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ABSTRACT
Bone marrow in ca. 10 Ma frogs and salamanders from the Miocene of Libros, Spain,
represents the first fossilized example of this extremely decay-prone tissue. The bone marrow, preserved in three dimensions as an organic residue, retains the original texture and
red and yellow color of hematopoietic and fatty marrow, respectively; moldic osteoclasts
and vascular structures are also present. We attribute exceptional preservation of the
fossilized bone marrow to cryptic preservation: the bones of the amphibians formed protective microenvironments, and inhibited microbial infiltration. Specimens in which bone
marrow is preserved vary in their completeness and articulation and in the extent to which
the body outline is preserved as a thin film of organically preserved bacteria. Cryptic
preservation of these labile tissues is thus to a large extent independent of, and cannot be
predicted by, the taphonomic history of the remainder of the specimen.
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INTRODUCTION
Blood and bone marrow are the most labile,
decay-prone tissues in the vertebrate body
(Custer, 1974), and therefore almost invariably
degrade rapidly during the initial stages of decay. Most purported examples of fossilized
red blood cells have proved controversial, and
some have been reinterpreted subsequently as
artifacts, e.g., pyrite framboids (Martill and
Unwin, 1997; however, see Higby Schweitzer
and Horner, 1999). Furthermore, high-fidelity
preservation of extremely labile tissues almost
always results from their replication in early
diagenetic authigenic minerals (Briggs, 2003;
Martill, 1988; Voigt, 1939). The sole exceptions are the unmineralized blood vessels and
cell-like microstructures, possibly osteocytes,
recovered by Schweitzer et al. (2005a, 2005b)
after dissolving fragments of dinosaur bone; it
was suggested that preservation of these structures may have resulted from ‘‘some kind of
unknown geochemical replacement process’’
(Schweitzer et al., 2005a, p. 1955). Here we
report the first example of fossilized bone
marrow (in ca. 10 Ma amphibians from northeastern Spain) and provide a model of how
extremely labile tissues such as these can be
preserved with histological fidelity as threedimensional organic residues (the terms ‘‘organic’’ and ‘‘carbonaceous’’ do not imply that
the original biomolecular composition is unaltered, in whole or in part). Such tissues pro-

vide insights into the physiology of ancient
organisms (Schweitzer et al., 2005a) and are
potential targets for the recovery of biomolecules. Therefore, an understanding of the taphonomic processes responsible, specifically the
environmental context and precise geochemical conditions under which such preservation
occurs, is crucial to realizing the paleobiological potential of these organic remains.
GEOLOGICAL BACKGROUND
The Libros Basin forms the southern part of
the Teruel graben in northeastern Spain; its infill is early Miocene to Pliocene age, varies
from 300 to 500 m in thickness, and includes
an early late Miocene (Vallesian, 11.2–8.7
Ma) gypsum-dominated 120-m-thick lacustrine sequence (Libros Gypsum; Ortı́ et al.,
2003). Thermally immature organic-rich laminated mudstones (oil shales: total organic carbon, 1%–2.6% [de las Heras et al., 2003]) of
the deep-water Libros Gypsum Unit crop out
in the Barrio de las Minas near Libros (Fig.
1); these mudstones host exceptionally preserved fauna and flora that include salamanders, frogs (both adults and larvae), birds,
snakes, insects, arachnids, and leaves (Navás,
1922). Adult and larval specimens of the frog
Rana pueyoi and adult specimens of the salamander Triton sp. occur as articulated skeletons enclosed in a thin, dark brown, carbonaceous bacterial biofilm that defines part, or
the entire outline, of their soft tissues. In ad-

dition, patches of dermal collagen fibers, morphologically identical to those in extant frogs,
are replicated in calcium phosphate (Fig. 2A).
METHODS
Fossilized Bone Marrow
Samples of bone marrow were extracted using sterile tweezers; no mechanical separation
from the bone or dehydration was necessary.
The solid, brittle samples were mounted on
aluminum stubs for scanning electron microscopy (SEM) without further preparation.
