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CHAPTER 5

A Practical Approach to the Study of Bonebeds

David A. Eberth, Raymond R. Rogers, and Anthony R. Fiorillo

INTRODUCTION

Every bonebed preserved in the stratigraphic record reflects the interplay
of complex physical, chemical, and biological phenomena, and given the
myriad events and interactions that follow death, deciphering the forma-
tive pathway(s) that led to skeletal accumulation is no easy task. This is
especially true given the highly degraded and potentially biased subsam-
ples of original death assemblages that many bonebeds in fact represent.
Clearly, the best hope for a successful study hinges upon the careful collec-
tion of data, and fortunately the methods of data collection and analysis
in relation to bonebeds have evolved and improved over time. While this
is certainly true, even a brief survey of the literature demonstrates that
approaches to the assembly of bonebed data sets still vary significantly
among workers. This at least in part reflects differences in geological and
geographic context, quality of preservation, and taxonomic composition.
Some of the methodological disparity also reflects differences in scien-
tific design and research goals, and the variable backgrounds of bonebed
workers. Despite the wide latitude of approach, we maintain that many
bonebed studies pose the same general questions (e.g., How did this spec-
tacular deposit form, and what can be reliably inferred from it?), and
we contend that a standardized approach to data collection can be em-
ployed in most circumstances. Employing a suite of standard techniques
will increase the efficiency of data collection and analysis and provide
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unique opportunities to compare data sets among bonebeds (Behrens-
meyer, 1991).

In this chapter we consider bonebeds from a practical standpoint and
address four main concerns that pertain to effective site management and
data collection. The first relates to preliminary site assessment, which is the
critical first step in any comprehensive analysis of a bonebed. Decisions
made at this point can promote or thwart success throughout the remain-
der of the study. The second relates to considerations that arise when the
real work begins, such as the removal of overburden, the establishment of
reference systems for mapping, and the extraction of elements. The third
focus of this chapter pertains to the collection of geological data. All too
often bonebed studies are undertaken with too little emphasis placed on
the collection of related geological information. This is truly unfortunate
because rocks provide the overall context for bonebeds preserved in the
stratigraphic record, and a thorough understanding of sedimentology and
stratigraphy is needed before the formative history of a bonebed can be
accurately reconstructed. Moreover, assessing a bonebed as a facies (rather
than simply a unique or unusual part of a facies) provides important in-
sights into the origin of the bonebed and its host stratigraphic succession.
The fourth and final major goal of this chapter is to review the types of
taphonomic information that should be retrieved from a bonebed assem-
blage. We examine the taphonomic methodologies commonly employed
by bonebed workers and review the spectrum of data typically collected.
Examples are provided from both classic studies and more recent bonebed
investigations. This chapter concludes with some collective wisdom (and
hopefully some good ideas) that relates to the interpretive end game: the
reconstruction of the taphonomic history of a bonebed assemblage. Re-
gardless of the final scenario(s) promoted, it is crucial to keep in mind that
the true value of any bonebed study rests not only in the eventual story
told (be it dramatic or mundane), but also in the breadth and quality of
data that lie behind the narrative.

STEP 1: PRELIMINARY SITE ASSESSMENT

Before fieldwork begins in earnest on any bonebed project, a researcher (or
team of researchers), preferably in conjunction with an experienced prepara-
tor and/or field crew manager, should carefully consider a variety of pre-
liminary concerns. By reviewing the various issues related to site logistics
and data retrieval, a bonebed crew could minimize potential frustrations and
maximize scientific outcomes. A preliminary site assessment will clarify
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goals and hopefully elucidate any potential complications, whether they
relate to the retrieval of data or nonscientific issues, such as infrastructure
support, site access, worker morale, and environmental mitigation.

Because most bonebed studies require a long-term commitment of man-
power and resources it is essential that a carefully considered plan is in place
before excavation and data collection begins. This increases efficiency and
keeps information loss to a minimum. A preliminary site assessment serves
to (1) frame the entire study and keep it on track from start to finish; (2)
identify the feasibility of collecting different kinds of data; (3) measure
how “typical” the bonebed is in the context of other sites, regions, or
stratigraphic intervals; and (4) identify future potential. In the following
sections we outline a few of the more important things to consider when
planning a field-based bonebed study.

Collect and Permanently Record Accurate Locality Data

Tanke (1999, 2001) reported that literally hundreds of dinosaur quarries
excavated between 1898 and the early 1970s in Dinosaur Provincial Park
(southern Alberta) were “lost” due to a combination of incomplete data
collection and/or poor archival practices. Loss of locality data is truly un-
fortunate, because a bonebed with no context is largely useless in studies
that relate to paleoenvironment, paleoecology, or biostratigraphy. A suit-
ably archived or published photograph of a bonebed is an effective practice
that usually permits future workers to relocate the site. In Dinosaur Provin-
cial Park today, bonebeds are typically marked with a quarry stake, but
this practice may be inappropriate in areas where vandalism or illegal
collecting occur. Staking a quarry may also prove ineffective in regions
where surface erosion rates are high, or where researchers are in remote
areas without the necessary materials.

Satellite-based triangulation technology such as the Global Positioning
System (GPS) provides an easy means of determining and recording a
site’s location using a variety of reference systems (e.g., UTM or latitude/
longitude). GPS is an especially powerful tool in areas where relief is
poor and/or maps are of low resolution or nonexistent. GPS locality data
should always include the datum employed by the receiver (e.g., WGS ’84;
NAD 27) in order to calibrate the reference systems with a map datum so
that future workers can effectively relocate sites. Where datums differ be-
tween GPS units or surveyed maps, sites can be mislocated by as much as
250 m. Current practice is to utilize the WGS ’84/NAD ’83 datum (1984
World Geodetic Survey based on the North American Datum, 1983) when
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collecting locality data in areas where no maps (or only low-resolution
maps) are available. With the removal of “selective availability” by the
United States government in May of 2000, low-cost GPS units began to
provide data with a resolution of 10–20 m in the x-y plane, and 33 m in
the z plane (±1 standard deviation [Shaw et al., 2000]). Although this
level of resolution is generally good for site location purposes, it is inap-
propriate for detailed mapping or stratigraphic analyses within bonebeds.
Differential GPS technology that employs two or more units calibrated by
a precisely surveyed three-dimensional benchmark can provide resolution
in the range of a few centimeters (Pryor et al., 2001), and this technology
arguably can be used to map within bonebeds (Chadwick et al., 2005).

Assess Scale, Geometry, and Richness

A variety of methods can be used to estimate the dimensions of a bonebed,
including traditional pace and compass techniques, two or more GPS units
in differential mode, or potentially ground penetrating radar (Main et al.,
2002; Brown et al., 2003), and the data can be recorded on air photos,
topographic maps, or a self-made map that includes local landmarks. The
scale and geometry of a bonebed figure in the drafting of excavation plans
and also provide a crude estimate of the amount of fossil material that may
be ultimately recovered (Eberth and Getty, 2005). In turn, these data can
help define how much of a site need be excavated and collected to yield a
sample amenable to meaningful statistical analyses (Badgley, 1986a; Jam-
niczky et al., 2003; Blob and Badgley, Chapter 6 in this volume).

A preliminary assessment of the aerial extent of a bonebed also pro-
vides an opportunity to gauge variations in bone abundance, packing, and
preservation throughout the targeted interval. Most bonebeds show some
degree of spatial patchiness and stratigraphic heterogeneity in relation to
the concentration and size distribution of elements (e.g., Gilmore, 1936;
Camp and Welles, 1956; Voorhies, 1985; Eberth et al., 2000; Rogers et al.,
2001). Correctly identifying and interpreting this kind of heterogeneity
in a preliminary study can help the researcher correctly predict where
the best prospects are for further excavation, and better understand the
origins of the bonebed. For example, a map of the exposed and inferred
extent of a Centrosaurus bonebed (BB 30) (Fig. 5.1) at Dinosaur Provincial
Park that was made before the site was excavated served to effectively
identify the highest concentration of elements (darkest area) and, thus,
the best area for excavation. This preliminary map and associated prelim-
inary cross sections indicated that the bone-bearing facies at BB 30 has a
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Figure 5.1. Plan view map of the exposed (erosional) edge of Bonebed 30, a monodominant ceratopsian
bonebed (Upper Cretaceous) at Dinosaur Provincial Park, Alberta. The concentration of bones along the
exposed edge was measured in bones per linear meter. This linear metric was then used to infer bone
concentration in the deposit. The overall lenticular shape of the bonebed and the bull’s-eye distribution of
bone concentration suggest that bones were amassed in a landscape depression such as a pond or lake.

roughly oval shape (in plan view) and lenticular cross-sectional geometry
with the highest bone concentration in the center of the deposit.

Careful examination of surface concentrates of fossils exposed by ero-
sion can yield important specimens and can also provide insights into the
potential abundance and variety of fossils still entombed within the bed
(Leiggi et al., 1994). Although data derived from surface-picking a site can
be used to help frame hypotheses about the abundance of material in the
site, they must be supplemented by data collected from excavated areas. In
most bonebed studies a preliminary excavation is undertaken on a small-
scale to document in situ abundance relative to surface concentrates. This
is particularly important at localities that are well known to the public.
Sites that are regularly “high graded” or “picked over” can be misjudged
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as exhausted or unfavorable for further excavation. For example, the Red
Deer River Valley at Drumheller is host to at least 425,000 tourists each
year, and in this area the depletion of surface bone fragments and other
fossils by the public is particularly problematic for scientists conducting
fossil bone surveys (e.g., Straight and Eberth, 2002; Behrensmeyer and
Barry, 2005).

Sites that preserve large, in situ elements may also be misjudged as
particularly rich where intense weathering and geologic processes (e.g.,
the action of swelling clays) result in a surface concentration of small frag-
ments. Conversely, sites that have excellent surface concentrates and that
look like good prospects may prove difficult to excavate if the unweathered
matrix is heavily cemented. Likewise, surface assemblages that consist of
deflation lags (e.g., Berman et al., 1988; Rodrigues-De La Rosa and Cevallos-
Ferriz, 1998) can suggest rich in situ assemblages when in fact fossils are
actually quite sparse in the host bed.

For vertebrate microfossil localities, a preliminary assessment of sur-
face versus in situ content and concentration can be critical for determin-
ing appropriate methods for specimen collection (e.g., surface picking, wet
vs. dry screening). A preliminary assessment of the bulk matrix can aid in
tailoring the separation processes after bulk collection (e.g., Cifelli et al.,
1996). In this context, parameters such as the relative abundance of fossils
to matrix, fossil size and robustness, and the lithology and durability of
the matrix should be examined and considered carefully. For example, a
site that yields only sparse fossils may require that large amounts of matrix
are collected for processing, increasing both field and laboratory costs of
the project. Likewise, because the durability and response of the matrix to
processing procedures can vary—even within a site—an initial laboratory
assessment may be required to judge the relative effectiveness of differ-
ent separation methods and to assess the relative damage to the fossils. A
multistep process may ultimately be employed using both physical and
chemical means of separation.

Determine Specimen Quality, Matrix Characteristics, and Mapping Protocols

One or more test pits excavated during the preliminary phase of site devel-
opment can provide a realistic view of what’s ahead, especially in cases when
fragile in situ specimens occur as casehardened surface clasts. It is certainly
better to know at the onset whether fossils are resilient or particularly sus-
ceptible to breakage. Specimens that are highly worn, weathered, fragmen-
tary, or etched can be difficult to excavate without inflicting further damage.

270 David A. Eberth, Raymond R. Rogers, and Anthony R. Fiorillo



In such cases, block collecting may be more suitable, with fine preparation
and mapping undertaken in the laboratory. Likewise block collecting may
be a preferable alternative to individual specimen collecting in bonebeds
characterized by densely packed, overlapping elements (e.g., the Coelo-
physis quarry at Ghost Ranch, New Mexico [Colbert, 1989]; Agate Fossil
Quarry [Peterson, 1906]; Lamy metoposaur quarry [Romer, 1939]). A pre-
liminary examination of bonebed matrix can also help the investigator
decide what tools will be required during the excavation phase (e.g., hand
tools vs. jack hammers) and/or where the excavation should be focused.
For example, variably developed diagenetic cements and localized concre-
tions can impede progress in a bonebed.

