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INTRODUCTION
Fossilization of bone is a dynamic process 

controlled by pore-water chemistry, hydrol-
ogy, temperature, microbiology, and bone 
architecture. During fossilization the trace ele-
ment composition of bone is altered, and recent 
studies (e.g., Metzger et al., 2004; Martin et al., 
2005; Trueman et al., 2006; MacFadden et al., 
2007) have utilized the uptake of rare earth 
elements (REEs) to characterize chemical dia-
genesis in ancient bone. Most previous stud-
ies have employed bulk digestion or solution-
based techniques such as inductively coupled 
plasma–mass spectrometry (ICP-MS) to deter-
mine the average composition of REE in fossil 
bone. Here the dynamic nature of fossilization 
is revealed using laser ablation (LA) ICP-MS 
to generate high-resolution maps of trace ele-
ment distributions in a sample of fossil bones 
collected from sites in the Late Cretaceous of 
Montana (USA) and Madagascar. Elemental 
mapping using ion or electron beam micro-
probes and energy dispersive spectrometry has 
been used previously to study the fossilization 
of both vertebrates and invertebrates (e.g., Orr 
et al., 1998; Goodwin et al., 2007). However, 
this is the fi rst time that LA-ICP-MS has been 
used to precisely map the distribution of REEs 
and other trace elements added to bone post 
mortem. The LA-ICP-MS elemental maps pre-
sented here provide a previously unavailable 

high-resolution visualization of the complex 
physicochemical conditions operating within 
bones during early stages of fossilization.

METHODS AND MATERIALS
LA-ICP-MS permits the investigator to 

select locations of analyses with great preci-
sion. Single point analyses with detection lim-
its for the REE of ~0.1 ppm can be conducted 
with spot sizes ranging from 5 to 300 µm, and 
line scans can be targeted across bone tissue at 
lengths ranging from a few microns to a few 
centimeters. Two-dimensional elemental maps 
were constructed using stacked line scans con-
fi gured as rectangular map areas. Maps were 
positioned to capture the potential variability 
in specimens, as estimated by visual inspection 
(color variation) and previous line scans. Cali-
bration curves were constructed for each mass 
measured by integrating the signal from the 
U.S. Geological Survey microanalytical phos-
phate reference material (MAPS-1), NIST 612 
glass reference material, and blank analyses. 
Each time slice of intensity data along each 
line scan was converted to concentration using 
established quantifi cation protocols (Longerich 
et al., 1996). All calculations utilized a consis-
tent Ca concentration as the internal standard 
value of known concentration for fossil apa-
tite. The duration of each time slice was con-
verted to distance based on scan speed. After 

conversion of each time slice to concentration, 
the lines were stacked into an x-y concentra-
tion grid (Woodhead et al., 2007; Becker et al., 
2008; Grün et al., 2008). The resulting gridded 
data for each element were then converted to a 
false color map using a kriging algorithm and 
mapping software (Surfer, Golden Software; 
www.goldensoftware.com). 

Fossil bones used for LA-ICP-MS mapping 
come from three distinct units of Late Creta-
ceous age. The Montana sample (Fig. 1) con-
sists of three bones derived from a microfossil 
bonebed (UC-8303) in coastal plain facies of 
the Campanian Judith River Formation (Rog-
ers, 1998). The Madagascar bones (Fig. 2) 
were recovered from two units and represent 
a variety of facies (Rogers et al., 2000, 2007). 
One bone (ANK101) was mapped from the 
Ankazomihaboka beds, which consist of cross-
bedded sandstones and claystones of fl uvial 
origin. The exact age of the Ankazomihaboka 
remains unknown, but the unit is underlain 
by Coniacian basalts dated as ca. 88 Ma old 
(Storey et al., 1995). Two additional bones 
were mapped from the Anembalemba Member 
of the Maastrichtian Maevarano Formation: 
ANE901 comes from a bonebed intercalated 
within fl uvial deposits in fully terrestrial facies, 
and ANE951 was recovered from a ravinement 
bed that caps the unit and separates it from 
superjacent marine facies.

