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ABSTRACT

Analyses of the strontium isotope ratio (87 Sr/88Sr) of vertebrate fossils can provide information
about palaeobiological attributes such as habitat use and movement patterns. Diagenetic
contaminants can alter the 87Sr/88Sr ratio of fossils, however, complicating palaeobiological
interpretations. Several pretreatment protocols have been developed to separate diagenetic
contaminants from biogenic Sr. While these methods can remove some diagenetic Sr, it has not
been shown that any technique removes all contamination. The extent to which pretreatment
removes diagenetic Sr can be quantified through analysis of the 87 Sr/88Sr ratios of fossil marine
mammal bones and teeth buried in sediments with non-marine diagenetic 8 Sr/8Sr signatures.
To do this, we examined Holocene seals recovered from archaeological sites in Greenland and
California, as well as a Miocene whale from Maryland. Our results demonstrate that although
pretreatment eliminated some contaminants from bone, a large percentage (up to 80%) of
diagenetic Sr remained after treatment. In contrast, pretreatment does appear to remove nearly

all (=~95%) diagenetic Sr from tooth enamel. Copyright © 2003 John Wiley & Sons, Ltd.
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Introduction

Analysis of the strontium (Sr) component of verte-
brate skeletal material has several applications in
palaeoecological and palaecobiological research.
The Sr isotope composition (i.e., 3Sr/3¢Sr ratio)
of an animal's bones and teeth directly reflects
the 87Sr/86Sr ratio of its environment (Lenihan
etal., 1967). Thus, an animal's 3Sr/8¢Sr ratio can
be used to reconstruct patterns of habitat use
(Elliott etal., 1998) and migration (Sealy etal.,
1995; Hoppe et al., 1999). Also, since Sr becomes
depleted relative to calcium at higher levels in a
foodweb, Sr/Ca ratios can be used to reconstruct
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trophic levels and palaeodietary patterns (Sillen &
Kavanaugh, 1982; Schoeninger, 1985).

While such applications make analyses of bio-
genic Sr potentially useful, interpreting the Sr
signal recovered from fossil (or subfossil) material
is often complicated by the fact that biological tis-
sues undergo post-mortem alteration. During life,
Sr substitutes for Ca in bones and teeth, both of
which are composed of a carbonated hydroxyap-
atite (Cag[(PO4)4.5(CO3).5](OH)4 5) (Driessens
& Verbeeck, 1990). Bone is a relatively porous
material composed of tiny hydroxyapatite crys-
tals intermixed with ~30% (dry weight) organic
matter. Tooth enamel is essentially non-porous
and composed of relatively large crystals that
include only minor amounts (<2%) of organic
matter (Driessens & Verbeeck, 1990). These
structural differences result in differences in the
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susceptibility of bone and enamel to post-mortem
alteration (Sillen, 1986; Tuross etal., 1989; Ezzo,
1992; Lee-Thorp & van der Merwe, 1991). Like-
wise, different chemical elements within each
tissue alter at different rates (Price, 1989; Ezzo,
1992). Thus, the durability of each element must
be assessed separately for each material analysed.

The durability of biogenic Sr in fossil and sub-
fossil materials, especially bone, has been the
subject of heated debate. Nelson etal. (1986)
demonstrated that subfossil bone could be con-
taminated with diagenetic Sr. They analysed
bones from Holocene marine mammals (which
had a biogenic 3”Sr/8¢Sr signal similar to that of
the ocean) that had been preserved in terrestrial
sediments (which had a non-marine diagenetic
87Gr/36Sr ratio) and concluded that biogenic Sr
in bones was rapidly and completely replaced
by diagenetic Sr. If, as suggested subsequently,
diagenetic Sr is concentrated in secondary min-
eral phases that differ in solubility from biogenic
hydroxyapatite (Sillen, 1986), it should be possi-
ble to isolate biogenic Sr by subjecting skeletal
material to a series of sequential leaches in weak
acid solutions (Sillen, 1986). Sillen (1986) demon-
strated that the percent recovery of biogenic Sr
improved when fossil bone was pretreated with
a 0.1 N buffered acetic acid (pH = 4.5) solution
for 25 sequential 1-min leaches. Additional work
suggested that bones may retain biogenic Sr, at
least on Holocene-Pleistocene time scales (Sealy
etal., 1991, Price et al., 1994, Sillen & Sealy, 1995),
although recovery of biogenic Sr in bones may
not be possible on longer time scales (Koch et al.,
1992; Elliott et al., 1998).

