






[image: PDFHALL.COM]






Menu





	 maison
	 Ajouter le document
	 Signe
	 Créer un compte







































Chapter 2

2-10. Figure 2.1-4. Footprint morphotype A. A) Photography of trackway 1, in first plane footprint 1 (right foot). ...... outcrops and museum collections indicate a low abundance of carnivorous dinosaurs in ...... Tokio: National Science. Museum ... 

















 Télécharger le PDF 






 4MB taille
 3 téléchargements
 439 vues






 commentaire





 Report
























Chapter 2 LATE JURASSIC-EARLY CRETACEOUS DINOSAUR FOOTPRINTS IN SOUTH AMERICA: DESCRIPTION AND INTERPRETATION



Chapter 2. Dinosaur footprints in South America: Description and Interpretation



2.1. New Late Jurassic dinosaur footprints from northern Chile.



[Translated from: Moreno K, Blanco N, Tomlinson A. 2004. Nuevas huellas de dinosaurios del Jurásico Superior en el norte de Chile, Ameghiniana, 41: 535-543]



2.1.1. Abstract Sauropod and theropod footprints have been identified west of the city of Calama, Region II of Chile, in red beds belonging to the Estación Member of the San Salvador Formation (Kimmeridgian - Lower Cretaceous). Narrow-gauge sauropod ichnites and three different morphologies of theropod footprints are described: A) medium- to large-sized tetradactyl impressions, with little difference in size between digits II-IV, and a II-IV interdigital angle of 66º; B) small- to medium-sized tridactyl prints, with a marked difference in size between digits III and II/IV, and a II-IV interdigital angle of 85º; and C) a subaqueous tridactyl print, probably made by only one foot of the animal. The San Salvador tracksite is assumed to be Upper Jurassic in age, because it is similar to other tracksites of this period in lacking wide-gauge sauropod footprints. This fact is probably correlated with the absence of titanosaurid body fossils in the Jurassic of South America.
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2.1.2. Introduction Several Late Jurassic – Early Cretaceous localities with dinosaur footprints in the north and centre of Chile have been found: 1) Baños del Flaco Formation (Klohn, 1960), VI region, Tithonian – Late Jurassic (Biró-Bagóczky, 1984), which is characterized by an arid environment (carbonate platform), containing narrow-gauge sauropod footprints (Iguanodonichnus frenki,; see section 2.2); medium sized theropod footprints, (circa 24 cm long, 25 cm wide; Moreno and Pino, 2002); and small sized ornithopod footprints (Camptosaurichnus fasolae; Casamiquela and Fasola, 1968) circa 21 cm long, 16 cm wide. 2) Chacarilla Formation, I and II Region, Late Jurassic – Early Cretaceous (Blanco et al., 2000), which correspond to a meandering river environment. The ichnofauna includes wide-gauge sauropod footprints (Brontopodus morphotype; Lockley et al., 1994b), narrow-gauge sauropod footprints (Parabrontopodus; Lockley et al., 1994b), large ornithopod footprints (50 cm long x 55 cm wide) and theropod footprints of a wide variety of sizes from 10 cm long and 5 cm wide to 60 cm long to 50 cm wide (Moreno et al., 2000; see section 2.3), distributed in several levels of the outcrop (Moreno, 2001); 3) Monardes Canyon, III Region, Late Jurassic – Early Cretaceous (Bell and Suárez, 1989). A flooding platform environment; its ichnofauna is composed by medium sized theropod footprints, circa 24 cm long, 12 cm wide (Bell and Suárez, 1989). The new locality with dinosaur footprints described in the present work was found by the geologist J.C. Vicente in 2001, in the red beds of the Estación Member of the San Salvador Formation (Lira, 1989), exposed along the San Salvador river, west of Calama City, II Region, Northern Chile.
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2.1.3. Geology The San Salvador Formation (hereafter SSF) as named by Lira (1989) is concordant and transitional over the marine sediments of the Caracoles group, which were probably deposited during the Sinemurian-Kimmeridgian period (Marinovic and Lahsen, 1984). SSF is concordantly subjacent to the Volcanitas de la Cuesta de Montecristo unit mainly composed of volcanic and volcanoclastic rocks from the late Early Cretaceous (Ladino et al., 1999). These stratigraphical observations provide an age for the SSF deposition between the Kimmeridgian and Early Cretaceous (Fig 2.1-1A). Two sub-groups have been identified within SSF (Lira, 1989): (1)



A lower Estación member which presents in its lower half grey and light green



calcareous sandstones, grey to greenish mudstone and grey to black shale of marine origin. The upper half is composed of red quartziferous sandstones of fine to medium size and red mudstones of continental origin (Fig. 2.1-1B); (2)



An upper El Morro member characterized by sandstone and coarse



conglomerates of continental alluvial origin. The trackbed studied here is located in the upper half of the Estación member (Fig. 2.1-1.B), which is exposed in the occidental edge of an anticline fold, with strata of submeridional direction and a 60º WNW dip. Marine rocks that constitute the lower part of the Estación member are present in the central part of the anticline. The change from marine to continental facies is recorded through a sequence of increasing grain size and strata thickness, which agrees with the progradation of a deltaic lobule. The trackbed itself is composed of a series of well-stratified layers of red sandstones and limestone metric to decametric in length. These layers often have an erosive base and frequent cross-lamination (ripple marks), which indicates water flow toward the West. The stratification follows a



2-4



Chapter 2. Dinosaur footprints in South America: Description and Interpretation



repetitive sequence of layers 0.5-1.5 m thick with decreasing strata thickness and grain size. Locally, inclined strata of epsilon-type and metric thickness can be observed. These correspond to a surface of lateral accretion originated from point bars, which together with the remaining stratification, suggest lateral migration of fluvial channels as for sinuous rivers. Such lithology as a whole represents flood plain deposits associated with meandering river channels. Therefore it appears that the Estación member can be correlated lithostratigraphically and also, based on our observations, chronologically with the lower part of the Chacarilla Formation, which is late Jurassic in age and is located 200 km to the North (Blanco et al., 2000; Rubilar et al., 2000).
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Figure 2.1-1. Stratigraphic position of the footprints. A) Mesozoic stratigraphy in Calama area and location of its ichnofauna (San Salvador Formation, Estación Member). B) Simplified column of the Estación Member, San Salvador Formation. Data taken from the San Salvador river. Location of dinosaur ichnites is indicated. 1 = sandstones; 2 = shale; 3 = cross bedding, 4 = current ripple marks; 5 = wave ripplemarks; 6 = desiccation marks; 7 = fragmentary fossil fish; 8 = palaeocurrent vector; 9 = dinosaur footprint and orientation.
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2.1.4. Materials and methods The dinosaur trackways are distributed along several outcrops of the “Miembro Estación” upper half; UTM coordinates 490859 / 7515348 (Fig. 2.1-2). Due to the steep 60º slope of the trackbed, only certain footprint sites were accessible for study (numbers, Fig. 2.1-2). The inaccessible footprints were therefore not measured, but were instead identified via binoculars (“tb” and “s”, Fig. 2.1-2). All the footprints are in situ as concave epireliefs.



