as the moisture supply is continuous. 
The source of moisture for the Asian monsoon is the Indian 
Ocean. Air flowing into the monsoon at the surface origi- 
nates over the southern Indian Ocean and picks up ad- 
ditional moisture as it continues northward over the ocean 
and becomes warmer. The expanse of warm, equatorial 
ocean adjacent to Pangaea (Tethys) was comparable to 
that traversed by the modern air masses flowing from the 
southern Indian Ocean into the Asian summer monsoon, 
so the latent energy in the two systems might be expected 
to have been comparable. 

Topographic Effects 

The Tibetan Plateau enhances the summer monsoonal 
circulation by functioning as a high-altitude heat source. 
Simply put, the ground surface of the plateau increases 
the altitude of warm isotherms, so that the temperature 
at 6000 m on the plateau is much warmer than the tem- 
perature of air at the same altitude over the lowlands. The 
effect is the same as a rising column of warm air-the 
relative pressure is low. Today in southwestern India, the 

Western Ghats have a similar, though less intense effect 
on the monsoonal circulation (Ramage, 1966). 

Although the consensus is that the cross-equatorial ther- 
mal contrast is the primary cause of the monsoon (Young, 
1987; Webster, 1987; Murakami, 1987), the importance of 
the Tibetan Plateau to the strength of the monsoon is 
well-established (Flohn, 1968; Hahn and Manabe,1975; Das, 
1986; Murakami, 1987). Thus, the possible consequences 
of Pangaean topography must be considered. A particu- 
larly pertinent study in this regard is that of Hahn and 
Manabe (1975), who modeled the Asian monsoonal system 
with mountains (M) and with no mountains (NM). The 
major differences in the results of the simulations were the 
following: 1) The center of the low-pressure cell over Asia 
was farther to the northeast over northeastern China in 
the NM case. Even though the low pressure was as intense 
as the observed and M simulation lows, the effect of this 
displacement was to decrease the pressure gradient over 
southern Asia. 2) Latent heat release and, therefore, rain- 
fall did not penetrate as far into the continental interior 
in the NM simulation as in the M simulation and in the 
observed monsoonal system. This was partly due to a lower 
pressure gradient. Summer and winter rainfall was thus 
predicted to have been confined to the coastal regions, and 
desert-like conditions were predicted for the interior, as 
occur in Australia today (Webster, 1981). The distribution 
of latent and sensible heating in Asia was similar for the 
two models except in the vicinity of the Tibetan Plateau; 
the overall effect was that Asia was dominated by sensible 
heating in the NM simulation and by latent heating in the 
M simulation, but it should be noted that the climate 
patterns (e.g., precipitation) actually were quite similar 
everywhere but over the plateau itself (Hahn and Manabe, 
1975, fig. 4.5). 3) The Somali jet, a concentration of north- 
ward moving streamlines parallel to the Somalian coast, 
was predicted by the M simulation but not by the NM 
simulation. A possible effect is that precipitation in the 
adjacent region of Africa would be higher in the absence 
of mountains, whereas in the present system, precipitation 
in eastern equatorial Africa is low and limited to spring 
and autumn (Fig. 2B). However, the differences between 
the M and NM simulations in precipitation and the po- 
sition of the inter-tropical convergence zone (ITCZ) in that 
region were small. 

Pangaea was not devoid of mountains. A mountain chain 
that probably resembled the Andes lay along the northern 
margin of Tethys, formed during northward movement 
and subduction of the paleo-Tethyan plate (the present 
Tien Shan and Nan Shan mountain ranges; Scotese et al., 
1979; Klimetz, 1983). These mountains might have en- 
hanced the release of latent heat much as the Western 
Ghats in southwestern India do now (Ramage, 1966). Pan- 
gaea also had an interior plateau that might have been 
comparable to the Tibetan Plateau. Hay et al. (1982) es- 
timated that the elevation of the proto-Atlantic rift system 
was as great as 4500 m, not as high as the Tibetan Plateau, 
but substantially higher than the Colorado Plateau, which 
does have a similar but weaker, effect on circulation. In 
particularly, both plateaus, as high-altitude heat sources 
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FIGURE 3-Stratigraphic relations of the Chinle Formation and ad- 
jacent strata in the study area. 

and conduits for latent heat release, enhance precipitation 
in the continental interior. If the rift system was lower, 
rainfall would have been restricted to the coastal regions, 
as in the Hahn and Manabe (1975) NM simulation (see 
also Kutzbach and Gallimore, 1989). Parrish (1988) termed 
this a "modified" monsoon to signify that the interhemi- 
spheric thermal contrast and cross-equatorial flow that are 
characteristic of a strong monsoon were present, but that 
the intense seasonal rainfall was limited to the coastal 
regions. 

The so-called heat low (referring to sensible heat) cen- 
tered over northwestern India and Pakistan, which remain 
arid through the summer monsoon, is maintained and in- 
tensified by high-level subsidence of air that is warmed by 
the release of latent heat over southwestern and north- 
eastern India (Ramage, 1966; Das, 1986). This heat low 
blocks the northward penetration of moist air in that re- 
gion (Krishnamurti and Ramanathan, 1982). If part of the 
return flow from latent heat release over the Tethyan- 
margin mountains was in the upper atmosphere over the 
interior, as occurs over Pakistan and northwestern India 
today, the interior would be expected to have been arid 
(Parrish et al., 1982). Major support for the monsoon hy- 
pothesis is the evidence of widespread aridity in Pangaea, 
which prompted Robinson (1973) to suggest monsoonal 
circulation in the first place. 

Climatic Consequences of the Pangaean Monsoon 

Four effects of Pangaean monsoonal circulation are pre- 
dicted: 1) Evidence of seasonality, especially of moisture, 
will commonly be strong, and rocks containing such evi- 
dence will be widespread. 2) The equatorial region, par- 
ticularly in the east, would have been dry relative to the 
high-latitude regions of Pangaea or to the equatorial region 
at other times in Earth history. At its greatest intensity, 
the monsoon might have been strong enough to reverse 
equatorial flow, and in that event the western equatorial 
region of Pangaea will be relatively humid. 3) Climatic 
belts would not have been zonal, that is, parallel to latitude. 
4) The conditions described above should have reached a 
maximum in the Triassic. This is because the hypothesis 

of Pangaean monsoonal circulation is dependent on the 
size of Pangaea and the cross-equatorial contrast between 
northern and southern halves, and that contrast would be 
expected to be maximal when the contrasting continental 
areas are about equal in size and at about the same latitude. 
Thus, the period of strongest monsoonal circulation is ex- 
pected to have been in the Triassic, when these conditions 
were met (Fig. 1; Parish, 1985; Parrish et al., 1986). Wheth- 
er the maximum occurred earlier or later in the Triassic 
Period depends on the apparent polar-wander path for 
Pangaea, which for the later part of the Triassic is con- 
troversial (see Discussion). 

Substantial support for all of these predictions has been 
documented from many parts of the world (e.g., Olsen, 
1986; Parrish and Peterson, 1988), but a comprehensive 
review of this literature is beyond the scope of this paper. 
Rather, we concentrate on the evidence contained in the 
Chinle Formation, whose deposition near the west coast 
of Pangaea is particularly relevant to the predictions of 
seasonality, as well as to reversal of equatorial flow in the 
atmosphere during the Triassic monsoon maximum, as 
discussed briefly by Parrish and Peterson (1988). 

THE CHINLE FORMATION 

Regional Setting 

Through most of its extent on the Colorado Plateau, the 
Chinle Formation unconformably overlies the Lower and 
Middle(?) Triassic Moenkopi Formation or equivalent 
rocks. Locally in the Defiance uplift of northeastern Ari- 
zona and in western Colorado, the Chinle overlies Permian 
strata or older rocks. The Chinle is as much as 500 m thick 
and is unconformably overlain by the Lower Jurassic Win- 
gate Sandstone or Moenave Formation and, locally to the 
east in central Colorado and northwestern New Mexico, 
by the Middle Jurassic Entrada Sandstone. 

Chinle Formation stratigraphy is complex, and the read- 
er is referred to Stewart et al. (1972) for a comprehensive 
review of the history of nomenclature of Upper Triassic 
rocks on the Colorado Plateau. To facilitate subsequent 
sedimentological and paleontologic descriptions, Chinle 
stratigraphy in the study area is summarized in Figure 3. 
In general, mottled strata and the Shinarump or Gartra 
Members lie near or at the base of the Chinle; these are 
succeeded in turn by the informal sandstone and mudstone 
member and Monitor Butte Member, Moss Back Member, 
Petrified Forest Member, Owl Rock Member, and Church 
Rock or Rock Point Members. In western and central Col- 
orado, strata above the Gartra Member and mottled mem- 
ber are assigned to the informal red siltstone member 
(Stewart et al., 1972; Dubiel 1989a; Dubiel and Skipp, 
1989). 

The Upper Triassic Chinle Formation on the Colorado 
Plateau was deposited in a continental back-arc basin lo- 
cated about 5-15? north of the paleoequator near the west 
coast of Pangaea (Fig. 1; e.g., Van der Voo et al., 1976; 
Dickinson, 1981; Pindell and Dewey, 1982; Ziegler et 
al.,1983; Parrish and Peterson, 1988; Bazard and Butler, 
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in press). A magmatic-volcanic arc on part of the western 
edge of the Triassic continent probably provided volcanic 
ash and clastic sediment to the Chinle depositional basin 
(Stewart et al., 1972; Blakey and Gubitosa, 1983; Busbey- 
Spera, 1988), although a clearly defined source area has 
not been identified (Stewart et al., 1986). The Chinle de- 
positional basin was centered about the Four Corners re- 
gion of Colorado, Utah, Arizona, and New Mexico (Fig. 4; 
Blakey and Gubitosa, 1983; Dubiel, 1987a, 1989a, b). Clas- 
tic sediment was supplied to the Chinle basin north- and 
northwestward from the Mogollon highlands, which lay in 
southern Arizona and northern Mexico, and south-, west-, 
and northwestward from the ancestral Uncompahgre high- 
lands in southwestern Colorado and the ancestral Front 
Range highlands in central Colorado (Stewart et al., 1972; 
Blakey and Gubitosa, 1983; Dubiel, 1987a, 1989a, b). 

