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Abstract—Carnivorous scat and herbivorous dung are so chemically labile and, in general, physically fragile, that
they face a race between disintegration and preservation, and disintegration almost always wins. It is clear from the
normally very short life times of feces that preservation processes must occur very early, perhaps on a scale of
days to a few years. Early mineralization is critical and likely is commonly aided by burial and the onset of longterm anaerobic conditions. This slows decay and physical disruption, and places the material in contact with
ground water, which can be a source of chemical components for mineralization. In addition to anaerobic stabilization, work over the past twenty years has established that the very bacteria active in tissue and feces decay can,
under appropriate conditions, facilitate their mineralization. This process likely contributes to the preservation of
dung, and we discuss an example of this process in the preservation of dinosaur dung. In the case of scat from
carnivorous animals, an additional important factor is the dietary load of calcium and phosphate acquired chiefly
from ingested bone. Some or much of these chemical components appear in scat as a microcrystalline apatite slurry
which, with further crystallization, lends structural strength soon after scat deposition. The partially premineralized state of scat gives it a preservational advantage, which probably explains why phosphatic coprolites
greatly outnumber those derived from dung in the fossil record. We discuss two studies of phosphatic coprolites
in which early apatite precipitation was important for their preservation. In one, later permineralization was
complete. In the other, mineralization apparently ceased at an intermediate state, after complete precipitation of
autochthonous apatite, but before subsequent permineralization or recrystallization. Rapid mineralization can
preserve coprolites and some original interior structures in exquisite detail. With high-fidelity preservation, coprolites can provide a window, unavailable elsewhere, into the diets and digestive system characteristics of the
producing animals.

INTRODUCTION
Coprolites, the term applied to fossilized feces, generally mimic
the three-dimensional structure of the original feces, or preserve recognizable dietary structures within, or realize both characteristics. Indeed,
coprolites are usually recognized in the field by their three-dimensional
resemblance to modern examples of animal feces. In short, coprolites
generally look like feces turned to stone (Matley, 1939a; Bradley, 1946;
Sawyer, 1981, 1998; Chame, 2003; Ghosh et al., 2003; Northwood,
2005; Hunt et al., 2007; Wood et al., 2008; Duffin, 2009; Månsby, 2009;
Farlow et al., 2010; Sardella et al., 2010; Sharma and Patnaik, 2010).
Feces in terrestrial environments are subject to rapid degradation,
days to weeks in moist warm climates to a few years in dry ones, by
aerobic bacteria, fungi, and mechanical processes. Because general shape
and dietary content of feces are rarely preserved as coprolites, it is clear
that processes stabilizing them must begin promptly and either block
aerobic degradation or successfully compete against it. We will first
discuss in general the factors that lead to coprolite preservation and some
of the features that can be preserved, and then give as examples the
results of studies on three quite different sets of coprolites in which
some primary features are well preserved and which afford insight concerning early stabilizing processes.
The difficulties in developing mechanistic scenarios for coprolite
formation are: 1) the fact that fossilization of feces is a rare event (Chin,
2002); 2) the need for early stabilization to halt or retard aerobic or
mechanical degradation; and 3) the need to define subsequent diagenetic
processes, such as permineralization and the degradation and loss of
organic material (e.g., kerogenization, oxidation) that can take place over
the geological lifetime of the specimen. An additional complexity is the
fact that the feces of herbivorous animals (dung herein) are quite different

in composition from those of carnivorous ones (scat herein). Although
both types of feces contain a paste like binder comprised largely of
bacteria and microbial biofilm (“extracellular biopolymers:” Decho, 2010,
p. 137), dung is rich in undigested vegetable fiber whereas scat contains
considerable amounts of dietary calcium phosphate in solution, as a
micro- or nanocrystalline slurry, as undigested bone and teeth, or as all
three, depending on the digestive physiology of the animal. The slurry
consists of finely divided calcium phosphate minerals precipitated from
supersaturated solution of calcium and phosphate largely derived from
the digestive demineralization of bone and teeth (Fisher, 1981; Chin et
al., 1998; Larkin et al., 2000; Chin, 2007a; Månsby, 2009; Farlow et al.,
2010; Eriksson et al., 2011).
Another potentially significant factor is the form in which waste
nitrogen is excreted. Mammals excrete urea, a water soluble compound,
separately from feces, whereas most birds and lizards, and possibly
dinosaurs, excrete or excreted uric acid, a highly insoluble compound that
can become mixed with feces due to the anatomy of the cloaca as a
common channel for excretion. Thus, in uric acid producers, feces contain an additional relatively insoluble organic compound rich in nitrogen.
Though uric acid has been found in small amounts in some coprolites in
an archeological context (Toker et al., 2005), we know of no work on uric
acid as an early structural component in the coprolite literature.
The need for early stabilization is particularly pressing in the
fossilization of dung, which is composed almost entirely of easily decomposed organic materials. Clearly, in this case, early mineralization
must occur to preserve its original form and, potentially, traces of its
internal organic inclusions. Without early mineralization, which must
come almost entirely from external (e.g., ground water) sources, dung
would be decomposed and disaggregated, or, if buried, would be reduced
to thin organic laminae or entirely vanish. It is likely, therefore, that scat,
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with its content of insoluble phosphate minerals from diet, and dung,
lacking insoluble minerals, must experience quite different taphonomic
processes shortly after their deposition in order to be preserved.
PHOSPHATIC COPROLITES
Origin of Phosphatic Coprolites
The great excess of dietary calcium and phosphate ingested by
carnivorous animals beyond that required for growth is eliminated largely
in feces. This excess is greatest in those that consume whole animals or
bones with or in preference to tissue. Bone is demineralized in the very
acidic stomach juices of some animals, and the solubilized calcium phosphate probably begins to precipitate in the intestines where the digestive
contents experience a pH increase to 7 or 8 (Skoczylas, 1978). In the case
of alligators in the wild, feces can contain 70% or more dry weight of
minerals, chiefly carbonate hydroxyapatite, with minor amounts of calcium carbonate (Coulson and Hernandez, 1964). Most of this exists
initially as a fine mineral slurry. A similar situation applies to hyenas,
many of which can extensively demineralize bone (Larkin et al., 2000).