With regard to mapping, it may be unrealistic to plan on mapping
all elements preserved at the site when (1) a bonebed is densely packed
(Colbert, 1989), (2) a bonebed includes a wide variety of bioclast sizes
(e.g., a mixture of macro- and microfossil elements) (Fiorillo, 1991a; Fior-
illo et al., 2000), (3) fossils in the bonebed are inherently unstable or the
boundaries between fossil and matrix are unclear, and/or (4) fossils are widely
distributed in three dimensions (e.g., Laury, 1980; Fastovsky et al., 1995).
Although the absence of maps can seriously compromise the quality of a
taphonomic study, overly complicated mapping can slow the overall col-
lection of data. In such circumstances, it may be best to designate only a
portion of the quarry for mapping, or it may be preferable to remove large
oriented blocks that can be mapped in the laboratory. If mapping is re-
quired, there are several options available to the investigator (see below).
Careful consideration of a site’s “mapability” can significantly reduce frus-
trations in later stages of the excavation.

Plan for Environmental Mitigation

As more rigorous environmental and reclamation regulations come into
play, especially on government lands, it is becoming more important to
consider postexcavation procedure. Before excavation begins, a bonebed
researcher should consider (1) the impact that access to the site and exca-
vation at the site will have, (2) where overburden and/or spoil piles will be
stored or dumped, and (3) how a site will be reclaimed after the excavation
is completed (seasonally or permanently). Often these issues must be dealt
with during the permitting process (e.g., Barnes, 2000). Even when regula-
tions do not require reclamation, some sites may be vulnerable to weath-
ering, runoff, or even theft and vandalism between collecting seasons. Thus,
whether mandated or not, a reclamation plan may provide the guidelines
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and impetus needed to protect and preserve the resource for future gener-
ations of researchers.

STEP 2: WORKING THE SITE

Macrofossil bonebeds are typically documented in detail in the field prior
to excavation in an effort to precisely ascertain and preserve spatial asso-
ciations. Microfossil assemblages are generally collected in bulk with their
associated matrix and then separated from the matrix with little or no doc-
umentation of original spatial relationships. In this overview of field-based
methods, we treat macrofossil and microfossil bonebeds in turn.

Macrofossil Bonebeds

Most macrofossil sites (single individuals and bonebeds) necessitate that
the investigator(s) (1) remove overburden, (2) place reference points and/
or baselines for two- or three-dimensional mapping, and (3) stabilize and
extract specimens. However, because each macrofossil site is unique, stan-
dardized methods are usually modified on-site to accommodate site-
specific problems or complexities.

Excavation

Rock that is deeply weathered and appears at first easy to remove may
actually be indurated and quite obstinate a few centimeters below the sur-
face. In some instances heavy machinery may be required to prepare a site
(e.g., bulldozers [Voorhies, 1985]). It is also often worth the effort to haul
a jackhammer to a site (note that a jackhammer can also be used to trench
fresh stratigraphic and sedimentologic sections within and outside the bone-
bed). Workers should carefully monitor the progress of the excavation,
checking to see that the bonebed is not compromised and to spot check for
fossils in the overburden. Workers should also be on the lookout for any
lithologic clues that might indicate the dividing line between overburden
and an underlying fossiliferous stratum.

A crew excavating a bonebed should also carefully consider the work
to follow after overburden is removed. If overburden is cleared from an
area that is greater than what can be excavated during a single season, sub-
sequent weathering and seepage will almost certainly negatively impact
portions of the exposed bonebed. Workers should also be careful to place
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Figure 5.2. Single-element extraction in a macrofossil bonebed (MAD96-01) intercalated in the Anem-
balemba Member of the Upper Cretaceous Maevarano Formation, northwestern Madagascar. Arrows
indicate elements that have been “pedestaled” and are ready for recovery. Several specimens jacketed in
plaster are visible in the left portion of the photo.

spoil piles in appropriate locations that do not interfere with drainage or
future excavations. Because a team may be required to backfill a site after
the study is complete, the spoil pile should also be reasonably accessible
at the end of the excavation season. Finally, it is worth mentioning that
even spoil piles are worthy of scrutiny. Over time, spoil piles may yield
unexpected specimens that were inadvertently exhumed with the over-
burden. For example, many small specimens collected by researchers with
the Canada-China Dinosaur Project from the Iren Dabasu Formation at
Iren Nor, Inner Mongolia, were retrieved from bulldozer-generated spoil
piles of the Sino-Soviet expeditions in 1959 (Currie and Eberth, 1993).

Excavation methods are extremely varied and are influenced by the
nature of the matrix, the durability of the fossils, the tools on hand, pre-
vious experience, and even the ambient weather (e.g., Greenwald, 1989;
Leiggi et al., 1994). In general, the tendency in bonebed excavations is to
expose the limits of individual elements and collect them one at a time, as
opposed to collecting large blocks (Fig. 5.2). This approach is encouraged
by the fact that smaller blocks are easier (and safer) to move and store
than are large multiton packages. However, the process of excavating
individual bones can be complex and time-consuming, especially when
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specimens overlap (e.g., Voorhies, 1985), and this type of careful practice
often requires a multiseason commitment (e.g., Rogers, 1990; Fiorillo,
1991a; Ryan et al., 2001).

More rarely, bone density is so high and/or the matrix so hard that
removal of large blocks for laboratory preparation is preferable to single-
element extraction (Fig. 5.3). The 1981–1982 excavation team at the Coelo-
physis Quarry at Ghost Ranch, New Mexico, excised 15 multiton blocks
that were manipulated ultimately by bulldozer, crane, and flatbed truck.
Because the bonebed was densely packed with hundreds of overlapping
bones, collection of the specimens in large blocks, with subsequent lab-
oratory-based preparation, ultimately inflicted less damage (Colbert, 1989).
Likewise, Peterson (1905) and Matthew (1923) describe the complex “box-
ing” technique used by the American Museum of Natural History to exca-
vate the large blocks containing skeletons of Diceratherium, Moropus, and
Dinohyus at the classic Agate Fossil Quarry. More recently, this boxing tech-
nique has been used successfully by Sino-American teams to collect bonebed
assemblages in the Upper Jurassic Shishugou Formation of China.

Many bonebeds preserve concentrations of fossil bones that range from
small unidentifiable fragments to pristine elements. In these instances it
may be impractical to collect every exposed specimen. Indeed, the collec-
tion of bone pebbles and other taxonomically indistinct bioclasts may in
fact be discouraged as a team works against time and weather to collect a
“museum-quality” quarry sample. However, robust taphonomic data sets
include all bioclasts, whether a pristine skull or a weathered bone pebble
(see below). With taphonomic goals in mind, it is often necessary to estab-
lish a designated subarea of a bonebed where all fossil material is collected
in a systematic fashion regardless of presumed significance (e.g., Rogers,
1990; Fiorillo, 1991a; Getty et al., 1997).

Baseline

A permanent physical baseline ensures that the positions of elements
in a bonebed are consistently recorded with respect to stable reference points,
and in relation to one another. The baseline often consists of a durable string
(masonry or kite) that extends between two points (e.g., deeply or perma-
nently anchored poles) in the bedrock. With reference to local magnetic
declination, the baseline is generally oriented to form an east-west or north-
south horizontal line (e.g., Hunt, 1978). However, the position, orientation,
and material nature of the baseline are more often than not determined by
convenience. For example, some workers place the baseline well out of
the way of the excavators (Organ et al., 2003), while others will place it
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Figure 5.3. A. Bonebed block containing six juvenile psittacosaurs from the Lower Cretaceous of Liaoning,
China. Block is 70 cm long. Collection of material from bonebeds having densities as seen here requires
care in order to minimize specimen damage. Often, the best solution is to collect as large a block as re-
sources allow. B. Three multiton blocks of fossils and matrix from the Coelophysis Quarry at Ghost Ranch,
New Mexico, collected in 1982 and loaded by crane on flatbed truck for transport to the Carnegie Mu-
seum (courtesy of David S Berman, Carnegie Museum of Natural History).



through the middle of the excavation site. A bonebed excavation is often
a multiyear undertaking, and thus it is important that the baseline be
established in such a way as to be repositioned accurately year after year.

A baseline is typically marked off in meter and/or decimeter incre-
ments, and pieces of flagging tape are often added to make the line readily
visible to workers. A baseline of string may be kept taut throughout the
excavation process or may be extended only when mapping is in progress.
In some unusual cases where the bonebed is quite large or there are mul-
tiple teams at work, two or more baselines may be utilized (e.g., east-west
and north-south baselines of Eberth et al. [2000, their Fig. 12]). Over time
a baseline may need to be shifted as excavations (and excavators) migrate
across a bone-bearing stratum.

Mapping

Mapping specimens can be one of the most important and time-con-
suming activities in a macrofossil bonebed. A well-constructed map pro-
vides data that can be used to interpret the depositional conditions at the
time the assemblage was concentrated and/or buried. Map associations and
orientations also provide important clues about the taphonomic history
of the assemblage. Maps are also essential tools for planning future exca-
vations at a site (Fig. 5.4).

Mapping is most often accomplished by establishing a grid system
over the bonebed and aligning it with the baseline or external reference
points (e.g., Abler, 1984; Rogers, 1994; Organ et al., 2003). A portable 1 m2

frame that is subdivided into smaller grids (10 cm2) is often employed to
improve accuracy. The portable mapping frame is often leveled using ad-
justable vertical rods that can be temporarily clamped into position after
the frame has been positioned using simple bubble-levels attached to the
x and y sides of the frame. A plumb bob can be used to ensure that frame
is accurately positioned. Once in place above the area to be mapped, the
positions of in situ elements relative to the frame can be sketched in plan
view (planimetric mapping) on a map sheet. If Geographic Information
System (GIS) data are being compiled, data may be directly imported into
a computer. General practice is to assign each 1 m2 grid a simple alphanu-
meric code, with each letter and number corresponding to the meter-wide
x and y coordinate rows and columns (e.g., Miller et al., 1996, their Fig.
25). Once the baseline posts are established and a permanent baseline is
in place, this alphanumeric grid system can be used year after year.

In the field, each 1 m2 grid can be represented by a single sheet of pa-
per attached to a clipboard or map case. This practice allows for the quarry
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Figure 5.4. Different kinds of bonebed maps illustrating the same excavated area in Bonebed 91, a
monodominant ceratopsian bonebed (Upper Cretaceous) in Dinosaur Provincial Park, Alberta. A. The
stipple illustration provides a clear sense of depth and stacking. B. The use of simple lines and circles helps
to document the (1) presence and concentrations of elements, (2) long bone trends, and (3) size polarity
of elongate elements.

maps to be handled easily on site. Back at the lab, individual sheets can
be digitally scanned and compiled and/or physically assembled to recon-
struct the entire bonebed map for further analyses. Additional data, such
as trend and plunge measurements and element-specific modifications
(weathering, tooth marks, borings, etc.), can also be easily recorded in the
field using predesigned hard copy or digital data sheets. Digital data
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collection also allows for subsets of data in the map (taxa, size ranges, ele-
ments) to be isolated and analyzed during later study (e.g., Lien et al., 2002).

With regard to GIS applications, Breithaupt et al. (2000) demonstrated
the utility of GIS and photogramatic mapping technology at a Morrison
bonebed near the classic Howe Quarry, Wyoming. At this locality an on-
site three-dimensional imaging system was used to collate data from sta-
tions on the ground and from an anchored helium balloon hovering above
the site during excavation. Commercial GIS-based mapping and data com-
pilation systems are also finding favor with bonebed workers (e.g., ArcView
[Lien et al., 2002]).

Microfossil Bonebeds

Methods for collecting specimens and data from vertebrate microfossil
sites were introduced by Hibbard (1949) and McKenna (1962, 1965) and
refined by numerous subsequent workers. Standard modern procedures
are relatively straightforward and have been described by Ward (1984),
Harris and Sweet (1989), Miller (1989), McKenna et al., (1994), and Cifelli
et al. (1996). In short, the goal is to collect bulk matrix that contains
fossils, and then to separate the fossils from the bulk matrix via physical
(e.g., wet screening through a set of appropriately sized sieves) or chemical
(acid preparation) techniques (Fig. 5.5). It is essential to record the volume,
weight, and/or number of units of the matrix collected. This information
provides a measure of relative fossil richness at the site and can also help
guide future collecting.

The process of collecting and identifying fossils within concentrated
residue is best managed by spreading a thin layer of the dried residue in a
shallow tray marked by grid lines and picking the fossils using the unaided
eye and/or a binocular microscope. Generally specimens are sorted on the
basis of the research design and placed in labeled vials or trays. An auto-
mated point-counter can be used to tally the numbers of common spec-
imens during the picking and identification phase, or specimens can be
counted after they have been grouped. The advantage of point-counting
during the picking phase is that an unbiased count can be established for a
predetermined volume of residue or distribution area within a picking pan.

