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Abstract—Sedimentologic analysis and complete measured stratigraphic sections of the entire Upper Triassic Chinle Formation exposed in Petrified Forest National Park, Arizona have identified a succession of incised paleovalley cut-and-fill complexes in the lower part of the Chinle. These paleovalley complexes are similar in aspect and process of formation to the sediment-filled scours in the Petrified Forest Member of the Chinle Formation in the Park that were described by earlier workers. In addition, this research highlights the first recognition of exposures of the Moenkopi Formation and Shinarump Member of the Chinle Formation within Petrified Forest National Park.. The uppermost part of the Moenkopi has been incised by a paleovalley cut prior to deposition of the Shinarump, and the Moenkopi that was exposed on interfluves between Shinarump paleovalleys was peodogenically modified into "mottled strata" typical of similar Moenkopi exposures elsewhere on the Colorado Plateau. Outcrops of the Shinarump, Monitor Butte, and Mesa Redondo Members of the Chinle Formation in Petrified Forest National Park are similar to other exposures in this region of northeastern Arizona in that they successively fill paleovalleys cut into underlying older units. Recognition of the paleovalley cuts and their subsequent fill elucidates the stratigraphic complexity of the lower Chinle and the relative ages of the units. 

  ____________________ 

INTRODUCTION

T

he Upper Triassic Chinle Formation has long been known to have been deposited in a fully continental basin (Stewart et al., 1972, and references therein). Based on detailed mapping and measurement of stratigraphic sections by various workers over the past forty years, the lower part of the Chinle (Shinarump, Mesa Redondo, and Monitor Butte Members and their stratigraphic equivalents) was previously described as a complexly interfingered succession of strata (Witkind, 1956, 1961; Cooley, 1959; Phoenix, 1963; Witkind and Thaden, 1963; Davidson, 1967; Stewart et al., 1972). More recently, however, sedimentologic analyses and application of concepts from other continental case studies have led to reinterpretations of much of the "complex interfingering" as a succession of incised paleovalley cut-and-fill complexes (Blakey and Gubitosa, 1983, 1984; Pierson, 1984; Kraus and Bown, 1986; Dubiel, 1987, 1992, 1994; Haney, 1987; Kraus and Middleton, 1987; Blakey, 1989; Demko, 1995a,b; Demko et al., 1998). These paleovalley erosional systems and their subsequent stratal fill are replete with valley walls, interfluve areas with superposed paleosols, and tributary drainage systems. Petrified Forest National Park (PEFO) is located near the interfluve (drainage divide) between two major Shinarump Member paleodrainages (Figure 1): the Painted Desert and the Vermillion Cliffs paleovalleys of Blakey (1989). In addition, Petrified Forest National Park's position is also on the margin of a younger Monitor Butte paleovalley system (Demko et al., 1998), compounding the complexity of stratal relations in the lower part of the Chinle. Because of its position in this paleogeographic setting, the stratigraphy of the lower part of the Chinle Formation within Petrified Forest National Park is characterized by thinner stratal packages and more evidence of pedogenesis than is typical of some of the Chinle Formation in areas to the east or west of the Park that are within the axes of the Shinarump paleovalleys (Figure 2). Although even younger paleovalley erosional surfaces and their fills are present in the upper part of the Chinle Formation in and around Petrified Forest National Park (Kraus and Bown, 1986; Kraus and Middleton, 1987) and elsewhere in the Chinle on the Colorado Plateau (Stewart et al., 1972; Dubiel, 1994), they are not described here. 