COMPLEXITIES OF FOSSILIZATION 
REVEALED

Fossilization of bone can be summarized as 
hydrolysis of collagen and recrystallization of 
apatite, where recrystallization refers to growth 
of apatite crystallites into the space originally 
occupied by collagen (Trueman and Tuross, 
2002). Both the hydroloysis of collagen and the 
recrystallization of apatite require interaction 
between bone and pore waters, and trace elements 
contained in pore waters are readily sorped onto 
bone mineral surfaces during fossilization (Rey-
nard et al., 1999; Trueman and Tuross, 2002). 
With continued bone-water exchange, bone will 
reach equilibrium with pore waters, and elemen-
tal concentrations will be similar throughout the 
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ABSTRACT
Elemental maps generated by laser ablation–inductively coupled plasma–mass spectrom-

etry (LA-ICP-MS) provide a previously unavailable high-resolution visualization of the com-
plex physicochemical conditions operating within individual bones during the early stages of 
diagenesis and fossilization. A selection of LA-ICP-MS maps of bones collected from the Late 
Cretaceous of Montana (United States) and Madagascar graphically illustrate diverse paths to 
recrystallization, and reveal unique insights into geochemical aspects of taphonomic history. 
Some bones show distinct gradients in concentrations of rare earth elements and uranium, 
with highest concentrations at external bone margins. Others exhibit more intricate patterns 
of trace element uptake related to bone histology and its control on the fl ow paths of pore 
waters. Patterns of element uptake as revealed by LA-ICP-MS maps can be used to guide 
sampling strategies, and call into question previous studies that hinge upon localized bulk 
samples of fossilized bone tissue. LA-ICP-MS maps also allow for comparison of recrystalliza-
tion rates among fossil bones, and afford a novel approach to identifying bones or regions of 
bones potentially suitable for extracting intact biogeochemical signals.
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thickness of the bone (Henderson et al., 1983; 
Millard and Hedges, 1996; Pike et al., 2002; 
Trueman et al., 2004). However, the distribution 
of trace elements in fossil bones is generally not 
homogeneous, and this presumably refl ects vari-
ations in diffusive processes within intricately 
interconnected pore spaces, element-specifi c 
variations in the strength of adsorption, and the 
rate of recrystallization of bone mineral (Hen-
derson et al., 1983; Millard and Hedges, 1996; 
Janssens et al., 1999; Reynard et al., 1999; Pike 
et al., 2002; Trueman et al., 2004, Suarez et al., 
2007; Kohn, 2008). Recrystallization effectively 
closes intracrystalline pore spaces, limiting per-
meability and preventing further diffusion of 
trace elements within bones. If complete recrys-
tallization occurs before bone has achieved equi-
librium, elemental concentration gradients will 
be preserved that record the distribution of ele-
ments in a pre-equilibrium state (Trueman and 
Tuross, 2002).

Bones from the Judith River Formation 
(Fig. 1) show distinct gradients in concentrations 
of REEs and uranium, with highest concentra-
tions generally seen at external bone margins. 
Concentration gradients show an exponential 
form consistent with uptake via a diffusion-
adsorption mechanism. Concentrations of the 
light REEs (LREEs, e.g., La) fall more quickly 
than those of the heavy REEs (HREEs, e.g., 
Yb), refl ecting differences in adsorption coef-
fi cients and indicating that trace elements are 
fractionated from one another during transport 
and uptake within bone cortex. It is interesting 
that one bone in the Montana sample (Fig. 1B) 
shows an asymmetric gradient for U, but not for 
La or Sm, and this pattern is interpreted to be 
indicative of redox effects on U uptake (Hender-
son et al., 1983). Another bone (Fig. 1C) shows 
both elemental concentration gradients at its 
margin and elevated concentrations of HREEs 
in its core. This is interpreted to refl ect preferen-
tial capture of light and middle REEs via the dif-
fusion-adsorption mechanism at the outer edge 
and subsequent movement of waters enriched in 
HREEs within the inner vascular network.