At present, there is no quantitative evidence
that pretreatment protocols completely isolate
biogenic and diagenetic Sr. Furthermore, a uni-
form pretreatment protocol has not yet been
established. Current protocols differ in details
such as acid strength, sample reaction time, and
even the component that is analysed (e.g., the
Sr in leachates versus the Sr in powder residues).
Finally, while mineralogical considerations sug-
gest that tooth enamel should retain biogenic Sr
better than bone (Lee-Thorp & van der Merwe,
1991; Koch etal., 1997; Budd etal., 2000), few
workers have examined the effects of pretreatment
on the 87Sr/8Sr ratios of enamel.
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We quantified the amount of diagenetic Sr
removed from bone and enamel by sequen-
tial leaches of weak acetic acid (0.1 N buffered
and unbuffered solutions). We analysed subfossil
material from Holocene marine mammals (pin-
nipeds) that had been preserved in terrestrial
middens in West Greenland and California as
well as a Miocene whale from Maryland. Ini-
tial biogenic 37Sr/3¢Sr ratios of skeletal materials
were estimated from the ratios for contempora-
neous seawater. Diagenetic 8 Sr/8¢Sr ratios were
estimated from measurements of the soluble Sr
in the surrounding matrix (when available) or the
87Gr/36Sr ratios of local bedrocks. In addition,
the mineralogy and crystallinity of skeletal mate-
rials were assessed using infrared spectrometry or
X-ray diffraction.

Materials

Site number CA-MNT-234, California

We analysed subfossil material from fur seals
(Callorbinus ursinus) recovered from a Holocene
midden near Moss Landing in Monterey County,
California (USA). Samples consisted of cortical
bone taken from three limb bones, as well
as enamel from three canine teeth (detailed
sample description included in Hoppe, 1999). The
surrounding matrix consisted of unconsolidated
soil mixed with sand. Radiocarbon dates of
associated shell material ranged between 1,630 %
70 and 3,520 £ 60 radiocarbon years before
present (C-14 yrs BP) (Breschini etal., 1995).
Samples are housed in the collections of the Moss
Landing Marine Laboratory.

West Greenland

Samples were obtained from two separate archae-
ological excavations in west Greenland. One set
of samples consists of two seal (Phoca sp.) bones
excavated at a site on Godthdbs Fjord in south-
ern west Greenland. These samples correspond
to bones 743 and 747 analysed by Nelson et al.
(1986), which have been dated to 920 & 50 and
870 &= 40 C-14 yrs BP respectively. The other
set of Greenland samples consists of seal (Phoca
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sp.) teeth collected in 1982 from the Dorset
Palaeoeskimo cultural levels (370 BC to 205 AD)
at Qaja, an Eskimo site in Jacobshavn Icefjord
(Mohl, 1986). In order to obtain enough enamel
to analyse, we combined material from several
isolated teeth. Each sample consists of material
from teeth that were recovered from a single
level within the excavation and should have expe-
rienced the same diagenetic microenvironment.
Bedrock at the site is Archaean gneiss from the
Nagssugtogidian orogenic belt (Kalsbeek & Tay-
lor, 1999).

