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The extraordinary dinosaur bonebed at what is now Dino-
saur National Monument, Utah, was discovered on August 
17, 1909, by Earl Douglass of the Carnegie Museum of 
Natural History: “At last in the top of the ledge where the 
softer overlying [sandstone] beds form a divide—a kind 
of saddle, I saw eight of the tail bones of a Brontosau-
rus in exact position. It was a beautiful sight. Part of the 
ledge had weathered away and several of the vertebrae had 
weathered out and the beautifully petrified centra lay on 
the ground. It is by far the best looking Dinosaur prospect 
I have ever found. The part exposed is worth preserving 
anyway” (August 17, 1909, Diary; see Figs. 1, 2A, 3A). 
Douglass did not appreciate at first the extent of the fossil 
deposit, stating: “It is not a quarry, a mixture of a lot of 
things but one huge fellow all by himself, and apparently 
died all alone and was buried intact” (Aug. 26, 1909, let-
ter to Museum Director Holland). Even when additional 
specimens were uncovered he was slow in recognizing the 
vastness of the deposit: “Besides the skeleton [#1] there 
are many fragments or parts of skeletons which are inter-
esting scientifically and we get some while excavating for 
the Brontosaurus” (Sept. 19, 1909, letter to Assistant Di-
rector Stewart). Not until November 10 did he hint in a 
letter to Holland how widespread the bones were: “...only 
one or two can work at the principle digs and I sent the ex-
tra men to two other places in the same beds.” The full im-
pact of the work to be done was expressed in another letter 

to Holland (Dec. 2, 1909): “... the ledge is full of bones... 
We realize that we have a stupendous task and the men 
are working like beavers... If we stopped to consider what 
a terrible lot of work there is to do we might fall over...” 

Over the span of 13 years, Douglass and his crew ex-
cavated over 317 metric tons of rock-encased bones: “To 
have the thing [skeleton] in the best shape we must take it 
up in large blocks” (Nov. 14, 1909, letter to Holland). This 
work was made possible because of a softer layer below 
the producing layer: “In some places the sandstone is very 
hard but back of the rock that contains the bones – between 
that and the hard sandstone beds – there is usually, so far, 
a softer stratum that enables us to get back (geologically 
below) the bones” (Nov. 10, 1909, letter to Holland). This 
softer layer would result in at least two large rockslides 
over the years, although fortunately no one was injured. 
As quarrying continued, Douglass and his men excavated 
a trench along the base of the bone bearing strata, first to-
wards the east, then west, then east again (Figs. 3A–C, 4). 
They moved the eastern tailings pile at least twice as the 
trench lengthened and deepened. Douglass described the 
quarry: “The maximum length of the quarry-workings, 
measured along the bottoms of the cuts in the East Ex-
tension and the West Extension, is about 400 feet. The 
sandstone ledge which contains the bones and skeletons 
of the Dinosaurs is tilted to an angle of 60 degrees, and 
therefore lacks only 30 degrees of being perpendicular. 

ABSTRACT

The taphonomy of Dinosaur National Monument is presented based in part on the extensive archival material of Earl Douglass. This mate-
rial includes unpublished manuscripts, diaries, notes, photographs, and quarry maps, and is supplemented with the petrography of matrix still 
encasing the original collections, as well as numerous site visits. A new quarry map is presented based on the original Douglass map, historical 
photographs, and a photo-mosaic of the current quarry face made by the author. 

Three-dimensionally preserved sand bars (>1.5 m tall), bone distribution and orientation, and generally poorly sorted, conglomeratic, 
multi-storied, trough-cross bedded sandstones indicate repeated episodes (3-4) of flashy, rapid deposition in a Platte River-like braided system 
(named the Quarry River) flowing south-southeast. Modeling of the Quarry River using a one-dimensional computer program (HEC-RAS 4.1.0) 
on a Platte River-like river under a variety of flow conditions revealed possible flow velocities for the Quarry River, as well as the effects on 
flow of bones on the riverbed. These results are compared against the velocities required to move bone based on various boulder transport 
equations developed for paleofloods. The forces needed to move weighted casts of bone across a subaqueous sand substrate were determined 
using a strain gauge. Casts were also used to map turbulent flow around bones to better understand sediment deposition leading to bone burial.

Several lines of evidence, including the varying degrees of skeletal disarticulation, strongly suggest non-catastrophic mass mortality 
during extreme droughts. Due to the lack of sweat glands, most dinosaurs were probably water dependent, thus restricting distance traveled for 
foraging. To avoid thermal stress, individuals sought refuge in the river and death was primarily by malnutrition and secondarily by disease. 
Opisthotonous induced by sickness in an ostrich suggests a similar cause in some of the dinosaurs. Postmortem damage to bone by insects is 
rare and is shown to be due to some unknown osteophagic insect, but not dermestids.
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The sandstone is a river deposit and, being harder than the 
overlying and underlying clays, weathers into a prominent 
ledge. The quarry is in the highest portion of the ledge in 
“Dinosaur Peak” [Fig. 5]. On the east and west sides are 
deep gulches which flow southward to Green River, which 
is about a half mile distant. As the ledge extends east and 
west these gulches cut it at right angles. The line of the up-
per part of the quarry nearly coincides with the top of the 
eroded ledge, and the bottom line is in line with the bot-
toms of the cuts in the East and West extensions, therefore 
it is in approximately the form of a crescent or the segment 
of a circle” (Report to the Director, Mar. 24, 1923). 
 The Apatosaurus Marsh, 1877b, was found on the east 
side of the divide between the two gulches. Another deeply 
weathered sauropod (eventually referred to as DFR 295) 
was found at this time about 12 m to the east. It was en-
cased in two plaster jackets, but was never shipped to the 
Carnegie Museum (Record Book 1909–1923), probably 
because the specimen was so poor as compared with other 
specimens that would be uncovered. An exploratory trench 
on the west side led Douglass to extend the main trench in 
that direction, and only later did he extend the quarry east-
ward. Douglass and his men also excavated several speci-
mens from sandstone on the east side of Neilsen Gulch 
(see Appendix 1). 

The quarry work was done slowly using hammers and 
chisels, aided by sledges, picks, shovels, horse-drawn 
plow, horse-drawn scraper, stone boat (a wooden sleigh 
used to haul large blocks; the stone boat could be used as 
a table when flipped over), long pry bars, several block-
and-tackle, short sections of water pipes used as rollers, 
and explosives. A small forge, a hand-cranked blower and 

hand-cranked grinder were used to make tools and sharpen 
chisels. Removal of debris was at first done with a cart on 
wooden tracks, but later with small mining carts and steel 
rails donated by William Boann. Douglass wrote several 
times in various documents of having to remove and re-lay 
the tracks as the quarry was progressively deepened and 
widened as the productive layer was quarried (Fig. 4). The 
bone layer proved to be so rich that, as noted by Douglass 
(Oct. 22, 1909, letter to Stewart), the jumble of bones often 
prevented them from concentrating on one skeleton at a 
time. As a result, a single skeleton might be removed over 
a span of several years, with numerous other bones or skel-
etons removed during the interval. To aid in reconstructing 
the association of bones and skeletons in the lab when it 
became obvious that more than one skeleton was present, 
Douglass and his assistant LeRoy Kay mapped the bones 
using a four foot by four foot (1.2 m x 1.2 m) grid painted 
on the quarry wall (Fig. 6). Based on photographs, this 
grid mapping was not started until late in 1910 or early 
1911 by which time a significant portion of the first skel-
eton was removed. The quarry map went through several 
revisions, including changes in the scale. After termination 
of work in 1922, a final map was prepared by Douglass 
and a smaller version was published by Gilmore (1936). 
The final Douglass map was used in a more complete, up-
to-date quarry map created by this author (see below).

Dinosaur National Monument was established on Oc-
tober 4, 1915, by President Woodrow Wilson. Work at the 
quarry by the Carnegie Museum was completed on January 
8, 1923, when the last of the specimens was removed from 
the quarry (Jan 25, 1925, letter to Stewart), and the last 
load of specimens shipped from Craig, Colorado on June 
12, 1923 (Jun.  13, 1923, letter to Stewart). Subsequently, 
a variety of institutions worked or planned to work what 
is known today as the Carnegie Quarry. Following the ini-
tial work by the Carnegie Museum from 1909 to 1923, the 
National Museum of Natural History worked the east end 
in 1923 to remove a skeleton of Diplodocus Marsh, 1878, 
that was partially uncovered by the Carnegie Museum 
crew (Fig. 7; Gilmore 1924, 1932). This removal had been 
suggested by Arthur Coggeshall to Stewart, then director 
of the Carnegie Museum (Sept. 6, 1922, Coggeshall letter 
to Stewart). After the National Museum of Natural History 
finished, the University of Utah, under Douglass’ direc-
tion, excavated in 1923–24. They removed all previously 
exposed bones, as well as a skeleton of Allosaurus Marsh, 
1877b, the skull of which has since been returned to the 
Monument (Lowen, personal communication 2010). The 
University of Michigan received a permit to excavate in 
1924 (Beidleman 1956), but let the permit lapse, possibly 
because of the conditions set by the National Park Service 
to develop the quarry so that some bones were exposed for 
visitors to the Monument. The only specimens currently in 
the University’s collection came from the Carnegie Mu-
seum (Greg Wilson, personal communication 2008).  In 
1934, the American Museum of Natural History signed an 
agreement with the National Park Service. The agreement 

Fig. 1.—Earl Douglass (foreground) with hand on the articulated caudals 
that led to the discovery of what would become a huge quarry and later 
form the core of Dinosaur National Monument. Courtesy of Special Col-
lections Department, J. Willard Marriott Library, University of Utah.
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was to develop the quarry face leaving bones exposed, and 
would allow the Museum to remove duplicate specimens; 
the agreement was never acted upon (Beidleman 1956). 

Much of the early development of Dinosaur National 
Monument as a tourist destination is told by former Monu-
ment Paleontologist Theodore White (1964), former Cura-
tor and Collections Manager Ann Elder (1999), and Rich-
ard Beidleman (1956). The Quarry Visitor Center, which 
was eventually erected over the quarry face, had a long 
history as detailed by Allaback (2000). The architectural 
design was highly controversial at the time for its ultra-
modern use of glass, steel, and a concrete ramp that spi-
raled around a cylindrical office tower. Construction was 
completed in 1958 to encompass 585 m2 of the bonebed. 

Unfortunately, structural problems due to unstable bedrock 
required closure of the building in 2006. A new Quarry 
Visitor Center was erected in 2010–2011 over the quarry 
face and opened on October 4, 2011, marking the 96th an-
niversary of the monument. 

Although credit for the idea of having bones preserved 
in situ for viewing by the public is variously given to 
George Smith, then Director of the U.S. Geological Survey 
(Elder 1999) or to Douglass (e.g., Colbert 1968), Douglass 
actually began formulating the idea soon after realizing 
how extensive the deposit was. As originally conceived, 
he envisioned a display at the Carnegie Museum: “Say if 
this nest of dinosaurs could be mounted in relief in a great 
block in the position in which they were found it would 

Fig. 2.—A, sketch from a letter of Earl Douglass showing the position of the Quarry (Nov. 10, 1909, letter to Holland). B, horizontal sketch across the 
strata at the western end of the Quarry showing the pinching out of some beds (Nov. 4, 1916, letter from Douglass to Holland). Erosion of softer, clay-
rich sandstone and mudstone by Camp Gulch (Douglass Draw) truncates the west end of the Quarry. C, same sketch as B with text removed and inverted 
so as to show a cross-section of the channel sandstones, with the channel bottom at the base. By the time this sketch was made, the large concentration 
of bones clustered around specimens 150 and 150B had been removed leaving a depression. As Douglass noted in his letters, quarrying was easiest by 
following the bedding plane. Note that specimen 160 lies on a sloped bedding plane.
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Fig. 3.—A, vertical cross-section of the west end showing the deep trench cut at the base of the Quarry (view is towards the east; north is to the left, 
south to the right). As the Quarry was deepened, the trench had to be widened as well. Also visible are cross-sections of the sandstones and positions of 
specimens. Douglass made this sketch after a large rock slide (Nov. 4, 1916, letter to Holland). B, sketch of the central and east end of the Quarry (Nov. 
6, 1911, letter to Holland). C, sketch of the west end of the Quarry (Feb. 16, 1917, letter to Holland).
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be the greatest group on Earth” (Nov. 14, 1909, letter to 
Holland). He elaborated upon this several years later in 
his notes suggesting a large museum devoted to dinosaurs, 
both mounted and as found (Douglass Notebook 5, Aug. 
14, 1912). Douglass conveyed his idea widely through the 
press, as well as to various government and museum offi-
cials, especially after the Monument was created (Beidle-
man 1956). The idea would eventually come to fruition in 
1958.

The quarry face as developed by Douglass and his men 
was about 120+ m long and 22.75 m deep. This was deep-
ened an additional 12 m between December 1933 and Au-
gust 1938 by the Park Service using Works Progress Ad-
ministration (WPA) crews and later by Federal Emergency 
Relief Administration (FERA) workmen so as to expose 
the bone layer that is now contained in the Quarry Visitor 
Center (Fig. 8; Beidleman 1956; White 1964; Elder 1999). 
Actual development of the current quarry face began in 
1952 and continued more or less for an additional 39 years 
when work gradually stopped because of shifting empha-
sis to other paleontological resources in the Monument 
(Scott Madsen, personal communication 2008). The cur-
rent quarry contained within the Quarry Visitor Center is 
approximately 55.75 m long and 10.5 m tall at a 67 degree 
angle (Allaback 2000), with roughly 1400 bones exposed 
(Bayless et al. 2002).

Since its discovery in 1909, there has been much specu-
lation as to the origin of the dinosaur deposit. The answer, 
Douglass believed, lay in the rocks. Following a massive 
rock slide in the quarry he noted that, “The slide, by expos-
ing a section right across the shifting river-banks and part of 
the beds has made the thing much more easily understood. 
It gives us more of the history of this ancient river, and how 
it did its work, and will give us more practical knowledge 
relating to the making of the quarry” (Nov. 4, 1916, letter to 
Holland). Douglass summed up his observations, “It seems 
plain to me that the Dinosaurs were buried in a river deposit. 
The rock is composed of fine and coarse sand mixed with 
clay. It is completely stratified, cross bedded or obliquely 
bedded, and the structure is influenced by bones lying in 
flowing water. The direction of the currents is plainly [un-
readable] and was to the eastward. This is plainly shown by 
the study of the [unreadable] in the position of displaced 
bones etc., and perhaps less plainly by the structure of the 
sediments. The presence of clam shells also indicates river 
deposits. The sand is small, clear, water worn quartz grains 
and dark opaque, less perfectly rounded grains, from fine 
sand to small pebbles or coarse sand, sometimes as large 
as a lime bran.... There are also pebbles of soft clayey or 
shaly stuff green and other shades. They probably did not 
come from far. One can plainly see that the portion of the 
bones worked out are, at least in part, laid down in a depres-
sion, something like a basin.” (Sept 4, 1912, Notebook on 
Uinta Geology). Subsequent studies support Douglass’s in-
terpretation that the dinosaur bones of the Carnegie Quarry 
were indeed deposited in a fluvial system (e.g., White 1964; 
Lawton 1977; West and Chure 2001), although there is no 

agreement as to whether the depositional environment was 
braided (e.g., Lawton 1977) or meandering (e.g., Turner 
and Peterson 1992). The only detailed taphonomic study of 
Carnegie Quarry was a published senior thesis by Rebecca 
Lawton (1977), although some additional taphonomic ob-
servations have been made by Dodson et al. (1980), Fio-
rillo (1994), Hubert et al. (1996), Hasiotis et al. (1999), and 
Good (2004). All of these studies are an incomplete picture 
of the Quarry because the present quarry face is only a por-
tion of the entire bonebed. For this reason a more detailed 
analysis of the sedimentology and taphonomy of the Carn-
egie Quarry including information from the initial excava-
tions is presented here.

MATERIALS AND METHODS

Archival data form an important source of information be-
cause little remains in the vicinity of the quarry today of 
the early work by the Carnegie Museum, the National Mu-
seum of Natural History, and the University of Utah. This 
archival data include photographs, letters, and notes by 

Fig. 4.—Central portion of the Quarry showing the deep trench. The 
horse team is standing near the the original surface at the base of the 
exposed upturned sandstone ridge. Parts of specimens 1 and 40 are vis-
ible in the north wall (right side) of the trench. In the foreground are the 
wooden rails upon which a wooden cart was used to move large rocks 
and specimens. This was later replaced with steel rails and mining carts. 
View is to the west. Courtesy of the Regional History Center, Uintah 
County Library.
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Douglass in the archives of the Section of Vertebrate Pale-
ontology of the Carnegie Museum of Natural History, the 
Digital Information Versatile Archive (DIVA) of the Carn-
egie Mellon Libraries, the Special Collections Department 
of the J. Willard Marriott Library at the University of Utah, 
and the Regional History Center of the Uintah County Li-
brary, which also houses the photographic collection of 
Dinosaur National Monument by Leo Thorne. Additional 
photographs are in the possession of Evan Hall and Sue 
Ann Bilbey of Vernal, Utah. Sedimentological and tapho-
nomic data are quoted from notebooks and correspondence 
written by Douglass (punctuation has been added to quoted 
passages for clarity). These observations are an important 
source of information because they are the only records 
for a major portion of the bone-bearing strata. Some of his 
sedimentary observations have been checked against ma-
trix still remaining around the few unprepared bones at the 
Carnegie Museum and at the Denver Museum of Nature 
& Science, and this author has observed bones and matrix 
in the Quarry from 1977–2011. In addition, some of this 
historically collected matrix was used in petrographic thin-
sections to complement those made by Bilbey et al. (1974) 
and Bilbey (1992) from the current quarry face. Particle 
counts, as well as bone measurements, were determined 
using Image J (Rasband 2011). Thin-sections were made 
of various bones to investigate their micro-taphonomy. 
All thin-sections are in the collections of their respective
institutions.

A revised map of the quarry (Figs. 9, 10) is largely 
based on a map prepared by Douglass, a photo-mosaic of 

the present quarry face made by the author and corrected 
to compensate for the dip, and supplemental information 
presented by Gilmore (1936). In addition, many bones re-
moved from the quarry in the 1950s–1960s were added to 
the map based on photographs taken at the time (Fig. 11A, 
compare to Fig. 11B), and from an unpublished quarry 
map prepared by Behrensmeyer, Dodson, and Bakker in 
the mid-1970s. One Camarasaurus Cope, 1877, hind leg 
was relocated on the quarry sometime in the 1960s and is 
noted on the map. Photographs taken by both Douglass 
and Thorne show the grid system (Fig. 6) and numerical 
values at major grid points (e.g., 106Y) painted onto the 
rock. These data points were used to verify the location of 
bones on the quarry map. The photographs revealed that 
the outline of the rock ledge shown on the Douglass map, 
which was published by Gilmore (1936), was schematic 
and has been corrected. The major specimens are listed in 
Appendix 1.

The section on the paleohydrology (below) of the 
Quarry River does not use the interpretive lithofacies 
codes and architectural elements of Miall (1992) for the 
reasons presented by Bridge (1993, 1995), despite its de-
fense by Miall (1995). Bridge’s position is supported by 
the Smith et al. (2005) comparative study of three braided 
rivers. In this study Bridge noted that the preserved archi-
tecture may not reflect the mechanism of bar evolution. 
For these reasons, descriptive and interpretative methods 
are used. The paleohydraulics of the river, represented by 
the quarry sandstone, are described and interpreted by the 
following descriptive and interpretive methods. These 

Fig. 5.—West side of the Carnegie Quarry showing Dinosaur Peak and the general ridge contour, which is different than portrayed by Douglass or 
Gilmore. The removal of specimen 1 left a large notch in the ridge profile. Courtesy of the Regional History Center, Uintah County Library.



2013 Carpenter—taphonomy Carnegie Quarry                                                   159

were analyzed with HEC-RAS 4.1.0 (U.S. Army Corps of 
Engineers 2010a) assuming a Platte River model. HEC-
RAS software allows for one-dimensional steady and un-
steady flow hydraulics, sediment transport, and mobile bed 
calculations.

HEC-RAS was chosen over other freely available mul-
tiple transect numerical models because of its ease of use, 
and because it is widely used and accepted in hydrologi-
cal studies. The Platte River was selected because it is a 
classic and well-studied sandy braided river, especially 
as part of the recent Platte River Recovery Implementa-
tion Program (e.g., Crowley 1981; Kircher 1981a, 1981b; 
Kinzel et al. 2006; Kinzel 2008, 2009; Randle and Samad 
2008; Schaepe and Alexander 2011; Elliott 2011). In ad-
dition, the source area for the North Platte River is about 
350 km from the start of the model reach at North Platte, 
Nebraska. This distance compares with approximately 325 
km between the Quarry River and its possible source in 
the present North Hansel Mountains along the Idaho-Utah 
border (Allmendinger 1983; Currie 1998). 

Several actualistic experiments were undertaken to better 
understand the effects of bone obstruction in flow, the force 
needed to initiate bone movement, and what happens to an 
articulated skeleton during water transport. Flow obstruction 
was studied using casts of an Allosaurus ulna and anterior 
caudal and a cast of an anterior cervical of Camarasaurus
from the Cleveland-Lloyd Dinosaur Quarry. The casts were 
set on top a 5 cm layer of commercially available play-sand 
(grain size approximately 0.25 mm to 5 mm, but averaging 
about 1 mm) placed within Miller Creek, Carbon County, 
Utah. The casts were partially embedded into the sand in 
order to constrain flow around the casts. An earthen dam 
temporarily blocked flow while the sand and bones were 
placed. The dam was then breached to allow flow down the 
channel and over the casts. Velocity was measured using the 
float and stop-watch method, and flow’s cross-sectional area 
was determined from a trapezoid formed by flow depth, bed 
width, and top width of flow. Environmentally safe black 
food coloring was used as a dye to reveal surface flow pat-
terns around the bones. Bed structures were revealed by 
immediately blocking or diverting flow so as to prevent re-
shaping by waning flow. Three runs were conducted.
 To determine the force needed to move bones in flow-
ing water, water displacement was used to determine the 
volume of bones from the Cleveland-Lloyd Quarry. These 
bones were selected because they represent taxa also known 
from the Carnegie Quarry. They are uncrushed and well fos-
silized, thus able to withstand submergence in water. The 
mass of the bones was then calculated assuming an aver-
aged alligator bone density of 1.36 g/cm3 (see discussion be-
low). In reality, different bones and different parts of bones 
can have different densities (see further discussion below). 
Casts of bones were weighted to match the calculated mass 
and these were submerged into a tank of water with a 10 cm 
deep substrate of the same commercial play-sand mentioned 
above. A thin cord connected the cast to a hand-held spring 
scale that was used as a force gauge to determine the force 

need to initiate movement on the sand bed.
 The coefficient of friction for bone on wet sand used in 
the Bone Transport Section below was determined by us-
ing the inclined plane method of Fitzpatrick et al. (1997). 
Two blocks of cortical bone, 2 cm x 2 cm, were cut from 
a naturally dry, degreased cow femur from an individual 
that had been dead and disarticulated for several years. 
The samples were removed from the large, flat surface just 
proximal to the fibular condyle where the cross-section of 
the femur is prismatic. The exterior surface of Block A was 
completely smooth, whereas Block B had some rugosity 
from the origin of the gastronemius.  Block A was uniform-
ly 0.5 cm thick, and Block B varied from 0.6–0.7 cm thick 
(it was thickest at the crest). A 3–4 mm layer of wet sand 
(same play-sand used previously above) was placed on a 7 
x 15 cm sheet of sheet-steel (for rigidity) and smoothed so 
as not to have any irregularities that might hinder sliding 
of the bones; the sand was kept wet, but not saturated with 
a spray bottle. The samples were placed on the sand and 
the sheet metal incline increased until the bone samples 
began to slide; the angle of the incline was measured with 
a protractor to the nearest degree. The samples were run 

Fig. 6.—West end of the quarry showing the grid system painted onto the 
rock, specimen 160 in center. Note the use of a pick to excavate, rather 
than hammers and chisels seen in Fig. 7. This suggests a high clay con-
tent of the sandstone. Courtesy of the Regional History Center, Uintah 
County Library.
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several times (Block A, n=15 trials; Block B, n=10 trials) 
and results were similar. The angle of slippage (Ø), and 
thus the coefficient of friction (tan Ø = 0.81) were deter-
mined from the average of the combined values.
 The effects of fluvial transportation on an articulated 
carcass were studied using the fortuitous discovery of an 
articulated adult pronghorn, Antilocapra americana Ord, 
1815. All of the viscera and most, but not all, of the mus-
cle had been removed by scavengers and decay, leaving 
a skeleton still articulated with some mummified muscle, 
ligaments, and hide. The skeleton was placed in a broad 
unnamed drainage in Niobrara County, Wyoming, that was 
prone to flash floods during heavy thunderstorms. The ra-
pidity of tissue softening and resultant bone loss are dis-
cussed in the Taphonomy section. 

The taxa from the Carnegie Quarry have been given 
by Foster (1998, 2003), with the only recent addition of 
Camptosaurus aphanoecetes Carpenter and Wilson, 2008. 
Further discussion would be redundant.

Abbreviations.—CEUM, College of Eastern Utah, Pre-
historic Museum (=Prehistoric Museum, USU-Eastern), 
Price, UT; CM, Carnegie Museum of Natural History, 
Pittsburgh, PA; DFN, Douglass field number (referred 
to as DNM, or Dinosaur National Monument number by 
McIntosh 1981); DINO, Dinosaur National Monument, 
Uintah County, UT; DMNH, Denver Museum of Natural 
History (=Denver Museum of Nature & Science), Denver, 
CO; DQN, Douglass Dinosaur Quarry Notebook; USNM,
United States National Museum (=National Museum of 
Natural History), Washington, D.C.; UUVP, University of 
Utah, Vertebrate Paleontology (=Natural History Museum 
of Utah), Salt Lake City, UT.

GEOLOGICAL SETTING

Local stratigraphy

The first observations about the local geology were made 
by Douglass. Based on fossil evidence, he originally 
thought the dinosaurs might be Cretaceous: “Another 
thing there are fossil invertebrates in the underlying strata 
and the Dinosaurs are evidently Cretaceous not Jurassic” 
(Sept. 19, 1909, letter to Stewart). Unfortunately, Douglass 
never elaborated on this observation as to why he assumed 
the invertebrates were Cretaceous in age. A more detailed 
description of the geology of Dinosaur National Monu-
ment was given by Gregson and Chure (2000).

Carnegie Quarry is located in the Brushy Basin Mem-
ber of the Morrison Formation, which is exposed in the 
hogback on the south flank of the east-west trending Split 
Mountain Anticline (Rowley et al. 1979). The Morrison 
Formation in Dinosaur National Monument unconform-
ably overlies the Upper Jurassic marine Stump Formation 
and unconformably underlies the Lower Cretaceous non-
marine Cedar Mountain Formation (Figs. 12A, B). It is 
variably reported as 260 m thick (Hansen et al. 1991), 204 
m (Bilbey et al. 1974; Bilbey 1992), 188.7 m (Turner and 
Peterson 1991), or 98 m (Kowallis et al. 1998), depending 
on where the contact with the overlying Cedar Mountain 
Formation is placed. The Brushy Basin Member in the vi-
cinity of the Quarry is about 132.6 m thick (Bilbey et al. 
1974; Bilbey 1992) or 100 m thick (Turner and Peterson 
1991). It is composed predominately of green, grey, yel-
low, red, and purple mudstone and siltstone, and lesser 
amounts of lenticular sandstones (Rowley et al. 1979). The 
sandstones tend to be fine-grained to conglomeratic, and 
white to greenish-grey, but typically weather to a choco-
late brown. Some thin, lenticular freshwater limestone also 
occurs in the Brushy Basin. Kowallis et al. (1998) reported 
a weighted average 40Ar/39Ar date of 148.98+0.12 Ma 

Fig. 7.—East end of the Quarry was described by Gilmore (1932) as a 
“refractory sandstone” requiring use of hammer and chisels. This sand-
stone had a lower clay and higher cement content than the west end (Fig. 
6). The grid system is visible. Specimen 355 being exposed. In the fore-
ground are the steel rails that replaced the wooden ones seen in Fig. 4. 
The man to the left is operating a hand-cranked movie camera, making 
one of the first films of field work. Courtesy of the Regional History 
Center, Uintah County Library.

Fig. 8.—Deepening of the trench by a Works Progress Administration 
crew so as to expose the bone layer (right wall) of what would become 
the current Quarry face. The mining carts left by Douglass proved useful 
in moving the debris. Courtesy of the Regional History Center, Uintah 
County Library.
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from the Brushy Basin just below the level of the Quarry. 
This date places the Quarry in the lower Tithonian (Inter-
national Commission on Stratigraphy 2012).