Elemental concentration gradients in Mada-
gascar bones (Fig. 2) differ substantially from 
the Montana sample. Bone ANE901 (Fig. 2A), 
recovered from the Anembalemba Member 
of the Maevarano Formation, displays shal-
low REE gradients relative to those established 
for the Judith River fossils, and U concentra-
tions are enriched in the central portions of 
this bone. Bones from the ravinement bed that 
caps the Anembalemba Member (ANE951, Fig. 
2B) and the underlying Ankazomihaboka beds 
(ANK101, Fig. 2C) do not exhibit clear con-
centration gradients. The limited evidence of 
diffusion and low total REE concentrations in 
these bones (especially ANE951) could be inter-
preted to refl ect low trace element  availability in 
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Figure 1. Laser ablation–inductively coupled plasma–mass spectrometry maps of distribu-
tion of light (La), middle (Sm), and heavy (Yb) rare earth elements (REEs) and U in bones 
from bonebed in Cretaceous Judith River Formation, Montana, USA. Numeric scale in parts 
per million. A, B: Bones show concentration gradients in all elements. C: Bone shows con-
centration gradients at outer margins and enhanced uptake of heavy REEs within center of 
bone. Scale bars = 5 mm.

Figure 2. Laser ablation–inductively coupled plasma–mass spectrometry maps of distribu-
tion of light (La), middle (Sm), and heavy (Yb) rare earth elements (REEs) and U in bones 
from Late Cretaceous sediments from Madagascar. Numeric scale in parts per million. A: 
Bone ANE901 from Anembalemba Member of Maevarano Formation has relatively high con-
centrations of REEs and U throughout, with shallow concentration gradients in light and 
middle REEs. B, C: Bones ANE951 (B) from ravinement bed capping the Maevarano Forma-
tion, and ANK101 (C) from underlying Ankazomihaboka beds show relatively low total REEs 
concentrations with distributions indicating transport of REEs via vascular porosity. Highest 
concentrations are developed within infi lled vascular canals and immediately surrounding 
osteonal tissue. Scale bars = 5 mm.
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 external pore waters. However, elevated concen-
trations of REEs and U are found within infi lled 
central canals of primary and secondary osteons 
(Figs. 2B and 2C). This indicates that pore 
waters interacting with these bones contained 
available dissolved REEs, which in turn suggests 
that low concentrations of REEs and U are likely 
the result of reduced interaction between pore 
waters and bone.

RECONSTRUCTING 
RECRYSTALLIZATION RATES

Here the slope of preserved concentration 
gradients is interpreted as a function of the time 
taken to achieve complete recrystallization, and 
preexisting quantitative models (Millard and 
Hedges, 1996; Pike et al., 2002; Trueman et al., 
2008) are applied to predict the post mortem 
uptake and distribution of uranium within bones 
as a function of time. Using these models and 
associated estimates of diffusion and adsorption 
coeffi cients for uranyl ions in bone, estimates 
of the minimum time required to produce mea-
sured U distributions can be calculated. These 
estimates of the duration of fossilization are 
fi rst-order approximations due to uncertainties 
in environmental concentrations and adsorp-
tion coeffi cients for U species, and are possibly 
underestimates because the simple version of 
the diffusion-adsorption (D-A) model adopted 
here does not consider progressive reduction of 
either permeability or adsorption coeffi cients 
during recrystallization. It is further recog-
nized that the D-A model, although commonly 
employed to model trace element uptake in fos-
sil bone, is not a unique solution to the question 
of fossilization, and that other diffusion-limited 
models may apply (Kohn, 2008). The LA-ICP-
MS maps highlighted herein arguably provide 
a novel means of assessing the nature of diffu-
sive zoning in fossil bones and discriminating 
among alternative diffusion models.