Figure 2.1-2. Sketch showing the distribution of dinosaur tracks in relevant outcrops. Numbers 1 to 10 indicate theropod trackways in which measurements were taken (Table 2.1-1). S = narrow-gauge sauropod trackway, t = theropod footprints, dt = dinoturbation. Trackways 1, 2, 3, 4, t, and s are located in the same stratigraphic level. Approximate scale 50 m.
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The ichnofauna is composed of theropods in a wide variety of sizes ranging from 13 cm long by 11 cm wide to 52 cm long by 34 cm wide (table 2.1-1), to narrow-gauge sauropods (Parabrontopodus; Lockley et al., 1994b) (“s” in Fig. 2.1-2). Furthermore, Ophiomorpha invertebrate traces (branched tunnels with walls are enforced by pellets, attributed to anomuran crustaceous; Bromley, 1990) have been found in outcrops near the trackbeds. Some if the footprints display a preferential east-west orientation, perpendicularly to the ripplemarks axis, which covers the substrate surface. However, the dinoturbation is fairly high in certain sectors, which complicates the identification of the footprints (“tb” in Fig. 2.1-2). Comparisons were made with morphologically relevant ichnogenus (Calvo, 1991; Harris et al., 1996; Lockley et al., 1996; Harris, 1997; Olsen et al., 1998; Thulborn, 2001). Measurements of the posterior margin of the footprint and the metatarsus-phalangeal pad of the III digit (∆, Fig. 2.1-3) were taken due to its prior use (Lockley et al., 1996, 1998) in ichnotaxon identification of Megalosauripus (Lockley et al., 1996) and Eubrontes (Hitchcock, 1845; Olsen et al., 1998). Data from Megalosauripus (Lockley et al., 1996) were used despite nomenclatural problems (see Thulborn, 2001). Taxonomic discussions were considered outside the objective of the present research.



2-8



Chapter 2. Dinosaur footprints in South America: Description and Interpretation



Figure 2.1-3. Sketch of the measurements used for footprint description (modified from Olsen et al. 1998). W = footprint width; L = total length of the footprint; T = total length of the phalangeal part of the foot skeleton; θ = divarication angle of digits II-IV; R = length of the rear of phalangeal part of foot; and ∆ = distance between the posterior margin of the footprint and the metatarsus-phalangeal pad of the III digit.



The method described in Olsen et al. (1998) was used for the calculation of the digit III projection ratio (Olsen et al., 1998: P = R’/(T - R’); R’= R /cos (θ/2). R is the length of the rear of phalangeal part of foot; T is the total length of the foot measured from the footprint; and θ is the angle between medial and lateral digits (Fig. 2.1-3). It is important to notice here that, contrary to expectation, a higher P value means a smaller difference of length between digit III and digits II and IV.
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Figure 2.1-4. Footprint morphotype A. A) Photography of trackway 1, in first plane footprint 1 (right foot). The picture was taken at about 45° from the outcrop. B) Footprint sketch with position of pads, which were drawn from other footprints of the trackway. A correction to plane 0° was applied to the scheme. Arrow indicates digit I. Scale 25 cm.



2.1.5. Description A) Medium to large tetradactyl impression, 28 - 52 cm long and 25 - 34 cm wide, with footprint length/width proportion equal to 1.3±0.2 and digit III projection ratio (P, Olsen et al., 1998) of 11.1 ± 0.2 (Fig. 2.1-4; tables 2.1-1 and 2). The digit I impression is directed 50º from the base of digit II (osteological estimate). Its length is 28% of the total footprint length. This impression is present in all the footprints, and its depth varies from 0.5 to 7 cm. Digit II, III and IV length (osteological estimate) correspond to 36%, 66% and 89% of the total footprint length respectively. Digit divergence angle is 32º for II and III; and 34º between digits III and IV.
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The digit II impression is significantly narrower than III and IV. II and IV ungual impressions are medially curved. Pedal pads are preserved as a shallow contour and phalanges 3 and 4 of digit IV are larger than 1 and 2 (Fig 2.1-4). A tarsometatarsal (“heel”) impression is absent. The distance between the rear of phalangeal part of foot (digit III base) and the posterior margin of the footprint (∆/L) correspond to the 30% of the footprint total length (Table 2.1-2). This morphology is present in trackways 1, 3, 4 and 10, from which 1, 3 and 4 are in the same stratigraphic level (Fig. 2.1-2).



Table 2.1-1. Mean measurements of the dinosaur footprints at San Salvador Formation. Footprint Trackway nº Quantity



W L (cm) (cm)



L/W (cm)



Pace angle (º)



Estimated speed S (cm)



H (cm)



S/H



m/s



km/h



0



172 255 126 172 181 47



1.08 0.86 1.45 1.13 0.24



0.7 0.6 1.0 0.8 0.2



2.7 2.2 3.8 2.9 0.6



4.5 4.5 4.5 4.5 4.5 5 0



77 72 72 68 68 71 4



0.83 0.71 1.57 1.48 1.15 0.44



0.3 0.2 0.9 0.8 0.6 0.3



1.1 0.9 3.1 2.9 2.0 1.2



4.5



-



-



-



-



H factor*



Morphotype A 1 3 4 10 Average St. Dev.



10 6 5 1



32 34 25 28 30 3



35 52 28 35 38 9



1.1 1.5 1.1 1.3 1.2 0.2



175 180 180 178 2



186 220 183 196 17



4.9 4.9 4.5 4.9



Morphotype B 2 5 6 8 9 Average St. Dev.



1 5 8 5 11



10 12 12 12 12 12 1



17 16 16 15 15 16 1



1.7 1.3 1.3 1.3 1.3 1.4 0.2



165 110 135 161 143 26



60 51 106 100 79 28



Morphotype C 7



5



17



13



180



54



W = footprint width; L = footprint length; S = Stride length; H = Hip height. Estimated speed was taken from Alexander (1976), using hip height factor (Thulborn, 1989): 4.9 for theropod footprints > 30 cm, and 4.5 for theropod footprints < 30 cm.
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The estimated speed from the trackways (Alexander, 1976) is 3.0 ± 0.8 km/h (Table 2.1-1). The stride length/hip height ratio is 1.1 ± 0.3 (Table 2.1-1), which indicates a slow locomotion (stride length/hip height 50



1.3-1.5



100



2.5*



>50*



Lessertisseur 1955. sensu Thulborn (2001)



3



>51



1.2



36



Lockley et al. 1996. nomen nudum after Thulborn (2001)