For SEM, the sample illustrated (Figs. 2D–
2F) was gold coated and examined with a Hitachi S-3500N variable pressure microscope
equipped with an EDAX energy dispersive Xray spectrometer (EDS) running Genesis software. Observations were made at an accelerating voltage of 15 kV, with acquisition times
of 60 s for EDS spectra.
For transmission electron microscopy
(TEM), samples were washed in ethanol 3
times, each for 30 min. The sample of fossil
bone marrow was then impregnated with
TAAB EM resin under vacuum in the following resin:ethanol mixtures, each for 2 h: 10%,

Figure 1. Map showing location of Barrio
de las Minas near Libros, Teruel. Inset—
position of Teruel province within Spain.
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30%, 50%, 70%, 90%, 100%, 100%, 100%
resin. Unstained ultrathin (80–90 nm thick)
microtome sections were placed on Cu grids
and examined using a JEOL 2000TEMSCAN
operating at 80 kV and using an objective aperture of 10 m diameter.
Modern Bone Marrow
A vertebra of the extant frog Rana temporaria was dissected using sterile tools and was
fixed and treated as follows: osmium tetroxide
(60 min), buffer (10 min), 70% ethanol (10
min, twice), 90% ethanol (10 min, twice),
100% ethanol (20 min, twice).
The fixed and dehydrated sample (histological sections) was prepared as follows: propylene oxide (15 min, twice), 50:50 propylene
oxide: TAAB embedding resin (60 min),
100% resin (120 min at 37 ⬚C), 100% resin
(18 h at 60 ⬚C). To maximize resin impregnation, the sample was extracted from the resin and the marrow was mechanically separated
from the bone using sterile tools. The marrow
was then placed in an aluminum mold with
fresh 100% resin and polymerized a second
time at 60 ⬚C. Semithin (2 m thick) sections
were cut with a glass knife and stained using
Toluidine blue.
For TEM, ultrathin (80–90 nm) microtome
sections were placed on Cu grids, stained with
uranyl acetate and lead citrate, and examined
as above.

Figure 2. Bone marrow from fossil (A–F, H–I) and extant (G) amphibians. A: Rana pueyoi
(specimen 26217, Museu de Geologia del Seminari, Barcelona) with outline of soft tissues
preserved as bacterial biofilm. Insets: secondary electron micrographs of fossilized bacteria (upper) and collagen fibers (lower). B–D: Light micrographs of marrow within costal
marrow cavity (B); spongy bone of femural epiphysis (C) extracted from vertebra (D). E:
Transmission electron micrograph (TEM) of junction between zones of hematopoietic (h)
and fatty (f) marrow. F: Secondary electron micrograph of marrow; position indicated in
inset. G: Light micrograph of semithin stained section of vertebral bone marrow from
extant frog, with inset TEMs of fatty (f) and hematopoietic marrow (h). H: TEM of thin layer
of ovoid bacteria coating surface of marrow cylinder. Thin electron-dense line between
marrow and embedding resin is gold coating. I: TEM of fossil bacterium exhibiting tripartite division of electron-dense margin (at arrow). Qualitative compositional analyses
(energy dispersive X-ray spectrometer spectra) of fossil marrow (J) and bacteria on surface of marrow cylinder (K). Abbreviations: b, bone; f, fatty marrow; h, hematopoeitic
marrow; m, marrow; o, moldic osteoclasts; r, resin; v, vascular structure; vs, central vascular sinus (now resin infilled).
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FOSSIL BONE MARROW
We examined 15 salamanders, 56 adult
frogs, and 79 larval frogs from Libros. Threedimensional fragments of fossilized bone marrow (each ⬃0.5–2 mm3) were identified within both cortical (compact) and trabecular
(spongy) bone of the limbs, vertebrae, ribs,
and craniums of both adult frogs and salamanders (Figs. 2B, 2C); each of these bones
is marrow bearing in the modern amphibian
skeleton. The marrow is present in 10% of
adult frog specimens and one salamander
specimen; because its presence can only be
confirmed where bone is fractured and the interior visible, this figure is almost certainly an
underestimate. Rare small fragments (each
⬃0.1–0.5 mm3) of bone marrow were identified in the vertebrae of a single premetamorphous (Gosner [1960] stage 40–41) larval
frog.