STRATIGRAPHIC SETTING

Mapping and stratigraphic section measurement for sedimentologic research on the Chinle Formation throughout the Colorado Plateau (Dubiel, 1987, 1994; Demko, 1995a; Hasiotis, 1996) and for construction of a complete stratigraphic section of the Chinle specifically for Petrified Forest National Park (Dubiel, 1993; Hasiotis and Dubiel, 1993a,b; Demko, 1995b; Dubiel et al., 1995; Hasiotis and Dubiel, 1995a,b; Demko et al., 1998; Hasiotis et al. 1998) highlighted several sedimentologic features and concepts impacting the interpretation of the stratigraphy of the lower part of the Chinle Formation. First, the oldest stratigraphic interval exposed within the Park is the pedogenically-modified uppermost exposures of the Lower and Middle Triassic Moenkopi Formation. The uppermost Moenkopi exhibits the typical blue and white mottled coloration and large-diameter burrows characteristic of the unit elsewhere on the Colorado Plateau. Elsewhere on the Colorado Plateau the unit has been referred to by earlier workers (e.g., Stewart et al., 1972; Dubiel, 1987, 1994) as the "mottled strata" and was formed under subaerial pedogenic weathering processes similar to those that formed the mottled strata in the Chinle (Stewart et al., 1972; Dubiel, 1987, 1994). This interval of Moenkopi exposed, in Petrified Forest National Park, pedogenically modified while it formed part of the interfluve concommitant with cutting and filling of the adjacent lowest Shinarump paleovalleys in the Chinle, is exposed in low-relief hills in and along the wash between The Haystacks and Newspaper Rock Mesa south of the Teepees in Petrified Forest National Park. Second, there are patchy outcrops of coarse to very-coarse grained, quartz-overgrowth-cemented sandstone (0-1.75 m thick), similar lithologically, petrographically, and sedimentologically to the Shinarump Member elsewhere, that occur in small scours cut into the underlying mottled strata of the Moenkopi. Finally, the stratal package that includes the Newspaper Sandstone (sensu Billingsley, 1985) and the olive-green to greenish-gray "leaf shale" beds of the Tepees area (see Stagner, 1941) is a genetic package of facies that fills an incised valley cut into underlying red and purple-red mudstones and gray tuffaceous sandstones. The cut and fill was noted by Kraus and Bown, 1986, although they did not use the term paleovalley. These in turn, rest upon the course-grained sandstones of the Shinarump and the mottled strata at the top of the Moenkopi (Demko, 1995a,b; Dubiel et al., 1995). This entire package is capped by a thick, well-developed, red calcareous vertisol that forms a distinctive, easily correlatable red band around the Tepees area and east to Blue Mesa (Demko, 1995a,b). 
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Figure 1—Map showing location of Petrified Forest National Park in northern Arizona and its 

position relative to paleovalleys within the Chinle Formation. Also shown is line of cross 

section depicted in Figure 2

INTERPRETATION

We have interpreted the succession of facies described above, from "mottled strata" developed on the Moenkopi Formation through the distinctive red vertisol, to be time-equivalent, in ascending order, to the pedogenically modified uppermost exposures of the Moenkopi Formation, and to the Shinarump, Mesa Redondo, and Monitor Butte Members of the Chinle Formation (Dubiel et al., 1995) as they are recognized and described farther to the east of Petrifed Forest National Park where they were deposited within the axes of the aforementioned paleovalleys. The mottled unit at the base of our measured sections in Petrified Forest National Park is identical to pedogenically modified Moenkopi observed elsewhere on the Colorado Plateau (Stewart et al., 1972; Dubiel 1987; 1994), whereas the coarse-grained, quartz-cemented sandstones that overlie this unit are petrographically and sedimentologically identical to thicker and better exposed Shinarump Member sandstones within the Painted Desert paleovalley trend and to other Shinarump outcrops throughout the Colorado Plateau (Witkind, 1956; Phoenix, 1963; Witkind and Thaden, 1963; Davidson, 1967; Stewart et al., 1972; Blakey and Gubitosa, 1983, 1984; Pierson, 1984; Dubiel, 1987, 1994; Haney, 1987). The thin and patchy nature of the coarse-grained sandstones are interpreted to reflect the relative position of Petrifed Forest National Park on an interfluve of the main Shinarump paleovalley systems. Furthermore, because these small Shinarump outcrops are topographically higher than exposures of the Shinarump adjacent to the Park, we interpret the coarse sandstones as deposits of stratigraphically higher, and thus slightly younger, small fluvial deposits relative to the main trunk paleodrainage system within the major Shinarump paleovalley. 