34-58* 1.6-3.3*



L/W = total footprint length / footprint width ratio; θ = divarication angle of digits II-IV; P = digit III projection ratio (Olsen et al. 1998: R’/ T-R’ = R cosθ/2); ∆/L percentage of the distance between the rear margin of the third metatarso-phalangeal pad and the total footprint length. See definitions in Figure 3. *Values were obtained from figures in respective publications.
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2.1.6. Discussion 2.1.6.1. Morphotype A



The impression of digit I depends on three factors: degree of the autopod penetration into the substrate (substrate depth), length and position of the hallux (Gatesy et al., 1999). Because these factors must occur simultaneously with good preservation, the digit I impression is rare within the fossil record. All the footprints grouped in the morphotype A present hallux impression (Fig. 2.1-4) despite its great depth variation (0.5 – 7 cm). Because of this fact, we believe that the hallux length and position in the trackmaker’s foot are the most important factors modifying the footprint morphology in this particular case. Digit I impression differentiates right from the base of digit II, forming a 90° angle, similar to Picunichnus benedettoi (Calvo, 1991) and Saurexallopus lovei (Harris, 1997), from Albian-Cenomanian? and Maastrichtian respectively. But not Megalosauripus (Lessertisseur, 1955) (sensu Thulborn, 2001), in which the digit is curved backward, and placed half way from the tarsus-metatarsal impression, remarkably distant from the base of digit II. Comparing various morphologic features between all the relevant ichnotaxa and the morphotype A (Table 2.1-2), marked differences are evident. The also tetradactyl footprint of P. benedettoi has a much smaller digit III projection ratio (which indicates a greater difference of the digit III length compared to the lateral digits). S. lovei, which agrees with morphotype A on the overall shape, differs in the much higher digit divergence angle (θ). If L/W ratios in all ichnites, tridactyl and tetradactyl, are taken into account (Table 2.1-2), three ichnogenera present the closest values to the morphotype A, ranging from 1.2 to 1.5:
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1) Eubrontes (sensu Olsen et al., 1998); 2) Megalosauripus (sensu Thulborn, 2001); and 3) Megalosauripus (Hitchcock, 1858) (sensu Lockley et al., 1996, 1998).



However P values are much lower, which means that in these three ichnogenera the digit III is significantly longer than II and IV, which contrasts with the length regularity of the digits in morphotype A (i.e. higher P value). All studied ichnotaxa presented important differences with morphotype A described in this paper, which could have been either generated by a different animal or preservation conditions. We prefer not to generate a new ichnotaxon because of the present controversy over the defining characteristics that would lead to a new name, and the questionable value it would provide. It is clear, however, that a general revision needs to be made in order to clarify the actual complexity and multiplicity of the dinosaurian ichnotaxa, which currently only creates confusion. Such revision is beyond the objective of the present work.



2.1.6.2. Morphotype B



P values (digit III projection ratio) and total length (L) agrees with the ones present in Grallator (Hitchcock, 1858) (sensu Olsen et al., 1998), however interdigital angle between II - IV is much higher in morphotype B (Table 2.1-2), which implies a strong lateral rotation of the metatarsus-phalangeal joint and therefore constitutes an important morphologic difference between the trackmakers. Large angles have been described in Megalosauripus (Lessertisseur, 1955) (sensu Thulborn, 2001); but the size range, the presence of tarsometatarsal impressions (“heel pad”), and P and ∆/L values are largely different from morphotype B (Table 2.1-2). Therefore these tracks should not be assigned to Megalosauripus ichnogenera. In the case of Saurexallopus lovei (Whyte and Romano,
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2001); which shares a high interdigital angle II-IV with the morphotype B, but the P value is notably different. Despite the numerous morphological differences found between the relevant ichnotaxa and the morphotype B, we prefer not to create a new name, for the same reasons explained above in the morphotype A.



2.1.6.3. Morphotype C



This morphotype results from the movement of the digits backward, in which only the tips of the toes penetrate the substrate. Both the absence of the tarsometatarsal (“heel”) impression and the parallel arrangement of the scratch marks indicate that the weight of the animal is not supported by the feet, hence it is reasonable to think that the animal could be floating. The morphotype C is interpreted as propulsion marks of a swimming dinosaur, and are tentatively assigned to the Characichnos Whyte and Romano (2001) ichnogenera, which comprise all tetrapod swimming marks. The Characichnos diagnosis is as follows: “Two to four elongate, parallel hypichnial ridges (or epichnial grooves) which may be straight, gently curved or slightly sinuous. The termination of the ridges (or grooves) may be straight or sharply reflexed. Trackway consists of two rows of tracks; the long axes of the tracks are parallel to each other in a straight trackway, and either parallel or oblique to the midline of the trackway.” p. 232. However, morphotype C trackways differs from Characichnos because it presents only one row of tracks, in which each longitudinal print axis is coincident with the trackway axis (Fig. 2.1-6). This difference in the track disposition in addition to the close proximity of each track (9 cm between them), suggest that the impressions could have been made by only one foot, either right or left.
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Characichnos tridactylus (Whyte and Romano, 2001) exhibits a ridge in the back of the print that correspond to a shallow impression of the posterior part of the foot. In morphotype C there are not additional marks apart from the digits, which probably means that the level of the water was comparatively higher, so that the animal couldn’t reach the bottom with the rest of the foot. Coombs (1980) described a different morphology attributed to a swimming theropod dinosaur. In his description of the footprints, the central impression is located slightly forward and corresponds to a claw and a portion of the distal digit pad, which is shaped as a half moon. The tips of the lateral toes dragged backward into the substrate; leaving a narrow impression shaped as a scratch mark. The trackway is composed of two rows of tracks that correspond to left and right feet respectively. This morphology was interpreted by Coombs (1980) as the use of the middle digit as a fixed point to generate propulsion, while the shorter and less functional lateral digits slide backward into the substrate. Whyte and Romano (2001) suggested that the differences found between Coombs (1980) footprints and Characichnos (Whyte and Romano, 2001) could be generated by the variation in the foot incursion into the substrate, however, they were not included in the ichnogenera. Thulborn and Wade (1984) described a series of footprint morphologies as the result of different stages during terrestrial locomotion in ornithopod and theropod dinosaurs, which in fact appears to be a morphologic succession from Coombs (1980) to Characichnos footprints, consistent with an aquatic locomotion. Both morphologies correspond to the same activity (swimming) and its variation is due to the different depth of the foot intrusion into the substrate. Morphotype C corresponds to a deeper and more vertical impression of the digits than Characichnos (“kick-off phase”; Thulborn and Wade, 1984: 6.8 Bc), in which the
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central digit kept its role as a locomotion controller, as can be observed in track number 3, in which its distinctive morphology (lateral marks are ~40% shorter than the central one) happens together with the slight change in trackway direction (Fig. 2.1-6). Trackway 7 (morphotype C) is in the same outcrop and closely placed to trackways 5 and 6. These later trackways (5 and 6) are full pedal impressions (including “heel” pad), which suggest that the animals were supporting their own weight on their feet during terrestrial locomotion. The footprints are relatively small (16 cm long and 12 cm wide) and their estimated hip height is 72 cm (Table 2.1-1). Buoyant animals did not make trackways 5 and 6, so if there was any water around, its depth might have been shallower than 72 cm. It is clear that trackway 7 (morphotype C) was made in a different moment, when the water level was higher.