Any dissolved portion of the calcium and phosphate load of the
scat precipitates within hours or days, particularly if allowed to dry. The
scat at this stage can be durable, being comprised of an insoluble mineral
matrix that helps support and maintain the external and internal structure. Larkin et al. (2000, p. 27) found that scat from the spotted hyena,
fed a natural diet including bone, could be “trodden on forcibly” on a
sandy substrate with little deformation, even when only 1 hour old or
after having soaked in water for three weeks. Of course, in the case of
animals that have a limited ability to digest bone, the slurry component
in scat is accordingly diminished. Carnivorous animals can therefore
produce scat containing crystallizing calcium phosphate that can quickly
form a relatively insoluble mineral matrix of significant strength and
durability.
The great advantage of phosphatic coprolites from carnivorous
animals is that they come pre-mineralized at the outset, and then subsequently can experience varying degrees of diagenetic modification. We
discuss below an example of a well-preserved phosphatic coprolite that
never experienced diagenetic permineralization over some 65 Ma, and
was preserved on the basis of its initial load of autochthonous apatite
(Hollocher et al., 2010). This ability of scat to make use of dietary
calcium phosphate as an early structural component probably explains
why phosphate-rich (phosphatic) coprolites are overwhelmingly more
abundant in the fossil record than those derived from dung, in spite of the
fact that herbivorous animals occur in much larger numbers than carnivorous ones in nearly all ecosystems over great expanses of geological time
(Chin, 2002).
Fluoride: A Ubiquitous Diagenetic Component
in Ancient Phosphatic Coprolites
Most ancient phosphatic coprolites have incorporated considerable fluoride (Hubert and Panish, 2000; Pasteris and Ding, 2009). The
range of fluoride concentrations in several analyzed phosphatic coprolites is 0.94-5.88% by weight (Gruner and McConnell, 1937; Bradley,
1946; Hollocher et al., 2005, 2010; Thiry et al., 2006). This compares
with dry weight median fluoride contents of about 0.04% for bones of
modern terrestrial herbivores (Field et al., 1976; Snioszek et al., 2008)
and 0.25% for fresh and salt-water fish (Suga et al., 1983; Pinskwar et al.,
2003). Fresh ground water has a median of about 0.2 ppm fluoride
(White et al., 1963; Edmunds et al., 1987; Frape and Fritz, 1987; Gascoyne
et al., 1987; Nordstrom et al., 1989). Because the original apatite mineral
in bone is carbonate-hydroxyapatite (McConnell, 1970; Trueman and
Martill, 2002; Elliott, 2002; Cho et al., 2003) with very little fluoride, the
apatite in fresh phosphatic scat must have also been precipitated as lowfluoride carbonate-hydroxyapatite. Thus, for coprolites from terrestrial
sediments, fluoride must have been picked up from ground water over
geologic time as a diagenetic component.

The free energy for the apatite fluoridation reaction comes from
the greater stability of francolite (carbonate-fluoroapatite) relative to
carbonate-hydroxyapatite (Stearns, 1971). It is generally believed that
this fluoridation is akin to solid state diffusion-ion exchange (Stearns,
1970, 1971) and involves very little, if any, recrystallization of apatite.
On the other hand, Pasteris and Ding (2009) concluded that fluoride
incorporation into apatite of horse tooth takes place by a process of
dissolution and reprecipitation rather than diffusion through the crystal
lattice. We believe that this study is not generally applicable to coprolite
fluoridation because of the very high fluoride concentrations used, and
other technical matters relating to the experimental and analytical conditions. It seems that fluoride diffusion into apatite occurs more slowly at
high fluoride concentrations in solution because of the formation of a
stable fluoroapatite surface layer (Stearns, 1970, 1971; de Leeuw, 2004).
In addition, if fluoridation of apatite over geological time necessarily
involved extensive dissolution and reprecipitation, it is difficult to understand how micrometer and smaller scale features could have been
preserved in great detail in phosphatic coprolites.
PRESERVATION OF DUNG FROM HERBIVOROUS ANIMALS
As argued above, dung is less easily preserved as coprolites than
scat of carnivores, and so is more rare (Chin, 2002). Although the dung of
sheep and goats can have some mineral content (calcium oxalate: Badal
and Atienza, 2007), that of most herbivores consists of easily degraded,
finely commuted, partially digested vegetable material, plus bacteria and
their secreted biofilm (Cheng et al., 1991). Rapid burial under wet, anaerobic conditions, is widely assumed to be critical for the fossilization of
dung in most cases, though we know of no direct evidence of this other
than sedimentary inference, wherein coprolites are generally found in
environments where rapid burial was possible (fluvial and lacustrine
environments: Sawyer, 1981; Currie et al., 1995, stomach contents; Chin
and Gill, 1996; Ghosh et al., 2003; Kar et al., 2004; Prasad et al., 2005;
Sharma, 2005; Farlow et al., 2010). Rapid burial also seems to be generally necessary for preservation of fossil bones (e.g., Hubert and Panish,
2000), though perhaps burial need not be quite so rapid as for dung.