The succession of red and purple-red mudstones and tuffaceous sandstones that overlie the pedogenically modified mottled strata of the Moenkopi and the coarse Shinarump sandstones is equivalent to the Mesa Redondo Member of Cooley (1958; 1959) and to the "lower red member" of Stewart et al. (1972). These strata were the youngest to be deposited within the Shinarump-age paleovalleys, and at their latest stages, they were deposited in a position such that the Mesa Redondo units overtopped the interfluves. They are characterized by gleyed, well-drained paleosols and trough cross-bedded sandstones. This succession was then incised again due to degradation of the drainage system (see Figure 7 in Stewart et al., 1972), which cut a subsequent paleovalley almost paleogeographically coincident with the underlying Shinarump paleovalley (Figure 1). This second paleovalley was subsequently filled by the greenish-gray and olive shales and fine-grained, ripple-laminated sandstones of the Monitor Butte Member. The correlation of these strata with the thicker sections of the Monitor Butte Member to the east and northeast of Petrifed Forest National Park is supported by both sedimentology (Stewart et al., 1972a; Dubiel, 1994; Demko, 1995a) and by plant microfossil (Litwin et al., 1991) and macrofossil zonations (Ash, 1970, 1972a,b, 1975, 1989). Within this and other Monitor Butte paleovalley axes, there is evidence of a series of cutting and filling episodes marked by well-developed paleosols and mass-movement slumps of the paleovalley walls (previously described by Green, 1956; Ash, 1978; and Dubiel et al., 1993). However, at Petrifed Forest National Park, on the edge of the paleovalley, only the last cut-and-fill episode is recorded by the preserved strata, which includes the comparatively thin "leaf shale" and Newspaper sandstone on the edge of this paleovalley system (see Ash, 1978; Billingsley, 1985; and Demko, 1995a for terminology). The well-developed red calcareous vertisol at the top of Monitor Butte-equivalent strata represents pedogenic modification of the final stages of aggradation of the paleovalley system; above this stratigraphic level there was a change in Chinle fluvial style from the paleovalley-wall confined systems of the Shinarump through Monitor Butte, to rivers not confined within paleovalley walls of the overlying Petrified Forest Member (Blakey and Gubitosa, 1984; Dubiel, 1994; Demko, 1995). 

DISCUSSION

Based on our interpretation, summarized above in this paper, we submit that Heckert and Lucas (1998) did not identify the Mesa Redondo and Shinarump Members of Cooley (1958, 1959) and Repenning et al. (1969) in Petrified Forest National Park, but instead included them within their "Petrified Forest Formation" (Lucas, 1993). We also note that Heckert and Lucas (1998) incorrectly restated lithologic descriptions and interpretations from Dubiel et al. (1995). Their figure 4 (Heckert and Lucas, 1998, p. 133) attributes a Chinle stratigraphic column and interpretation to "Dubiel et al., 1995" that could not have been constructed from the information in that report because it is an abstract with no illustrations and with insufficient text information to reconstruct a schematic stratigraphic column. Thus, Hechert and Lucas (1998) attributed a diagrammatic interpretation to us that does not represent our actual published data and interpretations. Our complete measured section of the entire Chinle Formation in Petrified Forest National Park was available in Demko (1995a,b) and Hasiotis et al. (1998) and is reproduced here as Fig. 2. Our measured section extends downward about 30 m farther than the diagram attributed to us by Heckert and Lucas' (1998). This additional 30 m includes the Shinarump and Monitor Butte Members of the Chinle Formation that Heckert and Lucas (1998) contend are not present in Petrified Forest National Park. Thus, the arguments in Heckert and Lucas (1998) that "Dubiel et al., 1995" misidentified or miscorrelated strata at the base of the Chinle in Petrifed Forest National Park are moot because those statements are based on either their misreadings our work or not identifying or recognize the critical outcrops under discussion. It is possible that Heckert and Lucas (1998) simply made an error in referencing "Dubiel et al. (1995)" rather than Demko (1995a or 1995b) or Hasiotis et al. (1998), each of which do contain our published measured section, but if that is the case, then they incorrectly reproduced the actual stratigraphic units and measured stratigraphic thicknesses reported in our measured section. The entire discussion by Heckert and Lucas (1998) that outcrops of Moenkopi and Shinarump strata can not occur in Petrified Forest National Park based on their assumed lithostratigraphy is obviated by the fact that the critical outcrops of these units occur around and south of the Teepees where the Chinle displays several superposed paleovalleys.
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  Figure 2---- Stratigraphic cross section of measured sections of the Chinle Formation in and near Petrified Forest National Park, showing stratigraphy and nomenclature of units and their related paleovalley systems (shown by heavy lines). The figure is not meant to show individual unit lithology, but the relative width of the individual stratigraphic column denotes sandstone (thick) and mudstone (thin) units. The Owl Rock Member is only shown schematically to contain carbonate and calcareous siltstone units. Sections at PEFO, Lupton, and Ft. Wingate are by the authors, and sections at Castle Butte and Chambers are from Repenning et al., (1969).