The example of bone marrow illustrated
(Figs. 2D–2F) was extracted from the vertebral body (the ventral cylindrical portion of a
vertebra: essentially a hollow cylinder of cortical bone with a large, central, marrow lacuna
[Sano-Martins et al., 2002]) of a specimen of
Rana pueyoi (ANF-0016, Museu Nacional de
Ciencias Naturales, Madrid). As in extant
frogs (Fig. 2G) (Custer, 1974), yellow fatty
marrow surrounds a central vascular structure,
and is surrounded by translucent red hematopoietic marrow (Fig. 2D). The fatty marrow
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would have almost exclusively comprised fat
cells (Campbell, 1970), and thus is now uniformly electron lucent; the more variable electron contrast of the hematopoietic marrow is
consistent with its having had a more diverse
cellular composition in vivo (Baron, 2002) (cf.
Figs. 2E, 2G). A train of flattened cavities
(each 20–80 m long and 15–20 m wide)
forms a semicontinuous layer around the periphery of the marrow (Fig. 2F). The cavities
mark the former position of osteoclasts, i.e.,
flattened cells, each as long as 100 m, found
locally at the bone-marrow interface in modern vertebrates (Fig. 2G) and responsible for
bone resorption (Baron 2002). The cavities are
each defined by 4–5-m-thick walls (Fig. 2F)
derived from some or all of the cell membrane, the cell surface glycoproteins (Oursler
et al., 1991), and the contractile protein-rich
cytoskeleton immediately internal to the cell
membrane (Lee et al., 1999). In vivo the cell
membrane forms a sealing zone at the bonemarrow interface (Väänänen and Horton,
1995); upon death the cytoskeletal proteins
contract, and the cell detaches from the endosteal surface (Baron, 2002).
The external surface of the marrow cylinder
is covered in a semicontinuous thin (⬍5 m
thick) layer of ovoid bacteria (Fig. 2H); occasional bacteria also line the inner face of
some of the cavities. The electron-dense ⬃20nm-wide periphery of each bacterium can
show a tripartite subdivision (at arrow in Fig.
2I) corresponding to the outer membrane, internal plasma membrane, and intervening,
less-electron-dense, periplasmic space of the
bacterial cell envelope (Matias et al., 2003).
Similar cell wall detail has been reported from
other fossil bacteria (Toporski et al., 2002;
Westall et al., 1995). The marrow and bacteria
are organically preserved: the only prominent
peaks in SEM-EDAX spectra of each are for
carbon and sulfur (Figs. 2J, 2K). There are no
significant peaks for calcium or other elements
(e.g., Fe, Mg, Mn, Sr, Ba) that would indicate
the carbon is from a carbonate mineral. The
sulfur is part of an organo-sulfur compound:
SEM images show no textural evidence that
the sulfur is present in elemental form, and
elemental maps show that the carbon and sulfur exhibit identical continuous distributions
over the area analyzed. The extremely low
electron contrast of the marrow and bacteria
in TEM images is consistent with an organic
composition (e.g., Fig. 2H; cf. with the higher
electron contrast of the thin gold coating
[Hunter, 1993]).