Pope's Creek, Maryland

Fragments of rib and one tooth were obtained
from the skeleton of an early sperm whale
(Orycterocetus  sp.), specimen number 416221,
recovered from a silty-sandstone unit of the Pope's
Creek Sand Member of the Calvert Formation
near Pope's Creek, Charles County, Maryland
(USA). Biostratigraphic correlation suggests that
this unit is late early Miocene in age (~16
to 18 million yrs BP) (Andrews, 1984). This
specimen is housed in the National Museum of
Natural History, Smithsonian Institution.

Analytical methods

Samples of cortical bone and tooth enamel were
collected and powdered using a dental drill, or
chipped off and ground in an agate mortar and
pestle. The crystallinity and mineralogy of bone
samples were examined using Fourier transform
infrared spectroscopy (FTIR) or X-ray diffraction.
Infrared spectroscopy was carried out using
a Bruker IFS-66v FTIR spectrometer equipped
with a liquid-He cooled Si bolometer, a globar
source, and a KBr beam splitter (Department of
Earth Sciences, University of California, Santa
Cruz). All spectra were measured from 2000
to 400 cm™' and were reported with 4 cm™!
resolution. Crystallinity was quantified using the
infrared splitting factor, which is a measure of
the extent of splitting between two phosphate-
ion absorption peaks at 693 and 565 cm™!
(Weiner & Bar-Yosef, 1990). X-ray diffraction

Copyright © 2003 John Wiley & Sons, Ltd.

K. A. Hoppe, P. L. Koch and T. T. Furutani

patterns were measured on a Norelco wide-
range vertical goniometer, which generated X-
rays with a Spellman 60KV solid-state generator
and a Cu-anode X-ray tube (Department of Earth
Sciences, University of California, Santa Cruz).
Each sample was scanned from 10° to 60° 26 with
a step size of 0.02 26 and a counting time of 1 s.

Although different studies have used different
strengths of acetic acid to pretreat fossils, evidence
suggests that exposure to strong (>1.0 N) acetic
acid can cause bones to recrystallize (Sillen &
Sealy, 1995; Neilsen-Marsh & Hedges, 1997;
Hoppe, 1999). Therefore we only tested the
effectiveness of the two protocols that use weak
(<1.0N) acetic acid. Samples from Greenland
and a sample split of the Maryland whale
bone were processed using methods described
by Sillen (1986) (referred to here as protocol
one); samples were treated for 1 min with 0.1 N
acetic acid buffered to a pH of 4.5, and this
process was repeated 24 times. Samples lost
~20 to 30% of their original weight during
this pretreatment. Bone and enamel samples from
California and Maryland were pretreated using a
different protocol (referred to as protocol two).
These samples were reacted with 0.1 N acetic acid
using a ratio of 1.0 ml of acid for every ~20 mg
of powder. Reactions were allowed to continue
for 20 min, then leachates were collected and
the remaining powder was rinsed with deionized
water. Bone samples were subjected to a series of
12 sequential leaches. At this point >70% of the
weight of the original bone had been dissolved
and the residual powders for Holocene bones
consisted primarily of organic matter, indicating
that almost all of the original hydroxyapatite had
been dissolved. Enamel samples were subjected to
only eight sequential leaches, due to their smaller
initial size. In addition to skeletal material, we
also analysed soil and matrix samples, which were
treated overnight in a solution of 1.0 N nitric acid.
They were then centrifuged and the leachate was
extracted for analysis.

After pretreatment, all samples were dissolved
in 2.5 N HCl and Sr was extracted by standard ion
exchange chromatography (Walker etal., 1989).
Samples were measured on a V(G354-S thermal
ionization mass spectrometer (Department of
Earth Sciences, University of California, Santa
Cruz). All measurements were referenced to a
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value of 8 Sr/%Sr = 0.71025 for the NBS 987
Sr standard. Precision for each analysis was
< £ 0.00002 (20) unless otherwise noted.