The Brushy Basin conformably overlies the Salt Wash 
Member, which is composed primarily of light-colored, 
tabular, cross-bedded sandstone and conglomeratic sand-
stone, and minor amounts of mudstone. Near the Quarry, 
thickness of the member is either 71 m (Bilbey et al. 1974; 
Bilbey 1992) or 75 m (Turner and Peterson 1991). 

Quarry sedimentology

Carnegie Quarry is located about 56 m above the Salt Wash 
Sandstone. Douglass reported that the Quarry occurs “in 
[a] large lens of sandstone, which is in some places about 
30 ft [9 m] thick” (List of Specimen Notes, Dec. 9, 1910). 
What remains today in the central section is more than 7.5 
m thick, with the upper contact to mudstone covered by 
the Visitor Center, parking lot, and utility road. The strike 
of the Quarry bed today is N101° E and has a dip of 67° S 
(Fig. 12). Rowley et al. (1979), however, reported a strike 
of N103° E and a dip 50° S measured along Carnegie 
Gulch, immediately west of the Quarry, whereas Sprinkle 
(2007) reported a strike of N93° E and a dip of 50° S. 

Douglass made most of his gross sedimentological ob-
servations while excavating the Apatosaurus louisae Hol-
land, 1915b (DFN 1). Here the sandstone consisted of, “a 
gray sandstone, which varies much in hardness and size 
of the grains... [T]he sand is fine grained, water worn, and 
is banded or streaked (imperfectly stratified) in the plane 
of deposition... In some places lamination [i.e., cross-
bedding] is more perfect and the rock cleaves perfectly 
on these planes (a foot or more thick here). Farther to the 
northward, nearer the bone bearing stratum, the sand is 
much coarser, at least a portion of it... [I]t is imperfectly 
and irregularly laminated [i.e., cross-bedded] and works 
quite easily. Still near and running through at least part 
of the bone bearing band is a very hard band, sometimes 
it is more or less nodular or concretional in structure. In 
the interstices of the bones at the neck, at about the 10th 
vertebra, the rock is most definitely laminated, but in some 

spots or lenses the rock is of a finer texture. While just 
below [cervical vertebra] No. 9, the rather fine grained 
rock is striated and shows plunge-and-flow structure [i.e., 
cross-bedding]. Just under the neck (as it originally lay), 
and between the bones perhaps to some extent, of the low-
er portion the rock, is fine grained and easily breaks into 
shaly blocks” (DQN, Jun. 15,1910). 

As the excavation continued, the strata proved not to be 
uniform: “The rock, except in the larger spaces ... between 
the bones does not show very distinct lamination, or much 
assorting of material by the action of water, i.e. the fine and 
coarse sand (grains usually not so large as goose shot) are 
unevenly mixed some places being fine and others where 
coarse is more thickly massed together.” (DQN, Jun. 26, 
1910). “The bones [caudals of #40] lie in sandstone the 
structure of which, though in part a weathered seam, ap-
pears to be somewhat irregular as it naturally would be 
if the currents were bringing down sand and depositing 
it around the bones. Underneath the sandstone on which 
the bones lay shows a laminated structure, that is, there 
are fine lines or horizontal streaks of darker sand. …The 
surface below and a band were stained with iron a kind of 
reddish brown. The surface below the crack or cleavage 
plane was more of a yellowish brown, and the sand grains 
quite coarse. It is an uneven bulging and depressed sur-
face, convex and concave looking as if swift currents may 
have flown over it. The rock for 2 or 3 ft above is mottled 
greenish and purplish” (DQN, Aug. 31, 1910).

Douglass later supplemented his observations about the 
cross-stratification, noting that the cross-bedding “looked 
as if had flowed over the bone and deposited layer after 
layer. It was bulged up” (DQN, Jun. 22, 1910). Today, the 
cross-bedding is referred to as trough cross-bedding and 
the bulged structure appears to be a mid-channel, linguoid 
bar (Fig. 13) that was exposed during quarrying operation 
by the separating of sandstone layers (noted by Douglass 
above); such bars, and transverse bars, are typical of sandy
braided rivers (Miall 1977). Similarly structured bars 
in the same orientation are noted in adjacent sandstones 
(Figs. 14A, B) that are believed to represent the same 
river channel at different times (see further discussion in 

Fig. 9.—Index map for Fig. 10.
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Fig. 10.—A-E, composite map of the Carnegie Quarry. Outer edge of outcrop shown as a solid line was based on photographs of the site taken by Earl 
Douglass and as dotted lines on Quarry map prepared by Douglass and reproduced by Gilmore (1936). Alternating dashed and dotted line denotes the 
current Quarry exposed in the Visitor Center. Dinosaur Peak is the name given to the highest point by Douglass. In making his map, Douglass noted “the 
two base lines overlap as the 0 line for [the] west [base line] would be E4, and for [the] east (west) [base line would be] 4” (Record Book 1909-1923). 
See Appendix 1 for specimens. The map is made in segments so that it can be copied and assembled. 
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Paleohydrology section). Douglass made no sedimento-
logical observations about the east side of the Quarry and 
interpretations are based on photographs around the Di-
plodocus removed by the Smithsonian. Gilmore (1932:1) 
described excavating the specimen, “from huge blocks of 
refractory sandstone”, i.e., well indurated sandstone that 
fractured into large blocks suggesting a low clay content 
and high silica cement content (Fig. 7). 

Lateral changes in the sandstone were also noted by 

Douglass: “You know how the rock changes in the west 
end. It has always seemed that several layers are wedged 
in between strata, which farther east come together” (Sept. 
9, 1915, letter to Holland). Later, he described the wedg-
es: “Perhaps that you will remember that going westward 
from the old quarry [where Apatosaurus was excavated] 
it seemed that there were several strata wedged in making 
something like the appearance in the above diagram [see 
Figs. 2B,C]. That is from east to west the layers seemed to 
spread out something like a jaw,” (Nov. 4, 1916, letter to 
Holland).

Douglass also reported that “This [western] portion as I 
said is different from the eastern part... It is nice and easy 
to work while the eastern portion of the West Extension is 
much of it quite hard” (Oct. 19, 1914, letter to Holland). 
The ease of the work can be seen in photographs in which 
picks, rather than hammer and chisel, were used to strip 
the overburden. Furthermore, the sandstone broke into ir-
regular, less blocky pieces (Fig. 7 vs. Fig. 6). This evidence 
suggests a higher percentage of clay, and less chemical ce-
ment in the sandstone in the western portion of the Quarry. 

The preserved middle section of the Quarry that re-
mains is mostly well indurated and shows multiple layers 
of bone separated by sandstone (Fig. 15A). It is composed 
of greenish-grey, fine- to coarse-grained sandstone, with 
abundant multi-colored chert pebbles, but mostly black 
(Fig. 15B). Conglomeratic sandstone is dominated by 
pedogenic carbonate nodules (Fig. 16A), whose source 
was probably the adjacent floodplain mudstones (Fig. 
16B) into which the channel cut. Mud pebbles also occur 
in the conglomerates (Fig. 16C). These were referred to 
as rip-up clasts by Lawton (1977). However, such clasts 
seldom originate from the channel bed because bed sedi-
ments are rarely high in clay, but are typically composed of 
various ratios of sand and silt, and subordinate amounts of 
clay. Many physico-chemical and biological factors affect 
the cohesiveness (yield strength) of clay, but strong ionic 
interparticle attraction becomes most important when clay 
exceeds 10% by bulk volume (Huang et al. 2006). Ero-
sion of clay-dominated beds can occur when bed shear 
strength exceeds the yield strength of the clay. However, 
given that flow velocity is lowest at the bed-water interface 
(Knighton 1984), very high discharge is required to initi-
ate erosion of a clay-rich cohesive bed through drag and 
lift hydraulic forces (Millar and Quick 1998). Such forces 
tend to remove individual particles or small aggregates, 
rather than chunks (clasts). It therefore seems most likely 
that the conglomeratic mudclasts in the Quarry Sandstone 
originated from the undercutting and collapse of adjacent 
clayey overbank deposits (Zinger et al. 2011), which is es-
pecially common in semiarid and arid environments (Fig. 
16D; Karcz 1969, 1972; Mather et al. 2008). The resulting 
irregular clasts tend to become spherical rapidly through 
abrasion of edges during bedload transport (Smith 1972; 
see Figs. 16A, B). The rapid rate of abrasion suggests that 
the Quarry mudclasts probably did not travel far from their 
point of origin, perhaps on the order of tens to hundreds of 
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meters, rather than kilometers (Smith 1972). 
Thin, greenish to purple to ocher colored siltstone and 

mudstone partings occur between some of the beds of the 
Quarry sandstone (Fig. 17) and appear to be mud drapes. 
One extensively distributed, slightly hummocky, ocher 
colored drape can be traced over much of the lower bone 
layer where it has not been removed by Quarry work. This 
drape is similar to one reported as a sequence boundary 
in a cross-channel bar revealed by ground penetrating ra-
dar and verified with vibracores (Skelly et al. 2003). Mud 
drapes would be expected from seasonal fluctuations in 
flow, but there is little evidence at this time to suggest 
this. Instead, the evidence suggests flow cessation associ-
ated with rare severe droughts (see further discussion be-
low), as is known to happen today in rivers perturbed by 
droughts (Lake 2003).

Douglass made some petrographic observations while 
excavating the Apatosaurus skeleton:  “Under a hand-
magnifier it [the sandstone] is seen to be largely composed 
of small, white or clear, water worn quartz grains. In the 
interstices of the grains there appears to be a white, partly 
translucent material, possibly gypsum [actually kaolinite]. 
(There is much clay in nearly all the rock, which shows [i.e., 
become apparent] when water is used.) Some of the streaks 
in this fine sand are greenish.... The pebbles in [the] grains 
are white quartz and a dark compact rock [chert]. The angles 
of both are rounded but the grains have flattened sides. It has 
the same white substance surrounding the grains as the pre-
vious sample and it is imperfectly and irregularly laminated 
and works quite easily” (DQN, Jun. 15, 1910).

Hand samples for most of the sandstones have a “salt 
and pepper” appearance giving an overall light grey hue to 
the fresh face of the sandstone. Under magnification, the 
lighter “salt” portion is monocrystalline quartz, whereas 

the darker “pepper” is chert grains (Figs. 18A, B). Chert 
grains typically comprise 10%–25%, and rarely as high as 
85%. Most grains are medium- sand to pebble size. Quartz 
grains are mostly rounded to well rounded, with a high 
sphericity. In contrast, chert grains are angular to rounded 
and have a sphericity range from low to high. Grain size 
sorting (Figs. 19A, B) ranges from well (CM 70384) to 
poorly sorted (CM 41691). Chert grain colors range from 
black, dark grey, light grey, and brown, with black and 
dark grey predominating. None of the colorful red, orange, 
or green chert grains, which characterize the Morrison 
Formation (Turner and Peterson 1991), were seen in the 
samples.

Non-swelling, presumably illitic clay clasts are pre-
dominantly rounded to well rounded and spherical; most 
are greenish-grey. Magnetite is rare indicating primarily a 
non-igneous, non-metamorphic source for the sand. Feld-
spar grains are absent, although Currie (1998) reported 
their presence in the lower Morrison sandstones of north-
eastern Utah that can be sourced to arkosic, Upper Paleo-
zoic sedimentary rocks near the Utah-Idaho border. Some 
zircons occur in the Quarry sandstones (e.g., CM 4691, 
Fig. 18E). 

Staining of sandstone with potassium ferricyanide im-
parts a turquoise-blue stain to ferroan dolomite, seen as a 
cement (Fig. 19C) that was produced in the presence of 
reducing phreatic water (Scholle and Halley 1985). Stain-
ing with potassium ferricyanide and Alizarin red showed 
very little calcium carbonate cement. Instead, the domi-
nant cements are secondary quartz (Fig. 18D), including 
chalcedony, and possibly kaolinite. Acid testing of six 
different samples surrounding bones collected by Dou-
glass failed to show the presence of calcium carbonate.
Untermann and Untermann (1954) reported that the top-

Fig. 11.—During early work to expose the present Quarry face (1950s), some specimens were removed (A, lower bones), whereas others were left (B,
which are the upper bones of A; compare cv and sc of A and B). Both specimens are of Camarasaurus. Abbreviations: cv - cervical vertebrae; il - ilium 
(removed in B); sc - scapulacoracoid. Image in A is courtesy of the Regional History Center, Uintah County Library.
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most bonebed is calcareous. Douglass noted that, “The rock 
is usually the hardest where there are the most bones...” 
(Jan. 21, 1910, letter to Holland) and later speculated,”It 
seems that the bones are in some way the cause of the hard-
ening of the rock. There is a good chemical study here. I 
must look it up but I think some of the mineral matter of the 
bone enters into some kind of combination with the mineral 
matter in the percolating waters” (Douglass diary, Jan. 12 
1915). Percolated or infiltrated phreatic water may also be 

the source for flocculated clay seen occasionally in Haver-
sian canals (Fig. 18C). Otherwise, little clay is seen in the 
thin sections.

Hubert et al. (1996) reported that bone from the Quar-
ry face is altered to francolite, a carbonate-fluorapatite 
formed after the decay of bone collagen. Bone is frequent-
ly colored orange or orangish-brown from the iron oxyhy-
droxide mineral goethite, which Hubert et al. (1996) be-
lieved precipitated in micron- to millimeter-wide fractures.

Fig. 12.—A, satellite image of the old Visitor Center (vc) and local stratigraphy, including the three local channels (1-3 from west to east). B, shows 
cross-section at x-y. How deep the Quarry sandstone goes is unknown. Naturita Formation (Young 1960, 1965) replaces the incorrectly used Dakota 
Formation, which is restricted to the eastern side of the Cretaceous Seaway (Witzke and Ludvigson 1994). Three related sandstones (denoted 1-3) form 
the braided river complex through time based on stratigraphic relationships. These show a gradual eastward shift in the river as the floodplain aggraded 
(see text for discussion). Abbreviations: Jm - Morrison Formation; Js - Stump Formation; Kcm - Cedar Mountain Formation; Km - Mancos Shale; Kn - 
Naturita Formation; Qa - Alluvium. Aerial view from Google Earth.
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Given that bone may be colored in regions away from 
fractures as seen in thin-sections, goethite may also have 
formed from in situ weathering of pyrite, which Hubert et 
al. (1996) noted was present in some bone. Alternatively, 
goethite may have formed in the bone by iron along with 
silica and other minerals introduced into the bone saturated 
by phreatic water. Hubert et al. (1996) developed a com-
plex diagenetic model for the bones on the Quarry face: 
Phreatic water leached ions from volcanic rich soils (i.e., 
andosols) of the Brushy Basin landscape, which formed 
by downwind tephra accumulation for thousands of years. 
This ion-enriched phreatic water seeped into the porous 
sandstones and entombed bones to form the various diage-
netic minerals in a rough sequence shown in Fig. 20. Most 
of these minerals form in an alkaline environment, partly 
as a result of ammonia produced by the decomposition of 
organic material (primarily soft tissue of the dinosaurs), but 
also because of calc-alkaline ash (rhyolitic and dacitic; Skid-
more et al. 2011) erupted from subduction zone volcanic 
arcs located along the Pacific coast (Armstrong and Ward 
1993). Paleowind resultants indicate southwesterly winds 

(Peterson 1988: fig. 17; note that the actual paleowind vec-
tors from eolian deposits indicate southwesterlies, whereas 
predicted wind flows are westerly), which support possible 
ash sources in southern Arizona and New Mexico and more 
importantly, southern California (Hart et al. 2005). 

Given that most of the quartz grains in the thin-sections 
are well sorted, round, spherical, and frosted, this suggests 
that the quartz is recycled from the underlying aeolian En-
trada or Nugget Sandstones or their equivalents. The chert 
grains are most likely derived from the Permian Park City 
Group, in which chert grains are common in the various 
formations and members (Wardlaw 1979; Wardlaw et al. 
1979a, 1979b). The composition of the sandstones de-
scribed above best defines them as sublitharenites, thus as 
mature siliciclastic rocks. 

Paleohydrology

The hydrology of a river is determined by the slope, grain 
size, quantity of sediment, and cohesiveness of the banks 

Fig. 13.—Central part of the Quarry near where the Apatosaurus was collected with an exposed subaqueous dune (inset). The dune was exposed by 
peeling the sandstone off in layers. Several other less prominent dunes are also visible. The thickness of the dune was estimated based on the estimated 
18” spacing of the ladder rungs. Figures on the ladder are believed to be Douglass and his son Gawin. Courtesy of the Regional History Center, Uintah 
County Library.
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Fig. 14.—Dunes in adjacent sandstone bodies. A, dune in Sandstone 1, west side of Douglass Draw. B, dune in Sandstone 3, east side of Nielsen Gulch, 
with inset showing the lee side. Arrows indicate the steep lee side, darts indicate lower bounding surface. Note how the stoss side gradually slopes in 
contrast to the steep lee side. Owing to their location on cliff faces, thicknesses were too difficult to obtain, but are approximately 0.75 - 1 m. C, lee and 
stoss sides of transverse bars separated by a bone-filled trough in the Quarry sandstone. 
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(Nicholas 2000), although mid-channel obstacles, such as 
tree debris, can have a major influence as well (Keller and 
Swanson 1979). Conversely, knowing these attributes has 
long been used to reconstruct ancient fluvial systems, and 
they can be applied to the Quarry Sandstone. The paleoriv-
er represented by this Sandstone is here called the Quarry 
River for convenience. Douglass noted very early during 
the excavation that the sandstones indicated a fluvial sys-
tem, which may have displaced some of the Apatosaurus
bones, “Of course currents may have disturbed the thing 
[skeleton]...” (Aug. 26, 1909, letter to Holland). He later 
elaborated on this fluvial nature: “…the north side of the 
quarry is mostly a clean surface of brown [sandstone], ap-
parently an old river bend – the surface at one turn of the 
bed of the stream, for I believe the skeletons were depos-
ited in a stream. The surface is quite uneven as one finds 
the sand” (DQN, Sept. 24, 1911). Holland (1915a), how-
ever, was the first to publish that, “The deposit appears to 
represent a section of the bed of a small stream or river. 
At the bottom is a layer of cobblestones and coarse gravel 
more or less firmly cemented together by lime. Superin-
cumbent upon this are sandstones, the material compos-
ing which varies from coarse sand in some places to finer 
sand in other places... There are several layers represented 
in this quarry lying more or less conformably in relation 
to each other, but disclosing pockets and irregularities 
which naturally would occur in the bed of a small stream 
subject to the action of drouth [= drought] succeeded by 
freshets [= flood]. There is evidence of the existence of 
a current which flowed from west to east. Mussel-shells 
and remains of tortoises prove the fluviatile origin of the 
beds” (Holland 1915a: 273–274; these observations must 
have been gleaned from Douglass’ letters given that the 
text was read at the Paleontological Society of America in 
December 1914, five months before Holland’s first visit to 
the Quarry).

The water for a river originates in the drainage basin, 

although how large that was for the Quarry River is un-
known. Retallack (1997) estimated the local paleorainfall 
based on depth to the paleosol calcic horizon as roughly 
600–900 mm/yr, which is well within the range for mod-
ern pedogenic carbonate formation (Breecker et al. 2009). 
Retallack reconstructed the rainfall as seasonal, but not 
monsoonal because the paleosols lack the diffuse nodular 
horizon and intergrown carbonate and hematite of known 
monsoonal paleosols, such as the Siwalik Group of Paki-
stan. In contrast, the latest computer model by Sellwood 
and Valdes (2008) suggested less than 183 mm/yr, which 
would support a tropical xerophytic shrubland. Such an 
interpretation seems too dry based on paleontological evi-
dence (e.g., Tidwell 1990; Ash 1994; Parrish et al. 2004; 
Good 2004; Rees et al. 2004). Retallack (1997) interpreted 
the red, clayey, calcareous soils as indicating open wood-
lands, which Parrish et al. (2004) referred to as a “savan-
nah” (although without grasses). Regardless, the pedogen-
ic carbonate is largely controlled by seasonal variation in 
soil carbon dioxide driven by wet/dry cycles as shown by 
Breecker et al. (2009). Thus, rainfall in the Quarry River 
Basin was seasonal, contrary to Tidwell (1990), who in-
ferred a humid, non-seasonal climate based on the Mor-
rison flora (see Parrish et al. 2004 for further discussion) 
or Sellwood and Valdes (2008), who envisioned a more 
arid environment. In semiarid environments, drainage ba-
sins tend to be small (less than 1000 km2) and subject to 
high erosion due to short, high intensity, infrequent rainfall 
(Osterkamp and Friedman 2000). Thus, the flashflood and 
runoff potentials tend to be high as well. 
 At various times during the first few years, Douglass 
wrote that paleostream flow at the Carnegie Quarry was 
from west to east (diary May 25, 1910; DQN, Apr. 13, 
1911; Notebook on Uinta Geology Sept 4, 1912), a posi-
tion supported by Gilmore (1936) and more recently by 
Bilbey (1992). However, in 1916 a massive rock slide 
on the west end of the Quarry gave Douglass a unique

Fig. 15.—A, separate bones beds on the Quarry face (1, 2) separated by thick (~1 m) sandstone. The cervical vertebrae in the upper right corner are the 
same as in Fig. 11. B, gravelly sandstone with chert pebbles. Scale for B in cm. 



172     annals of Carnegie museum     Vol. 81

profile of the bonebeds leading him to change his mind: 
“The breaking down of the sandstone has given us a beau-
tiful section right across the shifting river bank and part 
of the bed. The rude sketch below [Fig. 3A] will give you 
something of an idea of the conditions. It shows I think that 
we are excavating on what was the north side of the old 
river, and that the sandstone here is the sand-bars which 
accumulated on the inner bend of the river. As the river 
became more sinuous successive bars were deposited, so 
that we are at work on the northern bank and bed of the 
river, and the river here [flowed?] to the southward” (Nov. 
4, 1916, letter to Holland). This southerly flow is also sup-
ported by bone orientation data from the Quarry map (Fig. 
21), which shows a general south-southeasterly trend. 
Regional paleocurrent data from the Morrison Formation 
along the south flank of the Split Mountain Anticline also 
support a southerly trend. Rivers in the Salt Wash Mem-

ber flowed towards the south-southwest and southeast, and 
in the middle and upper Brushy Basin towards the south-
southeast and southeast (Currie 1998). With all this evi-
dence indicating a southerly flow, why have some stated 
the flow was towards the east? As Bridge (1985, 1993) and 
Skelly et al. (2003) have noted, a braid bar formed at high 
flow will often have components of dip in both the down-
stream and across-stream directions. Thus, depending on 
the cross-section viewed, 2-D paleocurrent data may give 
spurious results.

The river type represented by the Quarry sandstones 
was first given by Douglass, “… the sandstone here is 
the sand-bars which accumulated on the inner bend of the 
river. As the river became more sinuous successive bars 
were deposited...” (Nov. 4, 1916, letter to Holland). To-
day, we would call the sediment accumulation at the inner 
bend of a sinuous river a point bar of a meandering river. 

Fig. 16.—Calcium carbonate in the vicinity of the Quarry. A, conglomerate composed of carbonate nodules on the Quarry face (west-central region). 
These clasts originated from erosion of paleosols developed in the adjacent and underlying overbank sediments. B, carbonate nodules (e.g., arrows) erod-
ing from mudstones immediately underlying the Quarry sandstone. West side of Visitor Center. C, large reworked carbonate nodule in the upper Quarry 
sandstone. Smaller carbonate nodules are also present. East side of Visitor Center. D, example of bank collapse of unconsolidated overbank sediments in 
a cutbank; note blockiness of sediments. When water is present, flow is towards the right. Bank height about 2 m. Cane Wash, San Rafael Swell, Utah. 
Scales in A-C in cm.
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This interpretation was independently reached by Turner 
and Peterson (1992), although they did not elaborate how 
they reached their conclusion. In contrast, Lawton (1977) 
identified the Quarry River as braided based on trough 
cross-stratification, lack of graded bedding, and coarseness 
of the sediments, all of which she attributed to high current 
velocities and variable discharge. In addition, she consid-
ered the Quarry sandstone as bar deposits. Most studies, 
however, simply refer the Quarry sandstones as fluvial 
or channel (e.g., Holland 1915a; Gilmore 1936; Fiorillo 
1994; Foster 2003). Given the diversity of modern chan-
nel types, the riverine landscape cannot be reconstructed 
without establishing river type (Church 2006). Thus, refer-
ring the sandstones as simply fluvial or channel is not very 
meaningful in paleoenvironmental reconstruction (fluvial 
= meandering, braided, anastomosing, straight, splay, or 
deltaic; channel = meandering, braided, anastomosing, 
straight, distributary).

As noted previously, the sandstone bodies in the vicin-
ity of the Carnegie Quarry probably represent the Quarry 
River at different times (Fig. 12A). Lithologically, they are 
similar and each has south-trending macroforms or bars 
(Figs. 14A, B). The sandstone bodies are labeled QR1, 
QR2, and QR3 for convenience. QR1 is widely separated 
from QR2 by what Douglass referred to as Camp Draw 
(now called Douglass Draw). If it is accepted that erosion 
will preferentially erode softer rock first, then Camp Draw 
formed along the path of least resistance, which in this case 
was floodplain mudstones. Visual sighting across the Draw 
shows that QR1 and QR2 are within a few stratigraphic 
meters of one another, although it cannot determine which 
is lower, hence the older Quarry River. QR2 is separated 
from QR3 by Neilsen Gulch, but in this case QR2 can be 
physically traced to within one meter below QR3 on the 
east side of Neilsen Gulch where a lens of it protrudes 
from the slumped mudstone. The width of QR2 was 275 
m, which probably reflects bankfull stage. The relatively 
rapid rates of bone burial in QR2 as inferred from the ar-
ticulated specimens indicate the Quarry River occupied an 
aggrading alluvial plain where avulsion may have occurred 
every few hundred years (Bridge 1985). Ethridge et al. 
(1999) noted that avulsion in an aggrading braided system 
is due to gradual increase in the elevation of the channel 
belt above the level of the floodplain. High discharge may 
trigger crevassing, followed by avulsion onto the topo-
graphically lower floodplain. However, avulsions are not 
always rapid, but can drag out for years or decades as flow 
gradually shifts to the other channel (Bristow 1999; Jones 
and Schumm 1999). Such a gradual shift may explain why 
it is difficult to determine the relative stratigraphic position 
of QR1 and QR2. 

The overall coarseness of the Quarry River sandstones 
alone do not indicate braiding, because there is a large 
overlap in stream power where for a given particle size 
movement may or may not occur, and therefore a unique 
relationship between particle size and critical flow does 
not exist (Williams 1983; Lewin and Brewer 2001: fig. 5). 

Data from 192 rivers presented by van den Berg (1995) 
show the median particle size (D50) for meandering rivers 
range from 0.06 mm to 90.5 mm, and braided rivers from 
0.07 mm to 145 mm. Because of the lack of strong cor-
relation between grain size and channel morphology, Wil-
liams (1983) argued that paleoflow estimates should have 
a foundation in empirical relations of known sediment 
movement. The flow may not be the same as that required 
to initiate movement, but in most cases are probably close. 
In addition, there is no correlation between discharge vari-
ability and braiding, as is commonly assumed (van den 
Berg 1995). There is, however, apparently a rough correla-
tion between grain-size/channel depth and slope based on 
a study of over 400 rivers (Friend and Dade 2005). Using 
their graph (Friend and Dade 2005: fig. 5), the Quarry Riv-
er (D50 = 1 mm) would have a slope between 10-3–10-4.
With bedload predominating, the Quarry River was prob-
ably more towards the steeper value. 

Although no single characteristic can identify a river, 
multiple characteristics taken together suggest that the 
Quarry River was most likely braided. These character-
istics include mid-channel linguoid bars, overall scarcity 
of graded bedding, coarseness of the sediments (D50 = 1 
mm), high channel width to depth ratio, and high, variable 
discharge. The sandstones also show both trough cross-
stratification of linguoid bars and planar-tabular stratifica-
tion of straight-crested bars, both of which are common 
in sandy braided rivers (Miall 1977; Sambrook Smith et 
al. 2005). The linguoid bars, which are essentially flow-
parallel ridges, are pulses of sediment moving downstream 
(Kiss and Sipos 2007). Cross-channel, straight crested bars 
also occur and were revealed by removal of the sandstone 
along the bedding plane. The exhumed bars (Figs. 13, 
14A–C) have a low-angled stoss side and a high-angled lee 
or avalanche face. Based on thickness of the bars, minimal 
channel depth ranged from 1–1.9 m. However, the height 
of the bars correlates with the formative flow depth (Bridge 
1985, 1993; Kiss and Sipos 2007), which is not necessar-
ily the same as maximum flow depth (Leclair and Bridge 

Fig. 17.—Thin iron oxide-stained bounding surfaces (1, 2) separated by 
about 30 cm of sediment near the west end of the Quarry face. The lower 
mudstone bounding surface can be traced over much of the Quarry face, 
although most of it has been removed during excavation and preparation. 
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2001). During the falling stage, the water surface encoun-
ters large obstacles, which in the Quarry River would in-
clude large bones and carcasses; these can locally increase 
surface roughness. 

