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Abstract—A large number of previously undescribed continental trace fossils are now known from the Late Jurassic as a result of the three year interdisciplinary project “The Morrison Formation Extinct Ecosystem Project” funded by the National Park Service.  This study examined rocks of the Upper Jurassic Morrison Formation associated with national parks, monuments, and historical sites and adjacent areas in the Western Interior of the United States.  Continental ichnofossils are extremely important pieces of evidence for understanding ancient environmental, ecological, and climatic settings.  First, ichnofossils, which preserve evidence of organism-substrate interactions, record invertebrate, vertebrate, and plant biodiversity under-represented by body fossils in the Morrison.  This new ichnofossil evidence demonstrates that there was an abundance of invertebrates predominantly representing terrestrial and freshwater insects.  Ecological tiering of these traces provides vertical and lateral evidence of ancient soil development and water table and soil moisture levels dictated by the local paleohydrologic regime.  The local and regional climatic setting controls these components of the environment, in turn.  Invertebrates and plants are particularly sensitive to changes in the physical, chemical, and biological components of their environment, and thus, are useful paleoclimatic barometers.


Ichnofossil diversity and community composition from the base to the top of the Morrison suggest that the climate in the lower part of the Morrison (Tidwell, Salt Wash Members) was semi-arid to seasonal with pronounced wet and dry periods.  Through time, the climate became wetter with a less pronounced drier interval and more annually distributed rainfall in the upper part of the Morrison (Recapture, Westwater, and Brushy Basin Members).  Some areas in the western part of the Morrison depositional basin experienced a possible rainshadow effect due to mountains/highlands to the west.  This likely produced locally drier climates as a result of annually reduced rainfall that is reflected in depauperate ichnofossil assemblages.  However, further to the east (Utah/Colorado/Wyoming borders) ichnofossil diversity is much higher, reflecting annually wetter climates.

INTRODUCTION


The National Park Service funded a three year interdisciplinary project entitled “The Morrison Formation Extinct Ecosystem Project” that gathered geologic, paleontologic, and geochemical data used to more accurately reconstruct the Late Jurassic ecosystem inhabited by gigantic herbivores, small armored herbivores and omnivores, and ferocious meat eaters. This study examined the Upper Jurassic Morrison Formation associated with national parks, monuments, paleontological areas, historical sites, and adjacent areas in the Western Interior of the United States (Turner and Peterson, 1998).

One of the results of this project was the discovery of a large number of previously undescribed continental trace fossils (Fig.1), some of which have evolutionary and ecological implications for understanding organisms and ecosystems in the Mesozoic.  The traces of Jurassic plants and animals reveal important information about ancient environmental, ecologic, and climatic settings in the Rocky Mountain region between 155-145 million years ago.  Organisms like bees, ants, termites, wasps, dung beetles, carrion beetles, crayfish, caddisflys, mayflys, and many others have burrows, nests, and other traces of their existence in lakes, rivers, floodplains, and dunes (e.g., Hasiotis and Demko, 1996, 1998; Hasiotis, 1998b; Hasiotis et al., 1998a, b).  This study is the first systematic search for evidence of terrestrial and freshwater organisms not preserved or under-represented by body fossils in Jurassic continental rocks in North America.  Root patterns, burrows, nests, tracks, and trails preserve details about organism behavior-substrate interactions that reflect physical, chemical, and biological conditions of the:  (1) depositional setting, (2) ecosystem,  (3) hydrologic regime, (4) soil formation, (5) seasonality of precipitation and temperature, and (6) climatic trends throughout the Late Jurassic (Hasiotis, 1998a).

RESEARCH SUMMARY

At least 38 Jurassic outcrop localities were studied between the 1994 and 1996 field seasons in the Rocky Mountain region from northwestern New Mexico to northwestern Montana.  Numerous outcrops were visited in and around national parks and monuments and paleontological areas.