2.1.7. Ichnofauna If we consider the SS ichnofauna as being Late Jurassic, the absence of wide-gauge sauropod footprints, but abundant narrow-gauge ones (Brontopodus and Parabrontopodus morphotype respectively; Lockley et al., 1994b), makes it unusual. Although the absence can be attributed to preservation bias and insufficient exploration, it marks a difference with Cretaceous tracksites in South America, where wide-gauge sauropod footprints are abundant: Río Limay Formation (Albian-Cenomanian?), Argentina (Calvo, 1991); and El Molino Formation (Maastrichtian), Bolivia (Lockley et al., 2002). Conversely, in Upper Jurassic tracksites from Chile: Baños del Flaco, Tithonian, (Casamiquela and Fasola, 1968; Biró-Bagóczky, 1984; Moreno and Pino, 2002), and levels of the Chacarilla Formation that correspond to the Upper Jurassic (Blanco et al., 2000; Rubilar, et al., 2000; Moreno, 2001), Parabrontopodus morphotype footprints are abundant and Brontopodus are absent, just like we find in the SS Formation.
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Furthermore, titanosaurids (responsible for wide-gauge trackways; Wilson and Carrano, 1999) are abundant in the Cretaceous of South America but have not yet been discovered in the Jurassic. Other studies have shown that titanosaurids probably migrated from other continents in the Early Cretaceous (Wilson and Upchurch, 2003), supported by the presence of their remains and footprints in the Middle Jurassic of Europe. Although absence of material, either footprints or bones, are negative evidence and could not be used with confidence, so far it is reasonable to suggest that these differences in ichnofauna could correspond to a phylogenetic and/or palaeogeographical pattern. 2.1.8. Conclusions The ichnofauna from the red beds of the Estación Member of the SS Formation (Kimmeridgian – Early Cretaceous) is composed of sauropod and theropod footprints, which include narrow-gauge sauropod footprints (Parabrontopodus) and three theropod footprints: A) medium to large sized tetradactyl impressions, with a small difference in length between the middle and lateral digits (large digit III projection ratio) and II-IV interdigital angle of 66°; B) small to medium tridactyl impressions, with large difference in length between digits II to IV (low P value) and II-IV interdigital angle of 85°; and C) subaquatic tridactyl impressions, which probably correspond to a single extremity. Morphotypes A and B differ in various aspects to the ichnotaxa compared, which could be a consequence of the preservation and/or different trackmaker. Because of this ambiguity and the existing complexity of tetrapod ichnology, we prefer not to generate new taxonomic names. The assignation of morphotype C to Characichnos is tentative, because it exhibits some discrepancy in trackway pattern, presenting only one row of footprints, which suggest a swimming locomotion using a single extremity.
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The SS Formation correlates well with other Upper Jurassic tracksites, due to the presence of narrow-gauge sauropod trackways and absence of wide-gauge ones. This likewise agrees with palaeogeographical studies (Wilson and Upchurch, 2003), that suggest that titanosaurid migrations (responsible for wide-gauge trackways) to South America may have occurred later, during the Cretaceous. Therefore, the SS Formation is tentatively assigned to the Upper Jurassic. Due to the lack of skeletal remains, and rare preservation of continental fossils, vertebrate tracksites in Chile constitute an important source of information available about evolutionary, palaeoenvironmental and faunal changes that took place during the JurassicCretaceous transition in Gondwana.
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2.2. Occurrence of sauropod dinosaur tracks in the Upper Jurassic of Chile (redescription of Iguanodonichnus frenki)



[Published as: Moreno K, Benton MJ. 2005.Occurrence of sauropod dinosaur tracks in the Upper Jurassic of Chile (redescription of Iguanodonichnus frenki). Journal of South American Earth Sciences, 20: 253-257]



2.2.1. Abstract New observations from the only studied Upper Jurassic dinosaur unit in South America, the Baños del Flaco Formation, Chile, are presented herein. The original description of the ichnospecies Iguanodonichnus frenki contains several mistakes and information that need updating. Therefore, we provide a redescription, including new data collected in the field, that supports I. frenki as made by a sauropod on the basis of the following features: pace angles average less than 110º; pes prints intersecting trackway midline; pes print longer than wide, with long axis rotated outward; the claw impression of digit I prominent and directed forward; and claws on digits II, III and IV strongly reduced. These morphological characteristics might give a clue about pes morphology of the South American Jurassic sauropods, whose foot bone remains are scarce. The presence of this sauropod ichnospecies in the Late Jurassic agrees with Early-Middle Jurassic faunal associations in South America.
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2.2.2. Introduction The Jurassic-Cretaceous boundary marks a major transition in dinosaurian evolution, with a switch from sauropods to ornithopods as the dominant herbivores (Bakker, 1971; Weishampel and Norman, 1989). The skeletal record shows major changes from classic Late Jurassic dinosaurian faunas, such as those of the Morrison Formation, containing abundant remains of 6-7 genera of sauropods, to the Early Cretaceous Wealden of Europe with rare sauropods, but abundant Iguanodon. Hitherto, the story of this transition in South America has been unclear, largely because of the rarity of Jurassic dinosaur finds. Middle Jurassic dinosaur remains from Chubut Province, Argentina, include the cetiosaurids Amygdalodon