The presence of carcasses and large bones in the Quar-
ry River undoubtedly acted as flow obstacles in a manner 
analogous to boulders or large woody debris (LWD) in riv-
ers today. Such obstacles alter flow hydraulics (Cadol and 
Wohl 2011). To demonstrate the effects of these obstacles 
on the Quarry River, flow was analyzed with HEC-RAS 
(see Materials and Methods). Multiple transect numerical 
models, such as HEC-RAS, rely on cross-sectional data, 
especially of the bed topography. These data may be col-
lected by boat using sonar, tape, or theodolite and staff, or 
geographic information systems (some of these data are 
available on the internet, e.g., National Hydrography Data-
set: nhd.usgs.gov). Two cross-sections of the Quarry River 
were approximated, including one with the skeleton of Ap-
atosaurus lousiae and the other 12 m downstream across 
the current Quarry face. These cross-sections should not 
be thought of as actual snap-shots in time, but rather ap-
proximations that allow for plausible modeling scenarios. 
In making the cross-sections perpendicular to the average 
azimuth of flow (S-SE), the following assumptions were 
made: 1) Because there are at minimum three bone levels, 

approximately a third of the bones occur on the cross-sec-
tion (in actuality, Douglass reported fewer bones in the up-
per level); 2) all bones of a single individual are roughly on 
the same bed, thus are contemporaneous; 3) bones are not 
randomly distributed across the river bottom, but mainly 
in clusters; 4) the bones increase the Manning’s roughness 
(n) values of the bed (n is used more commonly than the 
Karman coefficient); and 5) bones and carcasses acted as 
flow obstruction causing lateral scour analogous to that 
seen with bridge supports. The large pelvis of a sauropod, 
especially of the holotype of Apatosaurus louisae, would 
be a major obstacle to flow.

The Quarry River cross-sections were placed into the 
cross-sectional data of the well-studied Platte River pro-
vided by Timothy Randle, Bureau of Reclamation. The 
data consisted of 771 cross-sections along a 70.9 mile 
(114.1 km) between River Mile 310.2 (North Platte, NB) 
and River Mile 239.3 (Overton, NB). Placement was 
matched to similar widths of the Platte River so as to not 
artificially and abruptly constrict flow. Constriction results 
in upstream pooling of water and an increase in velocity 
across the constriction, thus would distort the analysis. A 
site was chosen at River Mile 295.958, which most closely 
matched the estimated width of the Quarry River. This 
cross-section and the next downstream, 295.863, were 

Table 1. Results of the HEC-RAS analysis based on the average (aver.) annual discharge (43.4 m3/s) and maximum recorded dis-
charge (1064.7 m3/s) of the Platte River (PR) between North Platte and Overton, Nebraska. Cross-sections of the Quarry River (QR; 
295.926, 295.895) are compared with the preceding and succeeding cross-sections (295.958, 295.863) of the Platte River. Effect of 
a large sauropod carcass on flow (295.911) is also shown. Stream power = total cross-section shear • cross- section average velocity 
(HEC-RAS 2010, p. C-5). See text for further discussion.

River Mile Cross-sections

295.958
(PR)

295.926
(QR)

295.895
(QR)

295.863
(PR)

295.911
(carcass)

Aver. Flood Aver. Flood Aver. Flood Aver. Flood Aver. Flood

Discharge
(m3/s)

43.4 1064.7 43.4 1064.7 43.4 1064.7 43.4 1064.7 43.4 1064.7

Velocity
(m/s)

0.4 1.4 0.5 1.6 0.4 1.5 0.5 1.6 0.4 1.5

Hydraulic
depth
(m)

0.5 2.4 0.4 2.2 0.4 2.3 0.4 2.2 0.5 2.3

Wetted
perimeter
(m)

239.4 305.0 237.5 309.2 249.3 316.1 247.0 312.0 227.4 306.0

Flow area
(m2)

121.5 737.2 93.9 675.5 101.6 702.6 94.4 675.2 106.1 704.0

Stream
Power
(N/m s)

0.7 28.8 1.8 42.8 1.9 49.9 1.6 38.1 1.1 33.7

Shear
(N/m2)

1.9 19.9 3.9 27.2 4.5 32.9 3.5 24.2 2.6 22.3
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Fig. 18.—Close-ups and thin-sections of matrix from specimens collected by Douglass. A, polished surface showing matrix relationship to bone (Ca-
marasaurus, DMNH 17925). Chert grains (dark grains in image) tend to be angular to rounded, with most grains angular to subangular. B, close-up of 
bone-matrix interface (Camarasaurus, DMNH 17925). C, trabecular bone cavity filled with quartz (q) and flocculated clay (cl) (Camarasaurus, DMNH
17925). D, well sorted, fine-grained sandstone composed primarily of quartz (q) and some chert (c) (from CM 70384). E, poorly sorted, angular to 
subangular chert-dominated sandstone (from CM 41691). Some strain (st) lines are seen in the quartz grain, and quartz cement (q). Zircons (z) are also 
present, as are chert grains (c). F, bone chip (arrow) in sandstone. Scale of A, B in mm; C-E = 0.25 mm; F in cm.



176     annals of Carnegie museum     Vol. 81

copied and inserted between the cross-sections 295.958 (as 
measured from the river mouth) and 295.863. These new 
cross-sections became cross-sections 295.926 (=295.958) 
and 295.895 (=295.863) and are assumed to reflect the bed 
topography of the Quarry River for modeling purposes. 
Replication of the cross-sections was done so as not to 
cause an abrupt and unnatural change in the channel to-
pography. Bone topographic data (bone spacing and bone 
height, which were assumed not to be partially buried) 
from two cross-sections were created from the Quarry 
map, and the numerical values of the bone topography 
added onto the appropriate numerical values of the bed 
topography of the copied cross-sections. The effect is as 
if all the bones along an east-west transect were removed 
from the present Quarry and placed in the same relative 
position across the bed of the Platte River. The additional 
height of the bones above the river bed equals the change 
in the bed topography. Each pair of copied cross-sections 
were placed 12 m apart to replicate the distance between 
the two Quarry River cross-sections. The HEC-RAS anal-
ysis was done with and without these Quarry River cross-
sections to determine the effect of bones in the river. 
 The steady flow (i.e., non-fluctuating discharge) anal-
ysis of HEC-RAS was used so that different discharges 
could be compared. Manning’s roughness coefficient, n,
used in the analysis was set to 0.035 for the channel and 
0.065 for the left and right banks based on field inspection, 
aerial and ground photographs, and verified with high wa-
ter marks along the Platte River near Kearney, Nebraska 
(Federal Emergency Management Agency 1984). These 
values are higher than the best-fit of 0.024 determined by 
Randle and Samad (2008). The roughness coefficient rep-
resents a resistance to flow across the bed, which increases 
as the bed roughness increases. However, as Limerinos 

(1970) has noted the resistance to overall flow is also af-
fected by bank irregularity, vegetation, channel alignment, 
bed configuration, channel obstructions, converging or 
diverging streamlines, sediment load, and surface waves. 
The effect of these other parameters is poorly known, but 
because particle size exerts a major influence that is more 
easily quantified, the Manning’s coefficient is incorporated 
into the HEC-RAS model. The Manning’s values for the 
main channel of the Quarry River Section are 0.035 and 
0.043, respectively, based on the average increase in bed 
topography (equivalent to d50 of Limerinos 1970). Dis-
charge values are based on recorded data for the Over-
ton, Nebraska gauging station (http://waterdata.usgs.gov/
nwis), including the average of 80 years of mean average 
daily discharge, 43.4 m3/s, and the maximum recorded dis-
charge of 1,064.7 m³/s on June 5, 1935.

The results are summarized in Table 1, with the Quarry 
River cross-sections bracketed for comparison on both 
the upstream and downstream cross-sections of the Platte 
River; this also gives context to the results of the Quarry 
River. The presence of the bones on the channel bottom 
reduces the hydraulic depth, thereby constricting the flow 
and causing an increase in flow velocity. Given that Force 
= Mass x Acceleration, the increase in velocity also in-
creases the stream power, which in turn increases shear. 
Stream power and shear determine bone transport and 
these are analyzed further in the section on Taphonomy. 
Although the values presented in Table 1 probably do not 
represent the actual values that occurred in the Quarry 
River during the Late Jurassic, used with caution they sug-
gest the effects bones may have had on the River flow.
 The effect of a large carcass on flow was examined based 
on the holotype of Apatosaurus louisae. Topographic data 
were obtained from a prone silhouette in dorsal view (e.g., 

Fig. 19.—A, fine-grained sandstone (from CM 70384) except for a large clay clast compared with B, a gravelly sandstone composed primarily of angular 
chert grains (from CM 41691); C, detail (rectangular box in A) showing ferroan dolomite cement (dark) revealed by potassium ferricyanide stain. Total 
scale lengths = 1 mm.
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highest points, or change in profile) lying transversely in 
the channel on its left side and with the tail towards the left 
bank as originally found by Douglass (Fig. 22). For mod-
eling purposes, several assumptions were made: the speci-
men was largely encased in skin, the decomposition gases 
had already vented and the carcass did not float. The results 
are shown in Table 1. As may be seen, the hydraulic depth 
is less with the carcass than without during high discharge 
because the carcass effectively raises the channel bottom 
locally. Velocity, power and shear are higher with a carcass 
than without (Table 1, 295.911 vs. 295.96), but less than 
having the bed covered with bones (295.911 vs. 295.926 
and 295.863). Thus, although a single large carcass does 
have an effect on flow, the cumulative effect of numerous 
bones on the channel bed apparently has a greater effect.
 As noted above, bones and carcasses affect flow, hence 
the fluvial geomorphology, in a manner analogous to large 
woody debris (LWD) in channels today. The interaction 
between wood, sediment, and flow determines sediment 
storage in channels (Gurnell et al. 2002), and to some 
degree, large bones and carcasses are expected to play a 
similar role. For example, bone clusters and carcasses, like 
LWD jams (Keller and Swanson 1979; Mutz 2000), are 
expected to affect channel form and processes by locally 
increasing turbulence, and may either accelerate or retard 
channel bed erosion (bed scour) or deposition (formation 
of mid-channel bars). In addition, bone clusters and car-
casses may increase or decrease bank stability, which in 
turn may lead to creation of meander cutoffs. 

The effect of a LWD, which had a rootwad, on the 
Quarry face (Fig. 23) may possibly show its effect on the 
Quarry River. Experimental work by Braudrick and Grant 
(2000) demonstrated that LWDs parallel to flow are more 
stable than those that are oblique, and that as flow depth 
increased, pivoting aligned the LWD with the rootwad fac-
ing upstream. However, Daniels (2006) illustrated LWD in 

the “wild” with the rootwad facing downstream. Braudrick 
and Grant (2000) acknowledged that flow around LWD 
is complex, which Daniels and Rhoads (2003) noted is 
due in part to the influence of LWD obstruction on three-
dimensional flow. The LWD on the Quarry face is near a 
bone cluster, suggesting that the LWD was wedged against 
the upstream side of a midchannel bar, which had formed 
around the bone cluster. This type of bar apex jam can be 
stable and results in sediment deposition on the lee side 
(Abbe and Montgomery 1996), which in this case would 
accelerate burial of the bone cluster downstream of the 
LWD. 
 Complex flow around bone can be understood by mod-
eling flow around LWD and channel deflectors (e.g., Abbe 
and Montgomery 1996; Biron et al. 2005; Haltigin et al. 
2007; Carré et al. 2007), as well as an actualistic study using 
casts of bones (Figs. 24A–C). During the actualistic study, 
as flow passes around a bone, the flow energy increases as 
the velocity increases. Velocity increases because the wa-
ter mass is compressed between the obstacle on one side, 
by water on the side (or another bone), by water or bed 
below, and by the water mass pushing from behind. As the 
flow passes around the bone, turbulence results, causing 
flow separation eddies (Figs. 24A, 25A). Water velocity 
decreases when flow is no longer constrained laterally and 
some deposition of suspended particles occurs. Farther 
downstream of the bone(s), low energy back-flow recir-
culation pulls water into the lee of the Allosaurus caudal. 
Along the bed, flow is slower due to bed friction. Ripples are 
produced and these migrate downstream rapidly, covering

Fig. 20.—Diagenetic mineral sequence for bone (left column) and sedi-
ment (right column) at the Carnegie Quarry. Data from Hubert et al. 
(1996).

Fig. 21.—Rose diagram of various bones show that current flow in the 
Quarry River was primarily towards the southeast. The secondary east 
axis is due to bones lying roughly perpendicular to stream flow. 
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the mid-shaft of the ulna (Fig. 24B).
 When flow encounters an obstacle, such as a bone, heli-
cal flow forms resulting in bed scour (Bridge 1985; Daniels 
and Rhoads 2003). Helical flow is the combination of two 
vectors: a downward flow vector because of gravitational 
pull and a lateral vector as the water is pushed around the 
bone. If the helical flow is fast enough, it may lift bed sedi-
ment up into the flow and a scour is produced. Some of this 
sediment may be deposited as a rim along the front edge 
of the scour (Fig. 25B), because bottom flow encounters 
the outer part of the rising helical flow. This outer part of 
the helical flow has lost energy and momentum through 
bed and obstacle friction; thus, its encounter with the bed 
flow cancels its motion and water velocity at this point is 
zero (Abbe and Montgomery 1996). Some scoured sedi-
ment is dropped, forming the rim. Under higher discharge, 
bone can be undercut and settle into the scour, thus set-
ting up the conditions for its own burial. Scour is practi-
cally nonexistent around a cast of a skull of Dryosaurus
Marsh, 1894 (Fig. 24C), because water flow and sediment 
are able to pass through the cranial openings; only around 
the premaxillae was there any scouring. Most of the sedi-
ment removed by scouring is deposited a short way down-
stream where the carrying capacity of the flow drops with 
a decrease in velocity. Deposition occurs where the flow 
is less constrained by obstacles and/or the bed (Fig. 25A), 

and can result in a large obstacle bar. 
 Bar formation downstream of a carcass was first noted 
by Gilmore (1936: 179–180) “...once a carcass had strand-
ed it formed a barrier to the currents causing a diversion 
of the stream, which in passing around cut new channels 
and further scattered and disarticulated any skeletal parts 
encountered. The change in direction of the long bones on 
the outer margins of these clusters indicates the course of 
the currents.” An example of an obstruction or shadow bar 
in the Quarry River is seen in cross-section downstream of 
a Camarasaurus skeleton (Fig. 26). Many of the vertebrae 
are articulated and aligned perpendicular to flow due to be-
ing trapped on the upstream side of the larger, more mas-
sive limbs, which are analogous to key members in LWD 
(Curran 2010), to form the bone cluster (Figs. 26A, B; see 
further discussion in the Taphonomy section). The caudals 
high on the Quarry face are topographically lower than the 
rest of the skeleton (Fig. 26C). Their lower placement is 
apparently due to undercutting from scouring and settling 
into the scour. A contemporary example of the barrier ef-
fect with development of a downstream bar is noted with a 
desiccated cow carcass in a creek (Figs. 27A, B). The car-
cass became stranded against large woody debris (LWD) 
during bank full flow. This in turn resulted in development 
of a crescent-shaped scour pool on the upstream side of 
the carcass due to helical flow produced by the constraint 

Fig. 22.—HEC-RAS cross-section showing bed topography of the Apatosaurus carcass. Although large, the carcass occupied only a small portion of the 
channel width, and thus had less influence on flow than a bed covered with bones. See text for discussion. Squares are stations. Vertical scale exaggerated. 
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of water against the carcass and water coming down the 
stream.  The scoured sediment was then deposited down-
stream where flow was less constrained, as well as in the 
shadow of the carcass. The carcass then influences the sed-
imentation rate for its own burial.

TAPHONOMY

Bone Distribution

The composite Quarry map (Figs. 10A–E) shows that a 
significant part of the record is missing if only the present 
Quarry is used to understand the taphonomy of the dino-
saurs from the site. For specifics about how the quarried 
bones lay in context of the sandstone, we must rely upon 
the observations and images of Douglass and Gilmore. Al-
though Douglass worked the site for almost fourteen years, 
his Quarry notebook only spans a brief period from Janu-
ary 3, 1910 to May 21, 1912. In addition, he was not very 
diligent in his note taking with months passing without 
any entries. Fortunately, some observations can be gleaned 
from his more regular letters to Holland and Stewart at the 
Carnegie Museum and from comments made in the records 
of specimens shipped to the Museum. Excluding the lower 
region that today remains unquarried (located in the central 
and west-central region of the Visitor Center), the Quarry 
was approximately 2025 m2 as determined from the Quar-
ry map using Image-J, and contained over 3330 bones.

Specimens include water-worn bone slivers (Fig. 18F), 
isolated bones (Figs. 28A–D), articulated segments of 
bones (including strings of vertebrae) (Figs. 29A–D), and 
nearly complete skeletons (Figs. 30A–D). This material is 
not evenly distributed across the Quarry, but tends to form 
clusters separated by gaps containing fewer fossils as first 
noted by Gilmore (1936:179): “A study of the quarry map 
shows the skeletons and bones to be grouped in large clus-
ters, with intervals between, where fossils are sparse and 
few articulated parts are found” (Figs. 10A–E). Douglass 
noted that these clusters were bones piled deeply: “Where 
the bones begin they are piled up almost like a dam. In 
some places they must be 5 or 6 ft. thick.” (Oct. 2 1914, 
Douglass Diary). “The space which contains the bones is 
not so great but they are so piled on one another and inter-
locked...” (Nov. 18, 1914, Douglass Diary). These inter-
locking piles of bones initially made excavation difficult 
and required some bones to be removed in large blocks 
of encasing rock (Nov. 14. 1909, letter to Holland). Later, 
however, time was spent to remove the bones individually 
(Dec. 19, 1914, letter to Holland). 
 The water-worn bones were first noted by Douglass, 
“Lying above the regular bone layer – the one which con-
tains the skeletons – is a band containing many pieces and 
water-worn fragments of bone.” (Nov. 18, 1914, letter to 
Holland). The bone fragments range from millimeter-sized 
to decimeter-sized fragments (Fig. 18F). These typically 
show abraded, rounded edges, and are especially evi-
dent on preburial broken ends. Such fragments have been

variously interpreted as indicating long distance transport 
as part of the bedload, bedload abrasion of trample-frag-
mented bone, reworking of previously buried bone (which 
may fragment in situ in arid or semiarid soils), or abrasion 
by sediments in the channel (Shipman 1981; Behrensmey-
er 1982; Thompson et al. 2011; personal observations). 
Which of these was the most important factor in creating 
water-worn fragments at the Quarry is unknown, but all 
may have contributed to some degree.

Single bones are common across the Quarry (Fig. 28A), 
but also may form clusters of related (belonging to the 
same individual) or unrelated groups (belonging to differ-
ent individuals). If these bones are related, they are dis-
articulated and not in correct anatomical position relative 
to other bones. Disarticulation of the skeleton may be due 
to scavengers, gravity, accidental kicking, and the force of 
water, as well as a combination of these agents. Smaller 
bones tend to be in the current shadow of larger bones (Fig. 
28B) or log-jammed against them on the upstream side 
(Fig. 28C). These larger bones act as the nucleus for bone 
cluster development (see further below). Isolated bones 
range from phalanges to femora, although phalanges seem 
to be under-represented for the number of limbs excavated 
by Douglass or still present on the Quarry wall; this, how-
ever, is difficult to quantify from either the collections or 
notes. The largest remaining cluster today of mostly iso-
lated bones is in the east end of the Quarry (Fig. 28D). 
Here, the bones are so dense as to essentially armor the 
sediments, thereby preventing their erosion by the water 
that flowed in the Quarry River.

Articulated segments of bones are widely scattered 
across the Quarry. The most common are strings of verte-
brae, especially caudals (n = 37; Fig. 29A), but also strings 
of cervicals (n = 12) and dorsals (n = 15). Articulated cer-
vicals and dorsals occur (n = 6; e.g., Fig. 29B), and dorsals, 
sacrals and caudals (n = 14). Strings of cervicals, dorsals, 
sacrals, and caudals are rare (n = 4). Articulated caudals 
and pelvis, with or without other vertebrae, account for 
eleven of these specimens. Seven skulls articulated with 

Fig. 23.—Large woody debris in the Quarry River is represented by the 
carbonized impression of a log with rootwad. Its occurrence adjacent to 
a large bone cluster suggests it was trapped on the upstream side of a bar 
and aligned perpendicular to flow. A similar situation is noted in various 
rivers today (e.g., Abbe and Montgomery 1996). Although not visible to-
day, abundant additional woody debris probably formed a debris jam that 
greatly affected flow.
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cervicals occur, three of which are of Camarasaurus (Fig. 
29C). These suggest the possibility of greater ligamentous 
connection than in many dinosaurs. The other skull-cervi-
cals include Allosaurus (n=1), Dryosaurus (2), Diplodocus
(n=1). Other articulated segments include forelimb (n = 4) 
and hind limb (n = 6), including some with partial or com-
plete manus or pes (Fig. 29D; it should be noted that the 
Camarasaurus hind limb high on the current Quarry wall, 
not included in the hind limb count, was relocated there in 
the 1960s; it is surrounded by a halo of different colored 
“matrix”). Several partial skeletons, defined as articulated 
vertebrae and at least some limb material, have been re-
covered (n = 8; e.g., Fig. 30A). Most of these have been 
used to form the core of mounts in museums. Only a single 
skeleton is essentially complete (Fig. 30B), although it 
lacks a few bones (Carpenter and Wilson, in preparation). 
Without exception, the partial skeletons and the one essen-

tially complete skeleton occur in an arc across the upper 
portion of the Quarry, and all single bones and articulated 
segments of bones occur in the middle and lower sections 
(Figs. 10A–E).

The degree of disarticulation can be used to approxi-
mate the sequence of skeletal disarticulation (Fig. 31) in a 
manner similar to that done by Dodson (1971) for speci-
mens from Dinosaur Provincial Park, Canada. In his sys-
tem, different degrees of disarticulation are assigned to 
different classes. The sequence presented for the Carnegie 
Quarry is presented as a generality because of possible 
taxonomical variation in the disarticulation pattern (Hill 
and Behrensmeyer 1984). Although isolated bones are the 
end result at both Dinosaur Provincial Park and the Carn-
egie Quarry, there are fewer classes recognized for the 
Carnegie Quarry because it represents only a single depo-
sitional environment. Class A here represents the initial

Fig. 24.—Flow dynamics around casts of bone (flow from left to right). A, dispersal of dye (black food coloring) around Camarasaurus cervical 4; Al-
losaurus caudal 1 in the shadow of the Camarasaurus. Dye shows eddy development downstream of Camarasaurus vertebra. B, flow dynamics on the 
stream bed is evidenced by the scour (s) on the upstream side of the Camarasaurus cervical and deposition (d) on the downstream side. C, the openness 
of the Dryosaurus skull allowed flow (and sediment) to pass through. Note small amount of scour (s) around the tip of the premaxilla. Skull located 20 
cm downstream from Allosaurus vertebra. Stream velocity was 0.2 m/s and discharge was 0.007 m3/s. Scale = 10 cm.
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carcass decomposing within the channel. At this point the 
carcass has the potential to be buried, as happened in Di-
nosaur Provincial Park, or continue decomposing in situ. 
A few bones thus exposed may be moved or lost (Class 
B) as seen with the subadult Camarasaurus (CM 11338, 
Fig. 30B). This specimen is missing the centra of caudals 
9–11, the left ilium and ischium, left coracoid, phalanges 
of the left pes, and displacement of the left hind limb; the 
ribs of the left side were apparently present, but so poorly 
preserved that they were not saved (Gilmore 1925:349). 
The lost elements were probably entrained by the currents 
and based on inferred current direction (see Paleohydrol-
ogy section), might be found in the large bone cluster south 
on the east end of the present Quarry (Figs. 10D, 28D) At 
this point in the disarticulation sequence, the skeleton may 
lose its skull (Class C), which could roll away by the cur-
rents. Isolated skulls include two Diplodocus skulls (CM 
11161, 11255; Holland 1924; Berman and McIntosh 1978; 
Whitlock et al. 2010). Douglass commented on the loss of 
the skulls: “Skulls [referring to those of a Camptosaurus
and Stegosaurus] are especially apt to be detached and they 
would easily roll with the current until they met some ob-
struction” (Nov. 28, 1922, letter to Stewart).

Most of the partial skeletons recovered by Douglass 
lack their skulls (e.g., Fig. 30A, Class D). The most com-

plete skeleton lacking the skull is the partial, articulated 
Camptosaurus from the east end of the Quarry (Fig. 30D).  
Remarkably, several specimens include the skull still ar-
ticulated with a partial vertebral column (Class E), includ-
ing a skull, cervicals, dorsals, and pelvis of Allosaurus
(DINO 2560 = UUVP 6000), the subadult nearly complete 
Camarasaurus (USNM 13786) lacking the tail, and the 
nearly complete Dryosaurus (CM 3392) lacking some of 
the distal extremities and tail (Fig. 30C). The loss of the 
tail in several specimens is in marked contrast to the more 
common loss of the skull reported by Dodson (1971) and 
suggests that the ligaments, muscles, and skin bridging to 
the pelvis in these dinosaurs easily decayed.

As decomposition continued, segments of bones were 
separated (Class F). These segments range from strings of 
vertebrae (Figs. 29A, B), the skull and anterior cervicals of 
Diplodocus (CM 3452), another of Camarasaurus (DINO 
975; Fig. 29C), and partial to complete limbs (Fig. 29D). 
Except for the folded Allosaurus limb, these segments tend 
to be elongate and with a somewhat rounded cross-section 
when restored with soft tissue, thus are able to roll along 
the channel bottom. The transport potential of articulated 
bones may be higher than for isolated bones (Coard and 
Dennell 1995), probably because of an increase in surface 
area exposed to the flow (see further under Bone Transport).

Fig. 25.—Map showing flow patterns around bone. As flow encounters a bone, it is diverted from its path and accelerates (relative velocities shown 
by arrow length). A, plan view showing surface flow (heavy arrows) around the Camarasaurus cervical vertebra (Cc), which causes turbulence and 
the production of eddies downstream (see Fig. 24A). On the downstream side of the Allosaurus caudal (Ac), upstream recirculation flow occurs in the 
region of low energy. Bed flow (thin lines) produces ripples that migrate downstream and can bury low profile bones (midshaft of Allosaurus ulna - Au). 
Helical flow forms on the upstream side of bones due the combined downward and lateral flow vectors. This flow can scour (s) sand particles off the 
bed and transport them downstream. The transition marks where lift is no longer able to keep particles in suspension resulting in lobate deposition (d). 
The transition migrates upstream as discharge and velocity drops. B, profile of flow on the upstream side of the Camarasaurus cervical (Cc) showing 
the scouring due to spiral (actually helical) flow. A rim of sand is deposited where back flow encounters the bottom current (dashed arrow) and velocity 
drops to near zero.
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As can be seen on the map (Figs. 10A–E), most of these 
segments tend to be oriented roughly east-west, thus are 
perpendicular to the flow (e.g., Figs. 29A, B). The final 
stage of decomposition produces isolated bones (Class 
G), although these may be shed from a carcass at any time 

(Fig. 28). Isolated bones are the most abundant specimens 
from the Quarry, and many occur in clusters with articu-
lated bones. Isolated long bones tend to occur parallel to 
inferred flow, and with the denser end (usual the distal con-
dyles) acting as an anchor on the upstream side (Fig. 28A).

Fig. 26.—Camarasaurus skeleton on the west side of the Quarry (W55-70 to Y55-70), which formed an obstacle in the Quarry River. A, plan view of 
Quarry face rotated to match B. The femur (f) acted as the key member blocking the scapula (sc), fibula (fb) and tibia (t). These in turn trapped the string 
of cervicals (cv) and caudals (cd); (image rotated to match B). B, cross-section showing the obstruction bar developed downstream of the Camarasaurus.
The caudals are topographically lower than the rest of the skeleton and were probably undercut by flow. Darts show bounding surfaces between deposi-
tional sets. Lines match bones in A; Flow was from left to right. C, close-up of anterior and posterior caudal segments shows effects of scour upstream 
of obstacle. Both segments slope down and are slightly curved towards the downstream side, especially the smaller posterior segment, which is lower 
than the anterior segment. 
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The length of time for complete disarticulation of a 
carcass at what is now Carnegie Quarry is unknown. Al-
though there is some variability in the sequence and tim-
ing of disarticulation of bones among modern species (Hill 
and Behrensmeyer 1984; Reed 2001), the rate is greatly 
controlled by insect activity (Bachmann and Simmons 
2010; Simmons et al. 2010a, 2010b) and joint anatomy 
(Hill and Behrensmeyer 1984). In addition, experimental 
work has shown that in warm climates, decomposition in 
freshwater can be faster than decomposition on land (Ayers 
2010). Given these variables, it is difficult to determine 
the amount of time represented by the Carnegie Quarry. 
Fiorillo (1994) calculated the bonebeds at the Quarry took 
between six months to nineteen years to form based on 
the degree of bone weathering and assumed sedimentation 
rates (but see further below). Carcass decomposition rates 
were not taken into account, or that bone in humid set-
tings, such as along a river, can be much slower to weather 
than in more open environments (Tappan 1994). The pres-
ence of skin impressions for Stegosaurus Marsh, 1877a 
(May 26, 1911, letter to Holland) and Barosaurus Marsh,
1890 (White 1964; reported as Diplodocus) indicates some 
mummification of skin in open air (Ayers 2010; see below 
for an alternative explanation). How long this would take 
in these animals is unknown, but could be in as little as 
nine days (Ayers 2010). Regardless, mummification would 
retard disarticulation and dispersal (Dechant Boaz 1982). 