Results

All samples of untreated Holocene bone con-
sisted primarily of hydroxyapatite and still con-
tained most (~30% to ~25%) of their original
organic matter. Some samples, however, dis-
played a slight increase in crystallinity relative
to modern bone. In contrast, untreated samples
from the Miocene whale differed in both min-
eralogy and crystallinity from modern materials.
Infrared analyses of Miocene bone revealed that
this sample had increased crystallinity, as evi-
denced by an increased splitting of phosphate
absorption peaks. In addition, the disappearance
of the collagen peaks at 1655 cm™!, 1540 cm™!,
and 1460 cm™ ! indicated that organic matter had
been lost (Weiner & Bar-Yosef, 1990, Weiner
etal., 1993; Stiner etal., 1995). Increased carbon-
ate peaks indicated that this sample contained
secondary carbonate minerals or a secondary car-
bonated hydroxyapatite phase (LeGeros & Tung,
1983; LeGeros & LeGeros, 1984; Weiner etal.,
1993; Wright & Schwarcz, 1996), while the pres-
ence of fluorapatite was indicated by the fact that
the 606 cm™' phosphate peak is slightly stronger
than the 567 cm™! peak (Weiner etal., 1993).
X-ray diffraction confirmed that this sample con-
sisted primarily of hydroxy- and fluorapatite. The
enamel sample displayed similar evidence of a
fluorapatite, but increases in crystallinity and car-
bonate content were less pronounced. Infrared
analyses of the residual powder from Miocene

23

bone revealed a marked reduction in the strength
of its carbonate peak, indicating that a carbonate
phase had been selectively dissolved.

To assess the degree of diagenetic alteration
in each sample, we estimated original, biogenic
87Sr/36Sr ratios as well as the ratio of diagenetic
Sr at each site. Since all of the skeletal materi-
als we analysed come from marine mammals, the
biogenic 87 Sr/%Sr ratio of each sample should
reflect the ratios of contemporaneous seawater.
Modern pinnipeds that feed in offshore envi-
ronments, such as the fur seals analysed from
California (Burton & Koch, 1999), should have
87Gr/86Sr ratios equal to the average ratio of
modern seawater (0.70920) (Table 1). Pinniped
species that feed near shore in Greenland, such
as harbour seals (Phoca vitulina), likewise display
values similar to modern seawater, although some
individuals have slightly elevated 8Sr/#Sr ratios
(0.70927), perhaps due to use of brackish water
habitats (Nelsonet al., 1986). Since average seawa-
ter 87Sr/86Sr ratios have not changed significantly
in the last several thousand years (Hodell etal.,
1991), we would expect Holocene pinnipeds to
display biogenic 87Sr/8¢Sr ratios similar to their
modern counterparts. Uncertainties in the bios-
tratigraphic assignment of the Miocene whale
result in uncertainties on estimates of its initial
biogenic 87Sr/%Sr ratio, though it most likely
ranged between 0.70861 and 0.70871 (Hodell
etal., 1991).

The 37Sr/86Sr ratios of diagenetic Sr at the
California and Maryland sites were estimated by
analysis of the matrix from each site (Table 1).
Since Greenland matrix samples were not avail-
able, we estimated diagenetic 8 Sr/%Sr ratios at
these sites using published 8”Sr/#Sr ratios of local

Table 1. Measured 87 Sr/88r ratios of matrix samples and estimated &’ Sr/8Sr ratios of biogenic and diagenetic Sr at each site

Site Matrix Biogenic Sr Diagenetic Sr
Moss Landing (CA) 0.70884 0.70920 0.70884
Godthabs Fjord (Greenland) 0.70926! 0.75365-0.75376°
Qaja (Greenland) 0.70926' >0.72476%
Pope’s Creek (MD) 0.70911 0.70861-0.708712 0.70911

" Value for modern harbour seals (Phoca vitulina) from southwest Greenland (Nelson et al., 1986).
2 The 87Sr/80Sr ratio of seawater during the late early Miocene (Hodell et al., 1991).
3 Estimated based on 87Sr/86Sr ratio of first acid leach from sample 747 (this study) and bones from co-occurring terrestrial

animals measured by Nelson et al. (1986).