patagonicus,



Patagosaurus



fariasi,



Volkheimeria



chubutensis



and



Tehuelchesaurus benitezii and the allosaurid Piatnitzkysaurus floresi (Bonaparte, 1979; Rich et al., 1999). Two Early-Middle Jurassic trackbeds, from the Botucatu Formation of Brazil, and the La Matilde Formation of Argentina (Leonardi, 1989), both contain a small theropod and ornithopod ichnofauna. Dinosaur footprints are known from seven localities in Chile (Salinas et al., 1991). The best known is Termas del Flaco, approximately 100 km south east of the city of San Fernando, VI Region (Fig. 2.2-1). This tracksite represents the only studied Upper Jurassic track-bearing unit in South America and has been in constant revision since Casamiquela and Fasola (1968) described two ichnospecies of dinosaurs from this locality: Iguanodonichnus frenki and Camptosaurichnus fasolae, all identified as ornithopod tracks. In later works, several authors (Dos Santos et al., 1992; Farlow, 1992; Lockley et al., 1994a; Sarjeant et al., 1998) dismissed the ichnospecies I. frenki as a nomen dubium, suggesting instead a sauropod affinity for this ichnite, based on the evidence that a step angle less than 110° is a character of Sauropoda and definitely not of Ornithopoda (Dos Santos et al., 1992), and further argued that the apparent bipedalism resulted from an overlap of manus and pes prints (Lockley et al., 1986). These authors based their discussion entirely on the description by Casamiquela and Fasola (1968), and not on the actual tracksite.
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The second ichnospecies from this locality, C. fasolae, is characterized by three pedal digits and half-moon-shaped footprints of the forelimbs. Sarjeant et al. (1998) attributed this ichnospecies to a theropod, because Casamiquela and Fasola (1968) presented low-quality pictures, no captions, and their description contained errors. Moreno and Rubilar (1997) and Rubilar et al. (1998) presented a redescription (unknown to Sarjeant et al., 1998) of the original trackways and descriptions of the newly discovered trackways from the same outcrop. The new trackways belong to two different ornithopod footprint morphologies: (1) C. fasolae, averaging 21 cm long (range: 17-24 cm) and 15 cm wide (range: 13-17 cm), pace angulations 160º, and occasional presence of manus prints and (2) a form with more rounded pedal morphology, 40% wider than C. fasolae, averaging 21 cm long (range: 20-23 cm) and 18 cm wide (range: 16-20 cm), pace angulations 150º, with no preserved manual prints. Furthermore, Moreno and Rubilar (1997) and Rubilar et al. (1998) also described two morphologies of theropod ichnites: (1) medium-sized footprints ranging from 22.5 to 26.5 cm long and 25 cm wide and (2) small-sized footprints measuring 16-20 cm long, 16-18 cm wide, in which the middle digit (III) is much larger than the functional laterals (digits II and IV). Actually, the Termas del Flaco tracksite reveals the presence of a theropodornithopod-sauropod ichnocoenosis in a carbonate platform environment (Moreno, 2000; Moreno and Pino, 2002). But the identity of I. frenki and discussions about the validity of the name have not been clarified yet. Therefore, the main goal of the present work is to provide a redescription of these footprints, including new data collected in the field, which support their sauropod affinity and correct past mistakes. We also want to draw attention to its characteristic morphology, which evidences how little we know about the Jurassic sauropods in South America.
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Figure 2.2-1. Location map showing Chile and part of Region VI. The arrow shows the Termas del Flaco tracksite.



2.2.3. Systematic palaeontology Family: Sauropoda Ichnogenus: Iguanodonichnus (Casamiquela and Fasola, 1968; Moreno and Benton, this paper) Type ichnospecies: Parabrontopodus macintoshi (Lockley et al., 1994b), Late Jurassic, Morrison Formation Iguanodonichnus frenki (Casamiquela and Fasola, 1968; Moreno and Benton, this paper) (see Figs. 2.2-2 to 6). Etymology: In honor to Dr. Samy Frenk (Casamiquela and Fasola, 1968). Material: Trackways 3, 5 and 8 in situ. Holotype: Trackway 3 (Figs. 2.2-2 and 4), cast of footprint 6, SGPV (Santiago Paleontología de Vertebrados) number 1151. Repository: Museo Nacional de Historia Natural, Santiago, Chile.
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Locality: 100 m northeast of Termas del Flaco, northern side of Tinguiririca River, Chile (Fig. 2.2-1). Stratigraphic position: Late Jurassic, Tithonian (Biró-Bagóczky, 1984), Baños del Flaco Formation (Klohn, 1960). Diagnosis of the ichnogenus: Sauropod trackway of medium size (footprint length approximately 50-70 cm), characterized by small space between trackway midline and inside margin of pes tracks. Step angle lower than 110°. Pes footprint longer than wide with long axis rotated outward. Pes claw impression corresponding to digit I long, narrow and following a straight line parallel to the footprint axis. Claw impressions in digits II, III and IV broad and much less developed, in comparison with digit I.
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Figure 2.2-2. Photograph and interpretative sketch of trackway number 3, I. frenki. Triangular diagram shows the mean distances between prints and the pace angle. Scale 50 cm.
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Figure 2.2-3. Photograph and interpretative sketch of trackway number 8, I. frenki. Manus and pes print outlines and mean dimensions are shown at the left hand side. Triangular diagram shows the mean distances between prints and the pace angle. Scale 50 cm.
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Description: Only pedal impressions are preserved in trackways 3 and 8, averaging 62 cm in length (range: 55-72 cm) and 35 cm in width (range: 25-45 cm). The sagittal axis of the elongated pedal footprint is externally rotated. Step angles average 98º. Claw impressions belonging to digit I are approximately 11 cm long and 5 cm wide and tend to follow a straight line parallel to the footprint axis. Claws on digits II, III and IV are not prominent. Impressions of pedal claws corresponding to digit I are clearly visible on footprints 2, 3, 5, 6, 7 and 9 of trackway 3 (Figs. 2.2-2 and 4) and footprints 1, 3, 4, 5, and 9 of trackway 8 (Fig. 2.2-3).



Figure 2.2-4. Photograph and interpretative sketch of footprint number 6 of trackway number 3, I. frenki.
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Figure 2.2-5. Photograph and interpretative sketch of trackway number 5, I. frenki. Arrows show manus prints (see detailed sketch of trackset 18). Triangular diagram shows mean distances between prints and the pace angle.
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Trackway 5 is a convex hyporelief with no claw detail and poor preservation; it describes an open curve with minimal breadth between tracks (Fig. 2.2-5). The footprint shape is rather more rounded than in the other trackways. At mid-trackway (highest point of the curve) the footprints are more eroded. This trackway shows an alternation of large(averaging 55 cm long, 45 cm wide) and small-sized impressions (averaging 24 cm long and 35 cm wide). The large-sized impressions are interpreted as pedal prints, and the smallsized ones as manus prints. The manus/pes heteropody ratio is about 0.5, which means that the manus is half of the pedal length. Nevertheless, weathering does not allow a better morphological description and may also proportionate a wrong idea of the true dimensions, probably altering its heteropody ratio. The only diagnostic feature is a step-angle less than 110º, allowing only tentative assignment to sauropod tracks. Assuming a foot/hip height ratio in the range of 4-5.9 for sauropods (Alexander, 1976; Thulborn, 1989), the trackmaker hip would be about 3.1 ± 0.6 m high. This size would lead to a stride length/hip height ratio of 0.5-0.7 which indicate a walking gait (Thulborn and Wade, 1984) at a speed of 0.3-0.4 m/s as estimated using the equation provided by Alexander (1976).