The D-A model (equation 4 of Millard and 
Hedges, 1996) was applied to estimate mini-
mum closure rates. Adsorption and partition 
coeffi cients for U were estimated as 5 × 10−5 and 
1.7 × 10−8 cm2 s–2 respectively (Pike et al., 2002), 
yielding a D/R (D = diffusion coeffi cient, R = 
volumetric equilibrium constant) value of 3.4 × 
10−14. Assigning a single value to these variables 
assumes a common concentration and specia-
tion of U between burial sites, and constant con-
ditions throughout diagenesis. These assump-
tions are unlikely to be met in natural systems, 
and estimated recrystallization rates are thus 
presented as fi rst approximations. Modeled 
and measured profi les were compared using 
least squares regression, and best-fi t values of t’ 
(the modeled diffusion gradient) were assigned 
based on regression statistics. Two bones from 
UC-8303 yield D-A profi les for both U and Sm. 
Model curves were fi t to profi les and values of t’ 

estimated for U were used to estimate D/R ratios 
for Sm. Recovered D/R ratios for Sm were 2.6 
× 10−14 and 5.7 × 10−14, respectively, and do not 
differ signifi cantly from the estimated value for 
U. Accordingly, Sm profi les were used to esti-
mate minimum closure ages in bones that do not 
yield U profi les consistent with D-A uptake.

Focusing on the two bones in the Montana 
sample with relatively symmetric U concen-
tration gradients (Figs. 1A and 1C), minimum 
rates of recrystallization estimated from D-A 
models (Millard and Hedges, 1996; Pike et al., 
2002) range from ~2.5 to 25 ka. A comparable 
rate of recrystallization is calculated for the 
bone with asymmetric U gradients (Fig. 1B) if 
D-A models are fi t to Sm gradients. Shifting to 
the Madagascar sample, the shallow concentra-
tion gradients of ANE901 suggest that this bone 
underwent relatively prolonged bone-water 
interaction, and by implication, relatively slow 
rates of recrystallization. D-A modeling sug-
gests that ~6 × 106 years would be required to 
reach equilibrium for U assuming a D/R ratio of 
3.4 × 10−14. Given the potential that U concen-
trations have been affected by redox conditions, 
and assuming a similar D/R ratio for Sm, a min-
imum recrystallization time of ~1 × 106 years 
is calculated for ANE901. Finally, under the 
premise that the diffusion of REE into bone tis-
sue is mediated by the rate of recrystallization, 
it is likely that ANE951 and ANK101 recrystal-
lized relatively rapidly. However, given the lack 
of clear concentration gradients, D-A model-
ing cannot be applied to these bones, and thus 
quantitative estimates of recrystallization rates 
are unavailable.

DISCUSSION AND CONCLUSION
LA-ICP-MS elemental maps provide strik-

ing visualizations of the geochemical transition 
from unaltered bone to fossil bone, and demon-
strate with great clarity both the uptake of trace 
elements into ancient bone tissue and the inher-
ent complexity of diagenesis. For example, 
some bones (Figs. 1C, 2A, and 2C) show intri-
cate patterns of trace element uptake related 
to bone histology and its control on the fl ow 
paths of pore waters. This complexity must be 
taken into account when sampling fossil bone 
tissue for geochemical analyses. Sampling the 
full thickness of cortex (and thus integrating 
the total adsorped trace element signal) may be 
more appropriate than subsampling the outer 
bone cortex, and fi ndings of previous studies 
that utilized outer cortical bone to reconstruct 
relative concentrations of the REEs may need 
to be reexamined.