4 Minimum 87Sr/86Sr ratio for Archean bedrock in the Disko Budt region (Kalsbeek & Taylor, 1999).

Copyright © 2003 John Wiley & Sons, Ltd.
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bedrocks. Assuming that the first acid leach from
samples contains Sr from highly soluble diage-
netic minerals (Sillen, 1986), the 37Sr/%Sr ratio
of this leachate can provide a minimum estimate
of the diagenetic 87Sr/36Sr ratio. In addition, ter-
restrial animals consume terrestrial plants, which
in turn uptake Sr that is soluble in soil solutions,
and thus provide an independent estimate of the
isotopic composition of terrestrial Sr. The first
leachates from the Godth&bs Fjord bone 747 had
a value of 0.75365, which is similar to the highest
87Gr/86Sr ratio measured for co-occurring terres-
trial animals (0.75376) by Nelson etal. (1986).
This suggests that the first leachate consists pri-
marily of diagenetic Sr. In contrast, the value
for the first leachate from Qaja enamel sample
1119 was similar to the corresponding value for
untreated enamel (Figure 2) and differed from
values measured for regional bedrock (Kalsbeek
& Taylor, 1999). This suggests that the first acid
leachate from the Qaja enamel samples did not
contain significant diagenetic Sr. We used the
lowest values for regional bedrock as a minimum
estimate for the diagenetic 8”Sr/%¢Sr ratio at Qaja.

All untreated samples had 3”Sr/8Sr ratios that
differed from expected biogenic ratios and the
amount of diagenetic Sr in all samples decreased
during pretreatment (Figures 1 and 2, Table 2).
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Figure 1. The 87Sr/8Sr ratio of Holocene bone and enamel
samples from northern fur seal in California. All samples treated
with sequential leaches of 0.1 N acetic acid (unbuffered).
O untreated powders; [ fourth leachate; M eighth leachate
(last enamel leachate); M 12th leachate (last bone leachate);
4 residual powder remaining after treatment. The grey bar
represents original biogenic 87Sr/86Sr ratios. The stripped
bar represents the 8 Sr/86Sr ratio of surrounding matrix, the
presumed diagenetic endmember. Note: the 87 Sr/88Sr ratios of
diagenetic Sr for enamel sample 23433 is unknown.

Each sample, however, displayed different ini-
tial degrees of diagenetic contamination and
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Figure 2. The 87Sr/865r ratio of Holocene bone and enamel samples from west Greenland harbour seals (Phoca sp.) treated
with 25 leaches of 0.1 N buffered acetic acid (pH = 4.5). A) Bone samples from Godthébs Fjord. B) Enamel samples from Qaja.
O untreated powders (note: values for untreated bone from Nelson et al., 1986); O first leachate; M 25th leachate; 4 residual
powder remaining after treatment. The grey bar represents initial biogenic 87Sr/%Sr ratios. The striped bar represents the 87Sr/%Sr

ratio of surrounding matrix.
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Table 2. 87Sr/883r ratios of bone and tooth enamel samples from a late early Miocene sperm whale before and

after pretreatment

Treatment stage Bone Estimated Enamel Estimated
% diagenetic % diagenetic

Sr! Sr!