Bone Transport

Competency is a measure of a river’s transporting ability 
and is estimated by the largest particle (sand, boulder, bone, 
etc.) moved under a set of hydraulic conditions. Where the 
force of moving water exceeds resistance of the particle, 
movement may occur. Particles that don’t move are ob-
structions that interfere with flow. However, under super-
critical conditions, obstructions can act as particles once a 
flow threshold is crossed, which may occur during bank-
full stage (e.g., Dade and Friend 1998). Bones then may 
behave as either movable sedimentary particles as noted 
by Behrensmeyer (1975) or obstructions as noted above. 
Owing to their large size compared to the sand bedload, 
movement of bones in the Quarry River is with bedload, 
primarily by rolling or sliding rather than saltation or sus-
pension. Hypothetically, saltation of bone fragments a mil-
limeter or less could have occurred under certain flow con-
ditions. For the most part, because of their large size, bones 
cannot form into bars, dunes or ripples, but they can form 
clusters. The formation of bone clusters was thought by 
Behrensmeyer (1982) to be by the concentration of bones 
in scour pockets developed in the channel. Such concentra-
tions predictably would be elongate, parallel to local flow 
and lenticular in cross-section (Fig. 32A). At least one ex-
ample of such a concentration was reported by Douglass: 
“It seems that where the bones are the thickest and piled 
up most is in a rather narrow channel which we can now 

trace in the rock when the bone has been removed…” (Jan 
3, 1915, Douglass Diary). Alternatively, concentrations 
may result in response to bed obstructions (Wittenberg and 
Newson 2005). Such clusters may be stable in time as long 
as any trapped bone can itself become the obstacle after 
burial of the original obstruction (Figs. 32B, C). Growth 
of the cluster is not limited to the shadow side, or to the 
upstream side, but rather can grow into a complex cluster 
as trapped bones themselves become obstacles in a manner 
analogous to the formation of complex pebble clusters in 
rivers (Wittenberg and Newson 2005). Most, if not all of 
the bone clusters at the Carnegie Quarry appear to be of 
the complex cluster type because large bones and/or ar-
ticulated segments of bones (which behaved as very large 
bones) are often seen near the center of the clusters (e.g., 
Fig. 10, at coordinates X-132, B-100, V-E20, T-E72). The 
area covered by the cluster may be controlled by the rate 
of water recession, with larger clusters associated with pro-
longed flow recession, which allows gradual, but extensive 
deposition (Wittenberg and Newson 2005).
 The opportunity to observe the influence of flowing wa-
ter on an articulated skeleton was undertaken in June, 1977. 
A pronghorn carcass was found entangled by its left foot in 
a barb-wire fence, which broke the metatarsal (Fig. 33A, 
arrow), on what was then the Pfeister Ranch in Niobrara 

Fig. 27.—A cow carcass influencing the conditions for its own burial 
along Milk Creek, Moffat County, Colorado (water flow from right to 
left). A, carcass (arrow) nearly perpendicular to flow, lodged against large 
woody debris (LWD). Scour (s) occurs on the upstream side due to helical 
flow as water was constrained against the carcass and LWD during high 
flow and deposition (d) on the downstream side where flow was less con-
strained. B, close-up from a more upstream side showing the LWD lodged 
against the carcass, as well as the LWD against which the carcass lodged. 
Scour is also more evident.
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County, Wyoming. Most of the soft tissue had decayed in 
the six months since the animal’s estimated time of death. 
However, the bones remained articulated by mummified 
skin, ligaments, and some muscle. The carcass was laid on 
its left side in an ephemeral stream, with the head facing 
downstream (Fig. 33A). That summer was fortunately very 
wet, with heavy rainfall and tornados almost every after-
noon. Although rainfall was not measured at the carcass, 
rainfall of up to 1–1½" (2.5-3.8 cm) in less than an hour 
was measured 6.2 km southwest at the Ming ranch house. 
Most of these storms moved from the direction of the rain 
gauge towards the carcass. After the first rainstorm, the 
carcass surprisingly had been moved 439 m probably by 
floating and sliding. Such distant transport supports the ob-
servation by Coard (1999) that dry articulated bones had 
the greatest transport potential and at lower flow velocities 
than wet disarticulated bones. The pronghorn skeleton was 
still largely intact, although softening of the binding tissues 
had allowed the pelvis to be rotated 180° and the limbs to 
be slightly displaced, but aligned parallel to the long axis 
of the body (Fig. 33B). The rib cage remained largely in-

tact, except for a few ribs that were also displaced. The 
skeleton was compacted into a cylinder aligned nearly 
perpendicular to the direction of flow suggesting that ter-
minal transport was by rolling. Plant debris lodged on the 
upstream side show that the skeleton acted as an obstacle 
(Fig. 33B). 

Six days later, after two additional heavy thunder-
storms, the carcass had moved 4 m and rotated 180° so
that the skull faced upstream and was slightly buried (Fig. 
33C). The carcass lay perpendicular to stream flow and had 
compacted even more into a cylinder indicating transport 
by rolling. The soft tissue had softened more, resulting in 
the loss of some cervical vertebrae, all but three of the tho-
racic vertebrae (but not the lumbar vertebrae), one scapula, 
both femora, and both mandibles. The left forelimb was 
moved downstream 4.5 m farther. The humerus was ro-
tated so that it was parallel to and nested against the ulna 
and radius. One phalanx was left hanging by ligament. 
Seven days later, the pronghorn had been moved an ad-
ditional 6 m (Fig. 33D). The vertebral column consisted of 
the same three thoracic vertebrae, all the lumbar vertebrae,

Fig. 28.—Isolated bones on the current Quarry face. A, example of isolated bones (two right femora). B, scapula and coracoid of Diplodocus (DINO 
4341). The long axis is nearly perpendicular to water flow, the acromion or dorsal process faces upstream and is lower than the glenoid side thus present-
ing the scapular blade obliquely to the water flow. This created a shadow on the lee (downstream) side trapping a Camptosaurus ilium (C) in the glenoid, 
as well as a Stegosaurus dorsal (St) and sauropod cervical (cv). C, metacarpals log-jammed on the upstream side of sauropod ulna and radius. D, dense 
accumulation of bones in the far eastern portion of the Quarry, which have essentially armored the sand in this region. 
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the sacrum (with innominates), and caudal vertebrae (held 
loosely by tissue). Both hind legs (minus the previously 
lost femora) still remained connected by the hide, although 
one patella was missing. The vertebral column rested atop 
the upside down skull, which had lost many of its teeth, 
and faced downstream. The right scapula was held in place 
by the hide, as were the three thoracic vertebrae with their 
associated ribs. Although the bones were clustered, the car-
cass no longer retained the elongated cylinder shape. The 
skeleton acted as an obstacle so that water flowed around 
and scoured on each side.  Monitoring ended after this 
time.

These results for the antelope skeleton suggest, but do 
not prove, that the juvenile Camarasaurus (Figs. 10D at 
A-E72, 30B) was probably not transported far, if at all, be-

cause the neck and limbs project away from the axis of 
the body. Therefore, the carcass did not roll along the bed 
and any movement was by sliding or floating. There was a 
slight displacement of bones (e.g., left hind limb, left scap-
ula; these were moved back into position for the exhibit) as 
originally found on the upper side, plus loss of a few bones 
from the left side (left ilium, left ischium, left coracoid, 
and a few phalanges; see Gilmore 1925). In contrast, the 
lower side was fully articulated and a patch of carbonized 
soft tissue was found between and below the ribs (fossil-
ized soft tissue is discussed further below). The loss and 
displacement of bones on the upper side may be due to 
in-situ advanced decomposition and subsequent scaveng-
ing by large vertebrates (crocodiles or theropods) and/or 
movement by flowing water as first noted by Douglass:

Fig. 29.—Strings of bones on the Quarry face. Most probably moved by rolling along the river bed. A, caudal vertebrae of Diplodocus perpendicular to 
flow, west side of Quarry. B, cervical vertebrae of Diplodocus near the western side of the middle portion. C, skull and anterior cervicals of Camarasau-
rus (DINO 2580). Although the specimen looks pristine, implying rapid burial, in reality some passage of time between death and burial is evident. The 
quadrate, quadratojugal and mandible were disarticulated from the rest of the skull, and have been removed from the Quarry face. The skull is separated 
from the atlas by several centimeters, unfused cervical ribs are missing, and teeth have fallen from their alveoli on the right side. In addition, cervicals 2, 
3 and 4 are separated. Finally, the uncrushed state of the skull indicates that much of the tissue had decayed at the time of burial, which allowed sediment 
into the various cavities (see text for further discussion). D, isolated right hind limb of Allosaurus. The leg is downstream of some of the first Allosaurus
material Douglass excavated and may have rolled away from the rest of the carcass. 
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“There is much disturbance of the bones on the upper side 
as by rains or currents… I don’t see how any bones could 
get away from the lower side” (Sept. 24, 1909, letter to 
Stewart). Gilmore (1936: 180) noted, “The final part of the 
story necessitates a rapid covering of the stranded carcass-
es by sand and other river sediments in order that the bones 
of the skeletons should become fixed in relative positions 
before decomposition of the ligamentary attachments al-
lowed them to shift out of position. That many of the larger 
skeletons were not completely covered immediately is 
shown by the fact that while the bones of the lower side 
remain undisturbed, those of the upper often show much 
displacement of parts.” 

Evidence suggestive of carcass rolling on the Quarry 
River bed is seen in the nearly complete  Dryosaurus
(CM3392) and Camptosaurus (CM11337) skeletons (Figs. 
30C, D), which have the compacted, cylindrical appear-
ance seen in the pronghorn after rolling (Figs. 33B, C). 
These two skeletons lay perpendicular to flow, as was the 
pronghorn after rolling. Other evidence of rolling is seen 
in the skull and neck of Diplodocus (CM 3452; Fig. 34) in 

which the anterior part of the neck is twisted upon itself. A 
partial carcass roll was reported by Douglass: “The tail [of 
Stegosaurus] is ventral side up while the pelvis is in the op-
posite position” (Dec 22, 1920, letter to Holland). Douglass 
also commented that, “Skulls [referring to skull-less Camp-
tosaurus and Stegosaurus] are especially apt to be detached 
and they would easily roll with the current until they met 
some obstruction” (Nov. 28, 1922, letter to Stewart).

Larger articulated specimens also show evidence of 
transport, including the holotype of Apatosaurus louisae
(CM 3018). The transportability of articulated bones were 
found experimentally to be enhanced because of the in-
creased surface area presented to the current (Coard and 
Dennell 1995; Coard 1999). Rolling, especially of cylin-
drical structures (i.e., articulated vertebrae), occurs be-
cause of a differential pressure gradient away from the bed 
where friction is greatest (Knighton 1984; Richards 1990; 
Best 2005). Part of the motion is drag force imparted as 
turbulence (nonlaminar flow) develops on the downstream 
side of the bones as the water passes, part is differential 
pressure along the upstream side of the bone, and part is lift 

Fig. 30.—Articulated skeletons. A, a partial Apatosaurus (DFN 40). B, the most complete specimen is a nearly complete juvenile Camarasaurus (CM 
11338). C, a nearly complete Dryosaurus (CM 3392) lacking some of the distal extremities and tail. The specimen was found on its back and splayed 
out. D, partial Camptosaurus (CM 11337) in a compacted posture suggesting that it may have rolled along the river bottom (from Gilmore 1925). See 
text for elaboration. Photo B courtesy of the Carnegie Museum of Natural History. 
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as water flows over the bones creating a zone of reduced 
pressure. The combined forces impart rotation about the 
axis of the articulated vertebrae (Fig. 35). Thus, as may 
be seen on the Quarry map (Figs. 10A–E), most vertebral 
sections are oriented east-west, or transverse to flow. The 
exceptions include three sections of sauropod vertebrae 
in the vicinity of C-100, which suggests they were sub-
jected to the same localized flow environment. An added 
peculiarity is that these vertebrae are articulated to other 
sections of articulated, larger vertebrae that lay at nearly 
right angles. Except that these specimens form part of a 
cluster of bones, there is insufficient data from the map 
and nothing in Douglass’ written record to determine what 
the conditions were to cause these apparently anomalous 
orientations (but see further discussion in Possible Causes 
of Mortality). Similar anomalous conditions were appar-
ently repeated with the sauropods at C-E40 and at V-E128. 
Whether interference flow around the specimens was a 
factor is unknown because the stratigraphic positions of 
the skeletons are unknown. One specimen, that of a young 
Apatosaurus at A-40 is oriented roughly parallel to flow 
but lies near the edge of the shadow of a large bone cluster. 
Based on the flow patterns around an obstacle (e.g., Fig. 
25), this orientation would be expected because the more 
sheltered massive proximal end would serve as a pivotal 
anchor as currents pressed on the slender distal end. 

Movement of isolated bones has distributed them 
widely across the Quarry River bed (Figs. 10A–E), and in 
some places they have accumulated into clusters as noted 
above. By considering the bones as sedimentary particles, 
it should be possible to determine the threshold for move-
ment as was done for modern bones by Hanson (1980). 
A variety of sediment transport models have been devel-
oped and are summarized by Papanicolaou et al. (2008). 
However, few of the empirical equations developed for 
sediment transport are useable over a wide range of flow 
conditions. Most require data that are not always available 
in paleohydraulic studies, such as bed slope, water surface 
slope, or flow velocity. Despite these limitations, several 
equations have been developed to explain entrainment of 
large clasts. By considering bones as clasts, these equa-
tions can be used to estimate entrainment velocities for 
bones. However, because the equations give different re-
sults, a variety of equations are presented for comparison. 

Costa (1983), among others, has developed an empiri-
cal equation to explain the velocity of paleofloods needed 
to transport large boulders. For example, the simple, wide-
ly used equation of Costa is:

 v = 0.18•D0.487

where v = velocity (m/s)
D = particle diameter in mm (equivalent spherical di-

ameter).

The equivalent spherical diameter is the diameter of 
a sphere having the same volume (Dv) as a bone, whose 
volume can be determined by water displacement (Table 

2). The equivalent spherical diameter is found with the
equation:

 The results for a variety of bones using Costa’s equation 
are presented in Table 2 except for flat bones (e.g., scapula) 
because hydraulic effects are different than for a rounder 
object, such as a vertebra (see further discussions below). 
These results may be compared with the hypothetical ve-
locities for the Quarry River at 295.926 in Table 1. In most 
cases, the estimated velocities are greater than the HEC-
RAS estimated velocities for the Quarry River in a Platte 
River style environment. This is discussed further below. 

Alternatively, Behrensmeyer (1975) presented hypo-
thetical hydraulic equivalents of different modern bones to 
quartz grains to deduce settling velocity, hence their trans-
portability. This observation follows Rubey (1933) who 
noted that the current velocity needed to entrain and trans-
port coarse (up to boulder-size) sediment grain is similar 
in magnitude to the settling velocity of the grain in still 
water. The validity of this premise was noted by Komar 
and Clemens (1986), who observed that the drag force ex-
erted by flowing water around a particle during its entrain-
ment is comparable to the drag force exerted by the fluid 
as the particle settles. However, Hanson (1980) correctly 
noted that bones with low profiles to the flow (generally 
thin bones) are more stable than bones with taller profiles. 
Therefore, spherical equivalency for such flat bones is 
meaningless and is not included in Table 2. It is debatable 

Fig. 31.—Inferred disarticulation sequence for dinosaurs at the Carnegie 
Quarry based on the Quarry map. Although this sequence shares some 
features with the model developed by Dodson (1971), it differs in having 
fewer classes. Each class is characterized by an increase in the number of 
units or discrete objects (i.e., carcass, strings of vertebrae, isolated bones) 
as more bones are released beginning from the prisitine carcass (class A) 
and ending with isolated bones (class G).

 3   3Dʋ
      4π

D = 2 •
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whether limb bones can have spherical equivalency, but 
for now are included. 

The various equations for settling velocity require the 
density of the particle, which in this case is bone. There is 
actually little information for the volumetric bone density 
of reptiles. What has been published shows that it is vari-
able as it is in other tetrapods, and depends on taxon, gen-
der, age, which bone is used, and site of the measurement 
(compare Edgren 1960 and Lind et al. 2004). A summary 
of some published densities is presented in Table 3. The 
average postcranial density is 1.36 g/cm3 and this is the 
value used to determine the mass of select postcrania in 
Table 2. A higher average density, 1.68 g/cm3, is assumed 
for skulls, based on higher density values for the alligator 
mandible given by Rivers et al. (2006). This higher density 
is probably related to resisting forces generated during the 
bite, thus higher densities would be expected for at least 
part of the skull.

In determining settling velocities of large particles Ru-
bey (1933) developed the equation:

where ω is the settling velocity (m/s)
 D is the particle diameter (m)
 g is gravitation acceleration (9.81 m/s2)

 ν is the kinematic viscosity of water (0.00000115 m2/s)
ρb is the bone density (1.36 g/cm3)

	 ρ is the density of flood(1.018 g/cm3) and non-flood (1 
g/cm3) water.

The density of river water varies based on the amount 
of suspended material. Floodwater density for the Platte 
River was obtained using the equation for suspended load 
developed for discharge greater than 2,000 ft3/s by Lyons 
and Randle (1988). This empirical equation is based on 
215 suspended load measurements of the Platte River. Ap-
plied to the maximum recorded discharge of 1064.7 m3/s
(37600 ft3/s) for the Platte River:

 QSS = 0.000056 • Q2.30

where: Q is the mean daily water discharges in cubic feet 
per second (ft3/s)
 QSS is the suspended sediment load in tons per day.
 QSS = 0.000056 • 376002.30 = 1,866,895.8 tons/day = 
21.6 tons/s
converted to metric
 Qss = 19,595,190 g/s
 Qss/Q = 0.018 g/cm3 suspended density
 density of flood water: water density + sediment density 
= 1.018 g/cm3

 For non-flood water, the Lyons and Randle (1988) 
equation for discharge less than 2000 ft3/s (QSS = 0.00663 
Q1.51) was used on suspended sediment data for the lower 
Platte River (http:// co.water.usgs.gov/sediment/selAllTbl.
cfm? station_id=06805500). The density for non-flood wa-
ter averaged 1.000000052 g/cm3, which is deemed too low 
to have much of an effect of bone transport, so non-flood 
water density was rounded to 1 g/cm3 for convenience.

The settling velocity (hence entrainment velocity) for 
a variety of bones using Rubey’s equation above for both 
flood water and non-flood water densities is shown in Ta-
ble 2. As may be seen, bones in flood waters (which have 
a higher suspended load) have a lower settling velocity, 
hence would have a lower initial movement velocity. This 
difference between flood and non-flood water is due to the 
increased buoyancy of the bone in the denser water. Equa-
tions such as those by Costa (1983) indirectly include the 
buoyancy of the water in the coefficient. Van Rijn (1993) 
developed a different equation from Rubey that consis-
tently gives values 235% greater than the Rubey equa-
tion for the same bones. These results differ from those of 
Behrensmeyer in that there is no attempt to determine the 
diameter of a quartz grain having the same settling veloc-
ity as a bone. These equations require the bone to be con-
sidered as a sphere around which, however, the boundary 
layer flow is laminar. In reality, bones are not spheres and 
drag is known to increase the more a particle departs from 
spherical because flow is no longer laminar. In addition, 
bones of the same volume but of different shape may have 
a different resistance to flow. Therefore, the more a bone 
departs from spherical, the slower the settling velocity, 

Fig. 32.—Two models for the formation of bone clusters (flow is towards 
viewer). A, Behrensmeyer’s (1982) model of concentration in scour 
pockets. B, in the alternative model, the cluster develops as a jam devel-
oped against an obstacle. C, if the cluster is partially buried (e.g., by a 
migrating dune), it may act as a second trap. Douglass reported bone piles 
suggestive of a secondary trap.
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which translates into lower water velocity to initiate bone 
movement on the bed. The seeming contradiction for the 
results among the various equations stems from observa-
tions that there is a substantial zone of potential movement 
equivalent to 1.5 log cycles of unit stream power in which 
a particle may move (Williams 1983). Experimental work 
in flumes has shown the need for repeated runs despite 
identical conditions, and the results are then presented as 
the mean (e.g., Francis 1973). Nevertheless, the values giv-
en in Table 2 provide a range within which bone movement 
may have been initiated. 

Various equations have been proposed for the settling 
velocity of a non-spherical particle using its triaxial dimen-
sions, where Dl is the long dimension, Di is the intermedi-
ate dimension and Ds is the short dimension (e.g., Hoffman 
1994; Le Roux 1997). However, bones tend to have more 
complex configurations than can be accommodated by the 
triaxial dimensions, and use of maximum dimensions creat-
ing a 3-D box around the bone will exaggerate the volume.

Alternatively, the area of the particle perpendicular to 
flow (intercept area) is more reliable because it captures 
the complexity of the shape. As noted above, this area can 
be portrayed as a silhouette of a bone and measured with 
ImageJ (Figs. 36A–H). Area can be used to determine the 
drag and Reynolds coefficients, as well as the force of 
flowing water on the bones.
 These coefficients are used in other types of equations 
for sediment transport. The movement of bones along the 
bed of the Quarry River was probably primarily by rolling 
or sliding as it is with large boulders. The forces involved 
in rolling isolated bones are similar to that described above 
for articulated segments of vertebrae. Sliding of a bone, 
on the other hand, would occur if both the lift and drag 
forces are insufficient to rotate the bone(s) about an axis 
(Komar and Clemens 1986). For most bones sliding may 
have been the major mode of transport in the Quarry River 
given that drag force on large objects is significantly great-
er than lift in flowing water (Komar and Li 1988). The

Fig. 33.—Actualistic experiment utilizing an articulated skeleton (Antilocapra americana) on an unnamed tributary of Mule Creek, Wyoming, over 
the span of one week. A, articulated carcass (10 x 10 cm grid) at start of experiment, head faces downstream. B, after first heavy rain carcass moved 
downstream several meters (water flow from right to left). Tissue has softened, resulting in separation of lumbar vertebrae from thoracic vertebrae, a 
few ribs, and left scapula. Arrows show scours. C, after third heavy rain,the skeleton shows loss of mandibles, cervicals, some thoracic vertebrae, most 
ribs, one scapula and forelimbs, and one hind limb. Water flow from lower left to upper right. Note deposition (d) in the shadow region of flow. D, end 
of experiment: skull missing, some tissue still holds some bones together, mostly one hind limb, and some ribs minus their thoracic vertebrae. Water 
flow from right to left.
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exception is when the area of flow intercept is low and the 
upper surface area parallel to flow (i.e., perpendicular to 
direction of lift) is large. For lift to be effective, the force 
must be greater than the immersed weight of the object, 
which for large bones, rarely, if ever, happens. Therefore, 
for practical purposes, lift for large bones may be ignored. 
In general, drag varies with particle geometry and the di-
mensionless Reynolds number (Rn), so that an increase in 
the Rn, which corresponds to an increase in particle size 
and/or an increase in water velocity, results in a increase in 
drag (Komar and Li 1988). The relation between the drag 
coefficient (CD) and Reynolds number (Rn) is discussed 
thoroughly by the ICWR-SS (1958). Their recommended 
equations are:

and:

where: Vb is the bone volume (cm3)
ρb is the bone density (1.36 g/cm3)

	 ρ is the density of flood water (1.018 g/cm3)
 g is the gravitational acceleration (981 cm/s2)
 A is the area of the bone facing flow (cm2)
 V is the water velocity (cm/s)

v is the kinematic viscosity (= dynamic viscosity/den-
sity) of water (0.01 cm2/s).

For a Camarasaurus humerus (Table 2) resting on the 
bed of the Quarry River perpendicular to flow at 295.926, 
the area facing the flow is a silhouette of the medial or
lateral side of the humerus (Fig. 36E). Measured in Im-
ageJ, it has an area of 1624 cm2. Assuming it rests in water 

flowing at the velocities (in cm/s) in Table 1:

low velocity CD = 

low velocity Rn =

high velocity CD =

high velocity Rn =

These results and others are presented in Table 4. Tur-
bulent flow around bones formed the eddies seen in Figs. 
24A and 25. These unsteady eddies produce continuous 
fluctuations in the velocity and force of the water down-
stream of the bones.

Graf (1979) presented a series of equations for boulders 
in water that can be applied to the HEC-RAS results of the 
Quarry River (Table 1) to predict whether a particular bone 
would move when laying perpendicular to flow: 

 normal force of bone (i.e., inertia):  fn = ρbVbg
 resistance of bone: fr = μfn
 force of flowing water: fw = ρf (or ρ) • A • V2

stability of bone: fw/fr >1 bone moves, <1 bone is stable
where: ρb is bone density (1360 kg/m3)
 Vb is bone volume (m3)
 g is gravitation acceleration (9.81 m/s2)
 μ is the coefficient of friction (bone = 0.81).
	 ρf is the density of sediment laden flood water (1018 kg/
m3)
ρ is the density of non-flood water (1000 kg/m3)

 A is the area of the bone facing flow (m2; Fig. 36 with 
Table 4)
 V is the water velocity (m/s2) from Table 1

 Applying values to the equations in both average flow 
and high flow (sediment laden) to the Apatosaurus femur 
laying distal condyles up (so as to minimize drag):

  fn = 1360 kg/m3 • 0.079543 m3  • 9.81 m/s2 = 1061 N
fr = 0.81 • 1061 N = 859.4 N

 average flow fw = 1000 kg/m3 • 0.3509 m2 • (0.5 m/s)2

= 87.7 N
 high flow fw = 1018 kg/m3 • 0.3516 m2 • (1.6 m/s)2 = 
914.5 N

fv/fr average flow= 0.1
fv/fr high flow= 1.1

Thus, the Apatosaurus femur is stable at the average 
flow of 0.5 m/s, but can be moved at the higher flow. Note 
that this equation does not predict the minimum velocity to 
start movement, but rather whether a bone will move at a 
particular flow velocity. The result for a selection of bones 
is given in Table 4. Two of the bones, the Allosaurus femur 

Fig. 34.—Twisted string of Diplodocus cervical vertebrae and skull (CM 
3452) suggestive of rolling transport. Douglass thought these originated 
from DFN 150, which lay upstream. Specimen photographed through 
display case.

24663 cm3 • (1.36  g/cm^3 - 1.018  g/cm^3) • 981cm/s 
                                  1624 cm2  • 1 •   

(50  cm/s)2 

       2 = 4.0

1624 cm2 • 50  cm/s 

       0.01  cm2/s = 8,120,000

24663 cm3 • (1.36  g/cm^3 - 1.018  g/cm^3) • 981cm/s 
                                  1624 cm2  • 1 •   

(160  cm/s)2 

       2 = 0.4

1624 cm2 • 160  cm/s 

       0.01  cm2/s = 25,984,000

        Vb (ρb - ρ) g 
            Aρ (V2/2)  CD =

        AV
            v  Rn =
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and Stegosaurus humerus are predicted to move even at 
the lower, average flow because of their low normal force 
(i.e., inertia). All of the bones will move at the higher flow 
velocity, although some more readily than others as seen 
by their higher values.
 Shear by flowing water has been used by Baker and Rit-
ter (1975) to determine clast size that can be moved. By 
analysis of various data, a regression line was created:
 D = 65τ0.54

where: D is the clast diameter (in mm)
 τ is the shear stress (in kg-force/m2)
Using the shear stress values generated by HEC-RAS in 
Table 1
 normal flow D = 65 • 0.3980.54 = 39.5 mm (i.e., bone 
with a volume of 258 cm3)
 high flow D = 65 • 2.770.54 = 112.7 mm (bone volume 
of 5996 cm3)
These results would indicate few of the bones in Table 2 
would move even at maximum flood. This seems doubtful 
given the wide distribution of bones in the Quarry sand-
stone.