Sedimentological Evidence for Chinle Paleoclimate 

Sedimentological studies of the Chinle Formation on the 
Colorado Plateau have provided a variety of evidence that 
bears on the interpretation of paleoclimate during the Late 
Triassic. In contrast to the predominance of eolian de- 
position on the Colorado Plateau in the Permian and Ju- 
rassic Periods (e.g., Peterson, 1988), Late Triassic depo- 
sition was characterized by a fluvial-deltaic-lacustrine 
system replete with extensive marshes, bogs, rivers, flood- 
plains, and lakes (e.g., Stewart et al., 1972; Blakey and 
Gubitosa, 1983; Dubiel, 1983, 1987a, 1989b). Blakey and 
Gubitosa (1983, 1984) described perennial fluvio-lacus- 
trine complexes throughout most of Chinle deposition fol- 
lowed by increasingly arid conditions in the upper part of 
the Chinle. Sedimentological studies of the Chinle in 
southeastern Utah documented a complex fluvial-lacus- 
trine system and also interpreted Chinle climate as tropical 
monsoonal, that is, with significant precipitation but punc- 
tuated by seasonally dry periods, with an increase in arid- 
ity in the upper part of the Chinle (Dubial, 1983, 1984, 
1986, 1987a, b, c, 1989a). Similar interpretations of wet 
conditions punctuated by dry periods were proposed for 
the Chinle in Petrified Forest National Park, Arizona (Bown 
et al., 1983) and for the correlative Upper Triassic Dolores 
Formation in southwestern Colorado (Blodgett, 1988). 
Aquatic habitats indicated by faunal, paleobotanical, and 
sedimentological evidence point to abundant and peren- 
nial water in the depositional system in the Four Corners 
area. Additionally, trace fossils and floodplain paleosols 
indicate that sedimentary facies and ground water tables 
fluctuated in response to episodic flooding that probably 
resulted from periodic, and perhaps seasonal, input of 
moisture. 

The Chinle Formation includes complexly interfingered 
continental lithofacies (Blakey and Gubitosa, 1983; Du- 
biel, 1983, 1984, 1987a, b, 1989a; Dubiel and Skipp, 1989), 
many of which have paleoclimatic and paleoecologic im- 
plications (Dubiel, 1987c; Good et al., 1987). For this dis- 
cussion, Chinle lithofacies assemblages and their atten- 
dant depositional environments are broadly grouped as 1) 
distal, basinal or lowland settings representative of the 
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FIGURE 4-Paleogeographic reconstruction of the Chinle depositional 
basin in the southwestern United States showing general direction of 
sediment transport from the bounding highlands. Modified from Dick- 
inson (1981), Blakey and Gubitosa (1983), and Dubiel (1989b). 

Four Corners area and 2) proximal or upland settings char- 
acteristic of northwestern Colorado (see also, Blakey and 
Gubitosa, 1983). It is noted, however, that depositional 
facies of both the Chinle (Dubiel et al., 1989b) and the 
correlative Dolores Formation (Blodgett, 1988) exposed on 
the southwestern flank of the Uncompahgre Plateau in 
southwestern Colorado are similar to the proximal facies 
in northwestern Colorado. This similarity is the result of 
proximity to the source area of the Chinle and Dolores, 
despite being deposited to the southwest and west into the 
Chinle basin of the Four Corners area. 

Depositional Setting-Four Corners Region 

In the Four Corners region, the Chinle Formation is 
composed of, in ascending order, the Shinarump, Monitor 
Butte, Moss Back, Petrified Forest, Owl Rock, Church 
Rock, and Rock Point Members (Fig. 3; Stewart et al., 
1972). Contacts between members commonly are grada- 
tional or interfingered, reflecting the complex nature of 
the continental depositional system. The Chinle was de- 
posited in paleovalleys eroded in the underlying Moenkopi 
Formation and locally in older rocks. Lithofacies and de- 
positional environments are summarized in Table 1. 

The Shinarump Member is characterized by white to 
yellow and gray, medium- to coarse-grained and con- 
glomeratic sandstone that displays complex cut-and-fill 
structures, lenticular internal scour surfaces, and rare 
large-scale lateral-accretion bedding. Large-scale, trough 
cross-stratification and less abundant tabular-planar cross- 
stratification and horizontal laminations are common sed- 
imentary structures. Sandstone bodies grade laterally into 
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TABLE 1 -Lithofacies and depositional environments of the Chinle For- 
mation, Four Corners region. 

Stratigraphic 
unit Lithofacies Depositional environment 

Church Rock Orange to red and brown sand- Lacustrine and fluvial 
Member stone, siltstone and mudstone, mudflats; minor high- 

with minor limestone; locally sinuosity fluvial sys- 
has large-scale lateral accretion tems; eolian sand sheets 
bedding 

Owl Rock Pink to gray and green limestone; Lacustrine basin and la- 
Member red and orange sandstone, silt- custrine mudflats 

stone, and mudstone 
Petrified For- Lavender to red and brown sand- Fluvial channels and 

est Mem- stones and variegated mud- point bars; paleosols 
ber stones; large-scale crossbedding and minor lacustrine 

and lateral accretion bedding; marshes 
local carbonate nodules and 
black, organic-rich mudstones 

Moss Back Brown to gray sandstone and Low-sinuosity fluvial 
Member nodule-bearing conglomerate; channels; floodplains 

minor red mudstone with car- with calcic and vertic 
bonate nodules paleosols 

Monitor Gray to green sandstone, silt- Fluvial and crevasse-splay 
Butte stone, and mudstone; tan lime- channels; lacustrine del- 
Member stone; black, organic-rich mud- tas and marshes 

stone 
Shinarump Yellow to gray sandstone and Fluvial channels and val- 

Member conglomerate with minor gray ley fills 
mudstone; large-scale crossbed- 
ding; fills scours and paleoval- 
leys 

siltstone and mudstone that contains carbonized, whole 
and fragmented plant fossils. 

The Shinarump Member represents fluvial strata de- 
posited under conditions of rising base level in the lowest 
parts of the paleovalleys cut into the Moenkopi Formation 
(Fig. 5; Dubiel, 1983, 1987a, b, c). The transition from 
massive, conglomeratic, and tabular-planar stratified 
sandstone at the base upward into medium-grained, trough 
cross-stratified sandstone represents a change from pri- 
marily bedload deposition in braided streams with trans- 
verse bars to mixed-load deposition in low-sinuosity fluvial 
systems dominated by sand waves and local point bars. 

A gradational contact exists between the Shinarump 
Member and the overlying Monitor Butte Member. The 
Monitor Butte contains purple-mottled, yellow, brown, and 
red sandstone and siltstone; black, organic-carbon-rich 
mudstone; green, bentonitic, silty sandstone and mud- 
stone; red, calcareous mudstone; and tan to pink and green 
limestone. These diverse lithofacies represent a variety of 
continental depositional environments. 

A purple-mottled sandstone unit typically occurs at the 
base of the Monitor Butte Member. The mottled unit is 
characterized by large, irregular mottles of dark purple, 
lavender, yellow, and white that reflect varying concen- 

trations of iron-bearing minerals. Ubiquitous in the mot- 
tled unit are large cylindrical trace fossils interpreted to 
be the casts of lungfish burrows (Dubiel et al., 1987, 1988, 
1989a) and decapod burrows (Hasiotis and Mitchell, 1989). 
Both the burrows and the mottled coloration reflect fluc- 
tuating water tables within the original sediments (Dubiel 
et al., 1987). The mottling locally extends downward into 
the Moenkopi at the same level of development in the 
Chinle and, in both cases, represents a gleyed paleosol 
formed by fluctuating water tables. The fluctuating water 
tables produced alternating oxidizing and reducing con- 
ditions that resulted in the redistribution of iron and the 
mottling. Lungfish are believed to have formed their bur- 
rows for aestivation in response to seasonal dryness, where- 
as the crayfish burrowed to keep their living chambers at 
the bottom of the burrows beneath the water table. 

The purple-mottled units can be traced laterally into 
gray and purple siltstones that contain finely comminuted 
fragments of plant material. The siltstones can be traced 
farther laterally and distally into gray to black, very thinly 
laminated, organic-carbon-rich mudstones and shales. The 
black mudstones typically contain abundant conchostra- 
cans, fish scales, and fragmented fish bones, whereas gray 
mudstones that have a lower organic-carbon content con- 
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tain abundant, calcareous Darwinula sp. ostracodes and 
plant fragments (Dubiel, 1983). The black mudstones are 
as thick as 15 m and in places contain coal beds as thick 
as 20 cm. Locally, the mudstones are interbedded with tan, 
thin-bedded limestones that contain Darwinula sp. ostra- 
codes, thin-shelled unionid bivalves, and small vertebrate 
bones (Dubiel, 1987a, b; Parrish and Good, 1987). 

These Monitor Butte Member strata were deposited by 
fluvial systems and in lacustrine-marsh and bog-wetland 
environments (Dubiel, 1984, 1987a, b, c). The conchostra- 
cans and Darwinula sp. ostracodes, along with the rela- 
tively high organic content of the black mudstones and 
shales and thin carbonates, suggests these strata were de- 
posited in lakes and marshes (Dubiel, 1983, 1987a, b, c). 
The freshwater salinity is supported by organic-carbon 
contents as high as 20 weight percent in the mudstones 
and the occurrence of coal beds, which require peat pro- 
duction in bogs and marshes with a continually high, fresh 
water table (McCabe, 1986). 