These include Arches National Park [ARCH] (UT), Bighorn Canyon National Recreation Area [BICA] (WY), Canyonlands National Park [CANY] (UT), Capital Reef National Monument [CARE] (UT), Cleveland-Lloyd Quarry [CLQ] (UT), Colorado National Monument [COLM] (CO), Comanche National Grasslands [CNG] (CO), Curecanti National Recreation Area [CURE] (CO), Garden Park Paleontological Area [GPP] (CO), Dinosaur National Monument [DINO] (UT/CO), Dinosaur Ridge National Historic Site [DRN] (CO), Fruita Paleontological Area [FPA] (CO), Picket Wire Natural Area [PWN] (CO), Red Rocks State Park [RRS] (NM), and Roxborough State Park [RSP] (CO).  Other Morrison localities were investigated in portions of Colorado (Boulder [BO], Dillon [DI], Glenwood Springs [GS], Park Creek Reservoir [PCR], Rabbit Valley [RV]), Montana (Bridger [BR], Belt [BE], Gibson Reservoir [GR], Great Falls [GF]), New Mexico (Aneth [AN], Gallup [GP]), Utah (I-70 Corridor [I-70U], Beclabito Dome [BD], Hanna [HA], Moore Cutoff [MC], Montezuma Creek [MZ], Ruby Ranch [RR], Salt Valley Anticline [SVA]), and Wyoming (Arminto [AR], Alcova [AV], Como Bluff [CB], Grey Bull [GB], Thermopolis [TH]). Ichnofossils from these areas have been documented and photographed.  In some cases, specimens were collected for further study, after which they will be deposited in the Geology Section of the University of Colorado Museum, Boulder.

RESULTS

The Morrison ichnofossils and their implications are presented as a suite of observations used to interpret environmental, ecological and climatic settings for terrestrial and freshwater deposits within one or more closely related intervals.  Nine intervals were defined from formal and informal members of the Morrison (Peterson and Turner, 1989; Turner and Fishman, 1991; Peterson, 1995) as “time-related sequences” and were based on relative stratigraphic equivalency and chronostratigraphic data such as age dates from volcanic ash beds and biostratigraphic ages of microfossils, like pollen and ostracodes.  The intervals are as follows:

1). Basal contact surface/interval of the Morrison Formation and correlative rocks (J-5 and correlative surface).

2). Windy Hill and Tidwell Members beneath the lower alluvial complex (or lower rim Salt Wash Member) in the Colorado Plateau region, lowermost beds of the Bluff Sandstone and Junction Creek Sandstone Member, and Swift Member in Wyoming and Montana.

3). Lower alluvial complex and “Lower Rim” of the Salt Wash Member in western Colorado Plateau, as well as correlative beds of the Tidwell, Bluff, and Junction Creek Members, and correlative beds in the Recapture Member.

4). Middle alluvial sandstone and mudstone complex of the Salt Wash Member in the Colorado Plateau and middle mudstone unit in the eastern part of the Plateau; also includes correlative beds in the Tidwell Member where the lower beds of the Salt Wash pinch-out, Bluff and Junction Creek Members, and correlative beds of the Recapture Member.

5). Upper alluvial sandstones and mudstones of the Salt Wash member in the western part of the Colorado Plateau and “Upper Rim” of the Salt Wash in the eastern Colorado Plateau; also includes correlative beds in the Tidwell Member, Bluff and Junction Creek Members, and correlative beds of the Recapture Member.

6). Lower part of the Brushy Basin Member from the top of the Salt Wash to the clay change within the Brushy Basin; near the top includes the lower part of the Westwater Canyon Member in eastern Colorado Plateau, the lower and middle mudstones and alluvial sandstones of the Fiftymile Member in the Kaiparowits Plateau, and the uppermost Recapture Member in the southern Colorado Plateau.

7). Upper part of the Brushy Basin Member from the clay change to the base of the uppermost Morrison alluvial sandstone beds including the middle and upper Westwater Canyon Member and upper alluvial sandstones in the Fiftymile Member.

8). Uppermost part of the Brushy Basin Member, including the Jackpile Sandstone Member in the southern Colorado Plateau and correlative, unnamed alluvial Morrison sandstones elsewhere.