Patterns of element uptake as revealed by 
LA-ICP-MS maps can also be used to address 
more specifi c taphonomic questions. Asymmet-
ric profi les (Fig. 1B) arguably serve as graphic 
geopetal indicators for bioclasts that experi-

enced side-specifi c microenvironmental condi-
tions during diagenesis (Trueman et al., 2004). 
Mapped diffusion profi les can also potentially 
be used to decipher whether breaks in fossil 
bones occurred before (some semblance of sym-
metry) or after (marked asymmetry) recrystal-
lization. The potential for exhumation, mixing, 
and reworking can also be explored by compar-
ing trace element profi les on LA-ICP-MS maps. 
Diffusion profi les revealed by LA-ICP-MS 
elemental maps also allow for estimation and 
comparison of recrystallization rates among fos-
sil bones (and bone-bearing localities). Periods 
of fossilization for the Montana and Madagascar 
bones vary between 103 and 106 years, consistent 
with previous indirect estimates of fossilization 
rates (Millard and Hedges, 1996; Janssens et al., 
1999; Pike et al., 2002; Trueman et al., 2004, 
2008; Kohn and Law, 2006; Kohn, 2008) and 
with the condition of bone in the archaeological 
record. Moreover, concentration gradients evi-
dent on maps clarify the fact that exquisite mor-
phological and histological preservation does not 
necessarily correlate with reduced geochemical 
alteration or even rapid recrystallization. Frag-
mentary bones from the Ankazomihaboka sand-
stones (ANK101) and bone pebbles from the 
ravinement bed that caps the Maevarano Forma-
tion (ANE951) apparently underwent relatively 
rapid recrystallization. In contrast, the bone ana-
lyzed from within the Anembalemba Member 
of the Maevarano Formation (ANE901), which 
is well known for its exquisite quality of fossil 
preservation (Rogers, 2005), apparently under-
went slower rates of recrystallization and fos-
silization and greater post mortem alteration of 
elemental compositions.

This study also highlights the potential for 
using LA-ICP-MS-generated maps of element 
distributions as a tool to identify fossils suit-
able for extracting intact biogeochemical sig-
nals. Mean concentrations of Ba and Sr appear 
to vary with the diffusion profi les of REE, 
with lower concentrations developed in bones 
characterized by a poorly developed diffusion 
gradient (Fig. 3). This in turn suggests that 
lower concentrations of Ba and Sr character-
ize bones that experienced relatively faster rates 
of recrystallization. Bones exhibiting evidence 
of rapid recrystallization, such as ANE951 in 
Figure 3, therefore have a greater potential to 
preserve an in-vivo elemental signal, whereas 
slowly recrystallizing bones may record a time 
integrated record of the depositional environ-
ment and bone–pore water exchange. Mapped 
distributions of trace elements thus provide a 
means to both identify bones likely to yield bio-
logical geochemical signals, and better interpret 
paleoenvironmental or taphonomic information 
derived from bone chemistry.

Recent work (Asara et al., 2007; Schweitzer 
et al., 2007) has demonstrated the potential for 
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recovery of intact organic macromolecules from 
fossil bones. Preservation of organic molecules 
into deep time presumably requires reduced 
interaction with pore waters and possibly bind-
ing between molecules and mineral surfaces 
(Schweitzer et al., 2007). In either case, rapid 
recrystallization is likely to enhance the pres-
ervation potential of organic molecules. Given 
that LA-ICP-MS maps allow for comparison of 
recrystallization rates among fossil bones, they 
arguably provide an ideal vehicle for identifying 
bones or regions of bones most likely to yield 
intact organic macromolecules.
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Figure 3. Laser ablation–inductively coupled 
plasma–mass spectrometry maps of distri-
bution of Sr and Ba in bones from Anem-
balemba Member of the Maevarano Forma-
tion. Numeric scale in parts per million. Sr 
is distributed uniformly in both bones. Ba 
exhibits relatively shallow concentration 
gradient in ANE901 (A) and is more homo-
genously distributed in ANE951 (B). Lower 
concentrations of both Sr and Ba are devel-
oped in ANE951, and this is consistent with 
this bone undergoing relatively faster rates 
of recrystallization. Scale bars = 5 mm.