The picking phase also offers the researcher an important opportunity
to assess taphonomic features such as size sorting, rounding, etching, pol-
ish, fractures, and weathering (see below). It is important to record these
data during the picking phase because many microfossil residues will con-
tain bone fragments whose only value is taphonomic in nature. Some
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Figure 5.5. Microfossil collecting methods. A. Don Brinkman using a llama to pack raw, microfossil-rich
matrix out of the field. B. Crew members of the Mahajanga Basin Project screening microfossil-bearing
matrix from site MAD93-35 in Madagascar. Concentrate is drying on burlap sacks in the foreground. C.
Advanced microfossil washing/screening system employed to concentrate fossils from the Pliocene Pipe
Creek Jr. sinkhole assemblage located near Swayzee, Indiana (photo courtesy J. Farlow).



workers will retain all fossil material from this phase regardless of its ap-
parent immediate value, whereas others may discard unidentifiable frag-
ments (we recommend that you do not do this). The picking phase may
also reveal the presence of other associated fossils such as invertebrate and
plant remains and minerals that may be of value with regard to interpret-
ing the paleoenvironment and/or paleoecology of the site.

Many of the published microfossil bonebed studies focus on the nature
of the included fossil material and provide only cursory descriptions of the
bonebed matrix and associated facies. However, detailed sedimentological
descriptions in combination with fossil assemblage data can lead to infor-
mative taphonomic and paleoenvironmental reconstructions of microfos-
sil bonebeds (e.g., Maas, 1985; Pratt, 1989; Brinkman, 1990; Eberth, 1990;
Fastovsky et al., 1995; Rogers and Eberth, 1996; Eberth and Brinkman,
1997; Rogers and Kidwell, 2000).

STEP 3: COLLECT GEOLOGICAL DATA

The collection of geological data should be a primary goal in every bone-
bed study, because knowledge that relates to the associated rocks can be
used to constrain and/or further refine taphonomic, paleoenvironmental,
and paleobiological interpretations, and can also provide significant in-
sight into large-scale climatic and tectonic processes that influenced fossil
preservation. Indeed, some bonebed studies focus almost exclusively on
the relationship between the geology of a site (or suite of sites) and the
associated fossils (e.g., Parrish, 1978; Badgley, 1986b; Hunt, 1987; Sander,
1987; Eberth, 1990; Smith, 1993; Schwartz and Gillette, 1994; Fastovsky
et al., 1995; White et al., 1998; Bilbey, 1999; Rogers and Kidwell, 2000;
Therrien and Fastovsky, 2000; Paik et al., 2001; Rogers et al., 2001; Rogers,
2005). In these geofocused taphonomic investigations, geological data
are combined with fossil-derived information to address questions that
relate to paleobiogeography, stratigraphic patterning in the fossil record,
and unusual facies associations, among others. Here, we outline a basic
approach to targeting and collecting geological data during the course of
a bonebed study. Table 5.1 summarizes the types of geological data that
generally serve to characterize a bonebed site. Some of this information
can be recovered from amassed samples in the laboratory, whereas other
information pertinent to geological goals must be collected in the field
from sediments in direct association with the bones.

First, literature that pertains to the local stratigraphy and sedimentology
should be compiled and reviewed so that a bonebed can be considered
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from an informed perspective. Stratigraphic reports will yield critical in-
sights into the age of a bonebed assemblage and will also serve to place
the site and its host facies in a framework that relates to the local and/or
regional geological history. Sedimentological data in these same reports,
or in studies specifically devoted to facies description and interpretation,
will provide the researcher with invaluable insights into the nature of
the rock under scrutiny, and the associated ancient environments that
are yielding the desired fossils. When traveling to the field in pursuit of
bonebeds we generally bring a small library of books and/or reprints that
relate to the site(s) or region under investigation. We also bring a variety
of tools, including a hand lens, hammer/hoe-pick, Jacob’s staff, Brunton
compass, GPS, hand level, hydrochloric acid, rock color assessment chart,
sample bags, field notebook, camera, and scale bar, among other odds and
ends (picks, brushes, permanent markers, etc.).

With regard to site-specific recovery of geological data, probably the
most fundamental source of information is the measured section (Fig. 5.6).
A measured section is basically a description of the local rock record from
bottom to top (or vice versa, if conditions warrant). It provides a framework
for assessing relative age relations among paleontological localities and
significant stratigraphic horizons (e.g., ash beds, bonebeds, shell beds) or
surfaces (e.g., flooding surfaces, sequence boundaries). It also serves as a
framework for the collection and analysis of geological and paleontologi-
cal samples. If multiple measured sections are described, they can be used
to generate cross sections through a bonebed and thereby document the
geometry of a productive unit and its facies relationships (Fig. 5.6). De-
tailed accounts of how to measure a stratigraphic section are provided by
Compton (1962), Kottlowski (1965), and Rogers (1994). Differential GPS
and GIS technology also holds promise for those studying the stratigraphic
relationships of bonebeds (e.g., Lien et al., 2002).

In addition to measuring carefully positioned stratigraphic sections in
and around a bonebed, geologic samples should also be collected from
the bone-bearing stratum and associated units for use in a variety of lab-
oratory analyses, including (1) petrographic description, (2) clay analysis
(specifically X-ray diffraction), (3) geochemical characterization (major
and trace element concentrations, isotopic signatures, etc.), and (5) mi-
crofossil identification (vertebrate, invertebrate, plant) (e.g., Hunt, 1978;
Whitaker and Antia, 1978; Antia and Sykes, 1979; Voorhies, 1985; Thomas
et al., 1990; Eberth, 1993; Varricchio, 1995; Coombs and Coombs, 1997;
Bilbey, 1999; Eberth et al., 1990, 2000). Paleocurrent indicators both
within the bonebed (e.g., sedimentary structures, elongate bones and logs)
and in associated units should be measured and recorded as well. This
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type of detailed work within and around a bonebed can yield important
insights into formative processes and can provide critical clues into tapho-
nomic history (Trueman and Benton, 1997; Bilbey, 1999; Trueman, 1999,
Chapter 7 in this volume; Staron et al., 1999; Rogers et al., 2001; Schröder-
Adams et al., 2001). Detailed analyses of geochemistry, clay mineralogy,
and microfossil content can also yield important insights into regional
correlations, which in turn help to place a bonebed into a meaningful
stratigraphic framework.

Finally, the description of a rock body that preserves a bonebed assem-
blage should always include color (fresh and weathered), texture (grain
size, shape, and sorting), lithologic composition (mineralogy), sedimen-
tary structures, degree of induration and type of cement, fossil content
(above and beyond the bones), and pedogenic features (Table 5.1). Any
type of structural deformation, such as folding, faulting, brecciation, or
jointing, should also be noted. The nature of the contacts that bound a
bone-bearing stratum is critical to the reconstruction of geological history
and therefore deserves serious scrutiny. Contacts are most often charac-
terized as erosional (underlying beds or structures truncated), sharp (no
truncation, but knife-edge change in lithology), or gradational. The geom-
etry of a bonebed-bearing stratum (e.g., lenticular, tabular, wedge-shaped)
and lateral and vertical facies relationships should be determined when-
ever possible. Perhaps our best advice would be to always include a well-
trained sedimentary geologist as part of the research team, whose main
focus will be the careful description and analysis of sedimentary facies.

STEP 4: COLLECT TAPHONOMIC DATA

Efremov (1940) originally defined taphonomy as the study of the tran-
sition of animal remains from the biosphere to the lithosphere. In the
case of bonebeds, this already remarkable transition is by definition ac-
complished by multiple individuals. With this in mind, deciphering the
timing of mortality is of particular significance. A given bonebed might
record the catastrophic mortality of a gregarious group, at which time re-
searchers may have the opportunity to explore group behavior and ecol-
ogy (Brinkman et al., Chapter 4 in this volume; Rogers and Kidwell, Chap-
ter 1 in this volume). Alternatively, a bonebed may reflect the long-term
accumulation of vertebrate remains in a setting particularly amenable to
bone preservation. These markedly disparate histories must be deciphered
if accurate paleobiological reconstructions are to be achieved.
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Several workers have summarized the types of data that should be col-
lected in a taphonomic investigation of a vertebrate fossil locality (e.g.,
Efremov, 1940; Munthe and McLeod, 1975; Shipman, 1981; Behrens-
meyer, 1991; Lyman, 1994; Rogers, 1994). These previous treatments gen-
erally group data into categories that reflect natural subdivisions of inquiry
(e.g., geology vs. biology). This very logical approach is also followed here
in our consideration of bonebeds. The collection of geological data perti-
nent to the analysis of a bonebed was addressed in the previous section,
and thus the following discussion focuses on three sets of data derived from
the bones themselves. These three categories, which are distilled from the
“taphonomic evidence” and “variables” of Behrensmeyer (1991, her Ta-
bles 1 and 3), include (1) assemblage data, (2) spatial data, and (3) bone
modification data (Table 5.1).

After data are collected, the bonebed can be compared with other well-
documented sites in an effort to explore taphonomic trends and large-
scale paleobiological phenomena (e.g., Dodson et al., 1980; Brett and
Baird, 1986; Behrensmeyer et al, 1992; Rogers, 1993; Smith, 1993; Fiorillo,
1999; Trueman, 1999; Behrensmeyer et al., 2000; Englemann and Fiorillo,
2000; Rogers and Kidwell, 2000; Therrien and Fastovsky, 2000; Rogers
et al., 2001; Straight and Eberth, 2002). Behrensmeyer (1991) pioneered
a graphic presentation method (taphograms) that can be used to compare
multivariate data sets derived from several bonebeds (Lyman, 1994; Fior-
illo, 1997; Colombi and Alcober, 2004).

Assemblage Data

Assemblage-derived data sets characterize the bonebed assemblage or its sub-
samples from a predominantly faunal perspective (Behrensmeyer, 1991).
They serve to describe population statistics (number of individuals, number
of taxa, relative abundance of taxa, age spectra, etc.), and also provide infor-
mation on skeletal articulation and element sorting. Basic approaches to
collecting these types of data are reviewed by Munthe and McLeod (1975),
Shipman (1981), Behrensmeyer (1991), Rogers (1994), and Lyman (1994).

Sample Size

The sample size (N) of a bonebed is the total number of fossils recov-
ered or encountered. It is an overall measure of the fossiliferous nature of
a site and is critical to analytical aspects of taphonomic study (Blob and
Badgley, Chapter 6 in this volume). Sample size also plays a vital role in
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subsequent comparisons to other sites (Behrensmeyer, 1991). Unfortu-
nately, most bonebeds preserve a spectrum of elements that range from
complete bones to unidentifiable fragments, and it can often be difficult to
determine exactly what to recover and count and what to set aside. This
problem is often exacerbated by the breakage of fossil material during
excavation and/or screen-washing.

In microfossil bonebeds, N is often simply tallied as the total number of
specimens that result from matrix removal procedures. This is presumably
a scientifically sound approach because it is often virtually impossible to
definitively associate fossils collected in these types of sites. In macrofossil
bonebeds that preserve a mix of intact elements and fragments, counting
specimens requires considerably more thought. Should every identifiable
fragment be counted, or should there perhaps be an arbitrary cutoff based
on considerations of element completeness? What should be done with
fragments that cannot be readily identified? And given the all too often
great costs of excavation in macrofossil sites, how much effort should be
expended upon the collection and tabulation of unidentifiable fragments?
There are not simple answers to these questions, and opinions will likely
vary in relation to whether a study is primarily faunal or taphonomic in
nature. Regardless, there should always be a final tally that reports ei-
ther (1) the total number of fossils encountered (all specimens, including
pristine elements and bone pebbles), or (2) the total number of identifi-
able specimens (NISP) (e.g., Voorhies, 1969; Fiorillo, 1991a; Coombs and
Coombs, 1997).

Counting Individuals

Various tactics can be employed to establish the number of individu-
als preserved in a bonebed assemblage, and a few of the more common
approaches are briefly reviewed here (Chaplin, 1971; Grayson, 1984; Klein
and Cruz-Uribe, 1984; Badgley, 1986a). The reader is referred to the Chap-
ter 6 by Blob and Badgley (this volume) for a detailed discussion of the
protocols that relate to determining the number of identifiable specimens
(NISP), minimum number of elements (MNE), and minimum number of
individuals (MNI) in a bonebed.

NISP counts tally the number of identifiable specimens per taxon. Each
bone, tooth, or bone/tooth fragment assignable to a given taxon is
counted as an individual. This method is presumably most suitable for
those sites that have experienced extensive postmortem disarticulation
and mixing, either in a physical or temporal sense. With NISP there is an
assumption of zero probability of association, and this assumption, while
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potentially valid for some sites, could easily lead to overcounting and the
inflation of taxonomic representation. This is especially true at localities
where fragmentation, whether occurring preburial or postexhumation, is
pervasive (Badgley, 1986a). Arguably, many of the vertebrate microfossil
bonebeds from the Cretaceous of Montana and Alberta (Eberth, 1990;
Rogers and Kidwell, 2000) are amenable to this method of counting indi-
viduals.