9). Upper contact/interval of the Morrison Formation with the Lower Cretaceous rocks above the K-1 or K-2 where present.

The following section contains the environmental, ecological, and climatic interpretations of the intervals described above.  The groups of intervals are based on their ichnofossil diversity, distributions, and relationship to paleosols.  Each section begins with a summary of ichnofossil occurrences, a brief description of the paleoenvironments present, and a paleoecologic and paleoclimatic interpretation of the setting.

INTERVALS 1-2

In the area of the Colorado Plateau (Shitamoring Canyon [SC], Trachyte Ranch [TR], Hanna [HA], Alcova [AV], Colorado National Monument [COLM], Dinosaur National Monument [DINO], Como Bluff [CB], etc.), ichnofossils include marine and brackish-water stromatolites (with and without bivalve borings), oyster encrusting grounds, horseshoe crab trails, unidentified crustacean burrows and surface feeding traces, clam resting traces, amphipod suspension feeding burrows, polychaete deposit-feeding burrows, snail grazing trails, nematode crawling trails, pterosaur tracks and feeding traces, and theropod and sauropod dinosaur tracks.  Most of these traces are found in low diversity, high abundance assemblages found in shallow, single to compound tiers of no more than 2-3 cm thick.  These traces suggest marine and marginal-marine to tidal environments (Windy Hill Member) with low to high depositional energy and salinity-stressed deposystems in warm to hot humid settings.  The brackish-water and tidal ichnofossils imply that coastlines had several embayments to form sequences of tidal sediments.The traces in lacustrine settings (Tidwell Member) include mayfly deposit-feeding burrows, midge fly and crane fly deposit-feeding burrows (Diptera), aquatic earthworm trails, nematode trail, pterosaur tracks and feeding traces (scratched surfaces), clam resting traces, crayfish burrows and crawling trails and small horizontal burrows, and theropod and sauropod dinosaur footprints.  Ichnofossils are found in single 2-4 cm deep tiers that are subdivided into shallow and deep tiering compartments; small traces are typically in the shallow part (mayfly, caddisfly burrows), while larger, deeper traces are in the deep compartment (crayfish burrows).  These continental traces suggest that the marginal-lacustrine and lacustrine environments had episodic depositional rates and seasonally high water tables, which would have also resulted in imperfectly drained and poorly developed paleosols.

Trace fossils in fluvial and overbank deposits (Salt Wash Member), modified by pedogenesis, contain solitary and social bee nests, crayfish burrows, beetle burrows, bug burrows, root traces and mottling patterns, pith casts (not true trace fossils) of large 10 cm diameter horsetails (Neocalamites), and theropod and sauropod dinosaur footprints.  Up to four tiers are present in these environments, the deepest of which approximate the water table depth; however, in most places the deepest tier reflects the intermediate vadose zone.  Alluvial environments had weakly developed soils, many with simple to mature, cumulative and compound profiles resulting in successions of weakly modified distal overbank deposits.  Many of these ancient soils contain weakly-developed B horizons, or zones of clay accumulation due to water infiltration and animal activity, with mottling of gray, green, yellow, and purple.  These colors suggest seasonally imperfectly drained settings (gray, green, and yellow) with drier intermediate periods (purple and red).

Small eolian dune fields persisted in the Four Corners area and were scattered up through western Colorado and Wyoming.  Ichnofossils are sparse and simple, composed of mainly indistinct horizontal and vertical burrows.  These dunes were associated with the marginal-marine and marginal-lacustrine environments.

In the Front Range of Colorado (Horsetooth Reservoir [HR], Park Creek Reservoir [PCR]), ichnofossils are similar to that of the Colorado Plateau, but are dominated by stromatolites (also with borings) and polychaete feeding burrows.  These traces indicate that predominately marine and marginal-marine (estuarine and tidal) environments existed in the Fort Collins area.  Lacking is the more common high-abundance, low-diversity brackish-water to stressed-marine assemblages of the Colorado Plateau region.  Here, ichnofossil tiering is similar to marine and marginal-marine environments on the Plateau.  These Front Range ichnofossil occurrences suggest a more restricted environment with either higher salinity or higher energy settings.  The climatic setting in the Front Range was probably similar to that of the Plateau; however, there may have been less precipitation and higher evaporation in the Front Range due to the orographic effects to the west in western Utah.