Overlying the marsh and lacustrine units are thin-bed- 
ded, laterally extensive, burrowed limestones and Darwin- 
ula sp. ostracode-bearing mudstones as much as 5 m thick. 
These, in turn, are overlain by green, bentonitic, sand- 
stones and mudstones that commonly exhibit large-scale 
foreset bedding as much as 25 m thick (Dubiel, 1983). The 
green beds contain finely comminuted black, plant frag- 
ments and whole specimens of several Late Triassic plants, 
including true ferns (Ash et al., 1982) and the casts of giant 
horsetails (Equisetites sp.) (Holt, 1947; Ash, 1967, 1972; 
Dubiel, 1987a, b) that are as much as 20 cm in diameter. 

These Monitor Butte beds have been interpreted as an 
extensive system of fluvial and deltaic distributary chan- 
nels and splays, and lacustrine, prodelta, and delta de- 
posits (Dubiel, 1983, 1987a, b). The fluvial and deltaic 
systems prograded northwest into large perennial lakes, 
filling in most of the remnant topography of the original 
Moenkopi paleovalleys. The bentonitic clays and the pres- 
ence of altered lithic clasts (Schultz, 1963) and relict glass 
shards (Waters and Granger, 1953) indicate that volcanic 
ash was a major component of the sediment. 

The Moss Back Member locally overlies the Monitor 
Butte Member (Fig. 3) and crops out in a narrow belt 
between White Canyon, Utah and Canyonlands National 
Park, Utah (Stewart et al., 1972; Blakey and Gubitosa, 
1983; Dubiel, 1983). The Moss Back consists of brown to 
gray, medium-grained sandstone and carbonate-nodule 
conglomerate with minor mudstone lenses. Sedimentary 
structures include abundant tabular-planar and large-scale 
trough crossbedding and less abundant horizontal lami- 
nations. The sandstone bodies are lenticular and exhibit 
internal scour surfaces and cut-and-fill structures. The 
thick tabular planar- and trough-crossbedded sandstones 
interfinger laterally with red, thin-bedded sandstones, silt- 
stones, and mudstones that contain transported, thick- 
shelled unionid bivalves (Dubiel, 1987a, b; Parrish and 
Good, 1987), isolated carbonate nodules, and abundant, 1 
cm-diameter trace fossils with a distinctive, external ropey 
texture. 

The lithology and structures in Moss Back sandstones 
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FIGURE 5-Paleographic reconstruction of Shinarump and Gartra 
Member fluvial systems. Note northwest-trending trunk streams in 
both the Four Corners region and in northwestern Colorado. Tributary 
streams flowed off the bounding highlands to the trunk streams. 

indicate deposition by fluvial processes. The lenticular, 
coarse-grained sandstones were deposited as bedload in 
low-sinuosity fluvial channels. The red, thin-bedded units 
are levee, crevasse splay, and overbank deposits that con- 
tain carbonate-nodule paleosol horizons. These paleosols, 
calcic vertisols, were the source of the carbonate nodule 
clasts within Moss Back conglomerates. The thick-shelled 
unionids were washed out of perennial fluvial systems and 
onto crevasse splays during flood events (Parrish and Good, 
1987). The trace fossils resemble Scoyenia gracilis, which 
is generally attributed to a sediment-ingesting arthropod 
and is commonly associated with shallow aquatic settings 
subject to periodic drying (e.g., Ekdale et al., 1984). 

An increase in the rate of clastic sedimentation, asso- 
ciated with an increase in volcanic activity and ash pro- 
duction, resulted in the progradation of the Monitor Butte 
and the overlying Moss Back fluvial, crevasse splay, and 
deltaic systems (Blakey and Gubitosa, 1983; Dubiel, 1983, 
1987a, 1989b). The Monitor Butte and Moss Back Mem- 
bers were deposited as a westward- to northwestward- 
trending system of fluvial and lacustrine-deltaic distrib- 
utary channels, subaerial and subaqueous crevasse splays, 
and lacustrine, lacustrine-marsh, and lacustrine-delta de- 
posits (Fig. 6; Dubiel, 1987a, b, 1989b). Green Monitor 
Butte rocks represent subaqueous lacustrine, marginal- 
laustrine, and fresh-water marsh deposition and contain 
abundant detrital organic matter, carbonized plant fossils, 
and casts of giant horsetails. As the system prograded to 
the northwest, Moss Back fluvial channels, splays, and 
floodplains deposited typically red strata that lack organic 
matter and plant fossils; organic matter was probably ox- 
idized and destroyed in subaerial settings. 
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FIGURE 6-Paleogeographic reconstruction of Monitor Butte, Moss 
Back, and Petrified Forest lacustrine, marsh, and fluvial systems in 
the Four Corners region and fluvial-floodplain systems in northwestern 
Colorado. 

Overlying the Moss Back Member are lavender and 
brown sandstones and variegated mudstones of the Pet- 
rified Forest Member. The bentonitic sandstones and thin 
carbonate-nodule conglomerates typically exhibit large- 
scale trough cross-stratification, large-scale internal scour 
surfaces, and lateral-accretion bedding. Sandstones grade 
laterally into red-brown mudstones that contain pedogenic 
carbonate nodules identical to those in Moss Back flood- 
plain paleosols. Interfingered with the sandstones are finer 
grained bentonitic strata that contain abundant vertebrate 
remains, lungfish toothplates, gastropods, and thin-shelled 
unionid bivalves (Dubiel, 1987a; Parrish and Good, 1987). 
Isolated outcrops of black, organic-carbon-rich and con- 
chostracan-bearing mudstone are present in the Petrified 
Forest Member. 

The Petrified Forest Member represents fluvial sand- 
stones and floodplain mudstones that interfinger with cre- 
vasse-splay deposits and isolated marsh mudstones. The 
abundance of lateral-accretion bedding, numerous splay 
deposits, and the presence of floodplain mudstones that 
completely encase the sandstones indicate deposition by 
high-sinuosity streams that were subject to frequent avul- 
sion events. Fossils of aquatic phytosaurs, lungfish, and 
lacustrine unionid bivalves (Parrish and Good, 1987) sup- 
port the interpretation of rivers, lakes, and marshes for 
the Petrified Forest. Altered glass shards (Waters and 
Granger, 1953) and bentonitic mudstones (Schultz, 1963) 
in the Petrified Forest Member indicate that volcanic ash 
continued to form a significant component of the sediment. 
Water tables continued to be high during Petrified Forest 
deposition, as evidenced by the presence of aquatic ver- 
tebrates, lacustrine unionids and pulmonate gastropods, 

and organic-rich marsh deposits. Pedogenic development 
of carbonate nodules in Moss Back and Petrified Forest 
clay-rich floodplain vertisols in a tropical setting indicates 
that precipitation was episodic, and perhaps seasonal (Mohr 
et al., 1972; Young, 1976). 

The Petrified Forest Member interfingers with or grades 
upward into the pink and green limestones and red to 
orange siltstones of the Owl Rock Member. Owl Rock lime- 
stones range from 10 cm to 2 m in thickness, can be traced 
laterally for several tens of miles, and typically display a 
mottled coloration and knobby-weathered texture. The 
mottling and knobby texture represent extensive biotur- 
bation, an interpretation supported by numerous cylin- 
drical trace fossils interpreted to be lungfish and crayfish 
burrows (Dubiel et al., 1987; Hasiotis and Mitchell, 1989) 
that are locally abundant in the limestones and that extend 
down into underlying siltstones. Locally the limestones 
contain ostracodes, but other body fossils are very rare. At 
Monument Valley in northeastern Arizona, Owl Rock 
limestones are laminated on a very fine scale, indicating a 
lack of bioturbation. The laminae are composed of couplets 
of clastic, clay-rich zones alternating with micrite-domi- 
nated zones. The laminae appear to represent periodic 
alternations of clastic sedimentation and carbonate pre- 
cipitation. Interbedded with the limestones are thick-bed- 
ded, massive siltstones that exhibit no physical sedimen- 
tary structures, but that locally contain abundant trace 
fossils. 

Owl Rock strata were deposited in an extensive lacus- 
trine environment that developed in response to continued 
subsidence and to a reduction in clastic and volcanic sed- 
iment input (Fig. 7). The lack of fluvial-channel deposits, 
and the abundant bioturbation by lungfish, crayfish, and 
small invertebrates in both the limestones and the silt- 
stones, indicate that deposition occurred in large lakes and 
on lake margins. Clastic-carbonate couplets in laminated 
limestones suggest that alternating carbonate precipita- 
tion and clastic sedimentation may have been related to 
seasonal precipitation and runoff to the lake. The larger 
scale interbedding of siltstone and limestone in the Owl 
Rock is suggestive of longer term climatic fluctuations, 
possibly representing Milankovitch cycles (Dubiel, 1989b, 
c). 

Orange to red and brown sandstones and siltstones of 
the Church Rock Member overlie the Owl Rock Member. 
The Church Rock has a limited distribution (Stewart et 
al., 1972) and is not present at every locality. Sandstones 
are fine- to medium-grained and are either structureless 
or contain faint, large-scale trough cross-stratification and 
minor lateral-accretion bedding. Many of the units contain 
small, but abundant, meniscate back-filled trace fossils. 
Locally at the top of the unit, mudstones contain desic- 
cation cracks as much as 10 cm wide and 1 m deep that 
are filled with sandstone of the overlying Wingate Sand- 
stone. Distribution of the mudcracks on the outcrop in 
three dimensions suggests the associated mudcrack poly- 
gons were several meters across. 