A modification of the NISP method termed MNE strives to accom-
modate the count-inflating effects of breakage. The goal with MNE is to
associate all fragments that could potentially comprise a single skeletal
“element” (be it a single bone, such as the humerus, or a complex of bones,
such as a hind limb or caudal series). The protocol is fairly lenient in that
matching patterns of breakage are not generally required. Associations
among MNE-assembled elements are not necessarily factored into the final
counts, and thus each element “assembled” through consideration of its
potential fragmentary components is typically counted as one individual
(Badgley, 1986a).

MNI counts measure the minimum number of individuals in a sample
based on a tally of unique skeletal elements. For example, a collection
from a bonebed might include 223 identifiable elements, and eight of
these bones might be left femora. This observation obviously translates
to a minimum number of eight individuals. Additional individuals could
be added to this total using arguments that relate to the age, size, and/or
preservational state of specimens in a collection. For example, MNI esti-
mates could be based on the frequencies of more than one unique element
where size differences between elements are regarded as ontogenetically
significant (e.g., four large left humeri and three small right humeri results
in an MNI of 7) (e.g., Currie, 2000). The MNI count is arguably well suited
for macrofossil bonebeds where there is clear indication of association
among the majority of elements (e.g., Hunt, 1987; Rogers, 1990; Fiorillo,
1991a; Coombs and Coombs, 1997; Ryan et al., 2001).

Taxonomic Representation and Relative Abundance

Taxonomic representation in a bonebed is measured by compiling a
list of taxa confidently identified in an assemblage. Thus, it is a crude
measure of taxonomic diversity in a particular site. However, because
taxonomic representation in a bonebed is often presented as a mixture of
species, genera, and higher-level designations (e.g., Fiorillo, 1991a; Ryan
et al., 2001), it can be underestimated. The relative abundance of taxa
in a bonebed is determined by counting the estimated number of
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individuals for each taxon and expressing the number as a percentage of all
the known individuals in the assemblage (e.g., Voorhies, 1969; Brinkman,
1990). Like taxonomic representation, the accuracy of this measure is de-
pendent on the taphonomic nature of the site and the appropriateness of
the method(s) used to determine the number of individuals. Jamniczky
et al. (2003) proposed a methodology based on rarefaction analysis and
empirical observations to test the degree of sampling required for NISP
counts in microfossil bonebeds to accurately reflect the diversity and rel-
ative abundance of taxa. Such tests are potentially applicable to a wide
spectrum of bonebed samples, and their use is encouraged to ensure that
comparisons of taxonomic content and diversity between sites are valid.
Pie charts are often used to illustrate and compare the relative abundance
of taxa among bonebeds (e.g., Lehman, 1982; Brinkman et al., 1998).

The assessment of taxonomic diversity and relative abundance in a
bonebed yields significant insights on the interpretive front. For example,
low-diversity to monospecific assemblages are often interpreted to reflect
stressed paleoenvironments or unusual preservational circumstances, or
both (Behrensmeyer, 1991). In contrast, diverse assemblages that include
a wide array of taxa that vary in body size are often considered to represent
less-biased samples of standing vertebrate populations. In assemblages
where the relative abundance of taxa is positively correlated with body
size (i.e., elements of large taxa are more common than those of small
taxa), it is often postulated that taphonomic processes such as hydraulic
sorting and/or predation/scavenging have selectively removed more of
the remains of smaller animals (e.g., Coombs and Coombs, 1997).

Age Profiles

Overall age spectra for an assemblage are obtained by assigning indi-
viduals to age categories (e.g., juveniles, subadults, adults) based on dental
features, osteological traits, or some combination of both (Voorhies, 1969;
Currie and Dodson, 1984; Henrici and Fiorillo, 1993; Ryan et al., 2000).
The numbers of individuals in each category are tallied and usually ex-
pressed in frequency histograms (e.g., Voorhies, 1969). Ideally, sample
size should be sufficiently large to provide statistical support for the inter-
pretation of the resultant distributions. It is generally assumed that an
assemblage that preserves a “catastrophic age profile” will include fewer
individuals from each successive age class and will better reflect the stand-
ing vertebrate population. In contrast, an assemblage characterized by an
“attritional age profile” will be biased toward those animals most suscep-
tible to background mortality and will likely preserve more juveniles and
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Figure 5.7. Theoretical size-frequency histograms for fossil assemblages that accumulate as a result of ei-
ther a nonselective catastrophic kill event or long-term attrition of predominantly young and old members
of a population. Postmortem burial histories further modify preserved age structure via preferential culling
of juvenile remains by destructive taphonomic processes. Size-frequency diagrams such as these are typi-
cally employed to interpret ontogenetic patterns in fossil vertebrate assemblages (modified from Voorhies,
1969; Shipman, 1981).

old individuals (Fig. 5.7) (Kurten, 1953; Voorhies, 1969; Shipman, 1981;
Korth and Evander, 1986; Behrensmeyer, 1991).

Ontogenetic data derived from bonebed assemblages can help a re-
searcher determine whether a given accumulation formed as the result of
mass mortality, selective culling, or long-term attrition (e.g., Lyman, 1994;
Brinkman et al., Chapter 4 in this volume) and can also inform hypotheses
related to modes of preservation given the generally lower resilience of ju-
venile bones (Behrensmeyer, 1978). For vertebrates in general, age classes
are typically assigned based on the degree of skeletal fusion, the size dis-
tribution of specific skeletal elements, the texture of bone surfaces, and/or
bone histology (e.g. Currie and Dodson, 1984; Henrici and Fiorillo, 1993;
Varricchio, 1995; Fiorillo et al., 2000; Erickson et al., 2001; Ryan et al.,
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2001). For mammals, eruption patterns in tooth-bearing elements and
wear histories of individual teeth also provide telling clues into the age
structure of an assemblage (Voorhies, 1969; Webb et al., 1981). This type
of information is most readily available after fossils are prepared.

Body Size

Determining body size (typically expressed as mass estimates in kilo-
grams) from a sample of fossilized bones or bone fragments is not necessar-
ily a straightforward endeavor. When whole carcasses or sizeable fractions
of carcasses are preserved (e.g., Gilmore, 1925; Voorhies, 1985), the es-
timation of body mass is relatively uncomplicated. However, it is more
often the case that only partial remains of individuals are recovered, and
when the remains are fragmentary, estimating body size can be problem-
atic, especially when focused at the individual level (as opposed to general
body size estimates for a taxon). There are several approaches to the esti-
mation of body size among vertebrates, and it is almost always possible to
relegate individuals to at least minimum size categories (Anderson et al.,
1985; Behrensmeyer, 1991).

Body size variation among individuals is one attribute used to estimate
the age structure of a vertebrate assemblage (see above). Body size also plays
a significant role in preservation potential, with smaller individuals gener-
ally more susceptible to both transport and destructive taphonomic pro-
cesses, such as scavenging and weathering (Behrensmeyer and Dechant
Boaz, 1980). This bias works both ways, however, in that smaller indi-
viduals (and their smaller body parts) are also more readily buried. Given
these considerations, determining body size trends among individuals rep-
resented in a bonebed assemblage can provide important insights that
relate to potential mortality scenarios and postmortem taphonomic path-
ways.

Skeletal Articulation and Association

Bonebeds can preserve collections of articulated skeletons (Voorhies,
1985), assemblages of disarticulated and thoroughly dissociated skeletal el-
ements (Smith and Kitching, 1997), or complex mixtures of skeletal remains
in various states of articulation and association (Colbert, 1989; Fiorillo,
1991a; Schwartz and Gillette, 1994; Rogers, 2005). This varied signature of
articulation and association reflects the diverse array of taphonomic his-
tories that vertebrate carcasses experience postmortem, and also reflects
to some degree ontogenetic and taxonomic controls on disarticulation
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Figure 5.8. The Dalton Wells bonebeds (Lower Cretaceous, eastern Utah) are dominated by disarticulated
and unassociated skeletal elements from a variety of dinosaur taxa. However, in plan view (A), a local
concentration of osteoderms and limb bones from the ankylosaur Gastonia (circled area) indicates that as-
sociated partial skeletons with skin patches also occur in the assemblage (courtesy of B. B. Britt). B. A cross
section through the site reveals the presence of at least four stratigraphically distinct bone concentrations
(from Eberth et al. [2006], used with permission).

patterns (Fig. 5.8) (Gilmore, 1936; Fiorillo, 1991a; Varricchio, 1995; Fior-
illo et al., 2000).

The degree of articulation in a bonebed assemblage is generally estimat-
ed in a qualitative sense (e.g., “partially articulated” vs. “fully articulated”)
from observations of maps and/or photographs. Alternatively, a researcher
can calculate the number of expected articulations in an intact skeleton
and express the degree of articulation at the individual level in a more ex-
act fashion (e.g., 75% of potential articulations remain intact in specimen
A, 5% in specimen B, etc.).
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The degree of element association in a bonebed is generally gauged
again in a qualitative fashion by evaluating the spatial proximity of bones
(from maps and/or photographs) in relation to original anatomical asso-
ciations (e.g., Is the femur close to pelvic elements?). Association is also
sometimes considered from the perspective of individual carcasses: Do the
disarticulated bones of carcass X remain in relative proximity, or are they
dispersed widely among the remains of other animals?

Because the degrees of disarticulation and dissociation in a bonebed
assemblage are at least partly a function of time (if burial is rapid or imme-
diate, there is little to no time to disarticulate and scatter remains), their
relative extent can be used to estimate the duration of exposure to surface
processes (e.g., Dodson, 1971; Behrensmeyer, 1991; Currie, 2000). Numer-
ous actualistic studies have focused on the timing and pattern of passive
disarticulation in medium- to large-bodied ungulates (Toots, 1965a; Hill,
1979; Todd, 1983; Hill and Behrensmeyer, 1984; Micozzi, 1991). Lyman
(1994) combined the results of studies by Hill (1979) and Hill and Behrens-
meyer (1984) to show that during decay major body parts that are con-
nected by synovial joints to the main body (e.g., forelimb, lower jaw,
cranium, hindlimb) tend to separate consistently early in the disarticu-
lation sequence (weeks to months) unless unusual environmental condi-
tions (anoxia, rapid burial) come into play.

Living animals can also have an impact on the timing and extent of
skeletal disarticulation and dissociation. Numerous studies describe the in-
fluence of modern predators/large scavengers on disarticulation (Weigelt,
1927, 1989; Haynes, 1980; Blumenschine, 1986; Domı́nguez-Rodrigo,
1999; see reviews in Behrensmeyer, 1991 and Lyman, 1994). Predation and
scavenging of medium-to-large modern ungulates by mammalian carni-
vores appears to result in a relatively predictable sequence of disarticula-
tion that correlates with the amounts of the soft tissue surrounding the
targeted parts (Blumenschine, 1986). Fortunately, indication of predation
and/or scavenging in a bonebed can often be inferred from the presence of
shed teeth (e.g., Buffetaut and Suteethorn, 1989; Ryan et al., 2001) or tooth
marks on elements (e.g., Voorhies, 1969; Fiorillo, 1991a, 1991b; Ryan et
al., 2001; Rogers et al., 2003). Trampling in and around a bonebed may
also accelerate disarticulation rates. Evidence for trampling is often pre-
served in the form of scratch marks, abrasion/polish, breakage, and bone
orientation patterns (Hill and Walker, 1972; Fiorillo, 1984, 1987, 1988a,
1989; Lyman, 1994; and others).

Finally, although actualistic studies provide a wealth of taphonomic
information about disarticulation patterns in modern large-mammal com-
munities, it is critical to remember that some anatomical features in extinct
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vertebrates will likely result in disarticulation patterns that do not lend
themselves to direct comparisons with modern ungulates. For example, it
is very likely that dermal armor and ossified tendons inhibited or at least
influenced disarticulation patterns in some groups within the Dinosauria.
The bonebed worker should always keep in mind both the usefulness and
potential limitations of modern analogs and actualistic observations when
attempting to reconstruct phenomena in the fossil record.

Skeletal Completeness

Skeletal completeness compares actual skeletal element representation
in a bonebed with expected skeletal element representation calculated
using MNI or, in some cases, MNE. For any given taxon, this completeness
estimate provides a measure of the degree of preservational biases (Fig.
5.9). This measure of skeletal representation can help the researcher sort
through the various impacts of physical and biological sorting agents and
ultimately frame meaningful hypotheses related to overall taphonomic
history. Skeletal completeness calculations can also provide a measure of
preservational biases by taxon or age class and are a first step in evaluating
relative degrees of time averaging and authochthony versus allochthony
in a bonebed assemblage (Behrensmeyer, 1975).