PRESERVATION OF BONE MARROW
Only a subset of the specimens exhibits
marrow; this is considered to be due in large
part to the fortuitous fracture of bones (and
subsequent exposure of marrow) during collection and archival processes. The presence
of fossil marrow does not correlate with any
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other aspect of the taphonomy of the specimens. Notably, it is not restricted to better preserved specimens. Marrow has been identified
in specimens in which skeletal elements (typically phalanges and tarsals) are disarticulated
and/or absent. The areal extent of both the
dark-colored body outline and phosphatized
dermis varies greatly between specimens; either or both may be absent. We propose that
the preservation of the marrow and not other,
less labile, nonbiomineralized tissues reflects
its location inside bone. The bone acted as a
physical barrier, retarding the rate at which
soft tissues inside became microbially infested
(fossilized bacteria are restricted to the periphery of the bone marrow). Nonvascular osteal
porosity comprises proteoglycan-filled spaces
(15–50 nm diameter) and matrix micropores
(5–12 nm diameter) (Thomas et al., 2005) that
are too small to facilitate bacterial infiltration
of the marrow lacuna but sufficiently large for
ionic diffusion (see following). Access by bacteria to spaces inside bone, including the marrow lacuna, is easiest via the one or two principal arteries that perforate the bone. Bone in
larval ranids is not fully ossified until Gosner
(1960) stage 42 (at younger developmental
stages, osteal porosity is visible to the naked
eye), and is thus a less efficient barrier to bacterial infiltration. Marrow is only present in 1
of the 79 fossil frog larvae; it is at an advanced developmental stage and ossification
of its skeleton is nearly complete.
The high degree of morphological fidelity
of the bone marrow, and other organically preserved labile tissues, does not require their
original biomolecular composition to be preserved. In their study of the taphonomy of late
Paleocene–Miocene Metasequoia leaves,
Yang et al. (2005) observed that the preservation of original morphological detail correlated positively with the extent to which labile
biomolecules (in particular polysaccharides)
were preserved. Gupta and Pancost (2005),
however, observed significant morphological
deterioration of Arbutus leaves before appreciable decay of their labile biomolecules (including proteins and carbohydrates). In the
thermal maturation experiments of Stankiewicz et al. (2000), using nonbiomineralized
arthropod cuticle, a high level of physical detail was retained at the micron scale (except
in experiments using extremely rapid heating
rates, 10 ⬚C/min), but the aliphatic compounds
and labile polymers were polymerized in situ
into an insoluble, kerogen-like organic residue. The last of these examples confirms that
there are known, albeit incompletely understood, diagenetic processes by which labile
nonbiomineralized tissues can be organically
preserved with a high degree of morphological fidelity.
The presence or absence of sulfur (confirmed by the EDAX spectra of both marrow
and bacteria; Figs. 2J, 2K) may be a proxy for

the biomolecular fidelity of organically preserved tissues: the incorporation of sulfur into
organic matter is known to enhance the preservation potential of organic compounds such
as lipids and carbohydrates on geologic time
scales (Sinninghe Damsté et al., 1998). In
their study of Late Jurassic kerogens, Riboulleau et al. (2002) identified amino acids only
in kerogen fractions attributed to sulfurization,
some of which were formed in oxic settings.
Sulfurization occurs very early in diagenesis,
even at the sediment-water interface (Wakeham et al., 1995), i.e., potentially before microbial degradation of extremely labile tissues
can be completed. Sulfurization processes
may have been integral to preservation of the
original coloration of the red marrow: the hemoglobin components (containing heme, the
most important red pigment in blood) of many
amphibians and reptiles polymerize via the
formation of intermolecular disulfide bonds
(Tam et al., 1993). This can occur in the absence of external sources of sulfur, but the latter is known to augment the polymerization
process (Riggs et al., 1964). An external
source of sulfur (as sulfide) can be generated
by the activities of sulfate-reducing bacteria;
unless taken up rapidly by any reactive iron
species present, the hydrogen sulfide and
polysulfides (including HS4⫺, HS5⫺, S42⫺,
S52⫺) produced can be incorporated into organic matter (Kok et al., 2000). Because the
Libros oil shales were deposited under strongly reducing, iron-poor conditions (de las Heras
et al., 2003; Ortı́ et al., 2003), H2S generated
by sulfate-reducing bacteria was abundant in
the monimolimnion and porewaters (Anadón
et al., 1992) and would have been available
for incorporation into organic compounds during diagenesis.