Because there are generally no sources of mineral components on
subaerially exposed surfaces, burial in a wet environment allows interaction between the coprolite precursor and ground water minerals. Burial
thus exposes feces to ground water and sets up conditions suitable for
mineralization by bacterial mediated or inorganic processes. Burial may
be by sedimentation, such as deposition of new sedimentary layers by
moving water, or possibly by trampling into a muddy substrate (Chin
and Gill, 1996). In addition, burial protects the material from attack by
coprophageous animals that can burrow into and disaggregate dung (Chin
and Gill, 1996; Sharma and Patnaik, 2010), thus further increasing the
likelihood of preservation. On some occasions, burial might not be immediately necessary if dung were deposited in water containing saturated or
supersaturated concentrations of calcium carbonate or apatite (Chin and
Gill, 1996; Hollocher et al., 2001; Matley, 1939b; Ghosh et al., 2003;
Sharma et al., 2005; Thiry et al., 2006). Alternatively, if dung were
deposited on wet ground, water evaporation and wicking of mineralladen water upwards into the dung could provide another mechanism for
its relatively rapid mineralization. Otherwise, slow advective flow and
diffusion must suffice. Early exposure on the surface, prior to burial, can
be indicated in coprolites by desiccation cracks (Ghosh et al., 2003) and
attack by burrowing coprophageous animals such as dung beetles (Chin
and Gill, 1996).
In some cases the internal structures of dung are not preserved at
all, but instead the dung is entombed by fine-grained sediment, which
forms a mold after the dung decomposes. When the mold is later filled
with mineral material, the cast becomes the coprolite (or pseudo-coprolite). These casts, however, can delicately preserve external features such
as overall shape and impressions of leaves and seeds (Harrison, 2011). In
a rare example of an alternative to permineralization or high fidelity
molds, fire can also help preserve coprolite precursors. In archeological

contexts, the use of dried dung for fuel is relatively common (Badal and
Atienza, 2007). Incompletely burned dung is partially carbonized, making bacterial attack difficult and allowing preservation of fine-scale features for long periods of time.
BACTERIAL MEDIATION OF MINERALIZATION
Background
Whereas it has long been known that microorganisms are important for degrading once living materials, it has only recently been appreciated how important they are for the precipitation of minerals leading to
fossil preservation (Briggs, 2003). The best known example of microbially
mediated mineral precipitation is probably that of stromatolites. Stromatolites are layered structures made of carbonate minerals precipitated
during photosynthesis in cyanobacterial mats (Dupraz et al., 2009).
A considerable body of experimental and observational literature
makes clear that a variety of microorganisms (chiefly or entirely bacteria), which participate in decay of soft tissues and organic matter of
bone, can also facilitate the mineralization of these decaying targets in the
presence of suitable ions and at pH values around 7. In experiments, biofacilitated mineralization is typically detected within a few days to a few
weeks at room temperature. Sterile controls and controls in which microbial growth and metabolism are blocked through use of a bacterial inhibitor either fail to show mineralization in the specimen being tested
(Vasconcelos et al., 1995; González-Muñoz et al., 2003; Rivadeneyra et
al., 2006; Sánchez-Román et al., 2008), or mineralization begins much
later and proceeds much more slowly (Aloisi et al., 2006; Daniel and
Chin, 2010).
There are numerous minerals that microorganisms are known to
precipitate under natural conditions, including gypsum, calcite and aragonite, sulfides, apatite, siderite, Fe and Mn oxides and hydroxides, and
clays (Jehl and Rougerie, 1995; Little et al., 1997; Fortin et al., 1997;
Lucas and Prévôt, 1985, 1991; Cailleau et al., 2004; Kim et al., 2004;
Omelon and Grynpas, 2008; McNamara et al., 2006, 2009). Experimental work, particularly the pioneering studies of Briggs and coworkers
(Briggs and Kear, 1993; Briggs and Wilby, 1996; Briggs et al., 1993,
1995; Davis and Briggs, 1995), has helped define the conditions under
which precipitation by microorganisms can take place for minerals such
as calcite (Aloisi et al., 2006; Rivadeneyra et al., 2006; Daniel and Chin,
2010), dolomite (Vasconcelos et al., 1995; Sanchez-Roman et al., 2008),
apatite (Hirschler et al., 1990), and barite (González-Muñoz et al., 2003).
Bacterial mediation of mineral precipitation can occur through a
variety of mechanisms. These include production of intracellular and
short range extracellular gradients in chemical concentration as a result of
bacterial metabolism (e.g., pH: Decho, 2010; redox state: Fortin et al.,
1997), degradation of cellular components to release key reactive materials (e.g., phosphate from nucleic acids and phospholipids to precipitate
apatite: Hirschler et al., 1990; oxalic acid from metabolic products to
sequester Ca for calcite precipitation: Calleau et al., 2004), and concentration of chemical components in extracellular polymeric capsids (Fortin
et al., 1997; Aloisi et al., 2006; Dupraz et al., 2009; Decho, 2010).
Metabolic production of carbon dioxide and its release into solution is a
well known means of facilitating precipitation of carbonate minerals
(e.g., Rivadeneyra et al., 1996, 2006; Pierre and Fouquet, 2007). It is also
well established that the great variety of bacterial cell membrane pumps,
channels, symports, and antiports can act to concentrate various materials into cells. In some cases, such as the ability of bacteria to concentrate
the bases of weak acids (e.g., HF) in acidic environments, the critical
factor is simply membrane permeability to uncharged weak acids plus
action of a proton pump (Bhatnagar and Bhatnagar, 2000).