INTERVAL 3-5

In the Colorado Plateau and surrounding areas (Shitamoring Canyon [SC], Trachyte Ranch [TR], Hanna [HA], Alcova [AV], Dinosaur National Monument [DINO], Como Bluff [CB], etc.), abundant and diverse ichnofossils include at least four types of large and small termite nests, four types of ant nests, three types of bee nests, wasp cocoons, at least five types of beetle burrows (vertical and horizontal), dung beetle nests, soil bug burrows, bivalve resting traces, snail trails, crayfish burrows, various types of plant roots (small plants up to large trees), and several types of sauropod and theropod footprints.  These traces suggest the environments were dominated by proximal and distal alluvial floodplains that formed on and between channel and sheet sandstones with less intercalated overbank fine-grained sediments (greater amounts of fines in western Colorado Plateau).  In several localities termite and ant nests co-occur with several types of beetle burrows and solitary bees’ nests in moderately to well-developed simple paleosols. Up to four tiers are present in these environments, the deepest of which approximate the water table depth.  In places where the water table is very deep, the deepest tier reflects the intermediate vadose zone.  Many of the paleosols that contain discernible trace fossils (e.g., Shitamoring Canyon, Bullfrog, Curecanti) indicate that bioturbation out-paced pedoturbation (soil-forming processes) and sedimentation.  For other types of mature paleosols (e.g., Hanna, Salt Valley Anticline), pedoturbation out-paced bioturbation and sedimentation.  In general, many localities contained paleosols that had parent material and pedogenic characters that were strongly dominated by sedimentation rates that out-paced pedoturbation.

In the Four Corners area (Bluff Member and Eolian Facies of the Recapture Members) isolated eolian erg fields persisted from Interval 1-5.  During these intervals, the sedimentary facies and ichnofossils suggest increasingly wetter settings that eventually stabilized the erg systems with vegetation and paleosols.  These vegetated surfaces included intensive nesting by solitary and social insects.  In the area of Gallup, New Mexico, the upper parts of the ergs (Recapture) contain rhizoliths and giant termite nests.  The uppermost part contains termite nests 30+ m long that followed rhizoliths of trees and small shrubs below the surface.  The bulk of the nests are within the top 15 m.  However, galleries and stacked chambers can be traced to the base of the Bluff, for a total length of nearly 40 m.  In this area, termite galleries that are interpreted to reach the paleo-water table at a depth of nearly 32 m represent the deepest ichnofossil tier.

INTERVAL 6-7

In the Colorado Plateau and surrounding areas (Beclabito Dome [BD], Bighorn Res. [BR], Hanksville [HK], Canon City-Marsh Felch [MF at GPP], Montezuma Creek [MZ], Moore Cutoff [MC]), the trace fossils included crayfish burrows, termite nests, ant nests, cicada burrows, beetle burrows (horizontal and vertical), rare beetle larvae burrows (Scoyenia), beetle-borings (pupal chambers) in dinosaur bones, earthworm pellets and burrows, various sizes of plant roots (small to large diameter, tree-size), and several types of sauropod and theropod footprints.
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Figure 1—A few examples of Morrison trace fossils.  A-B, Ant nest from Hanksville (UT) area and a rock cross-section through part of the nest;  C-D, Termite nests from the Gallup (NM) area with clos-up of internal morphology; E-F, Bees nest from the southern Henry Mountains (UT) area with close-up of some of the cell morphology.

The ichnofossils in these rocks suggest that larger amounts of precipitation fell during the rainy season in these intervals and intervals 8-9.  Crayfish burrows are more abundant than ant nests and termite nests in proximal overbank deposits in the Brushy Basin and Recapture Members (GPP, RV, AN, MC).  In more distal facies (also better drained paleosols) ant nests are more dominant than termite nests in most areas (HA, MC, SC), but both are shallower in overall depth compared to similar structures in the lower part of the Morrison.  There are more occurrences of solitary to primitively-social bees’ nests in these intervals as well (MZ, GPP).  Ichnofossil tiering is similar, but the overall depth of all four tiers is shallower due to higher water tables.