Skeletal completeness is calculated by dividing the number of occur-
rences of a given element by the expected frequency of occurrence for this
element in a complete skeleton multiplied by the MNI (e.g., Hunt, 1990;
Fiorillo et al., 2000). Given the dependence on decisions related to count-
ing protocols, skeletal completeness estimates are always subject to some
degree of controversy and/or error (Blob and Badgley, Chapter 6 in this
volume). Perhaps the best advice is to be entirely transparent in relation
to the protocols used to determine completeness estimates, so that related
findings can be critically evaluated by future workers.

With completeness estimates in hand, the researcher can entertain a
variety of hypotheses that relate to the sorting and selective removal of
skeletal elements. For example, if small elements such as phalanges, ribs,
and caudal vertebrae are underrepresented it might reflect preferential
culling via ingestion by carnivores feeding from the death assemblage.
Alternatively, small and/or fragile elements may have been selectively
winnowed from a site by vigorous fluvial currents, or perhaps obliterated
by trampling or chemical dissolution. Fortunately, a wealth of informa-
tion based on actualistic experimentation and observation can be consid-
ered in conjunction with bone census data to help diagnose the signatures
of potential sorting agents in a bonebed assemblage (e.g., Voorhies, 1969;
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Figure 5.9. Diagram modified from work by Coombs and Coombs (1997) showing skeletal represen-
tation in the taxon Moropus elatus. Skeletal remains of at least 10 M. elatus individuals were recovered in
the Morava Ranch Quarry. Cranial components and large limb elements are in general better represented
than ribs, vertebrae, or components of the manus and pes.

Chaplin, 1971; Dodson, 1973; Frey et al., 1975; Hill, 1979, 1980; Korth,
1979; Haynes, 1981; Behrensmeyer, 1982, 1988; Grayson, 1984; Klein
and Cruz-Uribe, 1984; Lyman, 1984, 1994; Boaz and Behrensmeyer, 1986;
Coard and Dennell, 1995). It should also be stressed that accurate geolog-
ical information can play a critical role in distinguishing among potential
sorting agents.

With regard to expressing “completeness” estimates and the extent of
sorting in a bonebed assemblage, most researchers utilize “Voorhies groups.”
Voorhies (1969) conducted flume experiments using disarticulated coy-
ote and sheep skeletons and recognized three hydraulic-transport groups.
Each successive group showed an increased resistance to movement and
dispersal, starting with (1) ribs, vertebrae, sacrum and sternum, some
phalanges, then (2) limb bones, some phalanges, and finally (3) skull
and jaws. Behrensmeyer (1975) formalized reference to these transport
categories as Voorhies groups I, II, and III, respectively. Determining the
relative abundance of skeletal elements in these categories can serve
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to characterize the degree to which an assemblage is winnowed (leav-
ing a parauthochthonous residual lag dominated by group III) or per-
haps transported (yielding a more-or-less hydraulically compatible col-
lection of allochthonous elements dominated by groups I and II) (e.g.,
Behrensmeyer, 1975; Coombs and Coombs, 1997). In an effort to further
address the question of authochthony versus allochthony, Behrensmeyer
and Dechant-Boaz (1980) developed the teeth/vertebrae ratio (T/V), which
amplifies the significance of the presence/absence of Voorhies group I and
Voorhies group III elements. Where the ratio is >1 in mammalian assem-
blages, some degree of hydraulic sorting is usually assumed (e.g., Fiorillo,
1988a, his Table 5). Skeletal data assigned to Voorhies groups are tradi-
tionally presented in tables (Voorhies, 1969; Ryan et al., 2001), ternary
diagrams (Behrensmeyer, 1975; Fiorillo, 1988a; Fiorillo et al., 2000), and
histograms (Coombs and Coombs, 1997).

Over the years numerous studies have relegated collections of fossil
bones derived from a wide variety of taxa (e.g., dinosaurs, mammals, tur-
tles, crocodiles) to the three Voorhies groups to reconstruct sorting histo-
ries (e.g., Dodson, 1973; Behrensmeyer, 1975; Hunt, 1978; Shipman, 1981;
Lehman, 1982; Fiorillo, 1988a, 1991a; Rogers, 1990; Blob and Fiorillo, 1996;
Blob, 1997; Coombs and Coombs, 1997; Ryan et al., 2001). However, bone-
bed workers are herein strongly cautioned to consider whether the Voorhies
group concept is applicable to animal groups (living or extinct) that deviate
in size and osteology from the original target group (sheep and coyotes).

Spatial Data

Spatial data sets derived from direct measurements of bones within bone-
bed assemblages serve to clarify the geometry (e.g., lens, ribbon, sheet)
and extent (generally expressed in square meters), or at least the minimum
extent, of a bone concentration, and shed light on the two- and three-
dimensional distribution of skeletal remains (packing, patchiness, trends
in preservational quality, etc.). Orientation data collected from individ-
ual elements provide important insights into transport histories, sorting
phenomena, and bioturbation. Data that serve to characterize a bonebed
assemblage from a spatial or geometric perspective are derived from in situ
measurements of fossils in their host facies prior to element extraction and
are generally compiled in the form of two- or three-dimensional maps
(Fig. 5.8), photographs, and tallies of directional measurements (trend,
plunge). Directional measurements in turn are regularly displayed using
rose diagrams and/or stereonets (see below).
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Scale and Geometry of Skeletal Concentration

Assessing the lateral extent and geometry of a bone accumulation is of
primary importance because the overall scale of a deposit can help con-
strain potential formative scenarios. For example, a localized occurrence
of skeletal remains that spans only a few square meters and consists of
relatively few carcasses might reflect background mortality at a watering
hole, den, or other frequently visited locale. In contrast, widespread con-
centrations of vertebrate remains that include many tens, hundreds, or
even thousands of individuals may represent some type of event mortal-
ity (Behrensmeyer, 1991) or the accumulation of biological debris dur-
ing periods of sediment starvation or erosion (Smith and Kitching, 1997;
Schröder-Adams et al., 2001). Regardless of potential formative scenarios,
tracking bonebeds to their termination is of utmost importance but is not
always plausible. In cases where erosion or limited exposures inhibit the
tracing of a bone-bearing stratum, minimum dimensions should be de-
termined. In addition, laterally adjacent exposures should be thoroughly
explored to determine if a bone-bearing stratum extends beyond the orig-
inal locality. Ideally, a bonebed should be mapped throughout its entire
extent. Aerial photographs and satellite imaging may prove particularly
useful for tracking extensive bonebed horizons.

The geometry of a bone accumulation is also worthy of scrutiny, as tell-
tale configurations do exist. For example, a linear assemblage of vertebrate
remains could reflect a wave-generated concentration of bones and/or car-
casses along a strandline (e.g., Sander, 1989; Rogers et al., 2001), or perhaps
an accumulation of skeletal remains in a linear channel or trough. Simi-
larly, a roughly circular accumulation could record death in and around
a small pond or waterhole environment (Saunders, 1977).

Patterns in the distribution of skeletal remains within a bonebed should
also be carefully documented with mapping and photography. Bones can
be relatively evenly dispersed across a surface or within a stratum, or they
can be highly patchy in their distribution (Fig. 5.10). A bone assemblage
can be densely packed with skeletal material (e.g., Peterson, 1905; Hill
and Walker, 1972; Lawton, 1977; Norman, 1987), or relatively sparse and
patchy in its preservation of skeletal remains. Bone-on-bone contacts be-
tween anatomically unrelated elements can reflect a variety of physical and/
or biological processes, such as hydraulic transport, winnowing, erosion,
biological gathering, trampling, and so forth. In contrast, assemblages
showing few if any bone-on-bone contacts in graded to massive deposits
may reflect mass flow or bioturbation, among other phenomena (Fas-
tovsky et al., 1995; Eberth et al., 2006). The degree of bone concentration
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Figure 5.10. Patchiness in bone concentration, bone size, and taxonomic composition is a character-
istic feature of the Prehistoric Park bonebed (Horseshoe Canyon Formation, Upper Cretaceous) near
Drumheller, Alberta. Large limb elements of an Edmontosaurus are abundant in the western portion of
the site. Small fragmentary ornithischian bones and scattered teeth of large and small theropods are pre-
dominant in the eastern sector of the site. Courtesy of the Royal Tyrrell Museum, Day Digs Program.

in macrovertebrate assemblages is generally reported as bones per unit
area (e.g., bones/m2). In microvertebrate localities, bone density is gener-
ally reported as bones per unit weight (e.g., bones/kg).

Size-sorting trends may also be evident within a bonebed (Fig. 5.10),
with perhaps large individuals or large skeletal elements segregated to
a particular sector of an accumulation. A bonebed assemblage may also
show internal patterning in degrees of fragmentation or weathering. A
two- or three-dimensional depiction of the spatial distribution of bones
can also clarify whether there are potential associations among elements,
especially when multiple animals are present and represented by broken
and disarticulated remains (e.g., Britt et al., 2004). Such analyses can help
to identify the presence, distribution, and taphonomic significance of sub-
populations of bones in a bonebed (e.g., Voorhies, 1985; Britt et al., 2004).
Accurate measurement of in situ bone density and distribution requires
well-planned excavation and consistent mapping.

The thickness of a bonebed deposit should also be carefully ascer-
tained and documented with cross sections and three-dimensional maps.
Trends in thickness can reveal the topography of the surface upon which
accumulation occurred, which in turn can help an investigator narrow po-
tential depositional settings (Fig. 5.11). Freshly trenched vertical sections
through a bonebed provide perspective on how specimens relate to beds
and bounding surfaces and thus may yield insights into processes that
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relate to original concentration and burial (Fig. 5.8). For example, where
vertical profiles and maps show the majority of bones concentrated in
thin pavements along bounding surfaces, hypotheses of formation should
focus on scenarios that include active turbulent flows, or perhaps condi-
tions of sediment starvation that encouraged enrichment in bioclastic
debris prior to final burial. Further resolution can be ascertained by grain
size analyses. Elements associated with coarse-grained facies may prove to
be lag deposits modified and concentrated by low-viscosity, high-energy
flows (Lawton, 1977; Ryan et al., 2001). Conversely, elements concen-
trated at the base of fine-grained facies (mudstones) may be lag deposits or
an assemblage that was ultimately buried in a low-energy setting by sus-
pension deposits (be it aqueous or subaerial). Finally, where bones occur
dispersed throughout a massive sedimentary deposit, potential formative
scenarios might include (1) incremental addition of bones over time to a
slowly accumulating deposit (e.g., a lake slowly filling with sediment), (2)
bioturbation and mixing of bones in a setting prone to biological activity
(e.g., waterhole), (3) transport and deposition by high-viscosity flows (e.g.,
cohesive debris flows), or (4) some combination of the above (Andrews
and Ersoy, 1990; Sander, 1992; Rogers, 2005).

Orientation of Individual Bones and Carcasses

Studies of element orientation focus on the three-dimensional in situ
arrangement of populations of fossils in the bonebed host facies. Its mea-
sures derive from an assessment of element orientations within a three-
dimensional coordinate system (compass direction and deviation from the
horizontal). With bone orientation data in hand, a researcher can evalu-
ate a wealth of hypotheses that relate to the overall history of a bonebed
assemblage.

Most of the emphasis on bone orientation has focused on decipher-
ing the nature and influence of surface flows on bone assemblages. For
example, experiments and field observations indicate that turbulent sur-
face flows (“normal” stream flow) can orient the long axes of bones (and
other elongate objects such as trees) either parallel or perpendicular to the
trend of flow, depending on the energy of the flow, shape of the element,
water depth, and the geometry of associated bedforms (ripples, dunes) and
macroforms (in-channel bars) (Voorhies, 1969; MacDonald and Jefferson,
1985; Behrensmeyer, 1990; Morris et al., 1996). In addition to diagnosing
the general sense of ancient currents, upstream and downstream directions
can often be determined by examining the polarity of elongate elements.
For example, Voorhies (1969, appendix) noted that larger ends of fresh
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limb bones from coyotes, sheep, badger, and rabbit were preferentially
oriented upstream. Moreover, bones imbricate with an upstream dip.

Data derived from bone orientation can also be used to identify other
causes of bone dispersion, such as trampling (Fiorillo, 1988a, 1988b, 1989)
and convection (Van Valkenburgh et al., 2004). Similarly, high-viscosity
flows can be diagnosed by the presence of a chaotic three-dimensional pat-
tern in association with poorly sorted massive sediments (Eberth et al., 2006).

