


Figure 15. Stacked PDPs comparing detrital zircon age spectra of UT gastroliths (blue), lonia
Sandstone (red), and the Jacobsville Formation (green).
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Table 1. A KS analysis comparing each of the BHB gastrolith’s detrital zircon age spectra.

Values highlighted in yellow indicate a "match", meaning the two compared samples have >95%
probability of being statically comparable.

Gast;olith Gast;olith Gastrolith 3 | Gastrolith 4 | Gastrolith 5 MorSriS:c,on Baraboo | Baraboo 1 | Baraboo 2
Gastrolith 1 0.502 0.218 0.843 0.997 0 0.302 0.126 0.1
Gastrolith 2 0.502 0.784 0.355 0.662 0 0.51 0.094 0.105
Gastrolith 3 0.218 0.784 0.795 0.73 0 0.004 0 0.708
Gastrolith 4 0.843 0.355 0.795 0.949 0 0.001 0 0.479
Gastrolith 5 0.997 0.662 0.73 0.949 0 0.069 0.007 0.43
Morrison SS 0 0 0 0 0 0 0 0
Baraboo 0.302 0.51 0.004 0.001 0.069 0 0.665 0.132
Baraboo 1 0.126 0.094 0 0 0.007 0 0.665 0.009
Baraboo 2 0.1 0.105 0.708 0.479 0.43 0 0.132 0.009
Table 2. A KS analysis comparing each of the BHB gastrolith’s detrital zircon age spectra.
Au Sable Deer Lake Munising Alona Echo Batchawana uT2-1 UT1-1 UT4-1 lonia
Au Sable 0.005 0.019 0.001 0.018 0 0.002 0.006 0.058 0
Deer Lake 0.005 0.158 0 0 0.007 0.056 0.235 0.005 0
Munising 0.019 0.158 0 0.001 0.064 0.378 0.16 0.061 0
Alona 0.001 0 0 0.27 0 0.025 0.021 0.519 0
Echo 0.018 0 0.001 0.27 0 0.07 0.025 0.159 0
Batchawana 0 0.007 0.064 0 0 0.004 0.519 0.017 0
UT2-1 0.002 0.056 0.378 0.025 0.07 0.004 0.422 0.193 0
UT1-1 0.006 0.235 0.16 0.021 0.025 0.519 0.422 0.183 0
UT4-1 0.058 0.005 0.061 0.519 0.159 0.017 0.193 0.183 0.001
lonia 0 0 0 0 0 0 0 0 0.001
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7. Discussion

Results indicate the BHB and UT exoliths do not share a similar provenance of the Morrison
sandstones. The Morrison sandstones formed 150 Ma as sediment eroded off the magmatic
highlands to the west (Fricke et al. 2011; May et al. 2013; Turner and Peterson 2004). Sediment
and clasts that do not share the same provenance of the surrounding Morrison sandstones and
mudstones bear significant interest on their classification as an exolith or gastrolith, as well as
the mode of transportation to their respective depositional environment. For the exoliths found in
the BHB and northeastern UT, rather than being transported via the late Jurassic trunk stream
(Dickinson et al. 2009), it is more plausible the exoliths, now gastroliths, were transported inside
the gastric mill of a dinosaur. Dinosaurs utilize gastroliths to aid in digestion (Wings 2007), and
do not leave a dinosaur’s system until death. A gastrolith inside a dinosaur would unknowingly
trace a dinosaur’s path from the gastrolith’s source to the depositional environment. It is likely
the dinosaurs consumed exoliths near the exolith’s source; however, it is unknown where the
stonewould have been ingested. In summary, gastroliths are viable and admissible proxies when
discussing dinosaur migration. Even though the exact location of ingestion is unknown, a known
gastrolith source provides a scope of archaic migration length and direction during the late

Jurassic.

7.1 Provenance of BHB and UT Gastroliths

The pink and red quartzite BHB exoliths bear similar lithological characteristics and detrital
zircon age spectra as the Baraboo-Interval Quartzite, located near Baraboo, Wisconsin. The
Baraboo Quartzite is located ~1000 km east of the Bighorn Basin. Given the Morrison
sandstones were transported to the BHB via intermittent and perennial streams from the western
highlands (May et al. 2013), it is now known the BHB exoliths source from the east. The BHB
gastroliths do not match with the sediment shed off the late Jurassic lonia Formation, indicating a
different path and/or mode of transportation to the BHB. Sauropods of the late Jurassic are
reported to have frequented on seasonal migrations of about 300 km (Fricke et al. 2011). The
purple quartzite clasts collected from the three sites near DNM consist of similar lithologies and
detrital zircon age spectra compared to the Jacobsville Formation near Lake Superior. The
Jacobsville Formation is located ~1500 km from DNM; howevers; it’s still plausible for dispersal

and migration to have occurred over such long distances.
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7.2 Feasibility a Long-Distance Migration and Dispersal