The Rock Point Member is present in the Defiance uplift 
in northeastern Arizona. The Rock Point consists of red- 
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FIGURE 7-Paleogeographic reconstruction of Owl Rock Member 
lacustrine and marginal lacustrine systems. Lacustrine strata occupied 
the central portion of the northwest-trending basin. The Owl Rock lake 
expanded and contracted in response to climatic variations. 

dish-brown, very fine grained sandstone and minor silt- 
stone and silty sandstone virtually identical to the laterally 
equivalent Church Rock Member (Stewart et al., 1972; 
Dubiel, 1989a). Rock Point sandstones weather as thin- 
to-thick-bedded ledges, whereas finer grained units weath- 
er to steep slopes. Locally, sandstones in the upper part 
of the Rock Point exhibit large-scale crossbeds with up- 
ward-coarsening laminae, one of the few criteria diagnostic 
of eolian deposition. Finer grained units contain thin, hor- 
izontal laminations and very small trace fossils. Large 
mudcracks are locally abundant at the top of the Rock 
Point. The Church Rock and Rock Point Members are 
unconformably overlain by the Lower Jurassic Wingate 
Sandstone. 

Sandstones and mudstones of the Church Rock and Rock 
Point Members were deposited on lacustrine or playa mud- 
flats traversed by small fluvial systems (Fig. 8) (Dubiel, 
1987a, 1989a, b). The large-scale, eolian cross-stratification 
and the large mudcracks indicate that drier periods and 
desiccation were more prominent during deposition of the 
uppermost part of the Chinle. Moreover, the singular as- 
pect and large size of both the mudcracks and the mud- 
crack polygons indicate that the sediments were water 
saturated before drying out, and that the drying probably 
occurred as a single event. Preliminary examination of 
petrographic thin sections of the upper part of the Chinle 
indicate that the red color of these rocks, in contrast to 
the variegated colors of the lower Chinle, is due to a greater 
development of diagenetic hematite. The greater devel- 
opment of hematite in this part of the Chinle may be 
related to the lack of organic carbon in the rocks. Both 
hematite development and the decreased organic carbon 

FIGURE 8-Paleogeographic reconstruction of Church Rock and Rock 
Point Member marginal lacustrine mudflats and eolian sand sheets. 

are thought to reflect deposition in the more oxygenated 
lacustrine mudflat and playa environments. The red color 
by itself is not de facto evidence of arid climates, but 
merely reflects the increased hematite content. 

Sedimentologic evidence suggests that lower water table 
conditions developed during the final stages of Chinle de- 
position. Lacustrine mudflat siltstones and mudstones, 
ephemeral fluvial-channel sandstones, and eolian sand- 
sheet and dune deposits of the Church Rock and Rock 
Point Members were deposited under extended dry peri- 
ods, although intermittent flood events are indicated by 
interfingered fluvial strata, trace fossils, and small-scale 
sedimentary structures such as ripple marks and adhesion 
ripples. The inception of extensive lacustrine clastic-mud- 
flat deposition rather than carbonate precipitation, and 
the presence of desiccation cracks within these deposits, 
indicate that the environment was episodically wet. The 
predominance of eolian sand-sheet and dune deposits in 
the upper part of the Rock Point Member (Dubiel, 1989a) 
points to significant climatic drying at the close of the Late 
Triassic, a scenario suggested by several authors (e.g., 
McKee, 1959; Blakey and Gubitosa, 1983, 1984; Dubiel, 
1987a, b, 1989a). The overlying eolian erg deposits of the 
Wingate Sandstone attest to the transition to predomi- 
nantly eolian sedimentation and more arid climatic con- 
ditions in the Early Jurassic. 

Depositional Setting-Northwestern Colorado 

The Chinle Formation in northwestern Colorado pro- 
vides additional sedimentologic evidence for Late Triassic 
monsoonal climates. The Chinle in this area was derived 
primarily from clastic sediment shed off of the ancestral 
Uncompahgre and ancestral Front Range uplifts (Fig. 4). 



TABLE 2-Lithofacies and depositional environments in the Chinle For- 
mation, northwestern Colorado. 

Stratigraphic 
unit Lithofacies Depositional environment 

Red Siltstone Reddish-orange sandstone; hori- Eolian sand sheets 
Member zontally bedded, wavy lamina- 
(upper part) tions, and thin mudstone 

drapes 
Red Siltstone Reddish-brown sandstone, silt- Fluvial channels, point 

Member stone, and mudstone; lateral bars; floodplain paleo- 
(middle accretion bedding; carbonate sols; minor lacustrine 
part) nodules; rhizoliths and biotur- deposits 

bation 
Gartra Mem- Reddish-brown sandstone and Fluvial channels and val- 

ber (lower conglomerate; lenticular; ley fills 
part) crossbedded 

About 300 m of reddish-brown to reddish-orange mud- 
stone, siltstone, fine-grained sandstone, and lesser amounts 
of dark-gray to reddish-purple conglomerate and sand- 
stone were deposited in fluvial, floodplain, and lacustrine 
environments in a setting proximal to the orogenic uplifts 
(Table 2). The Gartra Member at the base of the Chinle 
is overlain by mottled strata and by the informal red silt- 
stone member (Fig. 2; Stewart et al., 1972; Dubiel and 
Skipp, 1989). Correlative rocks of the Upper Triassic Do- 
lores Formation deposited in southwestern Colorado are 
sedimentologically similar to the Chinle Formation in 
western Colorado and represent proximal facies derived 
from the southwest flank of the ancestral Uncompahgre 
uplift (see also, Blodgett, 1988). 

The Gartra Member consists of coarse-grained sand- 
stone and conglomerate that fills small paleovalleys cut 
into underlying rocks. Sandstones and conglomerates are 
thin to thick bedded and contain planar and trough 
crossbeds, large lenticular scours, and minor climbing-rip- 
ple stratification. Both the size of sedimentary structures 
and the grain size of the sandstones decrease upward in 
the unit. The fluvial-channel deposits of the Gartra at the 
base of the Chinle are coarser grained than those higher 
in the section, are multi-storied, and lack lateral accretion 
stratification. The basal fluvial units of the Gartra rep- 
resent deposition in braided to low-sinuosity fluvial sys- 
tems. Overlying the Gartra, the mottled member contains 
purple mottles similar to those in the mottled unit of the 
Monitor Butte Member in the Four Corners area. The 
mottled strata grade upward into the overlying red silt- 
stone member, which consists of reddish-brown mud- 
stones, siltstones, and sandstones. 

The reddish-brown mudstones, siltstones, and sand- 
stones of the upper part of the Chinle Formation in this 
region were deposited in a succession of fluvial-channel, 
point-bar, crevasse-splay, floodplain, lacustrine, and eolian 
sand-sheet environments (Dubiel et al., 1989b; Dubiel and 
Skipp, 1989; Dubiel, in press). The abundance of large- 
scale, lateral accretion stratification and laterally extensive 

fine-grained strata indicates that at least some Chinle flu- 
vial systems were high-sinuosity streams with mixed- to 
suspended-sediment loads; the laterally extensive flood- 
plains contain local lacustrine strata. 

Chinle floodplain deposits in northwestern Colorado are 
characterized by paleosols containing petrocalcic horizons, 
interpenetrating sand-filled mudcracks, pseudoanticlines 
indicative of paleovertisol development, abundant carbon- 
ate-cemented rhizoliths, and minor mollusc-bearing cre- 
vasse-splay and lacustrine deposits. The uppermost part 
of the Chinle in this region is characterized by eolian sand- 
sheet strata (Dubiel, 1988; Dubiel et al., 1989b; Dubiel and 
Skipp, 1989; Dubiel, in press). 

The fluvial, floodplain, and lacustrine depositional facies 
indicate that water was abundant in this basin of the de- 
positional system, at least until the final stages of eolian 
sand-sheet deposition. The fine-grained nature of the flu- 
vial and point-bar strata and the abundant lateral-accre- 
tion deposits indicate high-sinuosity fluvial systems with 
abundant suspended-sediment load. However, the accu- 
mulation of calcic and vertic horizons in clay-rich fine- 
grained floodplain paleosols and abundant desiccation 
cracks in proximal floodplain deposits in a tropical setting 
reflect a seasonal input of moisture (e.g., Mohr et al., 1972; 
Young, 1976). The predominance of eolian sand-sheet de- 
position at the top of the Chinle in western Colorado sup- 
ports the interpretation that, as in the Four Corners region, 
climate became significantly drier at the close of Chinle 
deposition. Because the Chinle in western Colorado is un- 
conformably overlain by the Middle Jurassic Entrada 
Sandstone, inferences cannot be drawn about the advent 
of the Early Jurassic climate in this region. 

Paleoclimatic Implications of 
Depositional Environments 

Several lines of sedimentologic evidence discussed in the 
preceding sections bear on the interpretation of climate 
during Chinle deposition. The vertical succession of lith- 
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ofacies assemblages and their interpreted depositional en- 
vironments provide a depositional model characterized by 
fluvial, deltaic, and lacustrine systems. The progression 
from fluvial systems in the Shinarump Member to a marsh, 
lake, and delta complex in the Monitor Butte Member and 
back to fluvial systems in the Moss Back Member points 
to the expansion and subsequent infilling of large lakes. 
The overlying succession from fluvial, floodplain, and marsh 
systems in the Petrified Forest Member to areally exten- 
sive lacustrine strata in the Owl Rock Member and then 
to marginal-lacustrine mudflats and eolian strata in the 
Church Rock Member, Rock Point Member, and Wingate 
Sandstone indicates the development of another large la- 
custrine system and its subsequent demise. Factors con- 
trolling these large-scale trends include the rate and locus 
of tectonic subsidence, rate of sediment supply from tec- 
tonic and volcanic sources, and amount and seasonal dis- 
tribution of precipitation as a reflection of long-term cli- 
mate. 