Orientations of elongate skeletal elements (those that have a maxi-
mum axis that is at least twice as long as the intermediate and minimum
axes, such as limb bones and ribs) in a bonebed assemblage should be
measured using a Brunton compass (see Compton [1962, p. 21] for a de-
scription of a Brunton) or comparable device (less expensive compasses
will also do the job). Trend, plunge, and polarity data should be collected
from all suitable elements. Be sure to note whether bones are in contact or
close proximity, because such association may indicate bone interference
or soft-tissue connections, both of which can influence ultimate orienta-
tions.

The trend of a bone is the compass direction of the vertical plane
that includes the long axis of the bone. To measure the trend, orient the
axial line of a horizontally leveled Brunton compass parallel to the vertical
plane that includes the long axis of the bone (Rogers, 1994, Fig. 3.3A). If
the elongate axis of a bone is horizontal (or very nearly so), trend is a bi-
directional property (e.g., the bone trends N45E and S45W), and there is
no plunge. The plunge of a bone is the vertical angle between the long axis
of the bone and a horizontal plane (Rogers, 1994, Fig. 3.3B). To measure
plunge, orient the edge of a Brunton compass parallel to the long axis
of the bone and rotate the clinometer level until the bubble is centered.
Remember to correct plunge measurement if bones occur in structurally
dipping strata. If a bone is not horizontal, it by convention trends in
the direction of plunge (e.g., N45E, 25˚, where 25˚ indicates the angle of
plunge). Alternatively, trend data can be presented as an azimuth, which
in the previous example would be presented as 045, 25˚. Bone polarity
simply refers to whether one end of a bone is significantly larger than the
other (e.g., fragmentary limb bones with one intact end and vertebral ele-
ments with elongate neural spines and centra [Hunt, 1978]). Data relating
to bone trend, plunge, and polarity (if present) should be recorded on the
field map and in a field notebook. As is the case when recording similar
data from cross-stratified sedimentary rocks, it is always good to note the
relative sizes of the bones from which the data are retrieved. For example,
a given surface flow may act preferentially on smaller elements and leave
larger bones unaffected.
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Where bones show only minor divergence (<5˚) from a horizontal da-
tum, two-dimensional data sets that record the trends of long bones pro-
vide sufficient data for statistical analysis and are commonly displayed in
rose diagrams (Shipman, 1981; Kreutzer, 1988; Hunt, 1990; Henrici and
Fiorillo, 1993). Where bone orientations show a significant divergence
from the horizontal due to complex biostratinomic or geologic (struc-
tural) histories (e.g., Hunt, 1978; Fiorillo, 1988a; Varricchio, 1995), three-
dimensional stereographic presentations are much more informative (Fig.
5.12) (Toots, 1965b; Voorhies, 1969; Fiorillo, 1988b). In instances where
original bone orientations have been shifted significantly by tectonics
(e.g., Dinosaur National Monument), a stereographic projection can be
used to rotate bones to their original predeformation orientations (Ragan,
1973; Knox-Robinson and Gardoll, 1998).

A variety of statistical tests can be applied to the spatial data set to
determine whether the element orientations represent a significant de-
parture from a random distribution. However, statistics applied to radial
(and three-dimensional) data sets are notoriously complex (Curray, 1956;
Davis, 1986). For example, simple analysis of variance (Kreutzer, 1988)
may generate spurious results, depending on the size of the petals desig-
nated for a given rose diagram. Therefore, the reader is strongly encour-
aged to review the literature on this topic devoted to bones (Morris et
al., 1996; Richmond and Morris, 1996). There are a variety of statistical
packages available that provide a range of tests based on different con-
ditions, any one of which may or may not be appropriate depending on
site-specific circumstances (e.g., Oriana, www.kovcomp.co.uk/oriana/).

Bone Modification Data

Bones and teeth are exposed to a wide variety of processes in the post-
mortem environment that can alter macroscopic and microscopic mor-
phology. These processes include but are certainly not limited to tram-
pling, weathering, scavenging, rooting, burrowing, and chemical/biologic
etching and corrosion (e.g., Clark et al., 1967). Given their links to partic-
ular processes and phenomena, bone modification features provide some
of the most telling insights into the origins of bonebed assemblages, and
they provide pivotal clues into the duration of exposure and residence
time in the “active zone” prior to final burial (discussions in Behrens-
meyer, 1991; Lyman, 1994). We regard the geochemical alteration and di-
agenesis of bones as a separate topic (Trueman, Chapter 7 in this volume;
Fricke, Chapter 8 in this volume).
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Figure 5.12. Rose diagrams depicting bone orientations in the lower Agate bonebed (modified from Hunt,
1990). A. In this plot azimuth readings derived from two superposed horizons are combined. Measure-
ments are clustered in 10˚ classes. The overall pattern is consistent with a relatively random distribution
of elements. When the measurements are segregated by horizon, a preferred alignment is evident in a
fine-grained sandstone bed (B), whereas a more random distribution characterizes bones preserved in an
associated calcareous tuff (C). D. Stereographic projection of bone orientation data collected in Hazard
Homestead Quarry (modified from Fiorillo, 1988a). In this mode of graphic display bones plunging steeply
are readily apparent, and they plot well inside the perimeter. E. Contour diagram of data presented in the
stereoplot. No preferred orientation is apparent in the data.



Bone modification features can certainly be identified in situ as a
bonebed is excavated, but they are more frequently discovered after prepa-
ration of specimens (e.g., Fiorillo 1988a, 1991a; Jacobsen, 1998; Rogers et
al., 2003). However, many clues that pertain to the generation of modifi-
cation features can be lost or obscured if the sample is excavated before
thorough taphonomic characterization. Subtle features of the sedimentary
matrix encasing bones, such as alteration halos, mineral crusts, fine root
traces, and localized indication of invertebrate bioturbation (small bur-
rows or borings), may be obliterated or otherwise obfuscated during col-
lection and preparation (Rogers, 1994). Side-specific features (e.g., Rogers,
1990) may also be overlooked. Thus, it is always necessary to closely exam-
ine bone-sediment relationships prior to element extraction. Moreover,
determining the relative abundance of bone modification features in a
bonebed based on their occurrence in a prepared and curated collec-
tion raises concerns about sampling and collecting methods. For example,
tooth marks may occur more frequently on fragmentary limb bones and
ribs and less so on intact vertebrae and pristine cranial elements due to
carnivore/scavenger preferences (e.g., Haynes, 1980). If certain elements
are over- or underrepresented in a sample due to collecting bias (leave
no fragments behind!), data that relate to the relative abundance and
distribution patterns of tooth marks in the bonebed will be inaccurate.

With regard to the collection of bone modification data, we recom-
mend an organized two-phase approach that incorporates both field and
laboratory/collections-based observations. A spreadsheet that includes all
potential modification features should be generated and distributed to
those working a bonebed (Fiorillo, 1991a), and this checklist can be effi-
ciently reviewed and completed as bones are exposed and extracted. A few
moments spent educating the excavation team on the many manifesta-
tions of bone modification can yield copious amounts of critical data that
might otherwise be lost. Once compiled, these field-based spreadsheets
can be compared with a second set of observations derived from the ex-
amination of prepared specimens. We also strongly recommend thorough
photo-documentation of all modification features both in the field and in
the laboratory. Finally, collect the data at face value, and be aware that dia-
genesis and other postburial effects may mimic or obliterate original bone
modification features.

Lyman (1994) explored the origin and significance of a wide variety
of bone modification features, and the reader is referred to his text for a
comprehensive consideration of the topic. Here we review a selection of
some of the more common and telling bone modification features found
in bonebed assemblages.
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Breakage

Bone breakage refers to the occurrence of breaks (completely through-
going), fractures, and punctures. Bones break when applied forces reach
or exceed the work necessary to fracture. Fresh bones are particularly
resilient, and it takes considerable force to break them. However, post-
mortem degradation of bone tissue can greatly diminish bone strength,
and weathered bone is more readily fractured and pulverized. The agents
of bone breakage in natural systems are primarily biological in origin (e.g.,
carnivore mastication, trampling), and according to Behrensmeyer (1982,
1991), it is unlikely that many bones are broken by impact during phys-
ical transport (e.g., fluvial currents). Thus, many of the broken bones in
ancient fluvial deposits probably entered the system in a broken state (but
see Ryan et al. [2001] and Britt et al. [2004] for an alternative view).

Morphological patterns of bone breakage have been intensely studied
by the archaeological community (e.g., Biddick and Tomenchuk, 1975;
Shipman, 1981; Davis, 1985; Johnson, 1985; Gifford-Gonzalez, 1989; Mar-
shall, 1989; Lyman, 1994), and these workers have erected detailed classifi-
cation systems that incorporate both macroscopic and microscopic aspects
of osseous fracture. Interestingly, a review of the paleontological literature
indicates that bonebed workers have consistently employed a rather sim-
plified version of these classifications (e.g., Myers et al. 1980; Fiorillo,
1988a, 1991a; Rogers, 1990; Behrensmeyer, 1991; Coombs and Coombs,
1997; Fiorillo et al., 2000; Ryan et al., 2001) that serves essentially to iden-
tify the relative proportions of spiral and oblique breaks versus stepped
and transverse breaks. This basic approach reflects the primary goal of
identifying the breakage of green versus weathered/mineralized bone tis-
sue (Behrensmeyer, 1991; Coombs and Coombs, 1997; Ryan et al., 2001).
This distinction arguably suffices for the purposes of most bonebed inves-
tigations focused in deposits older than the Plio-Pleistocene (prehominid).
Additional criteria useful for the identification of prefossilization breakage
within a bonebed include the presence of matrix on broken surfaces and
the isolation of broken elements.

Most macrofossil bonebeds contain a significant number of broken
elements (e.g., Fiorillo, 1988a; Rogers, 1990; Varricchio, 1995; Coombs
and Coombs, 1997), and breakage frequency may range from ubiquitous
(in the case of bone-fragment lags [Smith and Kitching, 1997]) to nearly
nonexistent (as in sites dominated by articulated skeletons [Voorhies,
1985]). Patterns of breakage frequency can usually be correlated with el-
ement size and shape. When breakage is due to dynamic loading (e.g., high-
force impacts resulting from trampling by megaherbivores), breakage
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Figure 5.13. Graphs showing high (A) and low (B) breakage-intensity patterns in two hypothetical assem-
blages of fossil limb bones from the same taxon. Although both assemblages have the same number of
complete elements, bones are more thoroughly broken in A than in B.

tends to occur preferentially in large and less-compact elements (e.g.,
Coombs and Coombs, 1997; Ryan et al., 2001). In contrast, breakage due
to selective predation/scavenging should show little if any correlation to
the size and shape of the original elements but should instead reflect
anatomical preferences of the predator/scavenger (e.g., Voorhies, 1969).
Breakage frequency can be measured as a function of total N, NISP, or both
(Coombs and Coombs, 1997). A relative measure of breakage intensity
in an assemblage can be approximated by examining the shape of size-
frequency curves for given elements (e.g., limb bones and ribs, Fig. 5.13).

Microfossil bonebeds also tend to preserve abundant broken elements,
and while a sizeable fraction of these elements may record prefossilization
modification, many others probably reflect the impact of collection histo-
ries that include long-distance transport in sacks and subsequent screen-
washing. Thus, it is very important to document the nature of breakage in
microfossil bonebed collections so that pre- and postfossilization breaks
can be distinguished. Studies by Mellet (1974) and Dodson and Wexlar
(1979) have examined the nature of predator-induced breakage in verte-
brate microfossil assemblages, but much remains to be learned. It is likely
that overall patterns of breakage in microfossil sites will differ substantially
from those typical of macrofossil sites given the dramatic differences in
element size and taphonomic history.
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Finally, it is worth noting that a review of the bonebed literature
(Behrensmeyer, Chapter 2 in this volume; Eberth et al., Chapter 3 in this
volume) indicates that bone breakage in macrofossil bonebed sites may be
less common in the Upper Paleozoic than it is in the Mesozoic and Ceno-
zoic. This perhaps reflects (1) damped breakage potential in fine-grained
aqueous depositional settings (much of the Paleozoic record is preserved as
pond/lake assemblages) or (2) fewer large vertebrate tramplers, predators,
and scavengers in the more ancient Paleozoic communities.

Abrasion and Corrosion

Abrasion refers to the physical removal of bone/tooth surfaces (Bro-
mage, 1984; Shipman and Rose, 1988; Behrensmeyer, 1991). It is often
linked to an increase in the rounding of an element, and it may serve to
obscure or remove evidence of other surface modification features, such as
tooth marks and scratch marks (see below). Polish on bone surfaces is typ-
ically considered a form of abrasion (Shipman et al., 1984; Behrensmeyer,
1991; Rogers and Kidwell, 2000, see their Fig. 7).