WIDER IMPLICATIONS
The depositional context and mode of preservation of the Libros amphibians are similar
to those of numerous other late Paleozoic to
Holocene vertebrate faunas, including the Early Cretaceous Jehol Biota, Liaoning Province,
China, from which an important fauna of dinosaurs and early birds is known (Zhou et al.,
2003), and the Eocene Grube Messel (Wuttke,
1992) and Enspel (Toporski et al., 2002) faunas. This similarity favors the Libros amphibians being additional sources of very labile
tissues. Cryptic preservation inside the protective microenvironment provided by bone is an
intrinsic part of the taphonomic history of the
other known occurrence of high-fidelity, threedimensional, organic preservation of extremely labile tissues (Schweitzer et al., 2005a).
These tissues are from a specimen of Tyrannosaurus rex preserved as an association of
disarticulated elements in a soft, well-sorted
estuarine sandstone (Schweitzer et al., 2005a,
2005b). The two examples occur in different
depositional settings; specimens exhibit exten643

sive to complete (Libros) or complete
(Schweitzer et al., 2005a) degradation of the
other nonbiomineralized tissues, and fragmentation and disarticulation of the skeleton, i.e.,
the preservation of extremely labile tissues in
the amphibians and dinosaurs, is decoupled
from the taphonomy of the material as a
whole. Further, in contrast to other mechanisms of exceptional preservation that are
constrained by variables such as depositional
environment, pH, Eh, and ionic concentrations, this mode of high-fidelity organic preservation does not require a very specific set
of environmental conditions. Therefore, highfidelity organic preservation of extremely labile tissues is likely to be more common in
the fossil record than has been hitherto
realized.
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Barcelona, Spain), and Begoña Sánchez (Museo
Nacional de Ciencias Naturales, Madrid, Spain) provided access to specimens. Funded by Enterprise
Ireland Basic Research Grant SC/2002/138 to Orr.
REFERENCES CITED
Anadón, P., Rosell, L., and Talbot, M.R., 1992, Carbonate replacement of lacustrine gypsum deposits in two Neogene continental basins: Sedimentary Geology, v. 78, p. 201–216, doi:
10.1016/0037-0738(92)90020-R.
Baron, R., 2002, Anatomy and ultrastructure of
bone-histogenesis, growth and remodeling, in
Arnold, A., ed., Diseases of bone and calcium
metabolism: http://www.endotext.org (February 2005).
Briggs, D.E.G., 2003, The role of decay and mineralisation in the preservation of soft-bodied
fossils: Annual Review of Earth and Planetary
Sciences, v. 31, p. 275–301, doi: 10.1146/
annurev.earth.31.100901.144746.
Campbell, F.R., 1970, Ultrastructure of the bone
marrow of the frog: American Journal of
Anatomy, v. 129, p. 329–356, doi: 10.1002/
aja.1001290306.
Custer, R.P., 1974, An atlas of the blood and bone
marrow: Philadelphia, Pennsylvania, WB
Saunders Company, 562 p.
de las Heras, F.X.C., Anadón, P., and Cabrera, L.,
2003, Biomarker record variations in lacustrine coals and oil shales: Contribution from
Tertiary basins in NE Spain, in Valero Garcés,
B. L., ed., Limnogeology in Spain: A tribute
to Kerry Kelts: Madrid, Spain, Spanish Research Council [Consejo Superior de Investigaciones Cientı́ficas (CSIC)], p.187–228.
Gosner, K.L., 1960, A simplified table for staging
anuran embryos and larvae with notes on identification: Herpetologica, v. 16, p. 183–190.
Gupta, N.S., and Pancost, R.D., 2005, Biomolecular

644

and physical taphonomy of angiosperm leaf
during early decay: Implications for fossilization: Palaios, v. 19, p. 428–440.
Higby Schweitzer, M., and Horner, J.R., 1999, Intravascular microstructures in trabecular bone
tissues of Tyrannosaurus rex: Annales de Paléontologie, v. 85, p. 179–192, doi: 10.1016/
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