Finally, a force gauge was used to determine the force 
needed to initiate movement of submerged casts of Cama-
rasaurus bones across a sand bed. The casts were weighted 
to match to estimated mass of the actual bones based on 
volume. Use of casts obviates the problem of buoyancy 
due to trapped air within the bone as discussed by Beh-
rensmeyer (1975; the homogenous structure of casts lim-
its their use in flumes without compensation for internal 
weight differences - see cross-sections in Ostrom and Mc-
Intosh 1966, 1999). Owing to the size of the water tank, no 
appendicular bones of Camarasaurus could be included. 
The results were compared with the estimated force based 
on the buoyancy equation: 

  fb = Wa - [(ρb	-	ρ) • Vb]
where: fb = estimated force to move the bone based on its 
submerged weight.
Wa is the air weight of the bone.
ρb is bone density (1.36 g/cm3, 1.68 g/cm3 for skull and 

mandible as discussed previously).
ρ is water density (1.0 g/cm3).

 Vb is bone volume. 

The results are shown in Table 5 and Fig. 37, with y in-
tercept = 23.9. The coefficient of determination, or R2, for 
the slope in Figure 37 is 0.5, indicating a poor match be-
tween the predicted force based on the submerged weight 
and the actual force needed to initiate movement. The dif-
ference between these is the bed resistance. As can be seen 
in Table 5, the differences are greater for vertebrae because 
their various projecting structures provide drag. 

Transportability of bone has been used to establish 
Voorhies categories (Voorhies 1969; Behrensmeyer 1975). 
However, application of these categories to dinosaur bones 
may not be appropriate despite its use by Lawton (1977) 
in her study of the Carnegie Quarry and by Gates (2005) 

in his study of the Cleveland-Lloyd Quarry. As noted by 
a variety of authors (e.g., Boaz and Behrensmeyer 1976; 
Blob 1997; Trapani 1998; Eberth et al. 2007), there is 
doubt as to the validity of such usage, a point demonstrated 
by comparing the various dispersal experiments (Table 6). 
Not surprisingly, the massive elephant bones are the least 
transportable, although these results need to be used with 
caution because of the bank effect in the very narrow chan-
nel used by Frison and Todd (1986: figs. 2.17, 2.18). Nev-
ertheless, more massive bones have greater inertial mass 
and are more resistant to movement.

Another factor affecting transportability is vertical pro-
file of a bone, where the higher a bone projects into the 
overlying water flow (e.g., scapular spine in mammals), 
the more readily it will move. On this basis, a dinosaur 
humerus lying with its deltopectoral crest projecting up-
wards will move more easily than a comparably-sized 
femur lacking such projections. Among other characters 
cited as affecting transportability is bone density. How-
ever, from context, it is questionable whether bone den-
sity per se (mass per unit volume) is meant (e.g., Voorhies 
1969; Lyman 1984), rather than inertial mass (resistance to 
change in motion). That the two are not equal may be seen 
by the very weak correlation between competent velocities 
and bone densities given by Blob (1997: table 1), whereas 
Trapani (1998) noted a lack of correlation with bird bones. 
Solid casts of bones made of homogenous material (plastic 
resin or plaster of Paris) does not replicate real bone in 
transportation experiments. The spurious results from us-
ing casts invalidates the findings of Evans (2012), who re-
ports no correlation between flow direction and elongated 
bone orientation despite several decades of work by others 
using real bone. The transportability of articulated bones 
is known experimentally to be greater than for individual 
bones (Coard and Dennell 1995; Trapani 1998), and seems 

Fig. 35.—Rotation occurs at the critical stage of threshold when the mo-
ment of gravity (g) on the particle’s mass (e.g., articulated string of ver-
tebrae represented by a cylinder) is overcome by the moment of the drag 
force and moment of lift exerted by the flowing water. These two forces 
pivot the object about its axis. 
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to have been true for bones in the Quarry River (see discus-
sion above). 

Bone Transport as Evidence of Current Direction

Evidence of bone transport is seen in their distribution in 
Fig. 9, the axes of which can be plotted in rose diagrams. 
Lawton (1977) presented diagrams for three bone layers of 
the current Quarry face (Figs. 38A–D). Coupling transport

directions with sedimentological data, Lawton (1977) 
concluded that flow of the Quarry River was towards the 
southeast. She acknowledged her measurement sample 
sizes were small (seven from each layer), yet her direc-
tional conclusion is supported by the larger data set from 
the revised Quarry map (Figs. 38E–M). 

This larger data set by necessitity combines multiple 
bone layers because Douglass did not separate the layers 
on his map. Nevertheless, the goal of the new data sets was 

Table 2. Estimated volume and mass for select defleshed dinosaur bones, spherical equivalence, and estimated entrainment
velocity by equation (see text for actual equation). Abbreviations: Al - Allosaurus (CEUM 404); Apat - Apatosaurus (CEUM 

uncataloged touch specimen); Cam - Camarasaurus (CEUM 1718); Steg - Stegosaurus (CEUM 1717).

Taxon Bone Estimated 
Volume (cm3)

Estimated Mass 
(kg)

Equivalent
Spherical
Diameter
(m)

Costa
1983
(m/s)

Rubey
1933 average
(m/s)

Rubey
1933
Flood
(m/s)

Al femur 7,056 9.6 0.24 2.6 0.75 0.73

Apat femur 79,543 108.2 0.53 3.8 1.11 1.08

Cam skull 6,704 11.3 0.23 2.5 0.73 0.71

Cam cervical 8 7,762 10.6 0.25 2.6 0.76 0.74

Cam cervical 12 12,349 16.8 0.29 2.8 0.82 0.80

Cam dorsal 6 9,174 12.5 0.26 2.7 0.78 0.76

Cam dorsal 10 10,232 13.9 0.27 2.8 0.79 0.77

Cam scapula 18,927 25.7 - - - -

Cam coracoid 7,762 10.6 - - - -

Cam humerus 24,663 33.5 0.36 3.2 0.92 0.89

Cam ulna 7,762 10.6 0.25 2.6 0.76 0.74

Cam ilium 48,178 65.5 - - - -

Cam femur 57,700 78 0.48 3.6 1.06 1.03

Cam tibia 19,501 26.5 0.33 3.0 0.88 0.85

Steg ant dor 1,843 2.5 0.15 2.1 0.59 0.58

Steg mid dor 1,129 1.5 0.13 1.9 0.55 0.54

Steg post dor 2,913 4.0 0.18 2.3 0.65 0.63

Steg caudal 3 3,151 4.3 0.18 2.3 0.65 0.63

Steg scapula 6,309 8.6 - - - -

Steg humerus 5,645 7.7 0.22 2.5 0.72 0.70

Steg radius 1,070 1.5 0.13 1.9 0.55 0.54

Steg femur 12,618 17.2 0.29 2.8 0.82 0.80

Steg pubis 1,721 2.3 - - - -

Steg ischium 1,411 1.9 - - - -

Steg plate - large 4,234 5.8 - - - -

Steg. plate - small 475 0.6 - - - -

Steg spike 2,117 2.9 - - - -
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to seek a general trend in flow. In making this larger data 
set, the azimuth was taken from the proximal end towards 
the distal for consistency. The data sets are broken down by 
bone type because the taxonomic identity of many isolated 
bones or strings of bones is unknown. Some of this mate-
rial remains unprepared or has been transferred to other 
museums.

Rib transport shows a strong clustering in the south-
east quadrangle of the rose diagram (Fig. 38E), meaning 
that most of them are aligned in that direction presumably 
parallel to current (the data do not include ribs articulated 
to vertebral columns). A secondary axis of ribs is towards 
the east. Frison and Todd (1986) noted that elephant ribs 
align with the heavier proximal end facing upstream, ex-
cept where obstructed, and the same appears to be true of 
the dinosaur ribs. Scapulae (Fig. 38F) show a strong south-
southeast alignment, another towards the northwest, and a 
minor axis towards the northeast. The humeri orientations 
(Fig. 38G) are at odds with most others in that most of the 
axes are in the northern half of the diagram. This clustering 
suggests that the deltopectoral crest acts as a sail so as to 
reverse the orientation relative to stream flow. If the data 
are reversed (distal-to-proximal), then the azimuths are in 

the southern portion as with the others. A similar situation 
may be true of the ulnae and radii grouping (Fig. 38H), 
whereby the more massive proximal end of the ulnae pro-
vide a large surface to the flow. The femora show several 
axes (Fig. 38I) probably because the large mass of the sau-
ropod femora makes them moveable only during bank-full 
flow. As a result, several axes maybe superimposed on a 
more random background orientation. Tibiae and fibulae 
are more easily moved and show a strong southeast ori-
entation (Fig. 38J), with a less prominent east-northeast 
alignment. Vertebrae include both isolated and articulated 
segments, all of which can more easily roll than the other 
bones (Fig. 38K). These tend to show a more perpendicular 
alignment relative to stream flow. A large sample of un-
known bones (Fig. 38L) were included if they were longer 
than wide (i.e., had a measurable axis). Many of these un-
knowns are probably distal limb bones (ulnae, radii, tibiae, 
fibulae), but could not be identified positively as drawn. 
Almost all of these bones are isolates. A combination of 
all the data shows a strong presence in the southeast quad-
rangle (Fig. 38M), thus supporting Lawton’s conclusion of 
a southeasterly flow for the Quarry River. Our conclusions 
(Lawton and mine) are at odds with others (e.g., Bilbey 

Fig. 36.—Silhouettes of various bones in dorsal and lateral views used to determine surface area subjected to flow. Although these bones came from the 
Cleveland Lloyd Quarry (except B), they are uncrushed representatives of the same taxa from the Carnegie Quarry.  A, Allosaurus, CEUM 404, femur; 
B, Apatosaurus, CEUM uncataloged touch specimen, femur; C, Camarasaurus, CEUM1718, cervical 5; D, Camarasaurus, CEUM1718, dorsal 10; E,
Camarasaurus, CEUM1718, humerus; F, Camarasaurus, CEUM1718, femur; G, Stegosaurus, CEUM 1717, humerus; H, Stegosaurus, CEUM 1717, 
femur. Scale = 10 cm.
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1992) as noted above, who advocated an easterly flow. A 
secondary orientation east-west (Fig. 38M) may be due to 
bone alignment parallel to bedforms as noted experimen-
tally by Trapani (1998). 

Macro-taphonomy of Individual Specimens

For purposes of discussion, the taphonomy of the Carnegie 
Quarry is divided into three sections: macro-taphonomy 
at the skeletal and whole bone scale, meso-taphonomy at 
the bone surface scale, and micro-taphonomy at the micro-
scopic (histological) scale. This subdivision is strictly for 
convenience of arranging topics. 

DFN 1 (CMNH 3018). As noted by Gilmore (1936), 
the vertebral column of Apatosaurus was broken into three 
segments comprising the cervicals, dorsals, and pelvis with 
part of the tail (Fig. 39A). The segments suggest that liga-
ments and possibly some other soft tissue still bound the 
bones together. Although a calculation of the volume of the 
bones by water displacement was never done, a rough ap-
proximation using ImageJ on the illustrations in Gilmore 
(1936) gives the following weights for the bone segments 
(buoyant weights in parentheses): cervicals 994.5 kg (643.5 
kg), dorsals 687 kg (444 kg), pelvis and articulated 26 cau-
dals 2441 kg (1680 kg). Despite their enormous weight, 
the segments all show signs of movement. For example, 
the scapulacoracoid (estimated buoyancy weight 116 kg), 
located on the downstream side of the skeleton, was found 
between the bifurcated neural spines suggesting that the 
cervicals slid towards the scapula. The sequence of move-
ments for various parts of the skeleton can be unraveled by 
applying the concept behind the game of “Pick-up Sticks” 
in which bones laying over other bones must be moved 
first (Figs. 39A–F). Viewed in reverse, the disarticulation 
sequence of the skeleton is then apparent. The timing for 
movement of some bones is unknown, either because the 
bones were lost (lower jaws, left hind limb, right lower 
arm and manus, sternals, gastralia, most chevrons), or be-
cause the bones were found in isolation (right humerus, 
left pes); many of these are excluded from the sequence, 
but presumably were lost relatively early and must have 
been transported away from the immediate area. In decon-

structing the sequent of events (i.e., working backwards 
towards a more intact skeleton), movement of the bones 
always must be in the upstream direction. As may be seen 
by the sequence (Figs. 39A–F), many vertebrae remained 
in articulation, most probably held together by ligaments. 
Most movement occurred during the skeletonization phase 
of decomposition. The segments include the cervical sec-
tion, dorsal section, pelvis with caudals, and the left fore-
limb. The pattern shown in Figure 39 is repeated among 
various specimens on the Quarry face (see Figs. 10A–E).

The carcass is assumed to have started on its right side 
because the pelvis is assumed to have been too massive to 
flip. Several dorsal ribs lay on top the skeleton, so must 
have been the last bones moved into place (Fig. 39A). Be-
cause two ribs are in contact with the cervical vertebrae, 
the ribs must have been in temporary storage upstream, 
either hung up on a bar or bone jam, or were buried and 
exhumed. The other four ribs may have been attached to 
the dorsals prior to their final deposition. 

There are two possible scenarios with regards to the 
pelvis lying on top of the anterior cervicals: the pelvis may 
have slid onto the cervicals during a very high discharge 
event or extreme scouring under and around the pelvis 
may have preceded the cervicals sliding into the scour. Of 
the two scenarios, the first seems more plausible given that 
the pelvis lies upstream and on top of the dorsals as well, 
and the right femur is not in situ (Fig. 39B). If this pelvic 
movement scenario is correct, then the pelvis may have 
been more buoyant than appears, which is probable given 
the large spongy cavities within the Apatosaurus pelvic 
bones and pneumatic condition of the sacrals (Carpenter, 
personal observation). With gases produced by decompo-
sition of the soft tissue within the bones, buoyancy was 
increased. The inverted position of the cervicals relative to 
the pelvis (Fig. 39C) presumably means the neck was dor-
siflexed (also noted by Nov. 10, 1910, letter to Holland), 
in an opisthotonic position much like the young Cama-
rasaurus (Fig. 30B)  which suggests the tail was originally  
dorsiflexed as well. The tail may have been moved into the 
position found when flow moved the pelvis. Flowing water 
pressing against the cervical segment may have pivoted it 
at its more massive posterior end (Figs. 39C, D), which 
might explain why the more gracile anterior cervicals were 

Table 3. Volumetric bone density of extant reptiles. An average of 1.36 g/cm3 (1360 kg/m3) is used in the various equations for 
non-cranial bone transport, and 1.68 g/cm3 for cranial. BMD - bone mass density.

Taxon Bone Average Density (g/cm3) Reference

Sternothaerus femur 1.38 Edgren 1960

Sternothaerus tibia 1.43 Edgren 1960

Sternothaerus fibula 1.53 Edgren 1960

Alligator mandible 1.14-1.9 Rivers et al. 2006

Alligator femur 1.32 (total BMD) Lind et al. 2004

Alligator tibia 1.15 (total BMD) Lind et al. 2004
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moved into place against the mass of bones, including the 
disarticulated right hind limb, the segment of dorsal verte-
brae, and ribs. 
 The segment of dorsal vertebrae was flipped onto its 
left side just prior to the cervicals moving into place (Fig. 
39C), because the cervicals occupy the space that would 
have been occupied by the dorsals. This flipping of the 
dorsals was made possible because the bifurcated neural 
spines and especially the transverse process would have 
kept the upstream side elevated after collapse of the rib 
cage. Water pressure on the lower side of the neural spines 
as well as lift created as the water flowed over the dorsal 
segment could have easily flipped the segment over to a 
more stable position with the centra upstream. The neural 
spines and transverse processes of the left, now lower side 

may have retarded sliding of the dorsal segment causing it 
to act as a jam against which other bones clustered on the 
upstream side. Sometime after the dorsals were flipped, the 
first dorsal disarticulated and fell onto its anterior face. The 
movement of the dorsals resulted in displacement of many 
ribs from the right, lower side, as well as the right forelimb. 
Freed from the constraints of the dorsal vertebrae and ribs, 
the right scapulocoracoid could pivot on its convex side to 
align itself with the currents, although it jammed against 
other bones before completing this alignment (Fig. 39C). 
The right forelimb separated just before this, but except for 
the humerus, was transported farther downstream. Prior to 
the flipping of the dorsal vertebrae, the left forelimb and 
many ribs of the left side were removed (Fig. 39D). As-
suming Berman and McIntosh (1978), following Douglass 
(see below), are correct as to the identity of the skull to the 
skeleton, it eventually became trapped in the shadow of 
the left forelimb (Fig. 39D). The segment of cervical ver-
tebrae was separated from the dorsal vertebrae prior to the 
dorsal vertebrae segment being flipped by currents (Fig. 
39E). This separation may have been due to the pressure 
of flowing water against the neck at what Lawton (1977) 
referred to as the nodal point. About the same time, or 
shortly before, the skull separated from the neck and the 
jaws from the skull (Fig 39E). Some of the digits may have 
been lost around this time as well. Prior to the loss of these 
parts, the carcass lay on its right side, perpendicular to the 
direction of flow (Fig. 39F). The distance of postmortem 
travel was probably not very far and it apparently became 
wedged against a dune. Douglass (Aug. 31, 1910, DQN) 
noted that “As the tail [of #40] came this way it turned and 
went farther and farther into the ledge as did also the tail 
of No. 1, indicating that the bodies of the animals were on 
higher ground than the tail.”
 Upon finding the skull, Douglass wrote: “This confirms 
my belief that the other so called Diplodocus skull which 

Table 4. Drag coefficient (CD) and dimensionless Reynolds number (Rn) for a selection of bones, as well as the pre-
diction for movement based on Graf’s (1979) equation (value >1 bone moves; <1 bone is stable). See text for details. 
Al - Allosaurus (CEUM 404); Apat - Apatosaurus (CEUM uncataloged); Cam - Camarasaurus (CEUM1718); Steg - 

Stegosaurus (CEUM 1717) 

Taxon & Bone Lateral
Area
(cm2)

Dorsal
Area
(cm2)

CD
Average
Flow

Rn
Average
Flow

CD
Flood
Flow

Rn
Flood
Flow

Graf
Average
Velocity

Graf
Flood
Velocity

Al femur 850 1010 2.2 4,250,000 0.2 13,600,000
0.28 2.91

Apat femur 3509 5250 6.0 17,545,000 0.6 56,144,000
0.10 1.06

Cam cervical 8 598 1121 5.4 2,990,000 0.5 9,568,000
0.11 1.17

Cam dorsal 10 846 1241 3.2 4,230,000 0.3 13,536,000
0.19 1.99

Cam humerus 1624 2463 4 8,120,000 0.4 25,984,000
0.15 1.59

Cam femur 2076 3656 7.3 10,380,000 0.7 33,216,000
0.08 0.87

Steg hum 714 941 2.1 3,570,000 0.2 11,424,000
0.29 3.05

Steg femur 968 1606 3.4 4,840,000 0.3 15,488,000
0.18 1.85

Fig. 37.—Plot of force needed to move submerged Camarasaurus bones
(casts) of known masses across a sand substrate. The casts were weighted 
to the estimated air weight (not buoyancy weight) of the live bone and 
force was determined with a force gauge. The y intercept is 23.9. See 
Table 5. Abbreviations: cd—caudal vertebra; cv—cervical vertebra; d—
dorsal vertebra. 
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we found (the complete one) [CM 11161] belongs to No. 
40 or possibly No. 1, and that Marsh’s Brontosaurus skull 
is a myth—and yet the old boy usually knew what he was 
talking about. If we have not the skull of No. 1 I believe, 
from my experience in the quarry that it will yet turn up, 
but that’s just my private opinion. If there is a practically 
complete skeleton here I believe that, as a rule, the skull is 
somewhere around, but if the skeleton is more disarticu-
lated and scattered the skull has probably been, as a rule, 
disarticulated too, but this is between you and me and the 
quarry” (Nov. 29, 1912, letter to Holland).   

DFN 24 (CM 3390) is a juvenile diplodocid, probably 
Apatosaurus (Figs. 40A–F): “With this huge reptile [speci-
men 1] and just above its neck I have found the pelvis, hind 
limb, and about 15 or 16 vertebrae of the tail of a little Di-
nosaur, with vertebrae in succession and right after the oth-
ers as in life - or death. It bids fair to be as good as the large 
one, in fact it ought to be better for it was so small that it 
would be covered much more quickly and there would be 
less danger of disturbance of the bones. This, I judge, must 
be one of three things: (1) a young Brontosaurus which, 
I believe is unknown, (2) an undescribed dinosaur, (3) or 
something that is known by only a few bones” (Oct. 22, 
1909, letter to Stewart). It would be another ten months 
before the last of the specimen was removed, “We got out 
the rest of No. 24, the small skeleton above no. 25 [neck of 
specimen 1]. It extended only about to [a] few feet. After 
getting it out I remembered that 20 ft directly east we had 
taken out a series of 8 or 10 cervicals of a small Dinosaur 
[DFN 37, CM 3391]. Just below was a small jaw or fragment

with pencil-like teeth a little like those of Diplodocus but 
small. It is likely that these belong with No. 24” (Aug. 5, 
1910, letter to Holland). 

It is possible that specimen 37 does indeed represent the 
cervicals and dentary to specimen 24 based on the decon-
struction of specimen 1, although it is difficult to prove. 
The separation of the lower jaw, with its characteristic 
diplodocid teeth, would have occurred early in the dis-
articulation sequence. Its low profile would have limited 
movement except during high discharge when lift would 
be important to initiate transport in such a small specimen. 
The subsequent separation of the cervical column could al-
low them to be transported downstream separate from the 
body and even be diverted down a different thalweg.  

DFN 26 (CM 3392) is a partial Dryosaurus skeleton that 
includes the skull (Gilmore 1925; Galton 1981, 1983). Dou-
glass originally thought the specimen was a small theropod 
apparently based on the pointed unguals of the pes when he 
first reported its discovery to Holland: “In a blast a few days 
ago we unearthed what now appears to be a little carnivo-
rous Dinosaur probably about 8 to 10 ft long, perhaps more. 
Toes joined together as in death &c. I think it is nearly a 
whole skeleton but don’t know yet so don’t hope too much. 
Have found it is strung along for about 5 ft. but don’t know 
how much further. We’ll soon know, as it is small and in 
the path of our excavation. It was broken up in blocks by 
blast” (Mar. 10, 1910, letter to Holland). The specimen was 
found in the mostly barren uppermost sandstone (Record 
Book 1909–1923). Except for a few anterior caudals, most 
of the tail is missing and presumably was destroyed in the 

Table 5. Results of a force gauge used to determine the initial movement of select Camarasaurus bones across a submerged sand 
bed in a tank of water. This is compared against the predicted force needed to move the bones based on the submerged weight. 

The difference between actual and predicted is the bed resistance and shows the effect of bone shape on the bed. Bone volume and 
estimated air weight also given. See text for further discussion. 

Volume
(cm3)

Air Weight
(kg)

Force Gauge
(kg-force / N)

Submerged Wt = 
Predicted Force (kg / N)

Bed Resistance

skull 6704 11.3 6.5 / 63.7 4.6 / 44.7 19.0

mandible 3176 5.3 3.0 / 29.4 2.2 / 21.2 8.2

cervical 4 1486 2.0 1.5 / 14.7 0.5 / 5.2 9.5

cervical 5 1822 3.8 7.0 / 68.6 1.0 / 10.0 58.6

cervical 9 8821 12.0 10 / 98.0 3.2 / 31.1 66.9

cervical 12 12,349 16.8 13.5 / 132.4 4.4 / 43.6 88.8

dorsal 2 12,349 16.8 13.5 / 132.4 4.4 / 43.6 88.8

dorsal 6 9174 12.5 11.5 / 112.8 3.3 / 32.4 80.4

dorsal 8 9703 13.2 11.5 /112.8 3.5 / 34.3 78.5

dorsal 11 10,585 14.4 14 / 137.3 3.8 / 37.4 99.9

caudal 1 8115 11.0 10.5 / 103.0 2.9 / 28.6 74.4

caudal 7 5292 7.2 9.5 / 93.2 1.9 / 18.7 74.5

caudal 11 3528 4.8 4.0 / 39.2 1.3 / 12.5 26.7
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Table 6. Comparison of various bone dispersal experiments by Voorhies group; arranged from smallest animals to largest. Group 
III is characterized by bones with a low profile or greater inertial mass. For example, the higher number of elephant bones in Group 
III compared to other taxa is largely due to their resistant inertial mass (greater mass) compared to water force, which is dependent 

on velocity. As water force increases with increased velocity (F=m/a), even these bones will move.

Taxon
live weight (reference)

I
Highly transportable

I/II II
Less
transportable

II/III III
Resistant to 
transport

Mouse
0.03 kg
(Dodson 1973: table 5)

thoracic
vertebrae
maxilla (separated 
from skull)

caudals
cervicals
pelvis

femur
humerus
skull
tibia-fibula

calcaneum
mandible
radius

mandible

Pigeon
0.281 kg
(Trapani 1998: table 3)

coracoid
cranium
pelvis
rib
vertebra
vertebrae segment

caudal
sternum
tarso-metatarsus

humerus
phalanx
sacrum

carpo-metacar-
pus
femur
mandible
phalanges
radius
tibiotarsus
ulna

furculum
scapula

Turtle
1.3 kg (est.)
(Blob 1997: table 5)

astragulus-calcaneus
atlas
rib
sternum

skull
costal
nuchal

cervical
humerus
mandible
pelvis
phalange
radius-ulna
tibia
costal
entoplastron
epiplastron
hypoplastron
neural

dorsal
femur
scapulo-coracoid

dorsal
fibula
metatarsal
xiphiplastron

Coyote/sheep
~ 21 kg/~45 kg
(Voorhies 1969: table 
12)

ribs
sacrum
sternum
vertebrae

phalanges
scapula
ulna

femur
humerus
metapodials
pelvis
radius
tibia

mandible
phalanges
scapula
ulna

mandible
skull

Sheep
~45 kg
(Behrensmeyer
1975: fig. 4 hypotheti-
cal based on density/
weight)

axis
patella
phalanges
rib
sacrum
sternum

atlas
phalange
podial
scapula

astragalus
calcaneum
femur
humerus
metatarsal
pelvis
radius/ulna
tibia

mandible skull

Human
~75 kg
(Boaz and 
Behrensmeyer 1976)

acetabulum
calcaneum
cranium
cuboid
humerus (proximal 
end)
metatarsal (4th)
talus

metatarsal
ulna (proximal 
end)
vertebra (Tl2)

mandible
metatarsal (1st)
sacrum
thoracic (Tl)
tibia (proximal end)

femur head
mandib1e (part)
incisor
molar
radius (proximal 
end)
temporal (frag-
ment)

atlas
clavicle
humerus (distal)
maxilla (fragment)
parietal (fragment)
patella
rib
scapula (fragment)

Elephant
~2720 kg
(Frison and Todd 1986)

astragalus
calcaneus
caudal
cervical
lumbar
patella
sacrum
thoracic

fibula
humerus
metacarpal
ribs
scapula
tibia

atlas
femur
mandible
pelvis
radius
rib-5
skull
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blasting to get to the main bone layer. When found, it was 
apparently found on its back with the limb bones splayed 
(Fig. 30C). The position of the skeleton indicates that there 
was a considerable amount of soft tissue binding the skel-
eton together, and little or no scavenging.

DFN 39. Initially, this number referred to a partial dis-
articulated skeleton of Stegosaurus a few meters east of 
DFN 40, but because no discrete boundary was found for 
the skeleton, Douglass at first inadvertently extended the 
number (DFN 39) to what he later realized was another 

individual. He decided to use that number for most Stego-
saurus bones in the central part of the Quarry (Record 
Book 1909–1923). At least three individuals are represent-
ed based on five femora listed in his Record Book. These 
individuals are widely scattered over an area about 52 m2,
and may be more widely scattered if some of the Stegosau-
rus material near the top of the central part of the present 
Quarry face belong to one or more of the individuals in the 
Douglass section now removed. 

Although most of the stegosaurs are disarticulated, one 

Fig. 38.—Rose diagrams showing the influence of flowing water on bones in the Quarry River. A–D results of Lawton (1977) for comparison, E–L taken 
from revised Quarry map. A, layer 1; B, layer 2; C, layer 3; D, combined; E, ribs; F, scapulae; G, humeri; H, ulnae and radii; I, femora; J, tibiae and 
fibulae; K, strings of vertebrae; L, unidentifiable long bones; M, combined E-L. The unidentifiable bones are those that cannot be identified as sketched 
from Douglass’s map. 
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individual, 39/65, nearest to DFN 40 has articulated sec-
tions of dorsal and caudal vertebrae. These segments lay 
perpendicular to flow. The dermal plates, which have a low 
profile to currents and would probably not move much, are 
underrepresented, suggesting that the Stegosaurus carcass-
es had undergone considerable prior disarticulation. Car-
cass parts and bones then had been transported, although 
how far is unknown. At least two groups of bones, 39/60 
and 39/65, may have undergone two episodes of decompo-

sition and disarticulation, and one of transportation. These 
two individuals include considerable portions of the skele-
ton (vertebrae, ribs, and limbs), but few plates and no skull 
parts; these and other missing parts (e.g., most foot bones) 
were probably shed during the first episode of decomposi-
tion. The carcasses or carcass parts were then transported 
before undergoing further decomposition and dispersal 
near where they were found. 