Factors presumed to control the nature and extent of abrasion on bones
include grain size of abrading particles, the hardness of those particles,
distance of transport, duration of exposure, relative amount of soft tissue
present, overall condition of the bone prior to abrasion, and the nature
of the abrading agent (e.g., sand-blasting vs. bioturbation). Comparable
forms and degrees of abrasion can potentially be generated by different
agents (such as trampling, wind, and water flows), and skeletal elements
can respond variably to abrasion depending on their condition (e.g., fresh
vs. weathered). Thus, any interpretation of abrasion should be framed
in the context of multiple potential causative scenarios, weighed against
additional taphonomic indicators, and considered in an appropriate geo-
logical context.

Relative states of abrasion within a bonebed assemblage can be used
to identify mixed assemblages and assess the likelihood of time averaging.
Abrasion can also serve as a useful relative measure of distance of transport
and/or duration of exposure to various hydraulic, aerodynamic, chemical,
or biological processes (e.g., Shipman, 1981; Shipman and Rose, 1984,
1988; Lyman, 1994). Hunt (1978) proposed a simple subjective scheme
for assessing the level of abrasion in a bonebed assemblage that ranked
bones from 0 (least worn) to 3 (most worn). Shipman (1981) advocated a
comparable scheme that employed three basic states of abrasion: (1) little
or no abrasion, (2) moderate abrasion, and (3) heavy abrasion. Subsequent
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workers (e.g., Fiorillo, 1988a; Ryan et al., 2001) embellished these basic
yet ultimately effective approaches.

Corrosion is a somewhat more enigmatic modification feature that
generally refers to the loss of bone surface through chemical or biochem-
ical means. The macroscopic and microscopic modifications that reflect
corrosion are not always easy to identify or differentiate from abrasion
and weathering in general (see below), and accordingly laboratory-based
techniques that measure chemical changes in the composition of bones
and teeth (such as energy dispersive spectrometry [Denys et al., 1992]) are
sometimes used to document corrosion. The study of corrosion in mod-
ern bone assemblages has historically focused on vertebrate microfossil
assemblages that have passed through the digestive tracts of avian or
mammalian predators (Mayhew, 1977; Richardson, 1980; Kusmer, 1990;
Denys et al., 1992). Some work has also focused on the nature of corrosion
in and upon modern soils in relation to pH (e.g., Andrews, 1990), and this
work has been extrapolated to the fossil record (see work by Fiorillo [1998]
and Fiorillo et al. [2000] for examples from the Triassic and Jurassic). The
potential for corrosion resulting from contact with organisms such as al-
gae (e.g., Behrensmeyer, 1991) and bacteria and fungi (Hassan and Ortner,
1977) has also been addressed (and here this is considered bioerosion, see
below).

Like abrasion, the extent of corrosion in a bonebed assemblage is prob-
ably best assessed with a subjective measure that pragmatically character-
izes the extent of modification (e.g., none, minimal, moderate, maximal).
Given the potential links to ingestion (e.g., Denys et al., 1992), it might
also be quite informative to compare the degrees of corrosion with the de-
sirability (from the carnivore perspective) of particular skeletal elements.

The combined effects of abrasion and corrosion are occasionally lump-
ed together as “corrasion” (Brett and Baird, 1986; Brett, 1990). While this
term is more commonly applied in studies of shelly macroinvertebrates,
it works equally well as a broad-brush descriptor of bone surface deterio-
ration in studies of bonebeds.

Weathering

The weathering of vertebrate skeletal remains occurs as bones are de-
fleshed and subjected to physical and chemical degradation both at the
ground surface and in soils (Behrensmeyer, 1978). Here weathering is dis-
tinguished from abrasion and biochemical corrosion in the sense that
weathering transpires when bones and teeth are more or less at rest, and
there is no implied contact with physical or biological agents such as
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mobile abrasive particles or digestive acids. Chemical corrosion related to
sediment, soil, or surface water pH is arguably a component of weath-
ering.

A variety of factors may act to degrade organic and inorganic compo-
nents of bones and teeth as part of the weathering equation, including
diurnal and seasonal temperature changes, wetting and drying, freezing
and thawing, and UV exposure (Behrensmeyer, 1978; Shipman, 1981;
Johnson, 1985; Lyman and Fox, 1989; Andrews, 1990; Tappen, 1994;
Fiorillo, 1995). Many of the more vigorous agents of weathering operate in
subaerial settings, and the actualistic studies that address the topic focus on a
relatively small selection of terrestrial habitats (e.g., Behrensmeyer, 1978;
Andrews, 1990; Tappen, 1994). However, there is no reason to exclude
subaqueous settings in considerations of bone and/or tooth weathering.

Early actualistic studies of bone weathering sought to identify modi-
fication sequences or stages. A classic study by Behrensmeyer (1978) ini-
tially outlined six stages of bone weathering for mammals >5 kg in body
weight exposed within the semiarid confines of Amboseli National Park,
Kenya. Stages 0 (unweathered, still greasy) through 5 (bone disintegrat-
ing, detached splinters) were based on readily observable features such
as grease content, bone cracking patterns and flaking, depth of cracking,
and degree of splintering (see Behrensmeyer, 1978, for graphic examples).
Several subsequent workers built upon the weathering stage categories of
Behrensmeyer (1978) and applied their own slightly modified schemes to
bones of different taxa and bones in different climatic and environmental
settings in the modern, and to bones in the fossil record (e.g., Fiorillo,
1988a, 1989; Andrews, 1990; Smith, 1993; Tappen, 1994; Coombs and
Coombs, 1997; Ryan et al., 2001).

Based on actualistic observations, it is often possible to use weathering
stages to estimate the duration of exposure of bones and teeth (e.g., Potts,
1986; Lyman and Fox, 1989; Behrensmeyer, 1991; Tappen, 1994; Fiorillo,
1995). However, the complex interplay of factors that can influence the
rate of weathering and the progression of weathering stages in modern
systems beg caution when exploring this phenomenon in the fossil record.
General approximations of the duration of surface exposure (e.g., buried
quickly after death vs. long period of exposure) are probably best in most
circumstances.

The relative frequency of bones in a bonebed assemblage that exhibit
different weathering stages can be presented in a table or, more effectively,
as a group of simple histograms (Behrensmeyer, 1978; Gifford, 1984; Potts,
1986; Fiorillo, 1989, 1995; Lyman and Fox, 1989; Smith, 1993; Cook, 1995;
Varricchio, 1995; Coombs and Coombs, 1997). When data are presented
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in histogram format they define a weathering profile for the assemblage.
These profiles can be generated for an entire assemblage (Smith, 1993, Fig.
17), or cast relative to a variety of covariables such as skeletal element (e.g.,
dense podials and compact vertebrae vs. scapulae and pelvic elements),
taxon (mammal vs. fish), and ontogeny (adult vs. juvenile). This type of
approach may be particularly insightful where a mixture of taphonomic
modes is suspected (e.g., Bower et al., 1985; Smith, 1993, his Fig. 18).

If bone-weathering profiles are dominated by a high percentage of un-
weathered elements (stages 0–1 of Behrensmeyer [1978]) it is reasonable to
conclude that bones in an assemblage were buried relatively quickly or ac-
cumulated in a setting prone to only minor weathering (e.g., Rogers, 1990;
Cook, 1995; Varricchio, 1995; Fiorillo et al., 2000; Ryan et al., 2001). If
multimodal, subequal, or normal distributions of weathering stages result
(Fiorillo, 1988a; Smith, 1993; Cook, 1995; Coombs and Coombs, 1997;
Britt et al., 2004), a given bonebed assemblage may (1) contain elements
with variable taphonomic histories (e.g., accumulation via long-term at-
trition or concentration after weathering in different settings), (2) preserve
elements that were exposed for a relatively long time (multiple years), or
(3) include elements that reflect variable weathering due to micropaleoen-
vironmental variation (Behrensmeyer, 1991; Lyman, 1994). Profiles that
are dominated by a high percentage of deeply weathered elements (stages
4–5 of Behrensmeyer [1978]) are generally rare and point to a lengthy or
intense weathering history, and possibly multiyear exposure in regions
that experienced significant hiatuses in sedimentation (e.g., distal flood-
plain of Smith, 1993, his Fig. 18).

Trample/Sediment Scratch Marks

Surface scoring and scratching is a common modification feature in
many bonebed assemblages, and the origin of this type of damage has re-
ceived considerable attention because of its potential link to tool-gener-
ated cut marks. Numerous workers, including Brain (1967), Fiorillo (1984,
1989), Andrews and Cook (1985), Behrensmeyer et al. (1986), and Olsen
and Shipman (1988) have examined the morphology and origins of dis-
crete surface striations in a variety of modern substrates. These experimen-
tal studies have shown that the trampling of bones in clastic sediments
generally results in surface scoring characterized by fields of subparallel
scratches. Accordingly, bonebed workers regularly interpret the presence
of patches of subparallel scratch marks as evidence for trampling (e.g.,
Fiorillo, 1987, 1988a, 1991a; Rogers, 1990; Varricchio, 1995; Fiorillo et al.,
2000; Ryan et al., 2001). It should be noted, however, that the absence of

310 David A. Eberth, Raymond R. Rogers, and Anthony R. Fiorillo



these features should not be used to rule out the potential for trampling
(e.g., Coombs and Coombs, 1997).

In the trampling scenario, scratch marks are generated on bones by
the grinding of sediment grains against bone surfaces. The abundance
and intensity (depth and width) of scratch marks depends on substrate
conditions, the weathering state of the bones, the intensity of loading
(mass of trampler), and the duration of trampling. To our knowledge, no
experimental studies or empirical observations have convincingly shown
that comparable traces can be produced by hydraulic flows that entrain
coarse-grained sedimentary particles (Lyman, 1994). However, it is theo-
retically possible that bones could exhibit flow-induced tool scratches in
settings where bone is transported across a coarse bed of sand or gravel or
interacts with conglomeratic debris flows.

In bonebed studies, the presence or absence of scratch marks is often
simply noted in a qualitative fashion and illustrated with photographs.
However, in large bonebeds that exhibit evidence of preservational com-
plexity, it may be very profitable to document the relative abundance and
intensity of scratch marks in samples derived from different portions of a
locality. Data related to the frequency of scratch marks can be presented
as a percentage of N or NISP and also tracked in relation to element type or
weathering stage. When combined with information pertaining to break-
age, skeletal completeness, and bone orientation, such observations may
provide important insights into overall taphonomic history and paleoe-
cology. For example, given substrate characteristics and the nature of the
modified bones, it may be possible to estimate the size and identity of
the bioturbators (e.g., medium-sized ungulates vs. elephants) and the fre-
quency of disturbance in a given setting (e.g., chance encounters along
the banks of a stream vs. heavy utilization of a waterhole). Moreover, it
may be possible to link the morphology of trample marks (e.g., shallow,
closely spaced grooves vs. deep, more widely spaced gouges) to specific
sedimentary textures, and this in turn may yield insights into transport
histories and the sourcing and processing of bone material.

As is the case with many surface modification features, scratch marks
are probably best studied after bones are extracted and prepared. How-
ever, they are usually readily apparent in the field if present, and so their
abundance and distribution should be tracked as excavation proceeds.

Tooth Marks

The recognition and analysis of tooth marks in a bonebed assemblage
can help the researcher identify potential agents of death, disarticulation,
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sorting, and breakage and can also shed significant light on feeding ecol-
ogy and interactions among extinct species. For these reasons, tooth-
marked bone has been well studied on both modern landscapes (Miller,
1969; Dodson and Wexlar, 1979; Korth, 1979; Haynes, 1980, 1981, 1982,
1983; Binford, 1981) and in the fossil record (Fiorillo, 1988a; Hunt, 1990;
Rogers, 1990; Fiorillo, 1991a, 1991b; Farlow and Holtz, 1992; Hunt et al.,
1994; Varricchio, 1995; Jacobsen, 1997, 1998; Carpenter, 1998; Chure et
al., 2000; Jacobsen and Ryan, 1999; Fiorillo et al., 2000; Ryan et al., 2000;
Rogers et al., 2003).

Tooth-marked bone is common in Mesozoic bonebeds, but the fre-
quency of tooth marks at any particular site is usually low (commonly
<4% of NISP) (Carpenter, 1998; Chure et al., 2000; Jacobsen and Ryan,
1999; Fiorillo et al., 2000; Ryan et al., 2000; but see Rogers et al., 2003).
Tooth marks are seemingly more common in deposits of Cenozoic age
(Fiorillo, 1991b; Chure et al., 2000), and this presumably reflects the evo-
lution of focused bone-utilization as an ecological strategy (Hunt, 1987).