FACILITATION OF MINERAL PRECIPITATION IN
PALEONTOLOGICAL MATERIALS
Bio-facilitated mineralization can occur at ion concentrations well
below those that would be in saturation equilibrium with the solid min-
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eral phase. This suggests that the microorganisms must either sequester
critical ions (e.g., Ca2+, PO43+) internally or in adjacent biofilm (Fortin et
al., 1997; Dupraz et al., 2009), release a critical component from digesting substrates (e.g., nucleic acid decomposition to release PO43+: Lucas
and Prévôt, 1985), or metabolically produce a critical component (e.g.,
CO2: Pierre and Fouquet, 2007), or participate in two or three of these
processes. These and other processes, such as change of local pH and
redox state, conspire to achieve local mineral saturation and nucleation
on some suitable substrate. Further precipitation can be expected to
increase the size of crystals at nucleation sites (e.g., the “large globules”
of calcite of Aloisi et al., 2006, p. 1018). Thus, bio-facilitated mineralization can apparently involve lowering the activation energy of nucleation
in microenvironments (Fortin et al., 1997). It is interesting that in the
mineralization of fresh bone, active decay greatly accelerated deposition
of calcite from calcite-supersaturated solutions in experiments by Daniel
and Chin (2010). In this case, microorganisms apparently had a kinetic
effect rather than a free energy effect.
The presumed mechanisms of bio-facilitated mineralization described above allow for both intracellular and intercellular mineral deposition. The former would be expected to disrupt the internal workings of
participating cells, and the latter would be expected to encapsulate cells
and adjacent cellular biofilms, both of which assure cell death. Intracellular mineralization of bacteria (reviewed by Omelon and Grynpas, 2008)
might be expected to fill intracellular space with something resembling a
microcrystal or crystals bounded by the original cell wall or membrane.
On the other hand, encapsulation by intercellular mineralization would
be expected to confine cell residues to what might eventually become
small sealed spaces, or microcavities, within the mineral mass (Bosak et
al., 2004). Whether, after diagenesis, one could recognize which of these
two possible modes of bacterial form preservation occurred depends on
the fidelity of preservation. Based on the literature cited above, it would
seem that extracellular precipitation is more common. Although pseudomorphs of bacteria in coprolites have been reported, it is rare that they
contain, in addition, the recognizable carbonaceous remains of bacteria.
We are aware of only one clear example of an ancient coprolite in which
the carbonaceous residues of bacteria were identified, isolated and characterized, and were associated with the location of earliest mineralization
(Hollocher et al., 2001).
The early deposition of iron minerals is of interest because local
redox potential can be expected to control the oxidation state of iron and
thereby its solubility near neutral pH. Fe2+ forms many readily soluble
compounds, whereas Fe3+ forms few and exists in aqueous environments
largely as a solid hydroxide or oxide. Thus, bio-facilitated precipitation
of iron minerals might involve mobilization of iron as Fe2+ and its precipitation nearby as ferric compounds. In the case of pyrite (FeS2), iron
precipitation is from the ferrous state but depends upon the presence of
sulfide (S2-), a common metabolic product of sulfate-reducing bacteria
under anaerobic conditions. Because both iron and organic sulfur are
constituents of tissue, pyrite, at least in small amounts, might be expected to be a common component of coprolites. We discuss below an
example of a coprolite that appears to contain autochthonous pyrite
(Hollocher et al., 2005).
It is ironic that microorganisms that destroy biological tissues can
simultaneously mineralize them and thereby preserve fine structural
details for geologic periods of time. This means of preservation can
involve a variety of different bacteria and requires an organic energy
source, anaerobic conditions, and mineral ions in appropriate concentrations. Bacterially-facilitated mineralization stops when as much of the
original biomass as possible has been converted into bacterial biomass.
IDENTIFICATION OF BACTERIAL AND OTHER
MICROSTRUCTURES IN COPROLITES
Some microstructures preserved in coprolites are relatively
uncontroversial. Among these are generally larger forms such as pollen
(Scott, 1987, 2003; Yll et al., 2006; Villa et al., 2010), conodonts (Clark,
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1989), fungi (Kar et al., 2004), plant cells and cuticle (Hollocher et al.,
2001, 2005; Prasad et al., 2005), phytoliths (Prasad et al., 2005), hair
(Farlow et al., 2010); seeds (Wood et al., 2008; Harrison, 2011); invertebrate parasites (Sardella et al., 2010); fish scales (Matley, 1939a;
Northwood, 2005); bones and teeth (e.g., Matley, 1939a; Fisher, 1981;
Chin et al., 1998; Hollocher et al., 2005; Farlow et al., 2010), and even
soft tissues such as muscle (Briggs, 2003; Chin et al., 2003). These forms
are either made of material different from the host coprolite matrix (e.g.,
organic material or silica instead of calcite or apatite), or have distinctive
shapes or textures, such as seeds and bone.
More controversial and difficult to demonstrate are bacterial remains. During decay, the organic material of tissue is converted insofar as
possible to bacteria, so it is not surprising that, at least occasionally, the
bacteria themselves should become fossilized. Taylor and Krings (2005)
reviewed some of the evidence for bacteria in the fossil record, and
Bignot (1980) reviewed evidence and some of the different processes by
which bacteria can leave fossil traces. Upon loss of their organic material,
bacteria and endospores can leave behind cavities or molds. Bacteria can
also form solution cavities on surfaces that approximate original bacteria
sizes and shapes. Experiments have demonstrated mineral encasement of
bacterial cells (Rivadeneyra et al., 1996, 2006; Fortin et al., 1997; Aloisi
et al., 2006), though often mineral precipitation takes place at a short
distance from the bacteria, rather than on or in them, thus leaving no
distinctive fossil form (Hirshler et al., 1990; Jehl and Rougerie, 1995;
Fortin et al., 1997; Little et al., 1997). Bosak et al. (2004) demonstrated
the encasement of individual bacteria and bacterial clusters by calcite
overgrowths, leaving a distinctive pattern of porosity that is recognizably different from porosity found in inorganic precipitates produced in
sterile controls. In some cases, as with the fossilization of ancient feathers, the fine structure of the resulting carbonaceous film is that of bacteria
and not of feather (Martill and Frey, 1995; but see Vinther et al., 2008).