INTERVAL 8-9

Ichnofossils in these intervals include indistinct horizontal and vertical burrows, large (but rare) termite nests, beetle burrows, soil bug burrows, crayfish burrows, and various sized root traces.  These traces predominantly occur in paleosols developed on fine-grained overbank deposits and in buried channel/levee deposits on floodplains.  In interval 8, numerous paleosols occur as immature to mature, simple and cumulative sequences.  Many of the paleosols developed on paludal to marginal-lacustrine settings in Wyoming, or were developed on poorly drained overbank floodplains with episodic deposition.  Near the end of this interval and including interval 9 (the boundary), paleosols became increasingly better developed and more mature.

Paleosols that formed at interval 9 are quite variable and were the result of different lengths of subaerial exposure under particular types of groundwater regimes and depositional settings.  For example, the thick sequence of paleosols (10 m+) developed at Ruby Ranch are composed of cumulative and compound profiles dominated by crayfish burrows and rhizoliths.  These paleosols formed during seasonally high and fluctuating groundwater table conditions in an imperfectly drained area.  Four ichnofossil tiers are present, a little deeper than in the previous intervals, possibly due to environmental or climatic changes.  These ichnofossils and paleosols were later calcretized by an early Cretaceous event.  The boundary paleosols (2 m+) at Salt Valley Anticline are drab-colored olive-green, mottled red, yellow, and brown produced by interactions between the primary and secondary taproot rhizoliths (with finer-scale rootlets) and the substrate.  The boundary paleosol at Dinosaur Ridge National Historic Site is a thick, clay accumulation (2 m) that is well developed and represents a long-term surface of exposure.  The paleosol is dominated by red and purple mottles with minor amounts of yellow and white mottles and is intensely bioturbated with fine rootlets, soil bugs and beetle burrows.

CONCLUSIONS

Based on the ichnofossil assemblages and their association with paleosols in the rocks of the Upper Jurassic Morrison Formation, the Morrison environments became increasingly wetter from the Tidwell and Salt Wash to the end of Brushy Basin and equivalent deposits.  Paleosols are local and regional discontinuity features (e.g., Kraus and Bown, 1986; Bown and Kraus, 1987; Hasiotis 1997; Demko et al., 1998) that, in the Morrison, also reflect increasingly wetter climates through time.  They also record extensive bioturbation by rooted vegetation from the Salt Wash up through the Brushy Basin.  Paleosols also preserve short to long periods of infrequent deposition and regional subaerial exposure.  On these surfaces, trace-making organisms, from plant roots and beetles to huge sauropods, left attributes that reflect the hydrologic and climatic setting of that time.  The various paleosols resulted in surfaces that could be used as sequence stratigraphic boundaries signaling changes in regional base level, sedimentation, climate, and tectonics through time.

Morrison ichnofossils are important because they represent the activity of different types of invertebrates, vertebrates, and plants that otherwise are not preserved as body fossils.  Ichnofossils also record the interactions of paleocommunity elements with one another.  Since traces are found in place, understanding their presence and distribution produces more accurate paleoecological interpretations (e.g., Hasiotis and Bown, 1992).  Invertebrate ichnofossils are the most useful paleoenvironmental and paleoecological indicators because they are physiologically constrained to specific moisture and substrate conditions, and salinity ranges, by their environment.  Thus, ichnofossils provide information that is complementary to interpretations inferred from body fossils.   Together they can resolve: 1) salinity gradients, 2) frequency and magnitude of depositional events, 3) sedimentation rates, 4) soil moisture and water table regimes, 5) other physico-chemical gradients, 6) habitat energy flow, 7) environmental stability, 8) changes in paleoecosystems, and 9) changes and trends in paleoclimate.
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