Smaller-scale variations within lithofacies, such as the 
numerous climbing ripple and oscillation ripple sequences 
in the Monitor Butte Member (Dubiel, 1983), variations 
in lithology and microfossil content of the marsh deposits, 
and the occurrence of lungfish and decapod burrows in the 
purple-mottled unit, are evidence of smaller-scale flooding 
due to episodic variations in climate that affected regional 
water tables. Widespread wetland marshes and bogs, fossil 
ferns, and giant horsetails indicate that water was abun- 
dant, with water tables near or at the ground surface much 
of the time. Aside from the actual taxonomy of the plants, 
their preservation as carbonized remains and sediment- 
filled pith casts indicates rapid sedimentation and pres- 
ervation beneath the water table. 

The coloration of the rocks, which reflects hematite de- 
velopment and original organic-carbon content, and the 
paleosol development, yield additional insight into water 
table fluctuations and climate. Gray, black, and green rocks 
of the Monitor Butte Member reflect its high organic- 
carbon content-the result of rapid sedimentation and 
preservation in either subaqueous environments or below 
the water table, removed from the oxidizing effects of the 
atmosphere. Black, organic-carbon-rich marsh mudstones 
indicate that water tables must have been consistently 
near-surface for plant growth and preservation of organic 
matter. Well-developed paleosols would not be expected 
in these subaqueous environments. However, episodically 
flooded floodplains or exposed lacustrine mudflats would 
be expected to display some effects of pedogenesis. The 
color-mottling in the Monitor Butte Member is the result 
of pedogenesis and of bioturbation, both of which are at- 
tributed to shallow, fluctuating water tables. The devel- 
opment of singular, isolated carbonate nodules and pseu- 
doanticlines in Chinle tropical floodplain vertisols reflects 
the seasonal influx of carbonate with precipitation or flood- 
ing. 

In the Owl Rock Member, low rates of clastic sedimen- 
tation under oxygenated lacustrine water columns led to 
the destruction of organic carbon in that environment. 
Thus, the precipitation of carbonate-rich sediments and 

hematite cements resulted in limestone beds and red silt- 
stones, respectively. Similarly, deposition on subaerially 
exposed or ephemerally wet lacustrine mudflats where or- 
ganic matter was oxidized produced the red coloration of 
the Church Rock and Rock Point Members. 

Depositional environments, organic-carbon preserva- 
tion, position and fluctuation in water tables, and fossils 
and trace fossils provide the following insights into Chinle 
paleoclimates. Early in the history of Chinle deposition, 
water was abundant in wetland, lacustrine, and terrestrial 
environments that supported a variety of aquatic and ter- 
restrial fauna and flora. During deposition of the upper 
part of the Chinle, extensive lacustrine basins and mud- 
flats persisted, culminating in playa-mudflat and eolian 
sand-sheet deposition. The inferred depositional environ- 
ments, ichnofossils, and paleosols suggest that although 
water was relatively abundant in the system, deposition 
was punctuated by dry periods. These interpretations sup- 
port the predictions from paleoclimate models for humid 
conditions in the western equatorial region of Pangaea due 
to the reversal of equatorial flow, and they are consistent 
with Chinle paleobotany and paleontology. 

Paleontological Evidence for Chinle Climate 

A diverse flora and fauna is present in the Chinle For- 
mation, with plants, nonmarine aquatic invertebrates, and 
vertebrates all well represented. These taxa vary in their 
utility as paleoclimatic indicators, with the plants and in- 
vertebrates providing the greatest constraints on climatic 
inference. 

Paleobotanical Evidence 

The Chinle macroflora has been most extensively de- 
scribed by Daugherty (1941) and subsequently by the pro- 
lific studies of Ash (e.g., 1967, 1972, 1987). Palynomorphs 
have been studied by Daugherty (1941), Gottesfeld (1972), 
and Litwin (1985, 1986). The major floral elements consist 
of ferns, seed ferns, and conifers; at least 50 species are 
represented. As noted above, divergent opinions on the 
climate have been offered by the various students of Chinle 
paleobotany. 

Daugherty (1941) was probably the first worker to use 
biological and geological evidence to assess Chinle paleo- 
climates. His interpretations called for a subtropical/trop- 
ical climate, on the basis of ferns and other species that 
require abundant moisture, and on the sheer size of the 
logs preserved. He also argued for a distinct dry season on 
the basis of growth rings in the logs; pollen with windborne 
dispersal; extensive, apparently seasonal floodplain sedi- 
mentation; and similarity in vegetational physiognomy to 
modern tropical/subtropical savannas. 

Ash (1967, 1972) based his paleoclimatic arguments on 
plant morphology and paleobiogeography, suggesting that 
the climate during Chinle deposition was humid and trop- 
ical, at least during deposition of the lower parts of the 
Chinle. Ash cited presence of thin cuticles, morphology 
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and dorsoventrally-symmetrical distribution of stomata on 
leaves, leaf shape, and distribution of extant plants related 
to Chinle taxa as evidence for a tropical, humid climate. 

Gottesfeld (1972) studied the paleoecology of the Chinle, 
primarily focusing on palynology. He inferred a primarily 
arid climate, marked by increased seasonal moisture and 
increasing aridity upward toward the contact between the 
Chinle Formation and the Wingate Sandstone. His evi- 
dence cited thick-walled pollen, oxidized sediments, and 
overlying eolian beds. In addition, he noted the nature and 
distribution of plant and vertebrate macrofossils as evi- 
dence of localized ever-present water, and mild to warm 
temperatures. 

Growth rings in fossil woods can be useful for inter- 
preting paleoclimate (Creber, 1977; Creber and Chaloner, 
1984, 1985, 1987; Francis, 1983, 1986), particularly in com- 
bination with sedimentological and other floral data (Par- 
rish and Spicer, 1988; Spicer and Parrish, 1990). Apart 
from noting their presence, however (Gottesfeld, 1972), no 
analysis of the growth rings in the Petrified Forest trees 
has been attempted until recently (Ash and Creber, 1990; 
J.T. Parrish, unpubl.). Tropical woods commonly have no 
growth rings because of the lack of seasonality in temper- 
ature and rainfall (Creber, 1977). Ash and Creber (1990) 
concluded that the Petrified Forest trees showed no true 
growth rings, but rather steady and essentially uninter- 
rupted growth, which would be consistent with a tropical 
(that is, warm) and ever-wet climate. 

Independent work on growth rings in Petrified Forest 
Member trees by one of us (J.T. Parrish, unpubl.) is still 
underway. However, a number of interesting preliminary 
results have emerged from this study. In the twenty-two 
specimens examined to date, variability in growth was ex- 
tremely high, ranging from no rings in a preserved radius 
of 26 cm (field number (fn) 9004012) to 31 rings in a pre- 
served radius of 15.5 cm (fn 8908127; "preserved radius" 
refers only to the part of the total radius in which cells 
were well enough preserved to permit unhindered exam- 
ination of cell characteristics). Mean sensitivity, which is 
an index of interannual variation in ring width (and thus 
of annual growth; Fritts, 1976), range from 0.12 (fn 8908121) 
to 0.98 (fn 9004013). Trees with mean sensitivities <0.3 
are considered to have grown in equable conditions with 
respect to temperature and moisture, whereas mean sen- 
sitivities >0.3 indicate highly variable growing conditions 
(Fritts, 1976). Mean sensitivities could be determined for 
seventeen specimens, of which only two were <0.3; seven 
values were extremely high, that is, >0.75. Perhaps more 
instructive are the high standard deviations in ring width. 
For example, one specimen had a mean ring width of 0.65 
cm ? 0.96 cm (fn 8908127). Overall, mean ring widths 
ranged from 0.35 cm (fn 9004014) to 5.33 cm (fn 9004006). 

Data gathered so far do not indicate a major difference 
in growth patterns between specimens measured in the 
lower and upper parts of the Petrified Forest Member. 
Rings are wider in the trees from the upper Petrified Forest 
Member; the difference is statistically significant at P < 
0.05. This difference could result from changes in climatic, 
hydrologic, taphonomic, and/or biologic processes, and the 

preliminary nature of these results does not permit dis- 
tinguishing among these at this time. 

Although clearly the one tree with no rings (fn 9004012) 
grew continuously over the span that could be examined, 
continuous growth was not the general mode (cf. Ash and 
Creber, 1990). However, we agree with Ash and Creber 
(1990) that the rings probably are not always annual (and 
thus statistics such as standard deviation and mean sen- 
sitivity are not meaningful in the usual sense). On the other 
hand, rings in many specimens, for example, the one with 
31 rings in 15.5 cm, could easily be annual growth rings. 
In any case, the ring characteristics are indicative of a 
highly variable growth environment, inconsistent with ei- 
ther climatic constancy or genetically controlled biocyclic- 
ity. The variability is mostly likely the result of a com- 
bination of variable climate and growth-site hydrologic 
regime. As this is work in progress, we tentatively suggest 
that the trees that exhibit narrow growth rings provide 
evidence that water availability fluctuated annually. These 
trees most likely grew in areas where the water table was 
close to the limit of root penetration, so that the annual 
dry season lowered the water table enough to stop growth 
in those trees. In general, the trees with narrower rings 
also had more false rings, which are indicative of temporary 
cessation of growth during the growing season. This would 
be consistent with greater susceptibility of these trees to 
environmental perturbation, and the false rings may in- 
dicate drier intervals during the wet season. By contrast, 
trees with wide or no growth rings provide evidence that 
climate was equable with respect to temperature, but they 
do not necessarily indicate year-round rainfall. These trees 
most likely grew close to the water table, along channel 
margins, and their growth ceased only during the most 
severe annual droughts, when the water table dropped 
farther than normal. 

Invertebrate Paleontology 

Nonmarine molluscs from the Chinle Formation include 
unionid bivalves and prosobranch gastropods. The paleo- 
ecology of the taxa and the taphonomy of these mollusc 
assemblages provide limits on the climatic setting during 
deposition of the host sediments. 