Several morphotypes of carnivore-generated tooth marks are recog-
nized, including pits, punctures, scores, and furrows (Maguire et al., 1980;
Binford, 1981; Fiorillo, 1988a; Hunt et al., 1994; Lyman, 1994). Pitting de-
velops when bones are chewed and the cortical bone is resilient enough to
inhibit through-going punctures. Pits can be discrete but are often found
clustered on a given element. Tooth puncture marks (or perforations)
are characterized by discrete localized depressions that typically develop
when a single cusp or tooth crown impacts a bone surface at a high an-
gle and penetrates or fractures cortical bone (Shipman, 1981). Scores and
scratches are elongate traces that may be deep and V-shaped or U-shaped
in profile. They can occur in isolation but tend to regularly occur in par-
allel sets and apparently reflect the dragging of tooth rows across bone
surfaces (see Rogers et al. [2003] for several examples). Furrows are lin-
ear traces with more irregular orientations that tend to be focused more
on the spongy ends of limb bones. Carnivores processing bone may also
generate ragged or scalloped edges that indicate focused gnawing. Ungu-
lates and rodents also gnaw and chew bone (e.g., Sutcliffe, 1973, 1977;
Gauthier-Pilters and Dagg, 1981; Greenfield, 1988) as they strive to alle-
viate nutrient deficiencies (calcium and phosphorous) and, in the case of
rodents, keep rapidly growing incisors in check. The potential for non-
carnivore gnawing should always be considered when evaluating tooth
traces, especially in post-Mesozoic localities.

Studies of tooth marks in bonebed assemblages should include macro-
and microscopic examinations of all material both in the field and in
the laboratory after preparation, with the goal of characterizing general
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morphology (e.g., puncture vs. pit), size, and spacing. Careful observation
may also yield evidence of denticle or serration patterns, and these in turn
may provide important clues as to the identity of the trace makers (Fio-
rillo, 1988a; Erickson and Olson, 1996; Jacobsen, 1998, 2001; Rogers et al.,
2003). Any trends in utilization should be documented in relation to both
taxon and element. For example, in a museum-based study of bonebed
collections from the Late Cretaceous of Madagascar, Rogers et al. (2003)
noted that the vast majority of tooth-marked elements belonged to the
theropod dinosaur Majungatholus atopus, and that most of bones exhibit-
ing tooth marks were ribs, vertebrae, and vertebral processes.

Examples of tooth marks preserved in a bonebed assemblage should
be described and figured (e.g., Fiorillo, 1988a; Hunt, 1990; Rogers, 1990),
and whenever possible the relative abundance of tooth-marked bone and
tooth mark types in an assemblage should be reported (Fiorillo, 1988a,
1991a, 1991b; Fiorillo et al., 2000). These data can be expressed as a per-
centage of N or NISP and presented in tables or, more rarely, histograms
(Varricchio, 1995; Fiorillo et al., 2000). Data relating to the nature and
distribution of tooth marks are frequently evaluated in conjunction with
breakage and skeletal representation data in order to assess the relative in-
fluences of scavenging and bone utilization in an assemblage (e.g., Fiorillo,
1991b; Coombs and Coombs, 1997).

Bioerosion

Bioerosion includes all biologically produced bone modifications that
do not reflect the activity of vertebrates. Commonly cited examples in-
clude root etching (Behrensmeyer, 1978, 1991) and insect-generated bor-
ings (e.g., Kitching 1980; Rogers, 1992; Martin and West, 1995; Hasiotis
et al., 1999; Fejfar and Kaiser, 2005; Oldrich and Kaiser, 2005; Roberts
et al., 2007). Other potential bioeroders include mollusks (Frey et al.,
1975) and various types of microorganisms including fungi and bacte-
ria (Marchiafava et al., 1974; Hackett, 1981; Piepenbrink, 1986; Hanson
and Buikstra, 1987; Child, 1995; Jans et al., 2004). Careful documentation
of bioerosional features (or the lack thereof) in bonebed taphonomy can
yield insights into the physical conditions of the syndepositional environ-
ment during the late stages of taphonomic history, the degree to which an
assemblage may have a mixed taphonomic origin (Grayson, 1988), and
the degree to which environmental conditions may have varied across a
site of burial. Consideration of bioerosion processes can also provide alter-
native explanations for the degradation of bone and biological materials
at a site (e.g., Behrensmeyer, 1978).
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Recording the orientation and distribution of bioerosion features both
on the bones and relative to the host sediment are important because
bioerosion most often takes place at the sediment-bone interface (e.g.,
beetle larvae boring) or within specific portions of soil horizons (in the case
of root/fungal etching). Comparing the distribution and orientation of
bioerosion features on elements throughout a bonebed can reveal whether
bones have been reworked or have remained in situ since the bioerosion
event (e.g., Britt et al., 2004; Nolte et al., 2004). As with other types of
bone damage, the researcher should strive to identify bioerosion features
both in the field and in the laboratory. In some cases (e.g., fungal boring),
thin sections or scanning electron microscope images may be needed to
identify bioerosion features. The type and frequency of bioerosion in a
bonebed assemblage should be tabulated and reported in tandem with
other taphonomic variables.

Exploring the History of a Bonebed

All bonebed studies seek at some level to answer Pat Shipman’s (1981)
fundamental question, “What are these bones doing here?” This decep-
tively simple question is all too often difficult to answer. This is because it
may be entirely unrealistic to ask the “big question” until the smaller pieces
are in place. In this chapter we have described the methods needed to as-
semble the various pieces of the bonebed puzzle. Once these data are col-
lected, it is then time to contemplate the history of the assemblage. This is
undeniably the most exciting and integrative phase of any bonebed study,
and also potentially the most frustrating (cherished hypotheses may not
stand the test). Here we offer a few general guidelines to help get things
started on the right path.

Framing testable hypotheses is the critical first step. How will the avail-
able evidence serve to distinguish among a variety of alternative hypothe-
ses that relate to complex and often intertwined physical, chemical, and
biological processes? Can the data be employed to distinguish assem-
blages linked to mass-death events from attritional time-averaged concen-
trations? Can the interpreted age profiles and weathering patterns be used
to differentiate between attritional and catastrophic death scenarios? Can
chemical or biological signals preserved in the fossil bones themselves be
used to demonstrate a link between mass mortality and disease or pre-
dation? Taking the time to carefully consider the quality of the data and
their overall suitability in relation to questions such as these can help
the researcher focus energy on productive pursuits and avoid potentially
embarrassing retractions and revisions.
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Hypotheses should be framed at a variety of stages during the course
of a bonebed study. Posing questions at multiple stages in the analysis
is a natural approach and builds toward answering the “big question.”
For example, early on a researcher may infer a scenario of mass mortality
based on the examination of surface concentrations alone. This hypoth-
esis based on a single data set may be modified or rejected as more data
are brought to bear. After testing multiple hypotheses, a more robust
interpretation of bonebed history will result. However, in the end, the
“big question” may have more than one reasonable answer.

Insights from modern analogs should always be considered when at-
tempting to interpret the taphonomic history of an ancient bonebed as-
semblage. In fact, many published studies that focus on the origins of
bonebed concentrations hinge their major conclusions on parallels drawn
from well-documented modern examples of death, decay, and disarticula-
tion. The logic of this approach is obvious, but the reader is cautioned to
remember that some extinct animal groups, such as the Mesozoic non-
avian dinosaurs and armored fishes of the Early Paleozoic, do not have
readily identifiable modern counterparts.

Researchers should also always consider the potential relationship
between mortality and preservation. It is hard enough to become a fossil,
and it is probably quite reasonable to assume that it is harder still to
become a concentration of fossils representing the localized mortality
of multiple individuals. With this basic premise in mind, we encourage
the bonebed researcher to first consider scenarios that can accommodate
both the localized demise of numerous individuals and their subsequent
(or even concomitant) permanent burial. An example is drought, which
often serves to concentrate animals near refuges such as waterholes and
stream courses on modern landscapes. These same refuges also tend to be
low-lying areas that receive abundant sediment when the drought breaks
(Shipman, 1975; Hendy, 1981; Rogers, 1990). That said, it is equally impor-
tant to keep in mind that death and eventual burial may be entirely unre-
lated.

Lastly, be sure to consider all previous studies that may offer insights,
be they geologic or taphonomic in nature. Look for patterns, both in
the literature and in the stratigraphic interval under scrutiny. If multiple
bonebeds occur in a single formation or area, perhaps look first to a single
overarching theme, and then diversify the potential formative scenarios as
the evidence warrants (see taphonomic modes and taphofacies concepts
of Behrensmeyer et al., [1992], and Behrensmeyer et al. [2000]). Remember
that relatively few processes that serve to concentrate vertebrate remains
operate with regularity in modern settings, and the same should hold
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true in the fossil record. There is no need to discover a novel scenario
with every new bonebed prospect.

CONCLUSION

In this chapter we outline many of the basic considerations that relate
to the study of bonebeds. We have approached the problem from a
practical perspective, and we have tried to provide at least a few good
ideas that should serve to guide those excavating and/or planning to study
a bonebed for the first time. However, we are well aware that no single
suite of methods will serve under all circumstances, and we fully realize
that every investigator must assess conditions and formulate plans and
research expectations on a site-specific basis. We encourage the reader to
go beyond this broad-ranging treatment and to explore the many detailed
case studies referenced in this chapter and in other chapters in this book.

On first approach to a bonebed prospect, be sure to accurately de-
termine the coordinates of the site and permanently archive the locality
data. Once you know exactly where the site is, make a preliminary map
supplemented with cross sections so that you can begin to visualize the ge-
ometry of the bone deposit. Carefully scour the bonebed exposures to get
a feel for the abundance and quality of bone in the deposit, and perhaps
check your premonitions by digging a test pit or two. As you excavate the
pits, gauge the friability of the encasing matrix, and assess the resilience
and spatial distribution of the exhumed fossil material. When you feel
reasonably familiar with the site, begin removing overburden in earnest.
Be sure to remove enough rock to allow effective mapping and to accom-
modate the crew, but do not overdo it. With regard to mapping, be sure to
pin your efforts on a suitably permanent baseline. Use whatever mapping
technique works best for the local conditions, and strive for consistency
and accuracy.

Carefully collect taphonomic data as elements are exposed and ex-
tracted from the quarry. Be sure to encourage the entire crew to check for
sediment-bone associations and side-specific taphonomic characteristics
that might be hard or impossible to reconstruct once the bone is out of
context and back in the laboratory. Perhaps designate a segment of the
active quarry as the “taphonomic laboratory,” and work here in a slow
methodical fashion to document every potential taphonomic attribute of
the site under study. Systematically photo-document the bone assemblage
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and do be compulsive (spare no film or disk space), because things change
rapidly and critical associations are irreversibly lost as excavation pro-
ceeds. Be sure to supplement your field-based taphonomic observations
with lab-based study once the collection is prepared.

A thorough geological study of the site, surrounding facies, and host
stratigraphic interval should be conducted concurrently with excavation
and the collection of taphonomic data. Strive to place the site in both a lo-
cal and regional stratigraphic context, and characterize fully the sedimen-
tology of the bone-bearing matrix. Carefully compare the sedimentologi-
cal features of the bone-bearing horizon with surrounding beds in order to
determine if unusual geological circumstances might have played a role
in mortality and/or preservation. Is the bonebed a unique occurrence,
or are there other bonebeds in the stratigraphic interval or geographic
area? Gather as much geological data as feasible, because a bonebed data
set coupled with accurate geological information is much more likely to
yield credible insights. Whenever possible, include a trained geologist on
the project who can focus on deciphering the rocks.

Finally, weigh all the evidence against a variety of potential formative
scenarios, and work to produce a reasonable and scientifically robust re-
construction of taphonomic history. Try to stay grounded in the modern,
but do not hesitate to apply an evolutionary view to at least some tapho-
nomic processes and ecological strategies. Keep in mind that it is only
in rare cases that definitive killing agents and/or accumulation scenarios
can be diagnosed in the fossil record, and that most bonebed studies lack
the clear signature of a proverbial “smoking gun.” Be prepared to explore
complex and at times downright confusing fossil deposits that demand
the evaluation of multiple working hypotheses. Be sure that the hypothe-
ses entertained are testable, and hold your ultimate reconstructions ac-
countable to the available data, building and modifying your hypotheses
as you go. In the end, a definitive conclusion related to the formative
history of a bonebed may not even be reached, but rest assured that ev-
ery well-documented locality adds to our collective understanding of the
vertebrate fossil record.
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