DFN 40 (CM 11990 = LACM 52844) is a smaller

Fig. 39.—Deconstructing the disarticulation sequence for Apatosaurus louisae, CM 3018, DFN 1, using the methods of the game of “Pick-up Sticks.” 
The most superficial bones, thus those that were deposited most recently in the sequence are shown in gray; these must be removed before the next 
sequence can be inferred. Some bones, such as the left humerus, have no context that allows the timing of movement to be determined; these could 
have moved into place at any time. A, skeleton as discovered. The ribs must have been in temporary storage upstream before being moved on top of the 
skeleton. Some of them, however, may have come off the right side of the dorsal vertebrae. B, because the pelvis overlies the anterior cervical vertebrae, 
it must have slid over them. C, before the pelvis could slide over the cervicals, the dorsals must have flipped onto hind limb bones and then the cervicals 
slid against them. D, initially, the dorsals lay on their right side, with the transverse processes holding the vertebrae up allowing water to get beneath them 
to flip in sequence C. That also means the right forelimb was at least partially articulated, with the scapula in place. The left leg became disarticulated just 
before the dorsals flipped or was moved at the same time. E, in order to free the dorsals to flip, the cervical vertebrae must have separated, and it seems 
probable that the skull separated at this time as well given that skulls are typically disarticulated early. F, given the path that the cervicals must have taken 
in order for their neural spines to project downstream, the neck must have been in opisthotonic position. That suggests the limbs were in that position as 
well. Thus, the carcass most likely lay on its right side originally in opisthotonic position. The correct disarticulation sequence then is viewed in reverse.  
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Apatosaurus immediately downstream of specimen 1 and 
a little lower in the sediments suggesting partial burial 
prior to specimen 1 (Fig. 41). Bones protruding from the 
bed, such as the ribs, may have acted as key members 
against which specimen 1 was deposited. Douglass noted 
that, “The ribs are in place but the lower ends of the upper 
side of the body are swung back evidently by the current 
of a stream flowing in that direction” (Jul. 5, 1910, letter 
to Stewart). The position of the left scapulocoracoid and 
forelimb of specimen 1 alternatively suggests that the ribs 
were knocked back by the water transported limb, or to the 
collapse of the rib cage during the dry phase of decom-
position. Regardless, specimen 40 shows a less advanced 
stage of disarticulation than specimens 1 or 24. Although 
the skull had separated and was never recovered, and the 
cervicals had separated from the dorsals, there was appar-
ently some soft tissue binding the neck to the dorsals that 
kept the neck from being transported downstream. Water 
flow did, however, pivot the neck parallel to flow. Both 
forelimbs were missing, suggesting the carcass had floated 
or rolled at one point so that the scapulocoracoids and fore-
limbs could separate. Nevertheless, apparently there had 
been no scavenging because Douglass reports: “The ster-
nal ribs [gastralia] which we saw—curious to say—were 
lying on his back —on the dorsals. There is undoubtedly 
a complete set as there are a lot of them” (Aug. 5, 1910, 
letter to Holland). The presence of gastralia suggests the 
chest and abdominal cavities were intact when the skeleton 
was buried. Much of the caudal series is disarticulated or 
missing, but this could have occurred at any stage.

DFN 150 (CM 21763 = DMNH 1494) is a considerable 
portion of a Diplodocus skeleton that is currently mount-
ed at the Denver Museum of Nature and Science: “From 
where we first struck the tail of 150 there has been no disar-
ticulation that I can see to the posterior cervicals which are 
turning abruptly and going downward. The tail went down-
ward, the body—the dorsals—turned abruptly eastward at 
the pelvis and the neck turns abruptly downward from the 
last cervical or near it. The body has part of the ribs on the 
upper (right) side attached. The body lies up on something, 
but we do not yet know what it is. The skull and anterior 
portion of the neck lie below and farther to the west [DFN 
220]” (Dec. 19, 1914, letter to Holland). Douglass believed 
the skull and first seven cervical vertebrae (CM 3452) had 
separated from the rest of the neck, and as noted above, 
the vertebrae had become twisted as they rolled. The tail 
projected upstream, which seems counterintuitive, but may 
be the result of the low profile to currents of Diplodocus
mid- and distal caudal centra when lying on their sides (see 
Marsh 1884a: pl. 4). There are other diplodocid caudals as 
seen on the Quarry map (Fig. 9) arranged parallel to flow, 
but no Camarasaurus, which has a taller profile when ly-
ing on the side. As with several other sauropods, the cervi-
cals remain articulated, but separated from the first dorsal 
vertebrae. The distal end of the tail is absent having eroded 
away (Record Book 1909–1923). The limbs had com-
pletely disarticulated and except for one scapula and one 
humerus, most of the forelimbs were never identified.  

The skeleton appears to have been trapped against and 
on a partial Barosaurus, which was discovered below 

Fig. 40.—Juvenile Apatosaurus skeleton, DFN 24; CM 3390, from near the cervicals of the holotype of Apatosaurus louisae. Some ribs were also col-
lected. A, skeleton in left lateral view. First dorsal: B, anterior; C, left lateral; D, posterior views. E, sacrum in ventral view. F, seventh? caudal in anterior 
view. Scale in cm.
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specimen 150: “the dorsals are running eastward but lift up 
as if they were lying over some large hidden object. Nearly 
at this point I have partly uncovered what looks to me like 
an enormous cervical” (Nov. 18, 1914, letter to Holland). 
The distance the carcass had been transported is unknown, 
but presumably the force of the current had pressed the 
body perpendicular to the flow and parallel to the Baro-
saurus obstacle. Flowing water appears to have rotated the 
neck parallel to flow but did not move it far from the dor-
sal vertebrae because of soft tissue still binding the two 
segments.

DFN 160/10 (CM 11161; Figs. 42A, B) is one of four 
skulls of Diplodocus from the Carnegie Quarry, and the 
least crushed (Berman and McIntosh 1978). Another skull, 
DFN 220 (CM 3452; Figs. 34, 42C, D), is the one with 
cervical vertebrae mentioned above. It is partially disar-
ticulated, but otherwise uncrushed. The third is a juvenile 
skull, DFN 351 (CM 11255; Figs. 42E, F) that is lateral-
ly compressed (Whitlock et al. 2010). Finally, the fourth 
skull, DFN 175/A (CM 26552; Figs. 42G, H) consists of 
the braincase in which the facial bones have separated. 
The uncrushed skull, CM 11161, was found in soft, fri-
able sandstone (Holland 1924), which suggests an ab-
sence of soft tissue at the time of burial. Otherwise, the 
organic material would have formed a local microenvi-
ronment conducive to the precipitation of cement, which 
was noted elsewhere in the quarry by Douglass (Jan 21, 
1910, letter to Holland; Jan. 12 1915, Douglass diary). 
Furthermore, the open network of the skull would allow 
passage and filling by sand as was noted to occur with the 
Dryosaurus skull cast in the Miller Creek experiment. In 
contrast, the small skull is laterally crushed suggesting the 
presence of soft tissue that blocked infilling by sand; the 
skull was subsequently crushed by the weight of overlay-

ing sand. Eventually the soft tissue decomposed allowing 
medium- to coarse-grained sand into the skull. The partial 
disarticulation of specimen 220 allowed some medium- to 
fine-grained sand into the skull, but because most of the 
disarticulated bones have not moved far suggests some 
soft tissue was still present. This soft tissue also restricted 
the amount of sand into the snout region of the skull, re-
sulting in partial crushing. The complete disarticulation of 
the skull shown by specimen 175/A emphasizes the im-
portance of soft tissue loss. The cranium is uncrushed and 
was buried by coarse-grained sand. All of the skulls are 
compared in anterior view in Figs. 42I–L where degree of 
compression is readily visible. The presence of soft tissue 
blocking infilling supportive sediment also holds true for 
vertebrae as well (Figs. 42M, N) and helps explain crush-
ing or absence of crushing. 

DFN 300 & 301 (CM 11373 = USNM 13786). A nearly 
complete subadult Camarasaurus lacking the tail, although 
Douglass thought a nearby tail, DFN 324, belonged to it. 
If so, then the tail and body separated some distance up-
stream for them to be found over 10 m apart. It seems more 
probable that the tail lies downstream, within the present 
Quarry. The skeleton is remarkable as noted by Douglass: 
“The present indications are that the thing was almost com-
pletely buried before the sinews had allowed the bones to 
separate. It looks to me that this skeleton ought to help to 
decide whether the sauropods had ‘stomach stones’ (Lull) 
[sic] or not, and it ought to show the sternal elements near-
ly in place. The animal is lying on its left side with the 
neck curved backward. The ribs are arched upward as if 
the body cavity were full,—they have not fallen in as when 
a body decays ‘in the open’ “ (Aug 22, 1918, letter to Hol-
land). The skull had separated “a few inches out of socket” 
(Record Book 1909–1923). Unlike the diplodocids, the tail 

Fig. 41.—Smaller Apatosaurus, DFN 40, CM 11990 = LACM 52844, immediately downstream and slightly lower stratigraphically than DFN 1 sug-
gesting that it acted as an obstacle to DFN 1. The dorsals of DFN 40 pass below the distal end of the pubis of DFN 1. Courtesy of Hall and Bilbey.
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Fig. 42.—Skulls of Diplodocus from the Carnegie Quarry show a range of crushing that provides insight as to why some bones are crushed and others 
not. A, B, the least crushed skull (DFN 160/10, CM 11161) suggests that most of the soft tissue had decomposed allowing the internal cavity to rapidly 
fill with matrix. The sclerotic ring was the down-side when the skull was found suggesting a little tissue on the lower side. C, D, partially crushed skull 
(DFN 220, CM 3452) is partially disarticulated but was still articulated with a string of cervicals suggesting that a considerable amount of soft tissue 
remained at the time of burial, which blocked access to infilling sediments. E, F, the most crushed skull (DFN 351, CM 11255) is laterally compressed 
suggesting a considerable amount of soft tissue block infilling by sediments during burial. As the tissue decayed, the weight of the overlying sediments 
compressed the skull. Support for this sequence of events is supported by the uncrushed braincase. G, H, uncrushed braincase (DFN 175/A, CM 26552) 
from which all of the facial bones had disarticulated so that no nasal chamber remained that might be crushed. The degree of crushing is strongly evident 
when viewing the material in anterior view, I-L, M, a Camarasaurus cervical vertebra (DMNH 17925) collected by Douglass showing pleurocoel (ar-
row) through which sediments entered into the internal chambers. N, medial side (sagitally cut). Note the layering of pebbles (arrow) demonstrating that 
the soft tissue was absent at time of burial. Scale in cm.
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of Camarasaurus appears to have separated early possibly 
because of stresses placed at the base of the strongly dor-
siflexed tail (e.g., Fig. 30B). The rotation of the neck and 
skull and the position of the hind limbs and left forelimb 
suggest some rolling of the carcass had occurred. This roll-
ing and twisting of the carcass may have separated the tail 
because of the high stress loads placed on the  dorsiflexed 
tail as the weight of the carcass rolled onto it. The three-
dimensional rib cage is unusual and suggests the abdomi-
nal and chest cavity were opened by scavengers and the 
interior filled with sediment in a manner similar to the un-
crushed Diplodocus skulls. Although no “stomach stones” 
were found, neither were the gastralia, which supports the 
scavenged carcass hypothesis.

DFN 333 (CM 11338). The most complete specimen 
from the Carnegie Quarry (Fig. 30B), this juvenile Ca-
marasaurus was described by Douglass in a letter: “I am 

much interested in a new skeleton which we discovered 
three or four days ago. It is small for a sauropod—probably 
not more than 30 or 35 ft long. Apparently the bones are in 
good shape and it will not take long to get it out. It is ap-
parently another one of those beasts which are unknown to 
science. Possibly we may have bones of the same species 
but if so they are still imbedded in the rock. We struck the 
tail, traced about a dozen caudals to the sacrum and then 
the dorsals to the neck. It lies on its right side and the limb 
bones the ribs and pelvic bones of the upper (left side) are 
disarticulated. Part of them appear to be near and we may 
get all of them. The ribs of the right side are in place. The 
smooth surface on the inside and between the ribs is black-
ened and it looks like a recent skeleton in which the skin or 
lining of the body cavity is not all decayed. Perhaps it will 
throw some light on the contents of the stomach and the 
nature of the food. This specimen with No. 301 which we 

Fig. 43.—The smallest skeleton from the Carnegie Quarry is a post-hatchling Dryosaurus, DFN 360, CM 11340. It was found on its back with the limbs 
splayed. A, anterior portion of skeleton in ventral view showing pectoral girdles, cervicals and skull. B, anterior portion in lateral view, with skull and 
neck in dorsiflexion. Note that the pectoral girdle is separated from the vertebral column suggesting the present of soft tissue at time of burial. C, skull 
in left lateral view. It is slightly distorted by crushing suggesting some soft tissue was present at time of burial. Scale in cm.
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have taken down in sections breaking across the body cav-
ity, together with other experience in the quarry makes me 
believe that there is no truth in the theory that the Sauropod 
Dinosaurs had stomach stones” (Nov. 22, 1919, letter to 
Holland).

The carcass may have lodged against the upstream side 
of a bar and water pressure against the abdomen may have 
pushed the carcass against the bar exaggerating the  dor-
siflex at it base of the tail as seen by the ventral separa-
tion of those caudal centra. The dorsals and sacrals are 
partially rotated so that the ventral sides are visible, which 
may have occurred because of decomposition gases in the 
body cavity forced the legs to splay apart from the midline 
as the belly distended. Once the gases vented, the carcass 
collapsed upon itself and further decay would allow cur-
rents to displace the bones on the left or upper side. Being 
lodged against a bar, the carcass acted as a sediment trap, 
thus setting up the conditions for its own burial. Gilmore 
(1925) noted that the right scapula is preserved in life posi-
tion, in which the first dorsal rib bisects the scapular blade, 
as pointed out by Carpenter et al. (1994), an important fact 

for mounting dinosaur skeletons. A detailed redescription 
of the specimen is in preparation (Carpenter and Wilson).

DFN 360 (CM 11340). The smallest skeleton recovered 
from the Carnegie Quarry (Figs. 43A–C) was described by 
Douglass: “…In removing the rock just above the regular 
bone level we have discovered a minute Dinosaur appar-
ently complete to the tail and we hope that this is present 
also. When the connected string of vertebrae first appeared 
we thought that we had a miniature sauropod dinosaur. The 
ribs appear to be in place on both sides and several limb 
bones appeared… The vertebrae were carefully traced to 
the tail and we found a minute skull with the lower jaw 
[sic] articulated. The supposed tail proved to be the neck. 
The dorsals and cervical are articulated throughout but the 
condyle of the skull is disarticulated being perhaps ¾ inch 
away from the atlas” (May 17, 1922, letter to Holland). 
The specimen is a juvenile Dryosaurus (Galton 1981, 
1983, 1994; Carpenter 1994) rather than a diminutive spe-
cies as questionably identified by Gilmore (1925). As with 
the adult Dryosaurus DFN 26, it was found lying on its 
back with limbs and ribs splayed and the tail missing. The 

Fig. 44.—Camptosaurus (DFN 370, CM 11337). A, right side of the ribcage in lateral view. This side of the skeleton lay on the river channel thus pre-
serving the scapula in its correct anatomical position. B, the skeleton also shows the effects of distortion as seen by the pelvis in posterior view,  and C,
in CT scan. D, the effects of differential crushing is also seen in comparing the femora. Scale in cm. 
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posterior dorsal vertebrae, pelvic region, and hind limbs 
were severely damaged, possibly by explosives used to 
break up the upper sandstone layer; this also apparently 
destroyed the tail. The short face and large orbit, coupled 
with immature bone texture and small size identifies the 
specimen as a juvenile (Carpenter 1994). Given that ju-
venile dinosaurs tend to have proportionally shorter tails 
than adults (Carpenter 1999a), the estimated length of the 
individual is 90 cm, rather than 1.1 m estimated by Galton 
(1981). Regardless, the individual is older than a hatchling, 
which would have had an estimated length of 30 cm. Given 
the abundance of carnivores (theropod and crocodilian) in 
the Morrison fauna, that the little carcass was not devoured 
was fortuitous. Decomposition and disarticulation were 
apparently not very advanced at the time of burial. Most 
likely being about 1.5 m downstream of a partial Diplodo-
cus put it in the flow shadow where deposition was high. 

DFN 370 and 353 (left hind leg) are the Camptosau-
rus aphanoecetes CM 11337) discussed above that shows 
evidence of having been transported by rolling. (Camp-
tosaurus aphanoecetes was renamed Uteodon aphanoece-
tes by McDonald, 2011, on a braincase of Dryosaurus;
Carpenter, personal observations). Although the body was 
undoubtedly held together by soft tissue, this was prob-
ably aided by the ossified tendons embedded in the epaxial 
musculature. Infilling of the open body cavity preserved 
the right side of the skeleton in situ and shows the natu-
ral position of the scapula subparallel to the vertebral col-
umn and bisected by the first dorsal rib (Fig. 44A) as in 
the juvenile Camarasaurus. The left hind leg was found 
two meters east of the skeleton and was correctly identified 
as belonging to the skeleton by Douglass (Record Book 
1909–1923). From the Quarry map, the specimen appears 
to have lodged on the upstream side of the dorsals and

Fig. 45.—A, dissolution of bone is evident in this cluster of teeth (DINO 974) preserved in natural position. All of the facial bones associated with the 
teeth are missing. Arrows point to old teeth, with partially resorbed roots. Replacement teeth would be expected lingual to the roots. B, skin impression 
associated with Barosaurus (DFN 150B, CM 1198 = ROM 3670). Although such skin impressions have often been cited as evidence of mummification 
in a dry environment, it is also possible that the impression is the result of adipocere formation in a wet anoxic environment on the ventral side of the 
carcass. C, bones showing what appear to be corrosion (arrows). Note the darker coloration towards the affected portions, which have a different quality 
of fossilization. Some of the damage is due to the lack of clean separation between bone and matrix during preparation, but this is probably due to the 
poor condition of the original bones caused by algae. D, possible staining of bone by algae. Scales in cm.
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partial pelvis of Camarasaurus (DFN 344, CM 21733). The 
Camptosaurus shows plastic deformation (neural spines of 
Figs. 44B, C), deferential crushing (Fig. 44D), and fractur-
ing of some bones (Fig. 44C). Most likely this damage was 
due to post-burial compaction of the sediments. The plastic 
deformation of the neural spines affects all of the dorsal 
and sacral neural spines and shows the effects of gradual 
vertical loading as sediment deposition continued above. 
Fractures in the specimen are due to catastrophic failure of 
the bone. These fractures are “clean” and cross the grain 
of the bone indicating post-fossilization stress. This stress 
was associated with Laramide tectonism that resulted in 
uplift of the strata and joint development, deep weather-
ing, and collecting damage as acknowledged by Douglass 
in his documents. Similar fractures and deformation are 
common in specimens throughout the Quarry. Other forms 
of crushing are discussed in the Meso-Taphonomy section 
below.

DINO 4395–4517. The present Quarry has a partial Ca-
marasaurus skeleton on the west end located in the upper 

bonebed (Fig. 26). The skeleton has disarticulated into sev-
eral vertebral segments, including cervicals, dorsals, and 
caudals, as well as disarticulated limbs and ribs located 
mostly on the downstream side. The femur acted as the key 
obstacle in the formation of the bone jam, and these bones 
created a depositional shadow that is reflected in the angled 
bedding on the downstream side as discussed above. Other 
specimens excavated by Douglass may have shown simi-
lar shadow deposition, although no record remains of this. 
As with most of the articulated segments uncovered by 
Douglass’ crew, the vertebrae are oriented perpendicular to 
stream flow. No trace of the skull has been found although 
it may be buried in the rock downstream from the skeleton, 
which has not yet been removed.

Bone Destruction. The complete destruction of bone is 
demonstrated by a set of 12 diplodocid teeth (DINO 974) 
preserved intact as they would have been in the jaw (Fig. 
45A). Their arrangement and lingual curvature indicates 
that these are upper dentition. Although the roots are all 
present and most are long and tapering, several are short 

Fig. 46.—Examples of damage to bone surface. A, sharp boundaries (arrows) on missing bone is due to bone “skin” lost during preparation rather than 
naturally occurring desquamation, the patchy peeling of cortical bone in a highly alkaline environment. B, insect boring into bone (arrows) seen on a 
scapular blade of Diplodocus (DINO 4341). C, matrix filled damage with jagged edge caused by an osteophagous insect (DNM Visitor Center). D, pit-
ting of the bone surface (e.g., arrows) caused by preparation by an air scribe (CM 41681).
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showing that they were nearing their time for replace-
ment. However, no trace of the replacement teeth, which 
would have been lingual to the roots, are currently pres-
ent (their possible presence before preparation cannot be 
discounted). Given that there are four teeth per premaxilla 
in diplodocids, the dentition consists of an additional max-
illary tooth on the right side and three maxillary teeth on 
the left. The preservation of these teeth evenly spaced and 
parallel to each other is reminiscent of the holotype teeth of 
Diplodocus lacustris Marsh, 1884a (YPM 1922) from Ar-
thur Lakes’ Quarry 5 at Morrison, Colorado. Those teeth (= 
?Apatosaurus) lack the curvature of DINO 974 suggesting 
they are either maxillary or dentary teeth. Another set of 
diplodocid teeth was collected by Douglass (CM 21718). 
The loss of bone, but not the teeth, is puzzling. All three 
specimens are from siliceous fluvial sandstone. Britt et al. 
(2008) attributed the bone loss to dermestid larva. Such an 
interpretation is doubtful given that it has not been repli-
cated experimentally nor are modern dermestids known to 

cause such extensive damage to bone (further discussion 
below). The decay of soft tissue binding teeth to the alveo-
lar walls and the dehydration of gums can pull teeth from 
the jaws (personal observation of pronghorn and cow car-
casses), but such teeth seldom retain their correct anatomi-
cal position relative to each other. Instead, DINO 974 must 
have been buried in order to trap the teeth in their proper 
anatomical position. This would also effectively remove 
the bone from access by dermestids. 

The taphonomic durability of bone is known to cor-
relate with bone density (Lyman 1984; Lam et al. 1999; 
Dirrigl 2001; Lam and Pearson 2005; Conard et al. 2008) 
suggesting alternative hypotheses for the preservation of 
DINO 974, including biological and non-biological pro-
cesses. These processes can result in the loss of the protein 
and/or bone mineral, resulting in weakening of the bone.  
The two most prevalent non-biological processes include 
soil pH and leaching. Chemical decomposition of bone 
may be achieved in a low pH environment where the bone 

Fig. 47.—Examples of fractured bones. A, distal end of a flat bone (scapula?) showing green bone fracture. This damage is clearly preburial as shown by 
the infilling of the central cavity by matrix. B, close-up of damage. The fracture was probably caused by the bone being stepped on. C, note similarities of 
the beveled edge with that seen on a trampled cow tibia. D, other damage including preburial fractures is seen as cracks in the surface parallel to the axis 
of the bone and infilled with sediment. Cross-bone cracks are postburial and not filled with sediment. The missing ends of the bones are preburial as well. 
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can be dissolved (Christensen and Myers 2011), but this 
might be difficult to achieve in riverbed sediments hav-
ing interstitial water. In calcareous sand and gravel that is 
damp and oxygenated, collagen loss will make the bone 
have the consistency of powdery chalk (Janaway et al. 
2009). Leaching of bone calcium and phosphorus can oc-
cur in soils subjected to frequent fluctuations in water con-
tent (Turner-Walker 2008). Both of these non-biological 
processes require hundreds to thousands of years, and it 
might be hard to sustain the conditions necessary in a fluvi-
al channel where the presence of significant water is more 
constant. In contrast, the rate of biological processes by 
microbes and algae is very short. Microbial decomposition 
of bone (Child 1995a, 1995b) occurs by demineralization 
and by collagenase and proteases, so that both the inorgan-
ic and organic components of the bone are affected (Child 
1995a, 1995b; Janaway et al. 2009). This damage results 

in extensive tunneling through bone, termed microfocal 
destruction, and may be seen in some specimens from the 
Quarry (see more below). The rate of microbial destruction 
takes years to hundreds of years, but can eventually lead 
to complete bone destruction (Schultz 1997; Trueman and 
Martill 2002). 

An even faster destructive rate measured in days or 
weeks has been shown experimentally by Davis (1997) for 
freshwater algae. Algae can erode bone both externally and 
internally presumably for the nutrients in a manner analo-
gous to plant roots. It may enter bone through any opening, 
including foramina. The rate of bone destruction by algae 
is controlled by environmental factors, including tempera-
ture, water depth, sunlight, and current strength. Because 
DINO 974 was buried when the bone was lost in order to 
retain the teeth in alignment, microbial destruction pos-
sibly in conjunction with algae prior to burial, seems the 

Fig. 48.—Microscopic features of bone from the Carnegie Quarry. A, example of the well preserved bone with the lenticular lacunae and radiating cana-
liculi (Camarasaurus, DMNH 17925). B, trabecular bone damaged (broken trabeculae) by crystalline growth (arrows) during diagenesis (Camptosaurus
pes III, DMNH 2305). C, microfocal bioerosion along Haversian canals (Camarasaurus ischium, DMNH 47363). D, microfocal bioerosion (white ar-
rows) contained within an osteon (boundaries noted by black arrows) (Camarasaurus ischium, DMNH 47363). Scale in B, C = 1 mm.
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more probable method of bone loss. However, microbial 
attack of teeth is known (e.g., Jans et al. 2004; Jans 2008), 
so why the diplodocid teeth survived is unknown. Perhaps 
histological sections of the teeth are needed to resolve this 
problem.

Importance of Soft Tissue. The role of soft tissue, es-
pecially ligaments and tendons, in binding bones together 
is apparent from the articulated segments in the quarry 
(compare with Fig. 33). But Douglass noted other traces of 
soft tissue as well: “We occasionally strike things of more 
than usual interest. Some of the latter are impression of 
skin of Stegosaurus, about two or three square feet of it 
as I remember it” (May 26, 1911, letter to Holland). Un-
fortunately, this skin impression was apparently not saved, 
so was not available for study. Skin impression is known, 
however, for DFN 150B (CM 1198 = ROM 3670), a par-
tial Barosaurus. The impression preserves the tubercle-like 
scales in three dimensions (Fig. 45B) and was associated 
with limb material. The thickness of the tubercles suggests 
a relatively thick hide, which may have had a secondary 
anti-predator role. The tendency has been to assume that 
impressions of soft tissue associated with dinosaur skel-
etons indicates mummification (e.g., Carpenter 1987; see 
also discussions above), but fossilized skin associated with 
the marine reptile, Tylosaurus proriger (Cope, 1869), re-
covered from marine chalk deposits (Williston 1898), sug-
gests that skin can also be fossilized in an anoxic envi-
ronment. Such a microenvironment would develop in wet 
soils beneath a carcass (e.g., the juvenile Camarasaurus,
which preserved possible patches of organic carbon rep-
resentative of skin). The interstitial water in the gravesoils 
beneath the carcass would probably become stagnant 
from the release of cadaveric fluids provided that stream 
flow was low or nonexistent and did not flush the fluids. 
Anaerobic conditions may lead to the proliferation of 
Clostridium perfringens and production of lecithinase, a 
phospholipase that facilitates adipocere formation, which 
is a form of mummification (Evans 1963; Forbes 2008; 
Ubelaker and Zarenko 2011; Aufderheide 2011). Brooks 
and Brooks (1997) mentioned a partially mummified hu-
man torso recovered from flood debris, but offered no ex-
planation as to the cause. A second method of preserving 
the skin impression of Barosaurus is for the precipitation 
into the surrounding sediments of authigenic minerals by 
keratinolytic biofilms. Berner (1968) has documented the 
formation of carbonate concretion around decomposing 
organic matter and Douglass noted the presence of concre-
tionary material throughout the Quarry during the excava-
tions (e.g., Jan. 12, 1915, diary). Thus, the formation of 
concretionary material would preserve the impression of 
the skin even after it has decomposed. The skin impression 
is today stained with the iron oxyhydroxide minerals goe-
thite or lepidocrocite, but these may have originated from 
the alteration of pyrite (Hubert et al. 1996) A third way of 
preserving skin was noted by Douglass for the juvenile Ca-
marasaurus, DFN 333: “The smooth surface on the inside 
and between the ribs is blackened and it looks like a recent 

skeleton in which the skin or lining of the body cavity is 
not all decayed” (Nov. 22, 1919, letter to Holland). Given 
that the gravesoil beneath the carcass would be anoxic, it 
seems probable that the dark material was high in pyrite 
framboids produced from sulfur released by the decay of 
the skin keratin. This hypothesis can be tested through 
scanning electron microscope examination of the material. 
Thus, the skin reported from the Carnegie Quarry does not 
necessarily indicate that the carcasses were exposed to a 
hot, dry environment, although they may have been. It is 
also possible that some mummification resulted from an-
aerobic conditions beneath the decomposing carcasses.