Unionid bivalves are infaunal suspension feeders. They 
burrow in various substrates and maintain contact with 
the water-sediment interface through very short siphon 
tubes. Modern diverse associations of unionids require 
fresh, non-turbid, oxygenated, shallow, calcium-rich, per- 
manent subaqueous habitats with flowing water, pH great- 
er than seven, stable substrate, food source, and at least 
seasonally warm temperatures (Hanley, 1976; Burkey, 
1973). Several instances of unionid bivalve survival by aes- 
tivation during desiccation of their habitat in dry seasons 
have been documented (Boss, 1974; Dance, 1958; Mc- 
Michael, 1952); however, the abundance and diversity of 
Chinle unionid-bearing beds and absence of bivalve aes- 
tivation trace fossils in aquatic Chinle strata suggest that 
the above-mentioned general requirements of unionid bi- 
valves also apply to the Late Triassic unionid associations. 
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Prosobranch gastropods from the Chinle Formation rep- 
resent two families, Pila (Valvata) gregoryi (Robinson, 
1915) of the Pilidae and three species of Lioplacodes (Tria- 
samnicola) of the Viviparidae. These gastropods are her- 
bivorous, grazing on macrophytes or aufwuchs (aquatic 
scum-biota of algae, bacteria, fungi, protozoans, and as- 
sociated microscopic plants and invertebrates). These me- 
sogastropods respire subaqueously via a ctenidial gill and 
require oxygenated habitats, although they can tolerate 
short periods in anoxic conditions (Aldridge, 1983). 

Most Late Triassic unionid bivalve localities in the Chinle 
Formation are preserved within crevasse-splay deposits 
(Good, 1989a, b; Parrish and Good, 1987; Good et al., 1988; 
Dubiel et al., 1989b). Crevasse-splay accumulations typi- 
cally feature disarticulated valves, current-stable orien- 
tations, variable density, and size-sorted assemblages with 
some degree of fragmentation and abrasion. Unionid bi- 
valve-bearing beds are laterally restricted, rarely exceed 1 
m in thickness, and occur within finer grained overbank 
sequences. Crevasse splays form during high discharge flood 
events when the river breaches its banks and floods the 
adjacent floodplain. Flow outside the channel becomes un- 
confined, resulting in a rapid decrease in flow velocity away 
from the channel. The coarsest fraction of the sediment 
load, including the unionid valves, is deposited near the 
channel in the proximal part of the crevasse splay. 

Lacustrine bivalve localities have been identified from 
the Monitor Butte and Petrified Forest Members of the 
Chinle Formation in southeastern Utah (Parrish and Good, 
1987), and from Petrified Forest Member equivalents in 
southwestern Colorado (Dubiel et al., 1989b). These lo- 
calities commonly contain unionid bivalves, prosobranch 
gastropods, ostracodes, and aquatic vertebrate elements. 
Taphonomic features of these assemblages include artic- 
ulation of a significant proportion of the bivalve shells, 
poor size sorting, and little or no abrasion and fragmen- 
tation of bivalve shells. Features that suggest the lakes 
were perennial include the large size of individuals, the 
diversity and abundance of the molluscs, lack of bivalve 
aestivation trace fossils, presence of Darwinula sp. ostra- 
cods (Dubiel, 1983; Kietzke, 1989), and the diverse, pre- 
dominantly articulated vertebrate fauna that includes fish, 
amphibian, and small reptile elements. 

Growth bands in bivalve shells provide evidence for sea- 
sonality in molluscan aquatic habitats. Most research to 
date has examined marine bivalve species. Microgrowth 
increments are produced by changes in the ratio of calcium 
carbonate to organic matter within the shell. During op- 
timal environmental conditions, bivalves actively pump 
water from the overlying water column. Respiration is aer- 
obic, and inorganic shell material, calcium carbonate, is 
deposited. When environmental conditions decline the 
valves close, isolating the bivalve from the surrounding 
environment until conditions improve. Respiration pro- 
ceeds along anaerobic pathways, and organic-acid waste 
products accumulate and are stored in extrapallial fluids 
where they are neutralized by the dissolution of shell cal- 
cium carbonate. Thus, the dissolution produces a layer of 
insoluble organic residue on the inner shell surface. When 

the bivalve resumes active pumping with the improvement 
of environmental conditions, deposition of calcium car- 
bonate shell material resumes, preserving the organic layer 
as a record of the time of shell closure (Lutz and Rhodes, 
1980). 

Growth banding in freshwater bivalves has been attrib- 
uted to annual-scale climate cycles, called annual bands, 
and random events, called pseudoannual bands (Coker et 
al., 1922; Tevesz and Carter, 1980b). Annual bands feature 
thin, dark-colored, slower growth increments separated by 
thick, light-colored normal growth increments. Annual 
bands are produced in temperate climates by hibernation, 
resulting in sustained valve closure during the winter sea- 
son (Coker et al., 1922; Negus, 1966), and in tropical cli- 
mates either by aestivation during dry season loss of hab- 
itat due to desiccation of lacustrine or fluvial environments 
(McMichael, 1952) or by prolonged growth interruptions 
due to high turbidity during storms typical of a monsoonal 
climate (Tevesz and Carter, 1980a). Pseudoannual bands 
are relatively thin, incompletely developed around the en- 
tire shell perimeter, variable in color and texture, and lack 
regular spacing or periodicity (Stansbery, 1961; Tevesz and 
Carter, 1980b). Pseudoannual bands are produced by any 
event that forces the bivalve to suspend pumping and 
isolate itself from the overlying water column by closing 
its valves, such as attempted predation or turbidity pro- 
duced by isolated storms. Pseudoannual dark increments 
are much thinner than true annual dark increments due 
to the shorter duration of pseudoannual events. Growth 
bands are studied by microscopic examination of thin sec- 
tions of shells or by examination of external shell surfaces. 

Chinle Formation unionid shells from the Monitor Butte, 
Moss Back, Petrified Forest, and Owl Rock Members 
throughout the depositional basin exhibit three patterns 
of growth banding in well-preserved specimens: regular, 
irregular, and massive (Table 3). Regular banding features 
light and dark bands of near-equal widths with sharp 
boundaries (Fig. 9A). Several localities contain specimens 
with this banding pattern clearly preserved on the external 
surface of shells (Fig. 9B). Irregular banding features light 
and dark bands of irregular thickness (Fig. 9C). The ir- 
regular banding pattern occurs in several lacustrine bivalve 
assemblages. Modern lacustrine unionids typically have 
distinct and regularly spaced annual bands and paucity of 
pseudoannual bands due to the stabilizing effects of a large 
body of water (Grier, 1922; Stansberry, 1961). Lacustrine 
systems inhabited by these Chinle bivalves perhaps were 
too small or shallow to provide protection from environ- 
mental perturbations. Massive banding features rare, very 
thin, irregularly spaced dark bands in generally very thick, 
heavy shells (Fig. 9D), apparently due to continuous growth. 
Neomorphosed texture reflects recrystalization and con- 
comitant obliteration of any preexisting growth band pat- 
tern. 

The regular banding pattern represents annual growth 
bands in Chinle Formation unionid bivalves, reflecting an- 
nual environmental variations or seasons. Because the Col- 
orado Plateau was within the tropics during the Late Tri- 
assic, annual temperature variation was insufficient to force 
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FIGURE 9-Examples of growth bands in Chinle Formation molluscs. A. Photomicrograph showing regular banding of light and dark layers 
in sample from Round Rock 8-87. B. Photograph showing exterior color banding on bivalves in sample from PF29-84. C. Photomicrograph 
showing irregular banding in sample from No Name Mesa. D. Photomicrograph showing massive banding in sample from Cameron. Scale 
bars in photomicrographs are 0.5 mm; arrows point toward exterior of shell. 

hibernation and produce cold-temperature annual growth 
bands. Aestivation is not supported as a cause of regular 
banding because of the absence of bivalve aestivation trace 
fossils in the Chinle, the high diversity and abundance of 
unionids, and the sedimentological and vertebrate pale- 
ontological evidence of perennial fluvial systems. High tur- 
bidity during a prolonged storm season is the most likely 
cause of Chinle unionid annual growth bands. The abun- 
dant crevasse-splay accumulation of unionid valves indi- 
cate high-discharge flood events of the type that would 
result from storm runoff. Such runoff could indicate pe- 
rennial or intermittent fluvial systems, however, fluvial 

sedimentology and molluscan abundance and diversity in- 
dicate that at least the larger streams and lakes were pe- 
rennial. 

Vertebrate Paleontology 

Vertebrate studies within the Chinle Formation date 
back to the 1860's but only recently have been used ex- 
tensively for paleoclimatic inferences. For the most part, 
the Chinle fauna is a cosmopolitan one, with many of the 
same genera occurring in correlative sedimentary rocks in 
Europe and in the Newark Supergroup (e.g., Sues and 



TABLE 3-Locality, depositional setting, and banding pattern in Chinle 
Formation molluscs. 

Banding 
Locality State Member Environment pattern 

PF29-84 AZ Petrified Forest Member Crevasse splay regular 
PF7-84 AZ Petrified Forest Member Crevasse splay massive 
PF14-84 AZ Petrified Forest Member Crevasse splay neomor- 

phosed 
PF38-85 AZ Petrified Forest Member Crevasse splay neomor- 

phosed 
PF18-84 AZ Petrified Forest Member Crevasse splay irregular 
PF12-84 AZ Petrified Forest Member Crevasse splay neomor- 

phosed 
Round Rock AZ Petrified Forest Member Crevasse splay regular 

8-87 
Cameron AZ Petrified Forest Member Crevasse splay massive 
MNA-360 AZ Owl Rock Member Crevasse splay irregular 
Hillside Mine UT Moss Back Member Crevasse splay neomor- 

phosed 
No Name UT Monitor Butte Member Lacustrine irregular 

Mesa 

Olsen, 1990) on the east coast of the United States. For 
some families, closely related genera are also known from 
slightly older or younger beds in India, Morocco, and South 
America. 