The major difficulty in identifying actual fossil bacterial forms in
natural samples is that many bacteria have generic shapes that can resemble things that were never living. This is particularly true for spherical bacteria (cocci), which can resemble spherulitic precipitates (Hirshler
et al., 1990; González-Muñoz et al., 2003). Based on Bignot’s review
(Bignot, 1980), forms, for example, reported to be those of bacteria and
cell nuclei by Bradley (1946), or of bacteria, amoeba, and virus by Loquin
(1981), are questionable (but see Huldtgren et al., 2011). It is generally
best to use multiple methods, such as light microscopy combined with
SEM imaging, X-ray element mapping, and cathodoluminescence, to
support a particular microstructural interpretation. It is particularly rare
to unambiguously identify and isolate the organic residues of bacteria in
ancient coprolites (Hollocher et al., 2001).
EXAMPLE 1: BIO-FACILITATED CALCITE
MINERALIZATION OF ANCIENT DUNG
In order to establish that bio-facilitated mineralization was relevant to the taphonomy of an ancient coprolite, it is necessary to determine the loci of original microbes in the coprolite and to show that the
loci of the earliest episode of mineralization are coincident with the
microbial loci. We are aware of only one study in which this criterion is
met (Hollocher, et al., 2001). This study was of calcareous coprolites
attributable to an herbivorous Cretaceous dinosaur, likely the hadrosaur,
Maiasaura. They are present in the Cretaceous Two Medicine Formation of Montana as dark gray to black masses, some of which have been
heavily burrowed, probably by dung beetles and other invertebrates
(Fig. 1A-B; also see Chin and Gill, 1996; Chin, 2007b).
These specimens afforded morphological, chemical, and contextual evidence for the presence of organic bacterial residues within the
abundant plant residues that comprise much of the coprolites. The plant
material was shown to be almost entirely finely commuted gymnosperm
xylem (Chin and Gill, 1996), and the dark, kerogenized organic material is
localized almost entirely within the capillary spaces of tracheids and ray

cells of the xylem (Fig. 1C-D). Chin (2007b) argued that the disaggregated state and other features of the woody fragments in the coprolites
arose chiefly as the result of ingestion and mastication of rotten wood,
rather than as a consequence wholly of digestion.
As illustrated in Figure 1E, the organic material in tracheids is
organized as discrete, dark, 0.5-2 µm particles encased in calcite crystals
of similar size. At high magnification in transmitted light, the centers of
the dark particles are brighter than their rims, a finding consistent with a
distribution of the dark material as hollow spheres or shells; diffraction
or lensing as a cause of this optical effect was ruled out. The dark organic
material was isolated from the coprolites and shown to have characteristics, including chemical biomarkers, expected for kerogenized bacteria
associated within a still somewhat elastic and cohering biofilm. Figure 1F
shows a scanning electron micrograph of one of the dark particles that
was partially released from the center of a tracheid in the coprolite by
etching with the chelating agent ethylenediaminetetraacetate (EDTA).
The object is carbonaceous, thin-walled and apparently hollow. We attribute the lack of rod-shaped residues to the partial disintegration of the
original bacteria into spherical vesicles (Cheng et al., 1991) or to the
preponderance of coccus-like bacteria in the original dung.
The lighter areas that surround dark tracheid channels (Fig. 1C-D)
are the locations of what originally were the fibrous walls of xylem and
ray cells now replaced by coarse-grained calcite that is almost entirely
devoid of organic material. These thin sections thus present a kind of
photographic negative of what one normally sees in thin sections of
xylem, in which the capillary spaces of tracheids are empty and therefore
optically bright and their fibrous walls are dark.
Calcite in this coprolite is cathodoluminescent, luminescing orange because of doping with variable amounts of Mn2+ (Waychunas,
1988). Cathodoluminescence helped to determine the history and sequential order of calcite deposition (Fig. 2). Figure 2A shows a transmitted light image of a woody fragment containing many tracheid capillaries
darkened by black organic residues in microcrystalline calcite. Tracheid
cell walls, fractures, and other void spaces are filled with coarse-grained
calcite. In the cathodoluminescent image of the same field (Fig. 2B) the
tracheid capillaries are darker than cell walls and void-filling calcite. This
is because there is less Mn2+ in the dimly luminescing, very fine-grained
calcite in the capillaries than elsewhere (demonstrated by electron probe
X-ray mapping of manganese). Dim luminescence is not caused by the
dark organic material itself, because luminescence comes from the outer 1
µm or less of the polished section surface, and the surface fraction of
non-luminescent organic material is trivial. Fractures truncate many of
the dark tracheid capillaries (arrows), showing that they were already
mineralized at the time the fractures formed. The calcite in fractures is of
the same generation as, and in fact forms continuous crystals with, the
brightly luminescing calcite that replaced the tracheid walls. In some
places (circled, Fig. 2A), the dark organic material of capillaries has been
lost. However, the pattern of dimly luminescent calcite in the capillaries
persists (circled, Fig. 2B). Figure 2C shows another example of a woody
fragment that has lost almost all of its organic material, but in
cathodoluminescence (Fig. 2D) the pattern of dimly luminescing tracheid
capillaries is clear. These results show that loss of dark organic material
(kerogenized bacterial residues) from capillaries in parts of some woody
fragments occurred after initial mineralization of these capillaries. This
loss of organic material did not also remove the calcite or perceptively
change its cathodoluminescent properties.
The following picture emerges: Mineralization initiated early on,
while bacteria within tracheid capillaries were metabolically active, with
deposition of micron-scale calcite exactly within the capillaries. The
sites of initial mineralization and recognizable bacterial colonies were
coincident. The earliest calcite deposited in capillary spaces had low
Mn2+ doping and thus low cathodoluminescence. Later, the fiber of tracheid cell walls was lost and replaced with brightly luminescing, coarse
grained calcite, which also filled all cracks and voids. Some of the calcite
in what were cell walls forms single, continuous crystals extending into
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FIGURE 1. Blocky calcareous coprolite from the Two Medicine Formation (74-79 Ma) in Montana, thought to be from an herbivorous dinosaur, likely
a hadrosaur. A, Red channel of an RGB color image of the cut surface of the coprolite, showing dark, organic-rich lower and lighter, oxidized upper portions.