Meso-Taphonomy

The surface detail of individual bones includes corrosion 
or bioerosion, staining, insect damage, preburial weather-
ing, breakage, and localized crushing (but not whole bone 
crushing); pathologies are excluded because these are an-
temortem events. Possible corrosion is seen on two speci-
mens currently on the Quarry face, the distal end of a femur 
and the proximal portion of the associated tibia (Fig. 45C). 
The affected portions differ preservationally and in color 
from other bones on the Quarry face and imply a preburial 
difference in the original bone. The preservational differ-
ence is manifested in poor separation of bone and matrix 
during preparation, which resulted in further damage to the 
bone surface. The potential causes are the same as those 
above regarding the destruction of the cranial fragment 
bearing the diplodocid teeth. However, because the bones 
sat in the channel, the most probable cause is by algae (Da-
vis 1997; Fernández-Jalvo et al. 2010). Bioerosion com-
monly stains modern bone (Davis 1997; Fernández-Jalvo 
et al. 2010) and may explain the dark staining seen on these 
and other bones from the Quarry (e.g., Figs. 45C, D). Thin-
sections, however, are needed to verify this. 

A more common surface alteration is the somewhat 
patchy loss of a very thin skin of cortical bone (Fig. 46A) 
mimicking desquamation, the patchy peeling of cortical 
bone in a highly alkaline environment (Fernández-Jalvo et 
al. 2008). However, it is doubtful that such a high alkalin-
ity environment could be sustained in a fluvial environ-
ment. Instead, I suspect most of this loss is due to bone 
adhering to matrix that was removed during preparation.

Insect Damage. Osteophagy is seen in several speci-
mens in which the bone has been damaged presumably by 
insects. The damage to one specimen (DINO 4341) con-
sists of matrix filled holes (Fig. 46B) of three sizes. These 
resemble the damage to bone reported by Hasiotis et al. 
(1999; also as Type 18 trace fossils in Hasiotis 2004) from 
the Carnegie Quarry, which are attributed to histerid and 
dermestid beetles, and they stated that 40% of the bones at 
the Quarry show such damage. However, it has not been 
possible to substantiate this high percentage either on the 
Quarry face or among the specimens collected by Doug-
lass in the Carnegie Museum collections. One specimen 
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alleged to be from the Carnegie Quarry figured in close-up 
by Hasiotis et al. (1999: fig. 2) appears to be, based on size 
and pit pattern, the rough textured surface for the cartilage 
cap of a joint. However, because contextual information 
for the image was not given, this interpretation cannot be 
substantiated (the same figure appears in Hastiotis 2004: 
fig. 13D, as belonging to an Allosaurus femur, AMNH 
699, which in the AMNH database is for a turtle from the 
White River Formation of South Dakota. Assuming a typo, 
all Allosaurus in the 600-catalog range are from Bone 
Cabin Quarry, Wyoming, not from the Carnegie Quarry). 
Another specimen on display under glass in the Dinosaur 
National Monument Quarry Visitor Center (Fig. 46C) has 
scalloped edges suggesting chew marks by an insect.
 Dangerfield et al. (2005) and Britt et al. (2005) initially 
interpreted similar damage to various dinosaur bones from 
other Morrison sites as due to termites, but later referred 
the damage to dermestids (Britt et al. 2008). Bader (2008) 
and Bader et al. (2009) also referred shallow pits, rosettes, 
and hemispherical pits on dinosaur bones from Wyoming 
as pupation chambers of dermestid beetles, following a 
similar interpretation by Martin and West (1995) based 
in part on beetle borings in wood, which has never been 
shown to be a valid comparison for damage in bone. As-
signment of the bone damage to the dermestids is prob-
lematic given that a phylogenetic study of Dermestidae 
suggests a Late Cretaceous origin (Kiselyova and McHugh 
2006). Body fossils from the Triassic of Australia and from 
the Cretaceous amber of Burma are not dermestids in the 
modern sense (Kiselyova and McHugh 2006), and the 
earliest unquestionable fossils are late Eocene (Zhantiev 
2006). Damage to modern bone by dermestids has been 
shown experimentally to include grooves, holes, which 
have irregular or jagged margins, and chewing marks 
(Fernández-Jalvo and Monfort 2008) a millimeter or so 
wide (see also Hasiotis 2004: fig. 13G). Bone damage in 
forensic cases is very rare, but has been reported by Schro-
eder et al. (2002) as both superficial damage and larva-
shaped grooves. 
 Hefti et al. (1980) reported unspecified damage to bone 
by dermestid beetles deprived of non-bony tissue food. 
This example may provide a clue as to why dermestid 
damage is more common in museum dermestariums than 
in natural or forensic situations. Dermestariums are un-
natural situations for dermestids in that dermestariums are 
resource-poor because most of the soft tissue has been re-
moved from the carcass. This leaves the dermestid larvae 
with little food and pupation sites thereby forcing them to 
feed on bone for nutrients or to bore pupation chambers 
into the bone. Outside of dermestariums, a corpse or car-
cass outdoors in the dry phase is typically less resource 
restrictive because a considerable amount of dried soft tis-
sue is present. This tissue provides the larvae with enough 
nutrition for each instar, as well as for pupation cham-
bers. Once they emerge as adults, the dermestids typically 
disperse. In contrast, the sealed apartment reported by 
Schroeder et al (2002) was essentially a dermesterium that

restricted the dispersal of adults. This unnatural situation 
forced multiple generations of dermestids to develop on 
the corpse, with each further depleting the resources until 
the last one was forced to feed on bone. Such a dispersal 
restriction would not have occurred for the carcasses in the 
Quarry River.

There is no indication in any of the examples of der-
mestid feeding for the elaborate doughnut-shaped rosettes 
described by Bader et al. (2009). These rosettes appear to 
have been formed by a stationary insect moving its head 
in a circle in a manner similar to cockroaches (personal 
observation); this is not to say that these structures were 
made by cockroaches, although they are known to feed 
on carcasses (Dadour and Harvey 2008). Pittoni (2009) 
ascribed damage to bone from an archaeological site 
as made by halictids (wild bees) and sphecids (solitary 
wasps). Some of the damage does strongly resemble those 
illustrated by Britt et al. (2008) and Bader et al. (2009); 
however, the oldest of these families are Eocene (Engel 
and Archibald 2003; Nel 2005). This does not rule out that 
an older, extinct member of the Hymenoptera might have 
had similar behavior. Termites are also known to create 
pits into bone, especially the underside (Tappen 1994), as 
well as a variety of other marks (Tappen 1994; Huchet et 
al. 2009; Backwell et al. 2012) similar to those ascribed to 
dermestids by Bader et al. (2009). However, given that the 
bones at the Carnegie Quarry lay within a channel bottom, 
termite activity would be non-existent because of chamber 
flooding.

Although Britt et al. (2008:66) advocated that assigning 
the Jurassic bone damage to an unknown insect as “non-
productive,” it is misleading to assign the damage into a 
known group when supporting evidence is weak. At pres-
ent, a more conservative approach is preferred and the 
damage is assigned to unknown osteophagous or boring 
insects.

Non-organic Bone Damage Mechanisms. There are 
also non-biological causes for pitting in bone. Some pits 
are preparation artifacts (Fig. 46D) caused by percussion 
by the stylus of a pneumatic tool. These are approximately 
0.25–0.5 mm depending on the amount of stylus wear. 
Bone pitting by sediment transportation has been experi-
mental created by Thompson et al. (2011), who also report 
that pits can be enlarged by saltating sediment as well. The 
size and shape of the resulting pit is known to be influ-
enced by the impingement angle. Haynes (1981) noted 
extensive, small pitting on submerged bones and thought 
the mechanism was due to organic acids of decaying plant 
material. However, bioerosion by microbes was not con-
sidered.
 Weathering of bone is thought to reflect to some degree 
the length of time of subaerial exposure, although shad-
ing by the canopy is known to slow the rate (Behrensymer 
1978; Trappen 1994). Fiorillo (1994) stated that some of 
the bones at the Carnegie Quarry show stage 1 weathering 
where the outer cortical surface shows cracking parallel to 
the bone fiber. Unfortunately, this was not illustrated and 
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except for one bone discussed below, his claim could not 
be corroborated. Some bones on the Quarry face do show 
cracking, but these appear to be compression cracks rather 
than due to the breakdown of collagen. Regardless, Haynes 
(1988a) has observed that bones at a mass mortality site 
can show a wide range of weathering stages.

Postmortem/preburial breakage is seen in several speci-
mens on the current Quarry face. It is doubtful that Dou-
glass bothered to save any such specimens and made no 
mention in any of his documents of finding any, which 
seems doubtful. One specimen, a large, wide, and rela-
tively thin bone (sauropod scapula?), suggests that it had 
been broken by being stepped on (Figs. 47A, B) because 
the breakage pattern is similar to that of a cow tibia that 
had been stepped on (Fig. 47C; see also Haynes 1988b). 
The fracture shows the relatively smooth, oblique surface 
characteristic of green-bone fracture (= spiral fracture; 
Myers et al. 1980; Haynes 1983), rather than the typical 
right-angled offsets of dry bone fracture (Haynes 1983). 
The edges show some abrasive polish by sediment, either 
as the bone was transported, or as the sand was transported 
past the bone. The medullary cavity is filled with sand and 
gravel showing that the breakage occurred before burial. 
Another large bone, possibly a sauropod tibia, is missing 
both of its ends and shows preburial fractures parallel to 
the grain of the bone (Fig. 47D). These fractures do not ap-
pear to be from weathering because they are not as numer-
ous and closely situated as weathered fractured bone. From 
what is visible at one end, sand and gravel fill the inside, al-
though this is less certain than for the ?scapula because the 
cross-section showing the interior is not visible. Localized 
crushing is mostly due to sediment loading. Rarely is there 
the impression of one bone into another despite numerous 
occurrences of bones lying across others. 

Micro-Taphonomy

Histological thin-sections were made from several bone 
specimens listed in Table 7. Most specimens have a his-
tological index of 5 (Hedges et al. 1995), meaning that 
the preservation is excellent, with lacunae and canaliculi 
visible (Fig. 48A). However, some specimens show dam-
age, including to the trabecular bone due to the force of 
crystalline growth (Fig. 48B) similar to that previously 
noted by Hubert et al. (1996). Other damage includes tun-
nels through the bone by microbes (Figs. 48C, D). This 
microfocal (= microscopic focal) destruction occurs from 
boring fungi, bacteria, and cyanobacteria (Jans 2008). The 
infestation occurred prior to fossilization via the nutri-
ent foramina, which in turn passed on to Haversian and 
Volkmann canals (Fig. 48C), then on to the canaliculi and 
lacunae (Fig. 48D). These microbes produce organic ac-
ids, proteolytic enyzmes (e.g., collagenase), and chelating 
agents that act upon the organic (e.g., collagen, lining of 
Haversian canals; osteocytes) and mineral components of 
bone (Bell et al. 1996). Hypermineralization of the walls, 

which enhances the appearance of the tunnels, indicate 
tunneling by bacteria (Trueman and Martill 2002; Jans et 
al. 2004; Jans 2008). Unlike tunneling by fungi, bacterial 
tunneling does not cross cement lines that mark the borders 
of adjacent osteons (Fig. 48D). Of the eleven thin sections, 
four (36%) showed microfocal damage, a percentage  close 
to that reported by Trumen and Martill (2002: 32%) for 
their Silurian to Pleistocene bone samples. These percent-
ages are similar to that reported for 34% with microfocal 
damage for animal bone in archaeological sites (Jans et al. 
2004), which is considerably less than the 74% for human 
bone. Experimental work with modern bones shows that it 
may take weeks to years for microbes to make histological 
changes (Yoshino et al. 1991; Jans 2008), and that it is gen-
erally complete in less than 500 years (Hedges et al. 1995). 

Microfocal destruction results in increased poros-
ity, hence the reactivity of the bone to ion exchange with 
ground water (Jans et al. 2004; Turner-Walker 2008). 
Hedges (2002) argued that microbes are the single most 
important influence on early bone diagenesis (also True-
man and Martill 2002), although previously he had been 
dismissive of the idea (Hedges et al. 1995). Microbes also 
have been shown experimentally to play a role in permin-
eralization of bone using ions available from groundwater 
(Carpenter 1999b, 2005; Daniel and Chin 2010), but also 
possibly ions from the bone itself (Child 1995b). Mineral 
precipitation results from using the ions to deposit second-
ary metabolites, which cause the mineral to precipitate. 
This precipitation has been shown to also produce concre-
tions around decomposing organic material (Berner 1968), 
including at Carnegie Quarry: “It seems that the bones are 
in some way the cause of the hardening of the rock. There 
is a good chemical study here. I must look it up but I think 
some of the mineral matter of the bone enters into some 
kind of a combination with the mineral matter in the perco-
lating waters” (Jan. 12, 1915, Douglass Diary). 

There is disagreement as to whether it is the burial en-
vironment, rather than time, that largely determines the 
changes leading to preservation of bone (Nielson-Marsh 
and Hedges 2000), or if it is the early postmortem history 

Fig. 49.—Example of opisthotonus in an ostrich about one hour before 
death (hammock beneath the body was used to move the bird from one 
location to another). Courtesy of K. Turnbull.
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of the bone (Jans et al. 2004). Regardless, the increase in 
porosity is part of a suite of early diagenetic changes of 
bone, including loss of organic material, increase in bone 
mineral crystallinity, and changes in trace elements (Hedg-
es and Millard 1995; Hedges et al. 1995; Nielsen-Marsh 
and Hedges 2000; Berna et al. 2004; Trueman et al. 2004; 
Turner-Walker 2008). 

Possible Causes of Mortality

There has been little discussion as to the cause(s) of death 
of the dinosaurs leading to the accumulation at the Carn-
egie Quarry. Douglass, who speculates on a variety of top-
ics, did not touch on this topic in his notes or letters, nor 
did Gilmore. Lawton (1977) concluded that catastrophic 
mortality was not the cause for the multiple bone layers, 
but offered no suggestion as to causes. Dodson et al. (1980) 
reasoned that the Quarry probably represents attritional 
mortality over the span of several years because of the low 
density of bone as compared to other sites they studied. 
Alternatively, Turner and Peterson (2004) concluded that 
the Carnegie Quarry had a taxonomically diverse assem-
blage and inferred drought mortality based on degree of 
skeletal articulation, little transport of unionid shells, and 
insect borings into bone. Although not explicitly stated, 

Turner and Peterson implied that the Carnegie Quarry is a 
mass mortality site, meaning a limited area where multiple 
individuals died over a brief span of time due to a single 
cause (Haynes 1988a). 

In an assessment of non-human induced mass mortality, 
Young (1994; see also Erb and Boyce 1999; Young 1999) 
identified disease and starvation as the main causes. Non-
human predation does not cause mass mortality because 
prey animals are selected singly (Haynes 1981, 1988a). 
Despite dramatic artistic illustrations of sauropods being 
attacked by groups of theropods, adult sauropods would 
not be easy to kill, and would require a great deal of time, 
effort, and energy. As a result, the concentration of ele-
phantine-sized carcasses in lairs (Bakker 1997; Bakker 
and Bir 2004) is fanciful at best, and may be ruled out as 
an origin for the Carnegie Quarry accumulation. Disease 
mass mortality among several different ungulate taxa over 
a span of a few months has been documented by Wafula et 
al. (2008). These deaths were coincidental with a drought 
and start of the rainy season. However, in such mass mor-
tality, individuals are seldom concentrated, but tend to 
be widely distributed because death occurs over a span 
of time (but see further discussion below). Mass drown-
ing of migratory mammals is well documented, as are the 
resulting bone deposits (Haynes 1981, 1988a; Dechant 
Boaz 1982; Capaldo and Peters 1995). Capaldo and Peters 
(1995) noted that mass drowning bonebeds are character-
ized by high concentrations of relatively complete speci-
mens and bones of a single species over large areas, and 
are associated with the appropriate fluvial context (see also 
Dechant Boaz 1982). Because migratory drowning is taxo-
nomically limited, it cannot adequately explain the mix-
ture of species at the Carnegie Quarry.

Mass mortalities may be linked to large infrequent dis-
turbances (LID), which are geographically widespread, 
temporally rare, intense or long-lasting events, such as 
regional droughts, that disrupt the ecosystem (Turner 
and Dale 1998; Gillson 2006). Although damaging, iso-
lated LID events seldom result in long-term or permanent 
change (Paine et al. 1998). Only when there are multiple 
perturbations, either simultaneously or at a rate faster than 
the rate of recovery, is change permanent. Typically, the 
area affected by a LID event is not uniformly impacted, 
which results in a mosaic of disturbance intensities (Fos-
ter et al. 1998). For example, even during droughts, small 
localized rainfall may occur (e.g., Augustine 2010). The 
degree of patchiness in the LID affected area influences 
the speed of recovery. For animals, these patches serve as 
refugia from which to disperse. As noted above, paleocli-
matic evidence suggests the area around Carnegie Quarry 
during the Late Jurassic was subjected to seasonal rainfall, 
i.e., a distinct wet and dry season. In equatorial Africa, the 
timing and quantity of rainfall during the wet season is 
highly variable, and droughts lasting several years do oc-
cur. Although plants and animals of the African savanna 
are adapted to season rainfall, long or severe droughts have 

Fig. 50.—Distribution of carcasses near and along a dried channel at 
Shabi Shabi, Hwange National Park, southwestern Zimbabwe. Most of 
these are drought mortality. Data from Haynes, 1991, plotted onto Google 
Earth.
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an impact on the ecosystem. This does not, however, mean 
that the ecosystem is in stable equilibrium (the classical 
view), because the frequency of LIDs over decadal time-
scales results in a nonsteady-state system (Perry 2002). 
Young (1994) analyzed mass mortalities of large mam-
mals associated with LID events and noted that herbivore 
mortality was mostly due to starvation, whereas carnivore 
mortality was due to disease. Herbivore starvation has long 
been known to be intimately linked to droughts (Hillman 
and Hillman 1977; Dudley et al. 2001; Owen-Smith 2008).

Although most studies that invoke drought mortality for 
the formation of bonebeds are weakly supported, there is 
compelling reason to suspect drought activity for the Carn-
egie Quarry. Drought deaths are a form of noncatastrophic 
mass mortality because of the time span of months to years 
involved (Carpenter 1988; Evanoff and Carpenter 1998). 
Droughts do have distinct signatures reflected in the be-
havioral response of affected individuals and these in turn 
may affect the resulting fossil deposit. Drought-induced 
dormancy in vegetation reduces the available food supply, 
forcing animals to either migrate or shift the diet towards 
available food (Herremans 2004). Fricke et al. (2011) 
presented isotopic evidence to determine the source for 
available drinking water for Camarasaurus, including 
specimens from the Carnegie Quarry. They concluded that 
Camarasaurus underwent long distance migration to and 
from the western uplands during the dry season. Although 
an interesting hypothesis, it is difficult to understand why 
the individuals died in the Quarry River at a time when 
they should have been in the uplands. Or why migration 
was to the uplands, which might be dry because they are at 
the same latitude, rather than migrate northwards towards 
the wetter portions of the Morrison landscape (see discus-
sion by Parrish et al. 2004). Still, it is known that some 
elephants will migrate from a drought area, whereas oth-
ers will stay (Foley et al. 2008); therefore, a fixed behav-
ior may not necessarily be inferred for all Camarasaurus.
Alternatively, the isotope signal records unusually heavy 
rains in the basin, rather than migration.

For those animals that do not or cannot migrate, they 
may concentrate in the vicinity of water, especially if de-
pendent on water for drinking or thermoregulation. Water 
is needed to complement forage consumed at a time when 
forage quality and its water content are low. Forage qual-
ity deteriorates because of changes in the plants. Drought

induced water stress in plants leads to hydraulic failure of 
the xylem, as well as carbon starvation. The results can 
lead to high mortality of the plants, although the percent-
age can vary taxonomically (Lwanga 2003; Gitlin et al. 
2006; McDowell et al. 2008). For herbivores, the result is 
a lack of quantity and quality of food (Foster 1965), espe-
cially if leaves are shed to reduce water loss. The seasonal 
availability of water can produce growth rings in wood, 
and the rarity of such rings in wood from the Morrison 
Formation led Ash and Tidwell (1998) to infer a mesic cli-
mate. In contrast, Turner and Peterson (2004) interpreted 
the same evidence as indicative of trees from riverine or 
gallery forests where ground water was more constant, an 
interpretation somewhat accepted by Hotton and Baghai-
Riding (2010) based on the palynological record. Doug-
lass reported finding plant material during the excavations: 
“There are thousands of vegetable remains in the slide 
[i.e., the slide that occurred on the west side of the Quarry] 
but in most cases their structure is not distinguishable. We 
have found, however, a few impressions of fern “leaves”, 
also a stem constricted in the middle and having a longitu-
dinally banded appearance. Probably they are some Equi-
setales. There are other leaf and vegetable impressions and 
we sincerely hope that we will get something which will 
tell us more of the vegetation of the time” (Feb. 16, 1917, 
letter to Holland). Although this material was shipped as 
Box 260, none of the material has been described. A cycad 
(DFN 126) is given in the Box Numbers list from just east 
of the Quarry in Nielsen’s Gulch. 

Analyses of modern herbivore carcasses during 
droughts show starvation on full stomachs of woody, low 
nutrient, low digestible vegetation (Child 1972; Hillman 
and Hillman 1977; Conybeare and Haynes 1984). The 
woody vegetation of dormant plants that remains above 
ground (Carpenter 1987) can cause high tooth wear. This 
raises the question as to the validity of the tooth wear study 
as an indication of sauropod diet, which was based in part 
on Diplodocus and Camarasaurus specimens from Carn-
egie Quarry (Fiorillo 1998). All that can be said is that the 
wear reflects some of the last foods eaten, which may not 
reflect the normal diet. 

With the concentration of herbivores near water, local 
resources are depleted, requiring the animals to undertake 
increasingly farther foraging trips, which further taxes their 
malnourished bodies (Child 1972; Corfield 1973; Haynes 

Table 7. Thin sections from specimens collected by Earl Douglass. All samples made from matrix adhering to bone.

Catalog Number Taxon Element Figure

CM 70384 Camarasaurus 18D, 19A

CM 41691 diplodocid sacrum 19C

DMNH 2305 Camptosaurus pes III-1 48B

DMNH 17925 Camarasaurus scapula 18A-C; 48A

DMNH 47363 Camarasaurus ischium 48C, D
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1981, 1991, 2007; Conybeare and Haynes 1984; Walker et 
al. 1987; Dunham 1994; Thrash et al. 1995; Dudley et al. 
2001; Valeix 2011). What forage is found is protein-poor, 
which reduces the cellulose breakdown efficiency of gut 
microflora; the microflora itself may die-back from lack of 
nutrients (Ferrar and Kerr 1971). 

Besides water for drinking, water is also important for 
thermoregulation. Given that extant reptiles and birds lack 
sweat glands, dinosaurs undoubtedly lacked them as well. 
Therefore, wallowing in water and mud was probably 
crucial for most dinosaurs, especially adult sauropods, to 
avoid elevated heat loads when riverine forest trees had 
shed their leaves or were stripped bare by herbivores, thus 
minimizing shade availability. Due to thermal mass, large 
animals heat and cool less rapidly than smaller individuals, 
thus during the dry season extant large animals in Africa 
avoid open areas where solar radiation is at its maximum 
and forage at night (Valeix et al. 2008a, 2008b); it seems 
probable that large dinosaurs behaved similarly. 

Although malnutrition, dehydration, and thermal stress 
(Dudley et al. 2001; Valeix et al 2008b) may be the im-
mediate cause of death during droughts, secondary causes 
may also play a role. Malnutrition and susceptibility to dis-
ease and parasites are closely linked because of impaired 
host defense (Karstad 1985; Ullrey 1993; see discussion 
by Keusch and Farthing 1986). Several cases of dis-
ease outbreaks during droughts have been reported (e.g., 
Schoeneweiss 1975; Elkan et al. 2009). Among dinosaurs, 
evidence of disease has been cited for the “classic” death 
pose of dinosaurs, such as the young Camarasaurus (Fig. 

30B). Numerous diseases, especially viruses, are known 
to affect the central nervous system resulting in perimor-
tem opisthotonus in a variety of vertebrates, including rep-
tiles (e.g., Jacobson 1993; Mutalib et al. 1995; Camus and 
Hawke 2002; Marschang 2011; see also Marshall Faux 
and Padian 2007), and are not confined to animals with 
high basal metabolism contrary to Marshall Faux and Pa-
dian (2007). The onset of opisthotonus has been observed 
in a sick ostrich (Fig. 49). The individual became increas-
ingly lethargic and about an hour or so before death, as-
sumed a crouch with its eyes closed (Ken Turnbull, os-
trich rancher, personal communications). Eventually the 
neck was slowly pulled back into the classic opisthotonic 
posture, but this was interrupted several times as the bird 
pulled its neck and head forwards. Eventually, however, 
the neck remained  dorsiflexed and the animal slowly 
slumped to its side, with the legs pulled closed to the body. 
When it finally died, it remained in this pose. A similar 
mode of death has been noted in pet birds (Chris Collin-
son and Marcos Signore, personal communications 2003). 
Possible postmortem opisthotonus has been reported by 
Cutler et al. (2011) and Reisdorf and Wuttke (2012) who 
reported dorsiflexion of chicken necks immersed in wa-
ter. The mechanics for this type of  dorsiflexion is poorly 
understood and may involve changes in ion concentration 
(e.g., calcium or sodium) in the muscles, but this has not 
been investigated. Opisthotonic posture is seen in several 
specimens from the Carnegie Quarry besides the juvenile 
Camarasaurus. Several partial skeletons show segments 
suggestive of opisthotonus, such as the  dorsiflexed cau-
dals of DFN 150 (Diplodocus), or the  dorsiflexed cervicals 
of DFN 310 (Barosaurus) and DFN 301 (Camarasaurus).
Based on veterinary observations and death of the ostrich, 
as well as context of the Quarry, it seems probable that the 
deaths of some of the dinosaurs in the Quarry River was 
due to sickness brought on by malnutrition during a severe 
drought. Thus, these opisthotonic postures are perimortem 
rather than postmortem. 

The dependence on water results in carcasses being 
concentrated in or near water, with a decrease in carcass 
numbers farther away (Fig. 50; see also Corfield 1973: 
figs. 2, 4). This enhances their burial and fossilization 
potential (Haynes 1988b). Several contemporary drought 
studies have shown that the earliest mortality during a 
drought are age- and gender-selective (e.g., Hillman and 
Hillman 1977; Dudley et al. 2001), but whether this was 
true for dinosaurs has not yet been established. These 
early drought deaths are more prone to scavenging by 
carnivores than later ones. Succeeding deaths are progres-
sively less decomposed and disarticulated, in part because 
carnivores are overwhelmed by available carcasses and 
in part because of increased severity of the drought. The 
high evaporation rate due to clear skies dries the carcasses, 
thus limiting microbial and carnivore activity. As a result, 
progressively more carcasses go untouched (Hillman and 
Hillman 1977). However, superimposed over these deaths 
are microenvironmental effects (sun exposed vs. shad-

Fig. 51.—Evidence of non-catastrophic mass mortality is seen from 
drought-killed cattle in the Sahel region of Senegal (mid-1980s). Death 
in such situations occurs over the span of weeks to months resulting in 
carcasses in different stages of decomposition denoted numerically from 
oldest to most recent: 1, disarticulated skeleton; 2, partially articulated 
skeleton, skull may be separated; 3, mummified skin and articulated skel-
eton; 4, articulated carcasses amid gravesoil. The higher than average 
early stage deaths (1 and 2) differentiates these deaths from background 
attritional mortality. Furthermore, cattle are a water dependent taxon, 
thus carcasses are not widely distributed on the landscape but congre-
gated near a water source. Courtesy of Michael Kirtley/National Geo-
graphic Stock.
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ing, etc.) and carcass size, both of which are known to af-
fect decomposition rates (Komar and Beattie 1998). Even 
when the drought breaks with rain, deaths may continue to 
occur due to hypothermia in malnourished and weakened 
animals (Hillman and Hillman 1977; Walker et al. 1987). 
The differential timing of deaths in a localized area dur-
ing a drought will be reflected in the degree of skeletal 
disarticulation (Fig. 51). Individuals that die early in the 
drought may undergo complete decomposition and skel-
etal disarticulation, but at a rate higher than background 
mortality. Later deaths should show progressively less de-
composition and disarticulation prior to burial by floods 
that terminate the drought. The wide range of specimens 
from the Carnegie Quarry, from isolated bones to nearly 
complete skeletons, closely matches what is seen in mod-
ern droughts, thus indicating drought as the causal agent 
for mortality at the Quarry. 