Heckert and Lucas (1998) suggested that the oldest strata in PEFO were their "Blue Mesa Member of the Petrified Forest Formation" and that Dubiel et al. (1995) misidentified and miscorrelated certain strata within Petrifed Forest National Park. The basis of their assignment rests on the general composition and coloration of the mudstones and sandstones that commonly occur below the Sonsela Sandstone and on their interpretation of tetrapod biostratigraphy (Lucas, 1993, 1997). Their "Blue Mesa Member of the Petrified Forest Formation", as well as many other units they describe, is purported to be present and laterally continuous from west-central New Mexico to southeastern Nevada (Lucas, 1993; 1997).

The recognition of paleovalley systems, and successive cut and fill events in the Chinle of Pertrified Forest National and elsewhere is of signal importance to the relative stratigraphy of the strata and the biostratigraphy interpreted from those rocks. Facies that might first appear to be laterally adjacent, and thus correlative, may in fact be separated by scoured surfaces; their subsequent fill by younger rocks places strata of different ages in an apparent laterally adjacent position, a relation previously described for the both the Petrified Forest Member of the Chinle Formation higher in the section in Petrifed Forest National Park and for the Willwood Formation of the Bighorn Basin (Bown and Kraus, 1981a,b; Bown, 1984; Kraus and Middleton, 1984; Kraus and Bown, 1986). In the lower part of the Chinle Formation in Petrified Forest National Park (and in the Petrified Forest Member as noted by earlier workers), recognition and documentation of these paleovalley fills, their relative ages, and their relative paleogeography, are crucial for defining stratigraphic and biostratigraphic relations.

In addition to the signal importance of the identification of the Moenkopi Formation and Shinarump Member of the Chinle Formation in Petrified Forest National Park for stratigraphic and biostratigraphic correlation and sedimentologic analyses of depositional systems, there are other major ramifications for the application of old and new nomenclature to these Triassic rocks, especially over large areas. Such a situation exists in the attempt to raise the Chinle Formation to group-status. Discussions describing the utility of established Chinle Formation nomenclature have already been well presented by Dubiel (1994). The accepted member designations within the Chinle Formation (e.g., Stewart et al., 1972a; Dubiel, 1994) are well-defined and of local significance because they represent several disparate facies and successions of strata (Dubiel, 1994). Many of the deposits belong to specific incised paleovalley-fill systems (e.g., Blakey, 1989; Dubiel, 1994). The well-established formal and informal names also represent rocks that were deposited under distinct subsidence rate, base-level, and climatic settings. These major controls manifest themselves as alluvial, lacustrine, and eolian sequences with unique internal geometries that cannot be randomly correlated lithostratigraphically across large regions of a fully-continental basin, especially when large-scale incised paleovalleys are present. An attempt at lithostratigraphic correlation (Lucas, 1993, 1997) illustrates major flaws using simple layer-cake lithostratigraphic correlations to reproduce stratigraphic relations within Upper Triassic rocks in the western United States. 
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