2.2.4. Discussion Casamiquela and Fasola (1968) based their diagnosis of I. frenki on the following: (1) large size; (2) apparently bipedal posture; (3) the then current belief that ornithopods displayed an external rotation of the sagittal axis of the feet; (4) step angle of less than 110° was identified as characteristic of the Ornithopoda; (5) dating available at the time indicated an Early Cretaceous age (Klohn, 1960), a time in which large ornithopods such as Iguanodon were present; and (6) tridactyl shape. These are incorrect in several points: First, footprint size is not considered diagnostic since it varies with animal growth and phylogeny.
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Second, bipedal posture apparently is observed in sauropod trackways where sections of quadrupedal walking and sections of apparently bipedal walking can be seen in a single trackway (e.g. Lockley et al., 1986). This apparent bipedalism in quadrupedal sauropods is caused by overlapping of the small forelimb footprints by the considerably larger hindlimb footprints; accordingly, some footprints of I. frenki show an elongate shape reflecting such footprint overlap (i.e. Fig. 2.2-4), producing the wide range of “foot lengths” registered for these trackways. Third, the external rotation of the footprint axis was formerly identified with the ornithopod Iguanodon, as a consequence of erroneous early skeletal mounts featuring taildragging and artificially outward-spread legs. Fourth, also as a result of these errors, the step angle was miscalculated. Actually, a pace angle less than 110° is characteristic of Sauropoda (Dos Santos et al., 1992). Fifth, the alleged Early Cretaceous age was reinterpreted by Biro-Bagóczky (1984) as Tithonian (Late Jurassic), a time in which evidence (footprints or bones) of large ornithopods such as Iguanodon is rare worldwide, whereas record of sauropods are more likely to be found in the Jurassic (Lockley et al., 1994c). Sixth, we believe that the footprints were reported as having a tridactyl shape because of the authors’ predisposition to find an Iguanodon footprint, not because of an objective description. Being in the field we were able to verify that not one of the footprints, including newly exposed material, has tridactyl morphology. To conclude, the diagnosis of these trackways as belonging to an iguanodontid is hereby discarded, and the genus Iguanodonichnus is attributed to either basal sauropods, diplodocoids or basal macronarians, which are all narrow-hipped sauropods (Day et al., 2002). The main features of I. frenki are similar to the ichnogenus Parabrontopodus, with the exception of the tendency of the digit I impression to follow a straight line parallel to the footprint axis rather than an outward rotation. The absence of prominent claw impressions in digits II, III and IV are morphological differences from P. macintoshi
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(Lockley et al., 1994b), Brontopodus from Eastern Utah and Brontopodus from Portugal (Meyer et al., 1994) (Fig. 2.2-6).



Figure 2.2-6. Differences among Brontopodus from eastern Utah, Brontopodus from Portugal, P. macintoshi, and I. frenki; modified from Lockley et al. (1994b).



The worldwide fossil record of sauropods shows that the three pedal digits bore claws of decreasing size, and consequently the absence of those claws has been attributed to the loss of material. I. frenki, presents a well developed and nearly symmetric first pedal ungual impression, unguals II and III are rudimentary, and ungual IV is absent. This marked difference in claw morphology possibly explains some apparently incomplete fossil pes remains such as Patagosaurus fariasi, for which only one ungual has been recognized in the only two specimens with preserved foot bones (Bonaparte, 1986). Our data suggest that the lack of the digit II-IV unguals may reflect foot morphology, and not a particular preservation condition. The ichnocoenosis of the Baños del Flaco Formation agrees with the Early-Middle Jurassic fauna described in Argentina and Brazil, which is composed of a reduced variety of sauropods (only cetiosaurids), small theropods and small ornithopods. This contrasts
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with the abundance and diversity of large sauropods and theropods found in Laurasia and suggests that such a diversity may have appeared later on the South American continent, possibly from the late Early Cretaceous in which the first diplodocids and titanosaurids are recorded (Calvo and Salgado, 1995; Salgado and Azpilicueta, 2000). According to these data, it seems that the faunal interactions occurred in a different way in South America, and no switch from sauropod to ornithopod as a dominant herbivore happened in the JurassicCretaceous transition, but probably later in the Cretaceous.
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2.3. Late Jurassic - Early Cretaceous large theropod dinosaur footprint associations in Peru and Chile



[Moreno K, Blanco N, Tomlinson A, Jacay, J. in preparation]



2.3.1. Abstract Population sizes of extant large sized predators are known to be low in terrestrial ecosystems. Similar patterns have been usually found in large carnivorous dinosaur fauna as well. However, the increasing fossil record of monospecific large theropod accumulations suggest that population dynamics would have been more complex than expected. In the present work we provide the first report of tracksites dominated by large theropod footprints: Querulpa Chico, Peru (Late Jurassic) and Chacarilla, Chile (Early Cretaceous), which represent two different palaeoenvironments, tidal basin and meandering river respectively. The trackbeds described occasionally reveal a direct relationship between trackmakers. This suggests some degree of grouping behaviour that was probably facilitated by the scarce presence of water in a surrounding arid environment. These two tracksites expand the temporal and distributional span for large-bodied theropod dinosaurs in South America, into the Late Jurassic and toward the western margin of Gondwana.
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2.3.2. Introduction In general, the population sizes of large carnivorous animals are expected to be low in any terrestrial environment, especially for animals with a high metabolism (Colinvaux, 1978). Indeed, if large predators are common, they would need such a large amount of prey biomass that the ecosystem could not be maintained for long without pushing their feeding reserves (mainly primary consumers: herbivores) and themselves, rapidly to extinction. This is why the trophic web is represented as a pyramid: predators are at the top, lower levels represent primary consumers (i.e. potential prey items), and at the bottom are the primary producers (Gotelli, 2001). Any faunal equilibrium is active and permanently deals with compensations between population growth, climate, geography and behaviour, among other factors. Many assumptions have been made on how this equilibrium constrains these variables; one example is the sustainability problem that would face a herd of large sized predators, in comparison with isolated hunters (Farlow, 1993). These arguments imply that groups of large carnivores are unlikely to develop, because the multiplication of the resources demanded by such a “pack” would cause a negative impact on their prey population size, while also requiring a larger home range. Particular attention has been given to predatory dinosaurs (Theropoda), which include the largest terrestrial predators known of all time, reaching up to fifteen metres long, such as Tyrannosaurus and Giganotosaurus in the Cretaceous (e.g., Calvo and Coria, 1998; Currie, 2003), but also Ceratosaurus, Allosaurus and Torvosaurus from the Jurassic. These extremely large carnivorous dinosaurs have been found worldwide and palaeoecological inferences upon them are varied and often contradictory, mainly because of the lack of modern analogs. Diverse studies suggest that some large theropods may have had a high metabolism (‘warm-blooded’) similar to mammals (e.g.; Padian and Horner, 2004), thus
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equivalent faunal interactions are expected to be found. However, there is also a number of workers who argue that larger dinosaurs could not have been true endotherms, and instead infer that these dinosaurs were inertial homeotherms (Reid, 1997). Although potential prey animals were abundant and reached even larger sizes (e.g.; sauropod dinosaurs up to 30 metres long), and statistical estimates on fossil bones in outcrops and museum collections indicate a low abundance of carnivorous dinosaurs in most Mesozoic faunas (e.g., White et al., 1998), some rare findings of almost monospecific large theropod accumulations suggest that at least some of these animals were probably gregarious (Currie, 1998), contradicting initial assumptions on faunal equilibrium. As an attempt to explain this disparity, a scavenging behaviour has been hypothesized. Ruxton and Houston (2003) use estimations of the energy density of carrion available daily from ungulate herbivores in the modern Serengeti ecosystem in combination with different speed presumptions in Tyrannosaurus, to calculate amount of carrion that would be necessary for its diet. Their results showed that enough food probably would have been available; therefore active predation would not have been necessary. However, the population density of such large meat eaters is an important unknown factor that could easily change assumptions about their behaviour, and thus the subject remains open to discussion. Dinosaur tracksite data brings complementary information to the subject. Footprints (ichnites) are abundant in the fossil record, and usually are more abundant than bone findings. Ichnites are generated as a consequence of the living activity of an animal, providing a different perspective on dinosaur biology in comparison with fossilized carcasses. Also, ichnites cannot be transported or significantly reworked. Therefore, they present a high potential for behavioural and faunal studies (Lockley and Hunt, 1995). Dinosaur herd or grouping behaviour patterns have been found in several tracksites distributed worldwide (e.g., Ostrom, 1972; Thulborn and Wade, 1984; Farlow et al., 1989;
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Lockley et al., 1994d; Lockley and Hunt, 1995; Farlow and Chapman, 1997; Lockley, 1998; Day et al., 2002; Lockley et al., 2002). However, these discoveries correspond mainly to sauropods, iguanodontians, and hadrosaurids. Small theropods are often abundant, although, do not present a defined herd structure (Ostrom, 1972; Lockley and Matsukawa, 1999). Large theropod footprints (anteroposterior length > 30 cm) and trackways are usually sparse (Alonso and Marquillas, 1974; Thulborn and Wade, 1984; Calvo, 1991; Leonardi and Spezzamonte, 1994; Lockley and Hunt, 1994; Thulborn, 2001; Mossman et al., 2003), and are occasionally found in association with herbivorous ones, suggesting a single hunter chasing its prey (e.g., Thulborn and Wade, 1984; Farlow et al., 1989). But trackbeds dominated by large theropod dinosaur footprints have not yet been described. In the present work we report two tracksites from South America that contain high concentration of large theropod dinosaur footprints suggesting some degree of grouping behaviour (Fig. 2.3-1): Querulpa Chico (Late Jurassic, Peru) and Chacarilla (Early Cretaceous, Chile).
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Figure 2.3-1. Location map of the large theropod trackbeds: (1) Querulpa Chico; (2) Chacarilla.