The abundance of carcasses during drought produces 
more carcasses than scavengers can eat, leaving many of 
them untouched (Hillman and Hillman 1977), or that only 
select portions may be eaten. Scavenging of carcasses is 
an important energy pathway in modern terrestrial eco-
systems, with vertebrate scavengers the major consumer 
(DeVault et al. 2003). However, there is a race between 
vertebrate scavengers and decomposers. Microbes use 
toxins and putrefaction to monopolize carcasses (Janzen 
1977; DeVault et al. 2003), thus the usefulness of a carcass 
to the vertebrate scavenger decreases with time, although 
some scavengers can develop detoxifying enzymes. In late 
drought, when deaths have tapered off because either the 
animals have left or are dead, fresh carcass availability 
decreases. This may result in starvation of scavengers be-
cause microbes render carcasses inedible during advanced 
decomposition. Evidence of carnivore scavenging may in-
clude tooth-marks or fragmentation (splintering) of bone 
(Haynes 1981).  However, tooth-marked bone from the 
Carnegie Quarry is very rare and Fiorillo (1991) concluded 
that osteophagy by theropods was incidental to prey in-
gestion, rather than deliberate as in mammalian carnivores 
(e.g., Haynes 1981). Thus, unlike mammalian carnivores, 
the intentional consumption of bones was not a major nu-
trient pathway for theropods at what is now the Carnegie 
Quarry during the Late Jurassic because of their lack of 
suitable crushing dentition.

Douglass noted the presence of bivalves in the Quarry 
sandstone (e.g., Sept 4, 1912, Notebook on Uinta Geol-
ogy), but made no comment about them. Good (2004) 
noted that the shells were of species of Vetulonaia Bran-
son, 1935, and that they represented transported death as-
semblages of disarticulated shells mostly in current stable 
position of convex-side up (Fig. 52). Studies of unionid 
mortality during droughts today is linked to reduced flow, 
increased water temperature, emersion, and low dissolved 
oxygen, as well as high concentrations of organic and 
inorganic pollutants that are normally diluted by greater 
flow volume (Johnson et al. 2001). Organic pollutants in 
the Quarry River would include putrifaction fluids from 

carcasses upstream of unionid beds. Severe drought fre-
quency resulting in bivalve mortality can be approximated 
from the size of the bivalves, which are of individuals ap-
proximately 5–10 years of age (Good 2004). These values 
imply significantly longer times were needed to form the 
Quarry bonebed than estimated by Fiorillo (1994). 

Post-drought rain and the resultant runoff can cause ex-
tensive erosion of soils denuded of vegetation by herbi-
vores during droughts (Walker et al. 1987; Gillson 2006). 
In addition, the input of water may be so rapid that over 
bankfull stage is rapidly reached resulting in flooding. 
It is during floods that cutoffs develop, which can result 
in a major sediment flux (Zinger et al. 2011). This flood 
and massive sediment pulse can rapidly bury or transport 
carcasses and bones. Such events may be responsible for 
bonebeds in what have been called hyperconcentrated flow 
deposits (e.g., Dalton Well, Utah, Britt et al. 2009 as a “de-
bris flow”; see discussions by Costa 1988; Benvenuti and 
Martini 2002). Foster (1965) reported rhinoceros carcasses 
in a river channel being swept away by floods that followed 
a drought; these animals had sought relief in the pools but 
died of malnutrition. As a result of heavy sediment input, 
carcasses and skeletons of water dependent animals in 
various stages of disarticulation, as in Figure 51, lying in 
a channel would be preserved in a manner analogous to 
what is seen at the Carnegie Quarry (Figs. 10A–E). Bones 
of those animals that died early in the drought, hence were 
in a greater stage of disarticulation, might be difficult to 
separate from background attritional mortality. The major 
difference would be a higher number of individuals than 
would be expected for gradual attrition. The more recent 
deaths prior to rain would include nearly complete skel-
etons, such as the young Camarasaurus (DFN 333 - see 
above).

Fig. 52.—Steinkerns of current stable clams (Vetulonaia sp.) in the Quar-
ry sandstone. Note also the accompanying mudclasts showing this to be 
a transported assemblage.
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DISCUSSION

Ideally, a taphonomic study of a quarry would present 
quantitative analyses, especially minimum number of ele-
ments (MNE) and minimum number of individuals (MNI). 
Unfortunately, a significant portion of the Douglass collec-
tion has been dispersed to other institutions (e.g., Stego-
saurus material at the Science Museum of Minnesota was 
not included in the tally by Foster 1998, 2003; see also 
McIntosh 1981), nor have all the Douglass specimens been 
prepared. As a result, the analysis by Foster (1998, 2003) 
of the Carnegie Quarry collection basically represents per-
centages of prepared material of a few museums, rather 
than living population percentages. Furthermore, there is 
doubt about using a correction equation to compensate for 
the scarcity of smaller taxa from the Quarry in estimating 
population percentages given that there is no way of inde-
pendently determining the reliability of the results. At least 
with Neogene paleomammalian studies, a modern popula-
tion census of animals can serve as an independent test. 
Finally, it has not been shown that the equation developed 
from modern mammal studies is applicable to dinosaurian 
faunal studies.

The smallest dinosaur from the Carnegie Quarry is 
the small juvenile Dryosaurus (Fig. 43), with the longest 
humeral length of 6.42 cm (both femora are incomplete; 
Carpenter 1994), whereas one of the largest dinosaurs is 
the Apatosaurus, with the longest humeral length of 115 
cm. Most of the dinosaur taxa from the Quarry are rep-
resented by a broad range of ontogenetic stages (Table 8) 
suggesting that most, if not all, taxa were water dependent 
because they apparently died in or near the channel. Two 
taxa, Ceratosaurus Marsh, 1884b, and Torvosaurus Galton 
and Jensen, 1979, are represented by one or two bones, 
and probably represent attritional mortality that had noth-
ing to do with the droughts. Juvenile Barosaurus are prob-
ably present, but misidentified as juvenile Diplodocus. The 
elongated vertebrae probably developed later in life (possi-
bly late subadult stage) based on the proportional changes 
accompanying dinosaur growth (Carpenter 1999a). 

The occurrence of droughts documented by the Carn-
egie Quarry may provide another reason for the abundance 
of large-bodied sauropods during Late Jurassic. Previous 
advantages for large size noted before include high ther-
mal inertia (gigantothermy), lower surface to volume ratio, 
and larger gut capacity (Englemann et al. 2004; Carpenter 
2006). To this may now be added that environmental sea-
sonality selects for larger body size among homeotherms, 
despite having a higher absolute food requirement, because 
large size also confers greater starvation endurance (Boyce 
1979; Lindstedt and Boyce 1985; Millar and Hickling 
1990; McCue 2010). The definition used is that of McCue 
(2010) who distinguishes starvation (inability to find food) 
from fasting (forgo eating despite the availability of food). 
In an analysis of mass mortality of vertebrates (reptiles, 
birds and mammals), Reed et al. (2003) noted an inverse 
correlation to susceptibility based on size. From this, it is 

expected that sauropod populations were less impacted by 
drought than the smaller ornithopods. 

SUMMARY AND CONCLUSIONS

The fortuitous discovery of the articulated caudal vertebrae 
of Apatosaurus by Earl Douglass in 1909, eventually led 
to the establishment of Dinosaur National Monument in 
1915. Although internationally famous, only brief studies 
of the Quarry have been conducted and these restricted to 
the present quarry face on the assumption that what re-
mains is representative of what was once there. However, 
archival data, including numerous photographs taken by 
Douglass and Thorne, the unpublished written documents 
of Douglass, including letters and  notebooks, and the orig-
inal quarry map of Douglass, show that this assumption is 
only partly correct. 

The Quarry Sandstone is one of three sandstone bodies 
that document the eastward migration of a fluvial system, 
the Quarry River. In the vicinity of the present quarry, flow 
was towards the south-southeast as indicated by the axis 
of exhumed subaqueous dunes and bone alignment. The 
Quarry Sandstone is about 275 m wide, which may reflect 
the Quarry River at bank-full stage. The Quarry sediments 
consist of poorly sorted, conglomeratic, multi-storied, 
trough-cross bedded sandstones that indicate three or four 
episodes of flashy, rapid deposition in a Platte River-like 
braided system. The eastward migration of the channel 
resulted in bank collapse and the entrainment of paleosol 
carbonate nodules, mudclasts, and bone previously buried 
in the overbank deposits. 

The carbonate nodules suggest seasonal precipitation of 
600–900 mm/yr. This seasonality sets the stage for long 
lasting droughts, which may have been the cause of dino-
saur mortality. Further support for such mortality is seen 
in the range of disarticulation of skeletons, from near total 
(early drought deaths) to little (late drought death). Due 
to the lack of sweat glands, most dinosaurs were probably 
water-dependent, which would limit the forage distance of 
herbivores. Death was commonly in the channels primarily 
due to malnutrition and secondarily by disease. The opis-
thotonic posture seen in some skeletons is similar to that 
documented for a dying ostrich and indicates that death 
was seldom rapid. Although the carcasses should have pro-
vided an abundant food supply for scavengers, little dam-
age is seen on the bones, execpt that caused by osteopha-
gous insects. 

Transport of carcasses and bones would have occurred 
by postdrought flooding. By treating the bones as large 
sedimentary particles, the river velocity or discharge can 
be estimated using a variety of formulas developed for 
flood transport of boulders. However, these formulae give 
various and sometimes conflicting results. Some equations, 
such as those based on spherical equivalency, may be inap-
propriate for non-spherical bones because object shape is 
known to be influential to transportability. Further work is 
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needed to substantiate the correlation between the force 
needed to initiate bone movement and its buoyant weight 
in water. In addition, more study is needed using weighted 
casts of dinosaur bones in fluvial environments, including 
flumes, to understand their hydrodynamic behavior in a 
variety of fluvial settings. Studies are also needed to better 
understand turbulent flow around bone and its effect on 
transport and bone burial.

The pattern of skeletal disarticulation may provide ad-
ditional evidence to mortality during extreme droughts. 
Although initial results appear promising, further work is 
needed to substantiate some initial observations that the 
degree of disarticulation correlates with duration of the 
drought. A full range of skeletal completeness should be 
apparent in water-dependent taxa, with early deaths mim-
icking attritional accumulations, but the number of indi-
viduals would be abnormally high; the last deaths when 
the drought ends should be more articulated. A visual rep-
resentation of the Quarry River during a drought is pre-
sented in Fig. 53.
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Table 8. Dinosaur taxa of the Carnegie Quarry. J - juvenile (neural sutures open and separate); S - subadult (neural sutures 
partially fused to completely fused, but visible); A - adult (vertebral sutures not visible). The questionable presence of Haplocan-

thosaurus Hatcher, 1903, reported by Foster (2003) cannot be verified and may be represent a young Diplodocus. Non-dinosaurian 
taxa are not included because the age groups represented are unknown.

Taxon Age Group

Allosaurus cf. fragilis S, A

Ceratosaurus sp. A

Torvosaurus cf. tanneri S

Apatosaurus louisae J, S, A

Barosaurus lentus S?, A

Camarasaurus cf. lentus J, S, A

Diplodocus sp. J, S, A

Dryosaurus altus J, S, A

Camptosaurus aphanoecetes S, A

Stegosaurus cf. stenops J, S, A
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appendix 1. 
Specimens listed by Douglass in his Record Book 1909–1923 and his Box Content record. (continued on the next page)

The list is not exhaustive, but is meant to supplement Fig. 10. Non-Carnegie Quarry specimens marked with NC (although specimens
from the east side of the adjacent Nielsen Gulch are included). These NC specimens include mostly archaeological items and mam-

mals from the Uintah Formation, but also Cretaceous invertebrates and vertebrates. 

Douglass Field 
No.

Taxon Material Map Coordinates

1
originally D-09-10

Apatosaurus louisae skeleton C to H : 4 to 56

2 Allosaurus sp. teeth and fragments found in overburden to #1
3 Camarasaurus lentus tooth found while excavating  #1
4 Diplodocus sp. right ilium found while excavating  #1
6 dinosaur fragments found while excavating  #1
7 Apatosaurus louisae 4 caudals “Not far from … No. 1”
8-11 NC
12 Apatosaurus louisae portions of skeleton 100 m east of #1; far east end of Quarry 

Sandstone, west side of Neilsen Gulch.
13 NC
14 Allosaurus sp. tooth near #1
15 Diplodocus sp. 2 dorsal centra found while excavating  #1
16 dinosaur vertebra 10 ft. west of #1
17 sauropod rib 9 ft. west of #25
18-20 NC
21 unionid shells west of #1
22 Allosaurus sp. cranium, presacrals, caudals 20 to 30 ft. east of #1
23 Stegosaurus sp. ulna, radius, plate E : 10, near tail of #1.
24 Apatosaurus louisae dorsals, sacrum, caudals, ribs, left ilium-

ischium-pubis
F : 46

25 Apatosaurus louisae cervicals to #1 H: 54 to D : 40
26 Dryosaurus altus skull, skeleton A : E15; uppermost bone layer.
27 dinosaur “paired bones” F : 8
28 dinosaur tooth Dinosaur Peak
29 dinosaur vertebra, rib 9 – 10 ft. west of #25
30 NC
31 dinosaur caudal F : 35
32 dinosaur caudal “near tails of 1 and 40”
33 dinosaur “small scattered bones” found while excavating  #1 tail
34 dinosaur “short bone” found while excavating  tail of #1 tail
35 diplodocid jaw with teeth, to #24? E : 18
36 dinosaur bone below tail of #1
37 Apatosaurus louisae six cervicals, to #24? F : 19
38 dinosaur vertebra, rib under 14th cervical of #25
39 Stegosaurus sp. scattered skeletons (at least 2), including 

articulated vertebrae
scattered around # 40
A to E: 17 to 26; 39 to 43; 46; 51, 55, 56; 
E1 to E19;

40
originally part of 
D-09-10

Apatosaurus louisae skeleton (partial) C to F : 8 to 40

41 sauropod? vertebrae fragments D : 25
42 Apatosaurus louisae? ?chevrons to #40 E : 20
43 dinosaur small bones D : 16
44 Glyptops plicatulus shell E : 49
45 Camarasaurus lentus 13 caudals C, D : 12 to 15; 24; 26
46 dinosaur vertebra C : 22
47 dinosaur ribs, vertebrae D : 29; E : 20
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48 theropod ? between #1 and #40
49 dinosaur dorsal near #40
50 Apatosaurus louisae sternal near humerus of #1
51 dinosaur caudal under tail of #40
52-54 NC
55 Apatosaurus louisae,

Stegosaurus sp.
left scapula-coracoid; plate of 
Stegosaurus

C : 21

56 dinosaur vertebra above #55
57 dinosaur vertebra near #24
58 Glyptops plicatulus shell near #40
59 Stegosaurus sp. left femur D : 17
60 Diplodocus sp. partial skeleton A to D : 42 to 55
61 Dryosaurus? vertebrae, foot near #55
62 dinosaur indet. near #55
63 dinosaur vertebra E : 49
64 sauropod dorsal ?
65 dinosaur centrum ?
66 ornithopod small femora, cervicals D : 44; E : 53
67 NC
68 dinosaur sternal? fragment (probably Stegosaurus

plate)
?

69 dinosaurs misc. fragments ?
70 Camarasaurus lentus 6 caudals (to #45?); femur, ilium, ischium C : 34; D : 35
71-74 NC
75 Marshosaurus bicentesimus partial skull and skeleton east side Neilsen Gulch
76 dinosaur bones D : 16
77 dinosaur small vertebrae C : 23
78 ?Allosaurus sp. several vertebrae C : 16
79 dinosaur phalanx ?
80 Diplodocus cf. forelimb east side Neilson Gulch
81 dinosaur indet. ?
82 mammal? mandible E : 24
83 theropod tooth, phalanx Dinosaur Peak
84 ?sauropod 2 dorsals ?
85 same as #89
86 theropod dentary ?
87 dinosaur vertebra D : 31
88 dinosaur vertebra? B : 1
89 Diplodocus sp. sacrals, left ilium, ischia B : 8
90 Diplodocus sp. sacrals, ilium, dorsals, caudals B to E : 9 to 26
91 dinosaur dorsals west of #40
92 theropods vertebrae, ribs C : 24
93 dinosaur ? ?
94 dinosaur bones C : 53
95 Glyptops plicatulus shell C : 52
96 dinosaur vertebra? near #102
97 NC
98 dinosaur vertebra, foot bones near #90
99 Diplodocus sp. posterior caudal near #60
100 NC
101 Camarasaurus lentus dorsal near neck of #40

appendix 1. 
Specimens listed by Douglass in his Record Book 1909–1923 and his Box Content record. (continued from previous page)
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appendix 1. 
Specimens listed by Douglass in his Record Book 1909–1923 and his Box Content record. (continued from previous page)

102 various taxa, incl. Stegosaurus,
Diplodocus, Camarasaurus,
theropod

various bones (incl. limb, vertebra) vicinity of C56

103 Apatosaurus louisae left astragalus near #90
104 Glyptops plicatulus shell B : 28
105 dinosaur small cervical vertebra near #39
106 sauropod pelvis, limb D  : 36
107 Apatosaurus louisae vertebrae near tail #1
108 uinionids, gastropods? shells trail east side
109 dinosaur jaw with teeth ?
110-111 NC
113 dinosaur small limb bone ?
114 dinosaur fragments C : 28
115-119 NC
120 Camarasaurus lentus partial skeleton A to C : 16 to 28
121 Diplodocus sp. teeth, jaw dissolved away ?
122 dinosaur caudals B : 22
123 dinosaur “flat bones” B : 8
124 dinosaur 14 caudals west of neck #40
125 dinosaur caudals, limb bones, ribs near #89
126 “cycad” east side Neilsen’s Gulch
127 sauropod parts of fore- and hind limbs east side Neilsen’s Gulch
128 Diplodocus sp. skull parts same as #127
129 theropod fragments east side Neilsen’s Gulch
130 Apatosaurus louisae, Diplodocus

sp., Camarasaurus lentus
various parts of skulls, and postcrania, 
parts to #210?

Z to F : 51 to 94

131 Apatosaurus louisae caudals west side of Quarry
132-138 NC
139 Diplodocus sp. caudal vertebrae E : 84
140 Marshosaurus bicentesimus skull, cervicals, dorsals west side Neilsen Gulch
141 NC
142 sauropod phalanges E : 108
143 dinosaur phalanges A : 60
144 dinosaur ? A : 56
145 Diplodocus sp., vertebrae, left ilium, right femur E : 88
146 Stegosaurus sp., Apatosaurus loui-

sae, Camarasaurus lentus
various postcrania E : 84

147 sauropod small left ilium E : 94
148 Diplodocus sp. caudal Neilsen Gulch
150 Diplodocus sp.

Camarasaurus lentus
partial skeleton; scapula and cervicals of 
Camarasaurus

Z to E : 77 to 106;

150B Barosaurus lentus cervicals (others discarded) with #150; B to D : 85 to 92
150B/1 Camarasaurus lentus cervicals, type of Uintasaurus annae B : 85
151/A Diplodocus sp. left femur, right tibia west end
152 sauropod vertebra with #145
153 sauropod hind leg A : 48
154 Glyptops plicatulus shell near 165
155 Diplodocus sp. partial skeleton B to F : 98 to 110
156-159 NC
160 Apatosaurus louisae vertebral column w/o ant. cervicals, left 

humerus?
C to G : 116 to 156

160/O Diplodocus sp. skull and mandible F : 134
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appendix 1. 
Specimens listed by Douglass in his Record Book 1909–1923 and his Box Content record. (continued from previous page)

161-164 NC
165 Allosaurus sp. right tibia & fibula east side Neilsen Gulch
166 NC
167 Camarasaurus lentus left femur E : 124
168 Diplodocus sp. 4 caudals, right femur E : 88
169-170 NC
171 theropod right hind limb, to #202? D  : 108 - 110
172 Diplodocus sp. femur E : 104
173 Apatosaurus louisae left metatarsal III with #155
174 NC
175 Apatosaurus louisae;

sauropod
right radius-ulna-manus, left femur; ver-
tebrae, pubis

X to C : 160 to 177 

176-184 NC
185 dinosaur caudal Neilsen Gulch
186 NC
187 ?Allosaurus sp. vertebrae Neilsen Gulch
188-190 NC
191 dinosaur scattered bones C : 98; D : 96
192 sauropod scattered vertebrae A to B : 87 to 96
193 dinosaur various area of Z : 150
194 sauropod lower limb bones A : 136
195 Stegosaurus femur, other bones Z : 101 to 104
196 Stegosaurus plate B : 102
197 Stegosaurus sp. scattered postcrania A to C : 59 to 76
198 sauropod vertebrae Y : 152
199 dinosaur small vertebrae and ribs Z : 156 to 159
200 dinosaur cervical vertebra B : 98
201 Camarasaurus lentus skull fragments Y to C : 126 to 132; 136
202 Allosaurus sp. partial skull & skeleton, no forelimbs A to C : 96 to 109; 122
203 Glyptops plicatulus shell B : 106
204 theropod femur, tibia Y and Z : 114
205 Diplodocus sp. left radius, ulna; vertebrae A : 95; Z : 96
206 Diplodocus sp. teeth in situ, no bone A : 116
207 dinosaur teeth various
208 dinosaur small vertebra B : 106
209 dinosaur limb bone A : 142
210 Apatosaurus louisae, 

Camarasaurus lentus, Diplodocus
sp., Camptosaurus aphanoecetes
Allosaurus sp.

widely scattered various postcrania, 
mostly of Camarasaurus.

Z to D : 76 to 102

211 dinosaur vertebra C : 80
212 dinosaur chevron Z : 78
213 dinosaur various bones Z : 122 to 126
214 sauropod 20 vertebrae B : 122 to 124
215 Glyptops plicatulus shell Z : 122
216 Stegosaurus spine Z : 121
217a Camptosaurus aphanoecetes right femur B : 88
219 Diplodocus sp. left femur ?
220 Diplodocus sp. skull, cervicals 1-6; to # 150 Y to Z : 112 to 117
221 sauropod indet. bone C : 90
222 NC
223 dinosaur jaw with teeth B : 89
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Specimens listed by Douglass in his Record Book 1909–1923 and his Box Content record. (continued from previous page)

224 dinosaur coracoid A : 89
225 theropod fragment  ?
226 Stegosaurus sp. scattered bones Z to A : 85 to 100
227 Allosaurus? scapula, coracoid Z : 166
228 Diplodocus sp. pelvic parts, right forelimb, femur A to C : 61-70
229 various teeth scattered across Quarry
230 crocodile skull Y : 130
231 Diplodocus sp. pubes Z : 64
232 Stegosaurus sp. scattered postcrania X to A : 110 to 134
233 sauropod femur W : 114
234 sauropod hind limb parts X  : 118, 122
235 Camarasaurus lentus vertebrae, ilium X : 120, 123
236 dinosaur small limb bone, femur X : 113, 123
237 NC
238 Diplodocus sp. left radius, femur X : 113, 123
239 dinosaur small ilium Y : 129
240 Camarasaurus lentus partial adult skeleton and skull X to Z : 126 to 136, 144,145
241 sauropod vertebra, rib Y : 153
242 dinosaur caudal W : 179
243 Apatosaurus louisae right metatarsal IV V : 169
244 Stegosaurus sp. caudal W : 167
245 dinosaur chevron W : 165
246 dinosaur caudal W : 164
247 Diplodocus? caudal vertebrae V : 87
248 dinosaur limb bones, vertebra V : 156
249-269 NC
270 Stegosaurus sp. scattered vertebrae, ribs, limb elements; U to W : 108, 109, 132 to 141
271 Stegosaurus sp. vertebrae A : 144; Z : 142; Y : 24
272 Glyptops plicatulus shell V  : 144
273 dinosaur cervical W : 188
274 dinosaur pelvis bones W : 189
275 dinosaur lower jaw (part) W : 107
276 dinosaur phalanx V : 172
277 dinosaur phalanx V : 170
278 Stegosaurus sp. plate V : 108
279 sauropod small tibia V : 108
280 NC
281 sauropod partial pelvis ?
282 Stegosaurus sp. spines ?
283 dinosaur “various bones” west of W : 104
284 Hoplosuchus skeleton north side Dinosaur Peak (not within the 

quarry).
285 Diplodocus sp. Stegosaurus sp scattered various – vertebrae, ribs, limb 

and girdle elements
V to A: 92 to 108

286 sauropod femur W : 104
287 dinosaur metatarsal, caudal V : 97
288 tree trunk ?
289 Camarasaurus tooth ?
290 NC
291 Apatosaurus jaw fragment E : E38
292 dinosaur phalanx, centrum ?
293 NC
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294 theropod dentary E : E5
295 sauropod string of caudals? approx. E21
296 sauropod ? ?
297 dinosaur phalanges
298A [sic] dinosaur rib D : E24
299 Apatosaurus 5 caudals E : 38
300 ? ? ?
301 Camarasaurus lentus skull & skeleton, no tail A to B : E33 to E 38
302 sauropod

Stegosaurus sp.
cervical, rib C to E: 0 to E5

303 dinosaur various bones D to E: E31 to E39
304 various dinosaur various bones scattered across Quarry
305 sauropod ? ?
306 various dinosaur various bones D : E47; D : E49; D : E54
307 dinosaur limb bone D : E44
308 dinosaur various D : 52, 53; D : E51, E52
309 Apatosaurus teeth D : 54
310 Barosaurus lentus; 

Camptosaurus aphanoecetes,
Camarasaurus lentus,
Dryosaurus altus

near complete neck, anterior dorsals; 
cervicals and hind limb of Camptosaurus;
partial skull and cervicals of 
Camarasaurus, braincase of Dryosaurus

A to F : E30 to E50

311 sauropod limb bones C : E8; E : E8
312 ?Barosaurus lentus right fore & manus B : E23; C : E16, E18
313 sauropod cervical E : E14
314 dinosaur ungual E : E22
315 Camptosaurus aphanoecetes right hind leg B : E42
316 dinosaur caudal Z : 72
317, 318 NC
319 Stegosaurus sp. left femur B : E46
320 Stegosaurus sp.

sauropod
left hind leg (no pes), skull parts B : E50, E58; Z : E78

321 Stegosaurus sp. limb bones B : 45, 46
322 Stegosaurus sp. vertebrae, rib Y : E41, E76
323 dinosaur caudals C : E52, E54
324 Camarasaurus lentus caudals to #301? B : E63 to E72
325 Camarasaurus lentus cranium, neck A : E45, E46, 51; Z : 53
326 dinosaur vertebra Y : E52
327 dinosaur various bones Z : E58, E59, E61, E64, E68, E69, E74
328 sauropod gastralia Z : E42, E43
329 sauropods ribs C : E36
330 sauropods ribs B : E80, E81, E83
331 sauropod femur Z : E30
332 sauropod phalanx A : E27
333 Camarasaurus lentus skull & skeleton Z to A : E70 to 75
334 Diplodocus sp.

dinosaur
left femur, small limb bones Z : E47; Z : E69

335 dinosaur hind leg bones Y, Z : E69, E70
336 sauropod vertebra Y : E47
337 sauropod caudal A : E75
338 sauropod rib Z : E66
339 theropod rib vertebrae Z : E75
340 Barosaurus lentus skeleton U : E110

appendix 1. 
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341 sauropod phalanges, pelvic bones A : E89; Z : E91, E93
342 theropod vertebrae, limb bones A : E48; Z : E91, E93
343 sauropod small various bones Z : E96
344 Camarasaurus lentus dorsals, sacrals, right ilium Z : E101
345 Diplodocus sp.  & Stegosaurus sp. various V to W : E104 to E112
346 sauropod vertebra Y : E89
347 ?Barosaurus lentus caudal, tibia (proximal),  femur (head) U : E142
348 Diplodocus sp. caudal vertebrae V : E141, E143
349 Stegosaurus sp. various bones Y : E123
350 Stegosaurus sp. rear half skeleton V to X : E103 to E114
351 Diplodocus sp. skull & jaw T : E156
352 sauropod caudals, “flat bone” V : E141, E143
353 Camptosaurus amphocoetes hind limb, small bones V : E101, E103 
354 dinosaur indet. U : 123
355 Diplodocus sp. skeleton V : E128
356 NC
357 NC
358 Camptosaurus left metatarsals II-IV Neilsen Gulch 
359 NC
360 Dryosaurus altus (juv.) skull, skeleton U : E101
361 NC
362 NC
363 NC
364 NC
365 Stegosaurus sp. cranium, partial skeleton U : E108
366 ?Allosaurus sp. skull (fragment), vertebrae, ribs, left cora-

coid, limb parts
Z : E98

367 NC
368 NC
369 NC
370 Camptosaurus aphanoecetes skeleton V : E94
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