Several generations of burrows 1-6 mm in diameter penetrate the specimen (arrows), most of which are filled with silt and fine sand that is similar to the
rock hosting the coprolite. Fractures (f) are filled with fine sand. B, Thin section of a dark, organic-rich part of the coprolite, showing numerous woody
fragments and one burrow (arrow), and white calcite-filled fractures and other void spaces. C-D, Transmitted light images of thin sections made from
organic rich parts of the coprolite, showing the loci of dark organic material in tracheid capillary channels and ray cells, in C, chiefly longitudinal
orientation and D, transverse. Large clear areas are void-filling calcite (v). E, Magnified image of tracheids showing organization of the dark organic
material into discrete particles 0.5-2 µm in diameter (some indicated by arrows) imbedded in fine-grained calcite. F, SEM secondary electron image of an
organic vesicle partially released from a tracheid by etching using an EDTA solution. The thin, hollow organic shell resembles a bacterial cell wall or
fragment thereof.
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FIGURE 2. Paired transmitted light and cathodoluminescence micrographs of the same thin section as in Figure 1C-E. A, Transmitted light image, showing
dark, organic-rich tracheid centers in a woody plant fragment. Some of the fragments are cut by calcite-filled fractures. The circled area shows a patch
where organic matter has been lost from a fragment. B, Cathodoluminescence image of the same field as A. Arrows point to dark (dimly luminescent)
tracheid centers cut by the fracture. Circled area shows dark tracheid centers, visible by their weak cathodoluminescence where none are clearly visible in
transmitted light (A). C-D, similarly show the ability of cathodoluminescence to highlight tracheid centers after loss of their organic material. C,
Transmitted light image of a highly disrupted woody plant fragment (left) containing abundant dark organic material, and another fragment (center)
lacking obvious tracheid structures. D, Cathodoluminescence image of the same field as C, clearly showing dark (faintly luminescing) tracheid centers where
none had been visible in C. Note that in transmitted light images (A, C) the view is through the entire 30 µm thin section thickness, whereas in
cathodoluminescence images (B, D) the light comes from the outer 1 µm or less of the polished thin section surface. That is why some tracheid centers,
depending on their angle with respect to the section surface, appear to be longer in transmitted light than in cathodoluminescence images.

fractures and other void spaces with no change in luminescent brightness
or other discontinuity. This demonstrates that cell wall and void-filling
calcite were precipitated in the same continuous episode.
In addition to the cathodoluminescence results, electron microprobe X-ray mapping showed that phosphorous, indicative of small
amounts of apatite, was located exclusively within tracheid capillaries.
Thus the loci of bacterial colonies, earliest calcite, and apatite are all
coincident in this 75 Ma old Cretaceous coprolite. This is the expected
signature of bio-facilitated mineralization. It is unlikely that later stages
of calcite deposition were facilitated by bacteria, because the amount of
calcite involved was massive and not localizable to any recognizable
bacterial organic residues.
During digestion in extant cellulose fermenting animals, plant stem
capillaries are colonized with bacteria (Cheng et al., 1991), and we presume the same situation would have applied in herbivorous dinosaurs.
Surely, in the original dung, bacteria must have been ubiquitous. One

question about the taphonomy of this coprolite concerns why kerogenized
bacterial residues were found in what originally were capillary spaces
and not throughout the coprolite volume. One possibility is that biofacilitated mineralization was sufficiently delayed such that the xylem
fragments had lost much of their original load of microorganisms, except
for those colonies confined and protected within capillary spaces. Alternatively, the micro-environment of tracheid capillaries might have been
continuously anaerobic and conducive to bacterial mediated mineralization, whereas more aerobic conditions elsewhere in the dung discouraged
mineralization. This might afford protection of capillary bacteria by
differential mineral encapsulation. The second scenario requires, however, that major oxygen concentration gradients must have been maintained over very small distances for long periods of time. In either case,
mineralization soon encapsulated bacterial colonies in tracheid capillaries, thus preserving some of their organic material from diagenetic destruction.

85
EXAMPLE 2: RAPID EARLY MINERALIZATION AND
DIAGENESIS OF PHOSPHATIC COPROLITES
Detailed mineralogical analyses have proved useful to demonstrate that ancient phosphatic coprolites underwent a process of early
precipitation of dietary phosphate, followed by subsequent
permineralizing diagenetic events. Hollocher et al. (2005), in a study of
Late Triassic coprolites from the Ischigualasto Formation of Argentina,
showed that the earliest discernible event in mineral deposition was the
crystallization of apatite as small crystals having brownish pigmentation
derived from included organic material. These crystals were initially very
fine-grained and randomly oriented, but during growth developed into
radiating feathery columns (Fig. 3A). The growing columns pushed aside
organic material, concentrating it at column tips. Mn2+ also increased in
concentration toward apatite column tips, as indicated by the brightness
of its yellow cathodoluminescence (Barbarand and Pagel, 2001).
Altogether these are the characteristics expected of rapid crystallization with initial high nucleation density from a supersaturated solution, followed by progressively slower, more directional growth as the
degree of supersaturation decreased. Although it is possible that bacteria
facilitated apatite precipitation, there is no direct evidence, contrary to
the case of Example 1, above. At this early stage, the incipient coprolite
would have been composed of a mass of small apatite crystals and
organic material, much of which would have been bacteria. Later, some
additional apatite precipitated as well-formed, larger, individual crystals,
generally on the edge of voids and solid inclusions in the coprolite (Fig.