2.3.3. Geological context During the Late Jurassic and Early Cretaceous, Gondwana and Laurasia began to rift apart, opening the Tethys Ocean, while the Atlantic Ocean widened further. The Pacific plate converged and subducted against the western margin of Gondwana (Coira et al., 1982; Mpodozis and Ramos, 1989; Ramos and Kay, 1991; Mpodozis and Allmendinger, 1992). This event produced the extensional basins developed on the northern and central Andes oceanic crust (Colombia, Ecuador, Peru; Jaillard et al., 1990), and also the spreading of back-arc basins with regional uplift and generation of new oceanic crust in the southern Andes (Chile and Argentina - Eppinger and Rosenfeld, 1996; Ardill et al., 1998). During the Early and Middle Jurassic, the deposition of marine sequences was controlled by postrift thermal subsidence and global sea-level fluctuations (Groschke et al., 1988; Ardill et al., 1998). In contrast, the later history of the basin, in the Middle Jurassic to Cretaceous,
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was controlled by continental-scale tectonic fluctuations related to the break-up of Pangaea and fragmentation of Gondwana (Ardill et al., 1998). As a result of the latter, near the end of the Jurassic, the region was characterized by a widespread marine regression followed by deposition of continental red-bed sequences during the Early Cretaceous (Rutlan, 1971; Chong, 1977; Bogdanic, 1990). In this last phase of basin sedimentation the existence of large theropod trackways from Peru and Chile are documented.



Figure 2.3-2. Chronostratigraphy of the Mesozoic for Labra and Chacarilla Formations, with the relative position of the trackbeds.
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2.3.4. Materials and methods The material corresponds to two different tracksites: Querulpa Chico, southern Peru, Labra Formation (Kimmeridgian; Jaillard et al., 1990; Rodriguez et al., 2005); and Chacarilla, northern Chile, Chacarilla Formation, (Early Cretaceous; Blanco et al., 2000) (Fig. 2.3-2). All the ichnites are preserved in concave hyporelief.



Figure 2.3-3. Measurements taken from the footprints in the present study. A= Pace angle; P = Pace; L = anteroposterior length; W = mediolateral width; and S = Stride length.



We took the following measurements in situ (Fig. 2.3-3): pace and stride length; pace angulations; trackway direction; and footprint anteroposterior length and mediolateral
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width. We also estimated the speed of the trackmakers using Alexander’s (1976) formula, with hip height factor calculated as four times the maximum footprint length (Alexander, 1976; Thulborn, 1989; Henderson, 2003). Gait category was deduced via hip height/stride length ratio (H/S), in which resultant values lower than 2.0 indicate slow locomotion, between 2.1 and 2.9 medium speed and above 3.0 relatively high speed locomotion (Thulborn and Wade, 1984; Thulborn, 1989). Averages for the trackways are shown in table 2.3-1, 2. In addition, we obtained latex-plaster molds and casts of the best-preserved footprints. Peruvian footprint casts are stored in the Museo Nacional de Historia Natural, Departamento de Paleontología, Lima (catalogue number pending). Chilean footprints are stored at the Servicio Nacional de Geología y Minería (SERNAGEOMIN), Santiago, collection number SNGM-311 to SNGM-317; and Museo Nacional de Historia Natural, Santiago (catalogue number pending).
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Table 2.3-1. Average measurements of footprints from Querulpa Chico



F



T



total



L (cm)



W (cm)



P (cm)



A (°)



S (cm)



H



speed



speed



(cm)



cm/s



km/h



S/H



Large theropod footprints A



12



58



45



130



133



230



232



0.8



2.8



1.0



B



6



65



45



148



166



297



259



1.0



3.6



1.1



D



7



64



54



130



148



250



256



0.8



2.8



1.0



E



7



59



41



124



150



234



234



0.8



2.8



1.0



F



5



59



46



139



161



271



234



1.0



3.5



1.2



G



5



58



50



139



162



271



234



1.0



3.5



1.2



I



7



51



45



147



166



283



203



1.3



4.5



1.4



Average



59



47



137



155



262



236



0.9



3.4



1.1



St. Dev



5



4



9



12



25



18



0.2



0.6



0.1



Small tridactyl footprints J



4



26



28



110



166



210



100



1.8



6.3



2.1



K



4



25



27



114



171



224



100



1.9



7.0



2.2



H



5



28



26



127



173



264



100



2.5



9.1



2.6



C



5



25



28



142



168



285



100



2.9



10.4



2.9



Average



26



27



123



170



246



100



2.3



8.2



2.5



St. Dev.