Untreated 0.70881 33% 0.70884 + 0.0001 40%

Treated with 0.1 N acetic acid (unbuffered)

4th acid leach 0.70881 33% 0.70876 + 0.00005 22%

8th acid leach 0.70873 16% 0.70868 4%

Residue (8 leaches) 0.70876 + 0.00004 22% 0.70875 20%

Residue (12 leaches) 0.70876 22%

Treated with 0.1 N buffered acetic acid (pH = 4.5)

25th acid leach 0.70890 53%

Residue 0.70874 18%

" Errors at least £5%, due to uncertainties in the 87 Sr/88Sr ratios of contemporaneous ocean water.

responded differently to pretreatment. For exam-
ple, untreated enamel samples contained an esti-
mated 1% to 40% diagenetic Sr. Corresponding
bone samples usually contained higher amounts of
diagenetic Sr (~35% to ~95%). The one excep-
tion to this pattern was enamel sample 23433
from Moss Landing, CA, which had ratios much
higher than those expected for either biogenic Sr
or diagenetic Sr derived from local soil (Figure 1).
However, sample 23433 was associated with a rare
lithic artifact that differed in composition from
local rocks and likely altered the 87Sr/%Sr ratio
of diagenetic fluids in the near-by area (Breschini
etal., 1995).

Pretreatment eliminated most contaminating
Sr (>95%) from enamel samples. After pre-
treatment, the 37Sr/%Sr values for all enamel
samples, including sample 23433, converged on
ratios expected for biogenic Sr. Differences were
observed in the behaviour of samples during
treatment, however. The residual powder remain-
ing after treatment contained the most biogenic
Sr for Holocene samples from California and
for Greenland sample 1120 (Figures 1 and 2),
whereas the last leachate contained the most bio-
genic Sr for Greenland sample 1119 and Miocene
whale enamel (Table 2). No systematic variations
were observed between the results obtained for
Holocene enamel samples using different pre-
treatment protocols.

Although the 87Sr/86Sr ratios of bone sam-
ples likewise became less diagenetic with pre-
treatment, each sample responded differently to
treatment and all sample splits after pretreatment

Copyright © 2003 John Wiley & Sons, Ltd.

contained significant diagenetic Sr. For Holocene
bones, the most biogenic Srwas found in the resid-
ual powders left after treatment. For the Miocene
whale bone, however, the most biogenic sam-
ple split varied depending on the pretreatment
protocol; the residual powder contained the high-
est percentage of biogenic Sr for protocol one,
whereas the eighth leachate yielded the most
biogenic Sr for protocol two. However, all sam-
ple splits collected for protocol two, except for
the fourth leachate, yielded 3”Sr/8Sr ratios that
were similar (within error) to each other and
to the ratio of the residue collected for protocol
one (Table 2). Most importantly, all bone samples
retained significant biogenic Sr after pretreatment;
the most biogenic splits from bone contained still
~15% to 80% diagenetic Sr (average = 60%).

Discussion

Our results confirm that pretreatment of bones
and teeth with sequential rinses in weak acetic acid
selectively removes some diagenetic Sr. However,
several systematic differences were found in the
response to pretreatment. First, pretreatment was
less effective at removing diagenetic Sr from bone
than from enamel. Second, the residual powder
contained the most biogenic Sr for some samples,
whereas the last leachate had the most biogenic
Sr for others. Third, although both protocols
that we tested were equally effective at removing
diagenetic Sr, they sometimes differed in which
splits yielded the most biogenic Sr.

Int. J. Osteoarchaeol. 13: 20—28 (2003)
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These differences appear to result from
variations in the type and degree of diage-
netic alteration in each sample. Diagenetic Sr
can be incorporated in fossils in several ways,
including: 1) pore-filling by secondary miner-
als; 2) recrystallization or remineralization of
hydroxyapatite; 3) direct exchange with Sr or
Ca in the original hydroxyapatite crystals; and
4) absorption in microcracks or onto the surfaces
of original hydroxyapatite crystals (Nelson et al.,
1986). Treatment with sequential 0.1 N acetic
acid should remove Sr in secondary minerals
and/or dissolve material absorbed onto surfaces,
but it will not isolate a purely biogenic compo-
nent if Sr has pervasively been incorporated into
hydroxyapatite by recrystallization or exchange
(Nelson etal., 1986, Sillen, 1986; Tuross etal.,
1989). Among the samples we studied, bone and
enamel displayed very different degrees of dia-
genetic contamination and different responses to
pretreatment, so we discuss potential diagenetic
mechanisms in each material separately.