3B). These crystals generally lack organic pigmentation. The crystal
habit and size of later apatite is characteristic of slow crystal growth
from a depleted reservoir at low degrees of supersaturation, possibly in
the absence of biological mediation (Bosak et al., 2004).
Pyrite, and hematite produced by later oxidation of pyrite, are
associated closely with the matrix organic material and with small undigested bone shards (Fig. 3C). The likelihood that hematite is secondary is
indicated by the presence of hematite rimming irregular, corroded-looking pyrite grains. The largest pyrite cluster in the thin section is found
near the center of a shard of cancellous bone. From the proximal loci of
bone, pyrite, and early apatite deposits, it is likely that pyrite was
deposited more or less contemporaneously with early apatite, possibly
from sulfide produced by endogenous sulfate-reducing bacteria. The presence of pyrite, and the abundance of organic material out to the coprolite
margin, indicates that its environment became anoxic soon after deposition.
Burrowing animals attacked these coprolites during or after precipitation of early apatite, as indicated by the fact that backfilled burrows contain coherent fragments of coprolite matrix in addition to abundant, externally-derived sand grains. Burrowing took place prior to calcite permineralization, as indicated by the texture of void-filling calcite in
the burrows that is identical to that found in internal void spaces such as
gas bubbles. Finally, calcite and glauconite were deposited in open spaces
that included gas bubbles and other voids, cracks, and residual channelways
not previously filled with apatite or organic material.
Figure 3E shows a large void space, probably originally a gas
bubble, filled with calcite and green glauconite. With reference to the
cathodoluminescent image of the same field (Fig. 3F), calcite void filling
began with non-luminescing, inward-coarsening calcite (layer 1c), more
inwardly-coarsening calcite, but with layers having different luminescence (2c), a layer of glauconite (3g), and lastly the center of the void was
filled with homogeneously luminescing calcite that contains abundant
fluid inclusions (4c). The orange luminescence varies with concentration
of the Mn2+ luminescence activator in calcite, which tends to vary with
the redox state of local ground water (Mason and Moore, 1982; Retallack,
1997). In oxidizing waters manganese is in the form of Mn3+ and Mn4+,
which form insoluble minerals. In reducing waters, manganese is reduced
to its soluble Mn2+ state, which can be incorporated into growing calcite.
On this basis the ground water that precipitated calcite is interpreted to

have been initially oxidizing (layer 1c). The oxidizing conditions at this
stage are clearly very different from the earlier history of the coprolite,
during which time pyrite was precipitated and considerable organic material preserved. This episode of oxidizing groundwater may also have
been the time when some of the smaller pyrite grains were oxidized to
hematite. The ground water then went through an episode of variable
redox states (2c), precipitating calcite layers having variable luminescent
brightness. Glauconite precipitation (3g) signifies a dramatic change in
local ground water chemistry, and some glauconite growth seems to have
been at the expense of pyrite (Fig. 3C). Finally, possibly after a considerable period of time, reducing ground water deposited the last voidfilling calcite (Fig. 3F, layer 4c). Thin trails (t) of bright calcite luminescence amongst the darker apatite matrix are interpreted to be the filled
channel ways through which water gained access to void spaces.
Following precipitation of endogenous apatite, the porous scats,
or incipient coprolites, resisted collapse or disintegration and retained
their cylindrical shapes. Later permineralization with calcite and glauconite made them solid, dense, and durable. Because of the excellent state of
preservation of endogenous bone and other inclusions, and the delicate
and distinctive crystal habits of apatite, we think that little or no recrystallization of matrix apatite could have occurred over some 230 Ma. This
study showed that crystallization of dietary minerals occurred early in
the coprolites’ histories, resulting in a partially mineralized structure
making up a considerable volume fraction of the whole form. Later, void
spaces were permineralized with calcite and glauconite to form dense,
fully mineralized coprolites.
EXAMPLE 3: RAPID EARLY MINERALIZATION OFA
PHOSPHATIC COPROLITE WITHOUT
DIAGENETIC PERMINERALIZATION
Hollocher et al. (2010) provided a clear demonstration of the
structural importance of dietary minerals in coprolites of carnivorous
animals in the study of a low-density coprolite from the 65 Ma Hell
Creek Formation of eastern Montana. This coprolite was highly porous
on millimeter to nanometer scales, with a void volume of about 50%
based on density. It consists almost entirely of carbonate fluoroapatite
(francolite) and detrital grains. As far as could be seen by optical microscopy, SEM imaging, X-ray diffraction, and cathodoluminescence, the
coprolite entirely lacked recrystallized apatite or void-filling
permineralization. It contained well-preserved organic residues of spores
and pollen (Fig. 4A), leaf cuticle (Fig. 4B), high fidelity mineral impressions of seeds (Fig. 4C), and thin organic residues of open plant cells and
cell walls (Fig. 4D). Because carnivorous animals are not generally thought
of as eating plants, these may represent incidentally consumed plants on
the ground surrounding the prey, or possibly gut contents of the prey.
Most of the francolite matrix is microcrystalline and consists mostly of
blocky to granular apatite crystallites, typically <50 nm across. These
form some disordered regions, but are largely organized into hollow and
filled spheres 0.5-3 µm in diameter. Some of the filled spheres have shellshaped gaps (4E). There are also larger, relatively rare spherulites up to
20 µm across made of needle-shaped apatite crystals radiating from
central nucleation points (Fig. 4F).