During the dry seasons or droughts in the late Jurassic, sauropods migrated up to 300 km to
the highlands in search of water and other nutritional needs (Fricke et al. 2009). Most often,
sauropod migration was dictated by the need for water (Fiorillo and Gangloff 2002). The
landscape of the mid-continent during the late Jurassic is unknown due to the lack Mesozoic
strata in the midwestern United States. However, the transcontinental trunk stream established
from Dickinson et al. (2009) provides a highway, or corridor, that sauropods may have followed
as they traversed westward (Figure 14). Northerly and southernly tributaries were expected to
have flowed into the trunk stream (Dickinson et al. 2009). The trunk stream and its tributaries

guided the dinosaurs across the vast, mid-continent landscape.

When migrating long distances, animals tend to follow migration corridors. Mountains,
rivers, and deserts have major ecological impacts by disrupting an animal’s trajectory. (Chapman
et al. 2014). Ancient migration routes are best understood by analyzing current migration routes
and tendencies. The longest migration distance of terrestrial modern taxa is the caribou, which
records up to 5055 km (Bell and Snivley 2008). Hadrosaurs are roughly three times larger the
caribous, and would have exhibited more efficient locomotive capabilities, such as stride length
(Fiorillo and Gangloff 2002).

7.3 Gastroliths or fluvial deposits?
For an exolith to be considered a gastrolith, it must be exotic, polished, and found among

dinosaur remains (Wings 2007). In addition, a known provenance aids in the classification by
assigning a method of transportation for the exolith. In most provenance studies dating zircons in
sandstones, it is common for the zircons to have been transported via fluvial systems or wind,
like the Morrison sandstones from May et al. (2013). The BHB exoliths match with the Baraboo
Quartzite, roughly 1000 km to the east. Similarly, the UT exoliths match with the Jacobsville
formation, roughly 1500 km to the east. Both the Baraboo Quartzite and Jacobsville Formation
are in the upper Midwest of North America and have similar pink/purple quartzite lithologies.
The difference between the Baraboo and Jacobsville is the maximum depositional ages of
zircons (1.85 Ga for Baraboo, 1.1 Ga and 1.6 Ga for Jacobsville).

The Morrison sandstones were deposited during the late Jurassic period from eastward

intermittent and perennial streams. The westward transcontinental river flowing from
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Appalachia, established from Dickinson et al. (2009), deposited zircon grains in the Colorado
Plateau from the late Jurassic lonia Formation. According to the detrital zircon age spectra, both
the UT and BHB exoliths do not statistically match with either of the Morrison sandstones or
lonia Formation, suggesting the exoliths are not fluvial deposits. Additionally, no conglomeratic
beds usually associated with fluvial systems are found in the Morrison Formation near DNM and
BHB. It is inferred the exoliths were ingested near the source, the Baraboo Quartzite and
Jacobsville Formation, and were transported in the gastric mill of dinosaurs to the respected
depositional areas in Wyoming and Utah. Once an exolith enters into a dinosaur’s system, it can
be classified as a gastrolith. Gastroliths are not defecated and remains in a dinosaur’s system
until death, or it can break down inside the dinosaur. Gastroliths can record a dinosaur’s
dispersal or migration route depending where along the way the gastrolith was ingested. It is
impossible to determine where the gastrolith was ingested, but given the size of some of the
gastroliths found, it does not seem plausible the gastroliths traveled far from their source without

the aid of dinosaurs.
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Figure 16. Proposed migration route dinosaurs took across the mid-continent during the late
Jurassic.

8. Conclusion

Paleogeographic reconstructions from Dickinson et al. (2011) and Blakey et al. (2013)
indicate a large, westward flowing trunk stream, as well as no topographical barriers between the
source and depositional region of the quartzite exoliths. Given the migration and dispersal
lengths for both hadrosaurs and sauropods, it is both viable and admissible that the quartzite
gastroliths, interpreted to source from the Baraboo Quartzite and Jacobsville Formation, were
transported to Wyoming and Utah via the gastric mill of a dinosaur. It is unknown what
organism may have transported the gastroliths; however, the Morrison Formation is a mecca of
dinosaur remains. The presence of polished exotic stones with distinct provenances over 1000

km away, suggest a method of transportation different from a normal river cobble or sediment.
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The detrital zircon geochronology suggests the provenance the pink quartzite gastroliths found
within the Morrison Formation to be 1000-1500 km to the east of the Morrison Depositional
Basin. It is unlikely the pink quartzite exoliths found within the Morrison Formation are river
cobbles or hyper concentrated stream flows if the provenance is as far as proposed. Dinosaurs
used gastroliths for a variety of reasons, but the dinosaurs did not anticipate gastroliths would be

sufficient proxies in determining migration length and direction.
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