By far the most abundant vertebrate skeletal fossils in 
the Chinle belong to phytosaurian archosaurs and meto- 
posaurid amphibians, both of which were amphibious to 
aquatic. The distribution, preservation, and environments 
of deposition of fossils of these groups are consistent with 
the presence of perennial streams, lakes, and ponds (Col- 
bert, 1972; Gottesfeld, 1972; Parrish, 1989). Certainly the 
presence of large aquatic ectotherms such as the meto- 
posaurids suggests temperate to tropical conditions, but 
these organisms do not seem to be useful for more precise 
temperature inferences. 

Large, fully terrestrial vertebrates were also present 
throughout deposition of the Chinle. Herbivorous forms 
included the abundant, armored aetosaurs, as well as tri- 
lophosaurs, rhynchosaurs, and rare ornithischian dino- 
saurs. Generic-level extinctions of aetosaurs, and whole- 
scale extinction of rhynchosaurs, trilophosaurs, and the 
semi-aquatic herbivorous dicynodonts appear to have oc- 
curred at or near the Carnian-Norian boundary (Parrish, 
1986, 1989). Fully terrestrial carnivores included the po- 
posaurs, crocodylomorphs, and staurikosaurid and podo- 
kesaurid dinosaurs. These were not clearly subject to ge- 
neric or higher level extinctions at the Carnian-Norian 
boundary, although abundance and diversity of dinosaurs 
appears to increase in the Norian. In any event, the char- 
acterization of Chinle faunas offered by Stewart et al. (1972), 
which called for increased abundance of aquatic forms 
during the later part of Chinle deposition, is not supported 

in light of new collections and abundance estimates based 
on previous collections (Parrish, 1989). Locally, the abun- 
dance of large obligate aquatic vertebrates, such as lung- 
fishes and coelacanths (Schaeffer, 1967; Ash, 1978; Dubiel, 
1987b; Dubiel et al., 1987), indicates the presence of large, 
perennial watercourses or lakes and marshes. 

In some situations, the preservation of vertebrate fossils 
suggests climatic seasonality (Parrish, 1989). For example, 
the nature of skeletal preservation in the Placerias Quarry 
near St. Johns, Arizona indicates the following taphonomic 
sequence: 1) animals died in situ and were disarticulated 
but not disassociated subaqueously or subaerially; 2) some 
elements were trampled and partially buried, with exposed 
sections of elements subject to decay (Camp and Welles, 
1956); and 3) bones were subsequently preserved by ad- 
ditional sediment influx. The nature of the quarry strata 
suggests an organic-rich, possibly partially anoxic pond, 
whereas the nature of the preservation, particularly the 
evidence of trampling, suggests periodic, possibly seasonal 
fluctuations in water table. 

Similarly, the Coelophysis quarry near Ghost Ranch, 
New Mexico (Schwartz and Gillette, 1986) appears to be 
a mass death concentration, presumably produced by a 
herd drowning (Parrish, 1989). However, the vertisolic na- 
ture of the entombing strata and the mode of preservation 
of the skeletons (with necks recurved as a result of drying 
of the nuchal ligaments) suggests that the animals accu- 
mulated on a floodplain and that the carcasses dried out 
prior to being buried by a subsequent massive influx of 
sediment, perhaps from a mudflow. 

Trace fossils are also good indicators of seasonality. Du- 
biel et al. (1987) described burrows from various horizons 
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in the Chinle that were consistent in morphology with 
burrows containing fresh water lungfish fossils known from 
various upper Paleozoic rocks in North America (e.g., 
Langston, 1963; Vaughn, 1964; Carroll, 1965; Carlson, 1968). 
Identification of these burrows as all belonging to lungfish 
has been questioned (Dubiel et al., 1988; McAllister, 1988), 
and some similar burrows from the Chinle of Utah are 
associated with decapod crustaceans (crayfish) (Dubiel et 
al., 1989a; Hasiotis and Mitchell, 1989). However, the deca- 
pod burrows are smaller in diameter and different in sur- 
ficial morphology from the large burrows described by Du- 
biel et al. (1987) and Dubiel et al. (1989a). 

The apparent lungfish burrows predominantly occur in 
clusters adjacent to fluvial channels or the edges of lacus- 
trine deposits throughout the Chinle Formation. The high 
density of burrows and the high incidence of intersecting 
and crosscutting burrows suggests that the same sites were 
repeatedly burrowed by similar organisms. Modern lepi- 
dosirenid-lungfish burrow in response to local desiccation, 
most commonly in association with lowering of the water 
table. In comparison, the Chinle crayfish burrows are as 
long as 2 m, and closely resemble modern crayfish burrows, 
which typically are deepened to permit the crayfish in the 
bottom of the burrow to remain below the water table when 
it falls in the dry season. This apparently cyclic lungfish 
burrowing pattern, the very deep crayfish burrows, coupled 
with the mottled or gleyed character of the enclosing pa- 
leosols, is consistent with a model of a fluctuating water 
table, as would be expected with strong seasonality. 

Upper Triassic continental rocks are distributed world- 
wide, with extensive sequences in South America, Europe, 
North and South Africa, India, China, and Southeast Asia. 
As would be expected on the single Pangaean supercon- 
tinent, the vertebrate assemblages are quite similar at cor- 
relative levels and facies between Europe, North Africa, 
India, and North America. South American faunas and the 
rather fragmentary vertebrate record of the Upper Triassic 
of South Africa show substantial differences from the more 
northern assemblages, predominantly in the absence of 
phytosaurs and metoposaurs from the southern localities 
and the presence of ecologically similar clades that are 
apparently endemic-the Proterochampsidae are archo- 
saurs with some morphological similarities to phytosaurs, 
and Chitiguisauridae are a group of stereospondyl am- 
phibians that are apparently the closest relatives to Me- 
toposauridae. 

DISCUSSION 

The climate of Pangaea was described by Robinson (1973) 
as monsoonal, and this description was supported by Par- 
rish et al. (1986), who produced conceptual climate models 
that demonstrated qualitatively the mechanisms of the 
Pangaean monsoon. As Pangaea moved north and the ex- 
posed land area was distributed more evenly on either side 
of the equator (Parrish, 1985), the seasonality would be 
expected to have become stronger and the equatorial re- 
gion (and mid-latitude continental interiors) drier, until 
the Triassic. In the Triassic, the monsoonal circulation 

would have been at maximum strength (Parrish and Pe- 
terson, 1988), and, depending on topography, aridity of 
the continental interior would have been greatest. 

The few eolian sandstones deposited on the Colorado 
Plateau during the Late Triassic show a change in wind 
direction to westerly or northwesterly from the predomi- 
nantly northerly or northeasterly winds of the rest of the 
Pangaean interval (except the Late Jurassic, when the 
Colorado Plateau sector of Pangaea had moved far enough 
north to be in the belt of the westerlies (Peterson, 1988). 
Parrish and Peterson (1988) suggested that the proposed 
Pangaean monsoonal circulation became strong enough at 
that time to influence circulation on the western side of 
Pangaea and draw moisture along the equator from the 
west. 

Compared with the rest of the Pangaean interval, the 
Chinle Formation represents an unusually wet episode on 
the Colorado Plateau during the Pangaean interval. The 
Chinle consists principally of fluvial, floodplain, marsh, 
and lacustrine deposits, with only minor eolian and playa 
settings at the close of Chinle deposition (Dubiel, 1989a). 
By contrast, eolian strata, playa deposits, and evaporites 
were widespread both before and after Chinle deposition 
(Parrish and Peterson, 1988). The contrast between the 
Chinle Formation and preceding and succeeding deposi- 
tion, coupled with evidence for abundant and diverse veg- 
etation, has resulted in interpretations of the Chinle For- 
mation as representing a humid, tropical environment (Ash, 
1967, 1972; Ash and Creber, 1990). However, despite the 
evidence for humidity, a suggestion persists in the paleo- 
botanical literature that the Chinle somehow also repre- 
sented an arid environment (Daugherty, 1941; Gottesfeld, 
1972). The explanation for such widely divergent inter- 
pretations, both supported by substantial evidence, must 
be a strong episodicity of rainfall and high water tables in 
lowland settings. The interpretations also reflect, in part, 
an earlier pervasive belief that all redbeds are indicative 
of arid or semi-arid origins (e.g., Gottesfeld, 1972). No 
controversy exists with regard to Chinle paleotempera- 
tures. The preponderance of evidence favors an interpre- 
tation of consistently warm temperatures year-round, al- 
though some seasonal variation in temperature cannot be 
ruled out. 

An interpretation of abundant moisture during depo- 
sition of the Chinle near the west coast of Pangaea is 
supported by the existence of organic-rich lacustrine, bog, 
and marsh deposits and the abundant gleyed paleosols, 
especially in the Monitor Butte and lower part of the Pet- 
rified Forest Members. Although the trees were large and 
apparently abundant, this does not represent de facto ev- 
idence for high rainfall. Evidence for episodicity of rainfall 
is strong in the Chinle and includes gleyed, calcic, and 
especially vertic paleosols, pseudoanticlines in paleosols, 
intersecting mudcracks, slickensided soil peds, lungfish and 
decapod burrows, desiccation of vertebrate remains fol- 
lowed by rapid burial, and sedimentological evidence for 
fluctuations in surficial hydrological regime. Lacustrine 
laminae of clay and limestone also argue for seasonality 
of rainfall. The presence of growth rings in the woods and 
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annual growth bands in the unionids also suggests a sea- 
sonality or episodic interruption of growth. 