Pretreatment appears to isolate biogenic Sr
in enamel samples under controlled conditions
when the type of diagenetic alteration is identi-
fied prior to protocol pretreatment choice. Sillen
(1986) suggested that diagenetic Sr in fossils
can be present largely in secondary carbonates
and apatitic mineral phases and that sequential
leaching should separate diagenetic Sr in a pre-
dictable fashion. Initial leachates would contain
Sr from soluble diagenetic minerals (carbonate
and highly-carbonated hydroxyapatite), late stage
leachates would contain Sr from biogenic hydrox-
yapatite, and residual powder would contain Sr
from more crystalline diagenetic apatites (fluora-
patite and chlorapatite). The results for enamel
from the Miocene whale fit this model; pretreat-
ment selectively removed a highly carbonated
apatite phase, leaving behind a residue consist-
ing of hydroxy- and fluorapatite. However, while
the model suggested by Sillen (1986) seems to
apply for this enamel sample, no other enamel
samples produced results consistent with Sillen's
(1986) model. All but one of the Holocene enamel
samples displayed the greatest percentage of bio-
genic Sr in residual powders, rather than in late
stage leachates. This suggests that these samples
did not contain significant amounts of diagenetic

Copyright © 2003 John Wiley & Sons, Ltd.
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fluorapatite, and that the most insoluble min-
eral present was biogenic hydroxyapatite. We
note that Holocene tooth 1119 did yield resid-
ual powder with a small amount of diagenetic Sr
(~2%). As this tooth contained no fluorapatite, it
is likely this low-level contamination was from an
insoluble mineral phase in the surrounding matrix.

In contrast, the diagenetic Sr that remained in
all bone samples after treatment was too abun-
dant to represent contamination of the samples
with traces of matrix Sr. Some of the diagenetic
Sr in bones that is removed by pretreatment is
concentrated in secondary minerals or absorbed
onto crystal surfaces. This interpretation is sup-
ported by the fact that the Miocene whale bone
contained secondary minerals, some of which
were selectively removed by pretreatment. The
fact that pretreatment did not remove all dia-
genetic Sr from bone samples demonstrates that
the contaminant was incorporated in essentially
all the hydroxyapatite phases present in these
fossils. Some untreated bone samples were more
crystalline than modern bone, confirming that
they had recrystallized post-mortem. This pro-
cess would certainly introduce diagenetic Sr to
the hydroxyapatite structure. However, not all
bone samples showed large increases in crys-
tallinity. For example, X-ray diffraction analyses of
Holocene-age Greenland bone samples revealed
little or no change in crystallinity and no evi-
dence of secondary minerals. Yet ~80% of the
diagenetic Sr in these samples remained after
pretreatment. It thus appears that that diage-
netic Sr can be incorporated into bone through
direct exchange with the Sr in ground waters, as
suggested by Nelson etal. (1986). This process
contaminates all hydroxyapatite pools in bones,
thus making it impossible to isolate a biogenic
pool by selective leaching.

In summary, our results demonstrate that pre-
treatment can successfully eliminate most (>95%)
diagenetic contamination from Holocene and
Miocene enamel, but that corresponding bones
retained a significant amount (15 to 80%) of dia-
genetic Sr after pretreatment. This suggests that
biogenic 3/Sr/8Sr ratios of bones may not be
recoverable, even on a Holocene time scale. Given
the greater durability of enamel samples and
their better response to pretreatment methods, we
recommend that studies of biogenic Sr use enamel
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and avoid bone. In addition, sample response to
acid treatment varied depending on mineralogy.
Thus, the mineralogy and crystallinity of all sam-
ples should be determined before pretreatment,
and protocols should be modified accordingly
(e.g., residual powders be discarded when fluora-
patite is present).
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