1



1



14



3



35



0



0.5



1.9



0.4



T = trackway; F = footprint; L = footprint length; W = footprint width; P = pace length; A = pace angle; S = stride length; and H = Hip height.



2-43



Chapter 2. Dinosaur footprints in South America: Description and Interpretation



Table 2.3-2. Average measurements of footprints from Chacarilla



F



L



W



P



A



S



H



speed



Speed



total



(cm)



(cm)



(cm)



(°)



(cm)



(cm)



cm/s



km/h



T



S/H



Small theropod footprints 18 29



2



16



13



61



-



-



70



-



6



23



22



116



180



232



100



3.1



11.2



2.2



19



17



89



85



5



7



39



21



Average St. Dev



-



Large theropod footprints 17



6



35



25



115



180



230



160



1.9



6.8



1.5



19



1



55



37



-



176



-



250



-



-



-



20



3



50



44



155



176



285



230



1.7



6.1



1.3



22A



8



34



27



120



180



241



150



2.1



7.6



1.6



22B



8



33



21



117



180



234



150



2.0



7.2



1.6



24



6



31



29



117



178



234



140



2.2



7.9



1.7



25



5



63



46



138



180



265



280



1.2



4.3



0.9



26



9



40



36



132



180



252



180



1.8



6.5



1.4



27



7



60



45



160



180



307



270



1.6



5.8



1.1



6



65



45



125



180



273



290



1.2



4.3



0.9



48



37



131



176



258



215



1.7



6.1



1.3



13



10



16



11



25



60



0.4



1.4



0.3



28 Average St. Dev



Large ornithopod footprints 23 21 Average St. Dev



5



60



56



122



171



288



290



1.3



4.7



1.0



4



38



38



110



180



219



180



1.4



5.0



1.2



39



32



111



166



227



178



1.7



5.9



1.3



18



14



38



42



80



85



0.6



2.2



0.4



T = trackway; F = footprint; L = footprint length; W = footprint width; P = pace length; A = pace angle; S = stride length; and H = Hip height.
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Trackmakers were identified using the following parameters: Theropod dinosaur footprints: typically tridactyl, mesaxonic, with the impression of the middle digit (III) considerably larger than the outer ones (II and IV); digits are divergent; presence of claw marks as sharp edges, which are medially directed on digits II and III, and laterally directed on digit IV; presence of an indentation along the medial margin of the footprint (at the base of digit II). Occasionally, theropod footprints exhibit tarsometatarsal impressions, which elongate the posterior margin of the ichnite; and also a hallux (digit I) impression as a narrow mark at the base of digit II. Ornithopod dinosaur footprints: Tridactyl; mesaxonic, in which the length of the middle (III) and outer (II and IV) digits are only slightly different; the digits are wide and have rounded ends; and they converge into a broad phalangeo-metatarsal impression (“heel pad”). The ichnite presents similar anteroposterior-mediolateral length, and its general shape resembles a clover.



2.3.5. The Querulpa Chico tracksite 2.3.5.1. Geological setting



The Querulpa Chico tracksite is located 68 km NW of the city of Arequipa in southern Peru. Its trackbeds belong to the Labra Formation, which consists of a clastic succession dominated by quartzose sandstone and shales, with an exposed thickness of about 1500 m (Guizardo, 1968; Rodriguez et al., 2005). The strata are oriented 70°NE and tilted 36°SE as a consequence of eastward folding events. Invertebrate fossil associations indicate a Kimmeridgian age for part of this formation. The Labra Formation is unconformably overlained by sandstones and limestones of the Gramadal Formation
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(Tithonian) representing a lagoon-barrier environment (Benavides, 1956); whereas its base is unconformably underlain by shales of the Cachíos Formation (Callovian?), representing a marine environment. Therefore, the Labra Formation is assigned an OxfordianKimmeridgian age (Fig. 2.3-2). The stratigraphy of the Labra formation is currently under study by one of the authors (J.J.), and preliminary conclusions point to a tidal basin environment for the dinosaur trackbeds (Fig. 2.3-2).



2.3.5.2. Theropod dinosaur footprints



Eleven tridactyl trackways are exposed in the main trackbed (Fig. 2.3-4 to 6). Seven of them correspond to large theropod footprints (length above 50 cm) in good preservational condition; and the other four trackways consist of small tridactyl ichnites (length under 25 cm), which are poorly preserved, with the exception of footprint 4C (Fig. 2.3-4 to 6; Table 2.3-1). Most of the tracks exhibit a preferred E-W orientation, with trackways B, C, D and E heading eastward and trackways F, H, I and K heading westward. In contrast trackways A and G are oriented south and trackway J is heading north.
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Figure 2.3-4. Photograph of Querulpa Chico tracksite (see relative position of trackways in Fig. 2.3-5). Note the fences at the edges of the trackbed; this tracksite has been adapted for tourism. Sign in Ph1 reads as follows: “No pises ni destruyas las huellas Querulpa, patrimonio de nuestra historia. Te lo recuerda la Municipalidad de Castilla”. Do not destroy or walk on the Querulpa footprints, they are an historic legacy. Castilla Municipality reminds you.
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Figure 2.3-5. Distribution of footprints in the main trackbed of Querulpa Chico. Central-left frame: scheme of trackway direction and relative position of tracksite photographs on Fig. 2.3-4.
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Variations in footprint morphology are present between different trackways, but also within the same trackway, due to differences in substrate consistency, pedal kinematics and timing between trackmakers. For example, in trackway A, the longest of the trackbed with twelve footprints, the first eight footprints are deeper and present hallux impressions (tetradactyl), with wide digit marks for footprints A1-A4, and narrow digit marks for footprints A5-A8. The remaining footprints, A9-A12, are tridactyl and display a wide posterior mark (Fig. 2.3-5 and 6). This trackway is later crossed by trackway D, which present hallux impressions as well, but reveals a long and deep posterior mark that corresponds to the tarsus-metatarsus impression (Fig. 2.3-4 to 6), which has not been observed in other trackways. Afterwards, trackway F superposes D and A as a shallow and narrow tridactyl footprint series. The presence of displacement rims on some of the footprints (e.g.; Fig. 2.3-6: 6D and I5), indicates that the trackbed was one of the closest layers to the surface in which the animals walked (Allen, 1997; Gatesy, 2003). However, further confirmation of the layer as the first surface cannot be provided due to the absence of other sedimentary structures such as skin impressions or sediment ejections. The speeds calculated from the trackway varied from 2.8 to 10 km/h (Table 2.3-1). The smallest footprints exhibit a fast locomotion (2 
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