The larger crystalline spherulites are indicative of rapid crystallization from supersaturated solution, but they may actually post-date
crystallization of the nanocrystalline matrix. Here, again, precipitation
may have been facilitated by bacteria, but unfortunately there is no
evidence either way. The hollow and hollow-shell spheres were interpreted as pseudomorphs of organic particles, probably including fecal
bacteria or derived vesicles thereof that existed in the original scat. Any
organic material that might have helped to organize spheres in the matrix
was subsequently lost during diagenesis. Rare, stubby hexagonal apatite
prisms 1-3 µm across are also found (Fig. 5A) and are believed to have
formed as the last crystalline components at low degrees of supersaturation, though it is possible that they are very minor diagenetic recrystal-
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FIGURE 3. Thin section photomicrographs of a phosphatic coprolite from the 228 Ma Triassic Ischigualasto Formation of Argentina. A, Blue channel of
a color RGB image showing the coprolite matrix: fine-grained apatite (f) progressing to radiating feathery apatite columns (b) where white arrows show
column tips that pushed aside organic material (o). Black grains are hematite, probably after pyrite, and white grains are detrital silicates. B, Detrital quartz
grain (q) surrounded by well-formed, clear, colorless apatite crystals (a). C, Blue channel of a color RGB image showing an undigested but heavily eroded
cancellous bone fragment (cb), with pyrite (p) occupying the originally organic-rich interior. The pyrite is surrounded by secondary green glauconite (g).
Surrounding the bone is light-colored matrix of fine-grained and radiating, columnar apatite, and various inclusions. D, Blue channel of a color RGB image
showing an invertebrate burrow outlined by a black dashed line. About half of the burrow is backfilled with fragments of the phosphatic coprolite matrix
and colorless sand grains, and the rest was void space that was filled with late calcite (c). E, Large void filled with layers of calcite (c) and glauconite (g),
and surrounded by the phosphatic coprolite matrix and various inclusions. F, Red channel of a color RGB cathodoluminescence image of the same field of
view as E, showing the variable luminescence of the void filling calcite. Narrow calcite veins (v) were probably the channel ways through which water that
precipitated calcite and glauconite accessed the coprolite interior. 1c, 2c, 3g, and 4c represent four sequential stages of void infill layers of calcite and
glauconite (see text).
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FIGURE 4. Phosphatic coprolite from the 65 Ma Late Cretaceous Hell Creek Formation of eastern Montana. A and C-F are secondary electron SEM
images, and B is a transmitted light image. A, Pollen grain released by EDTA etching of coprolite chips. B, Thin section photograph of organic residue of
plant cuticle, probably from a leaf, on which numerous trichomes 20-30 µm long can be seen. C, Mold of the surface of a small seed exposed on a fractured
coprolite surface. D, Relatively intact plant cell walls made of original organic material and exposed on a fractured surface. E, Spherulites, 0.5-3 µm in
diameter, on a fractured coprolite surface. Note that some are completely hollow spheres, whereas others are filled but commonly have an empty shellshaped gap near their periphery. F, Large spherulite composed of radiating needle-shaped apatite crystals, seen end-on (e), and lengthwise (L).
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FIGURE 5. Secondary electron SEM images of fractured surfaces of the same coprolite in Figure 4. A, Small but well-faceted apatite crystals (white arrows),
thought to be among the last apatite to have crystallized in this coprolite. The ridges meeting at a point, p, are the remnant cell walls of three adjacent
plant cells. B, Fungal hyphae comprised of organic, not mineral, material as determined from element maps, and may not be ancient. Detrital silicate grain
(s), and phosphatic matrix (m). The chip for B was etched with EDTA solution prior to SEM imaging.

lization products. This coprolite was invaded by fungal hyphae (Fig
5B). Because the hyphae are made of organic material and not mineralized, they may be modern rather than ancient. The preservation of delicate plant residues over geological time, within a matrix of micro- to
nanocrystalline apatite, shows that apatite recrystallization could not
have been significant following its original deposition.
The fact that the siltstone matrix immediately adjacent to the
coprolite is essentially devoid of apatite shows that the coprolite’s apatite could not have been derived from ground water and must have been
autochthonous and surely dietary. Overall, study of this coprolite shows
that dietary calcium phosphate can provide sufficient structural strength
alone, without secondary permineralization, to maintain structural integrity in fluvial sediments for tens of millions of years. The early deposition of apatite derived from dietary calcium phosphate is the process
that gives scat of carnivorous animals a great preservational advantage
over dung from herbivorous ones.
CONCLUSIONS
Not all coprolites are of a quality to allow the kinds of microscopic, chemical, and mineralogical discoveries described in the three
examples above. Processes, such as early decomposition of organic material, compaction by overburden, diagenetically-induced recrystallization of minerals, and dissolution of autochthonous minerals and residual
organic material, with or without replacement, can make clear interpretations difficult.
A relevant and interesting question is whether the precipitation or
crystallization of dietary calcium phosphate in the scat of carnivorous
animals can be facilitated or accelerated by fecal bacteria during decay of
organic components. Such a process seems intuitively likely, and experiments demonstrate that bacteria can promote apatite precipitation in
some circumstances (Lucas and Prévôt, 1985; Hirschler et al., 1990), but

we know of no direct evidence to the point in actual coprolites or realistic
experimental models. This matter might be addressed by making a mineralogical examination of, for example, alligator scat, as it ages in order to
determine the kinetics of mineral precipitation and crystal growth, and
the physical relationships between bacteria and crystallizing minerals.
Studies of other low density coprolites (Sawyer, 1981) might also be
fruitful, because they are likely to be largely unrecrystallized and free of
void-filling secondary minerals. If bio-facilitated apatite mineralization
occurs in scat, that would show it enjoys a double taphonomic advantage
over that for dung from herbivorous animals, in the sense that the mineral
material upon which the bacteria would operate is already present and
need not be garnered from ground water.
At this stage in the study of coprolites, we have some understanding of two processes, bio-facilitated mineralization and precipitation of
dietary calcium phosphate, that appear to be important early events in
the conversion of dung and scat into coprolites, followed in some cases
by diagenetic permineralization. Many details of these processes, however, remain to be elucidated, and it is likely that other early stabilizing
processes remain to be discovered.
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