The climatic effects of Pangaean geography have re- 
cently been investigated with numerical models by Crow- 
ley et al. (1989) and Kutzbach and Gallimore (1989). Crow- 
ley et al.'s (1989) models were directed principally toward 
examining temperature distribution geographically and 
temporally, and thus can be used only indirectly to inter- 
pret variations in rainfall. Their simulations generated 
strong seasonality of temperature in southern Pangaea 
during the early Late Permian (when more land was pres- 
ent in the southern hemisphere than in the northern hemi- 
sphere), similar to the results of Kutzbach and Gallimore 
(1989). The annual range of temperature for the equatorial 
regions, and the Colorado Plateau in particular, was pre- 
dicted to have been less than 5? C. However, the strong 
seasonal temperature contrast in the southern hemisphere 
would almost certainly have resulted in monsoonal con- 
ditions. The predicted cross-equatorial temperature con- 
trast ranged from 20? C in the northern winter to 50?C in 
the northern summer, although in the latter case, the ther- 
mal maximum was only slightly north of the equator 
(Crowley et al., 1989, fig. 1). 

Crowley et al. (1989) ran a sensitivity test for the docking 
of Laurussia and Gondwana to evaluate the relative im- 
portance of this change in geography to the establishment 
of seasonal conditions. The collision resulted in a slight 
increase of southern hemisphere maximum temperatures. 
The slight northward movement of Pangaea between the 
Late Carboniferous and mid-Permian resulted in no change, 
principally because the amount of land in the southern 
hemisphere did not change (Crowley et al., 1989). The 
slight increase in summer temperatures with docking sug- 
gests that seasonality would increase with continued 
northward movement of Pangaea and more even distri- 
bution of land between the two hemispheres. This is borne 
out in a general way by the results of Kutzbach and Gal- 
limore (1989). The latitudinal temperature gradient is 
stronger in their simulations, with Pangaea symmetrically 
disposed about the equator. However, a comparison be- 
tween the model results of Kutzbach and Gallimore (1989) 
and Crowley et al. (1989) can be made only cautiously 
because: (1) the models used are quite different (energy- 
balance (EBM) versus global circulation (GCM) models), 
(2) the GCM used by Kutzbach and Gallimore (1989) pre- 
dicts colder winters than observed for the modern, and (3) 
Crowley et al.'s (1989) maps are January and July (max- 
imum winter and summer) means whereas Kutzbach and 
Gallimore's (1989) are three-month winter and summer 
means (December-January-February and June-July-Au- 
gust, respectively). The results of both modelling exercises 
are consistent with each other in predicting an extremely 
wide mean annual range of temperature, 50? C (Crowley 
et al., 1989, fig. 2; Kutzbach and Gallimore, 1989, fig. 6). 
Maximum summer temperatures in both models for the 
approximate region of the Colorado Plateau are 20-25? C. 

Model results of Kutzbach and Gallimore (1989) confirm 
the hypothesis of strong monsoonal circulation over Pan- 
gaea suggested by the conceptual model (Robinson, 1973; 

Parrish et al., 1982, 1986) and EBM (Crowley et al., 1989) 
results. Because their simulations used a highly idealized 
Pangaean geography and lacked topography, Kutzbach and 
Gallimore (1989) cautioned against using the model results 
for detailed comparisons. Nevertheless, the results may be 
regarded as suggestive. Most importantly in the context 
of the present discussion, the annual precipitation-evap- 
oration balance was negative for the region encompassing 
the Colorado Plateau in four different simulations. Pre- 
cipitation from eastward-flowing, low-latitude winds was 
seasonal, as predicted by Parrish and Peterson (1988) based 
on the conceptual model of Parrish and Curtis (1982). 

Perhaps one of the most intriguing aspects of Kutzbach 
and Gallimore's (1989) results is the continuous band of 
precipitation extending across Pangaea at about 10-15? N 
during the northern summer. Similar apparent increases 
in moisture to those represented by the Chinle on the 
Colorado Plateau have been documented or suggested for 
New Brunswick, the North Sea, and Israel (Simms and 
Ruffell, 1989, in press), along a line roughly parallel to the 
band of precipitation predicted in Kutzbach and Galli- 
more's (1989) simulations. However, preliminary exami- 
nations (J.M. Parrish, unpubl.) suggest that sedimentary 
regimes and types of soils formed are quite similar world- 
wide during the Carnian-Norian, with one notable excep- 
tion being the interbedded eolian and fluvial deposits of 
the Carnian Lossiemouth Sandstone in Scotland (Benton 
and Walker, 1985). The trend in the Chinle towards in- 
creasingly oxidized strata through the Norian is also ob- 
served in Germany, South Africa, and South America. Sim- 
ilarly, the shift from primarily fluvial-lacustrine to 
predominantly eolian deposition near the Triassic-Juras- 
sic boundary is observed in South Africa as well as on the 
Colorado Plateau. The apparently anomalous pattern of 
perennial fluvial-lacustrine sedimentation throughout the 
Triassic-Early Jurassic in the Newark Supergroup has been 
attributed by Hay et al. (1982) to the local influence of 
mountain ranges produced by rifting. 

The widespread apparent increase in precipitation (or 
decrease in evaporation) may require a more complex ex- 
planation than simply the reversal of equatorial flow sug- 
gested by Parrish and Peterson (1988). One possibility is 
suggested by Kutzbach and Gallimore's (1989) sensitivity 
test for a five-fold increase in CO2 (which was coupled to 
a realistic 1 % decrease in solar luminosity; see also Parrish, 
1985), which resulted in an increase in temperature and 
temperature range and a slight decrease in precipitation- 
evaporation balance. A slight lowering of CO2 in the at- 
mosphere might have had the opposite effect, producing 
the effects seen in the Carnian-Norian. 

Sedimentological and paleontological evidence strongly 
suggests that rainfall throughout Chinle deposition was 
episodic. The precipitation-evaporation balance appar- 
ently dropped during deposition of the Rock Point Mem- 
ber, so that the overall climate became drier. We have 
until this point intentionally avoided emphasizing the term 
"seasonal," which would imply annual variation in rainfall, 
because "episodic" simply implies variable rainfall without 
implying a particular periodicity. In practice, it might be 
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possible to distinguish between seasonal and merely epi- 
sodic rainfall in this environment. Because the growth of 
tropical woods is not controlled by a strong annual signal, 
interruptions of growth could be controlled entirely by 
aperiodic environmental factors (Ash and Creber, 1990). 
Such factors would be expected to give rise to highly ir- 
regular growth sequences in all the woods and especially 
in the invertebrates. That the growth variations in the 
invertebrates are relatively regular, as are the growth rings 
in many of the woods examined to date (J.T. Parrish, 
unpubl.), speaks against this alternative interpretation. 
Moreover, the clastic-carbonate couplets in laminated Owl 
Rock Member limestones suggest that precipitation and 
runoff to the lake may well have been seasonal, at least at 
times. 

The climatic analysis of the Colorado Plateau eolian 
sandstones by Parrish and Peterson (1988), on which some 
of the conclusions presented here are predicated, was based 
on reconstructions of continental positions by Ziegler et 
al. (1983); their reconstruction for the earliest Triassic is 
shown schematically in Figure 1. Recent work on the Late 
Triassic and Jurassic parts of the North American appar- 
ent polar wander path (APWP) indicates that the conti- 
nental reconstructions, and therefore the atmospheric cir- 
culation models (e.g., see discussion in Parrish et al., 1982), 
should be reconsidered. Recent APWPs have been derived 
from paleomagnetic data from rocks in western (May and 
Butler, 1986; Ekstrand and Butler, 1989; Bazard and But- 
ler, in press) and eastern (Witte and Kent, 1989, 1990) 
North America. Although the conclusions about the North 
American APWP by these authors conflict on some points, 
they agree that North America, and therefore the Colorado 
Plateau, were slightly farther south in the Late Triassic 
and Early Jurassic than reconstructed by Ziegler et al. 
(1983) and Denham and Scotese (1988), perhaps by as 
much as 10? latitude. A reconstruction by Bazard and But- 
ler (in press), based in part on data from the Owl Rock 
Member of the Chinle Formation, is shown in the inset in 
Figure 1. 

Using the paleogeography of the Pliensbachian Age 
(Early Jurassic) presented by Ziegler et al. (1983) and 
Pliensbachian continental positions based on Bazard and 
Butler's (in press) paleomagnetic analysis, we produced a 
revised conceptual model of Pliensbachian atmospheric 
circulation. A detailed analysis of the climate patterns 
resulting from this new model is outside the scope of this 
paper and will be presented elsewhere. However, although 
Bazard and Butler's (in press) reconstructions have major 
implications for the Late Triassic and Early Jurassic cli- 
mates of Eurasia and southeastern Pangaea, the difference 
in latitude and rotation of the Colorado Plateau region, 
compared with Ziegler et al.'s (1983) reconstruction, is 
small enough to have little effect on the interpretations 
presented here and by Parrish and Peterson (1988). The 
principal effect is on the timing of the monsoon maximum. 
The relatively slow rotation and northward drift of Pan- 
gaea indicated by Ziegler et al.'s (1983) and Denham and 
Scotese's (1988) reconstructions for the Triassic meant 
that conceptual climate models alone could not predict 

when during the Triassic the monsoon maximum was likely 
to have occurred. Conceptual climate models based on 
Bazard and Butler's (in press) reconstructions, however, 
show that the monsoon maximum was most likely to have 
occurred during the Early Triassic. However, this again 
has stronger implications for the climate of northeastern 
and southeastern Pangaea than for the equatorial region, 
because the Pangaean monsoon would have affected the 
equatorial regions for a much longer period than the out- 
lying regions. 

The preponderance of evidence worldwide as well as 
within the Chinle suggests that the Triassic climate con- 
sisted of a "megamonsoon" (Kutzbach and Gallimore, 1989) 
and that rainfall was therefore probably strongly seasonal. 
Total rainfall must have been relatively high, in order to 
explain the high water tables that would have had to exist 
to support perennial lakes and marshes, lush vegetation 
through dry periods, and to give rise to the observed Chinle 
paleosol profiles. This is consistent with monsoonal climate 
and vegetation. 
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