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Geochemical inferences on ancient diet using bone and enamel
apatite rely mainly on carbon isotope ratios (δ13C) and to a lesser
extent on strontium/calcium (Sr/Ca) and barium/calcium (Ba/Ca)
elemental ratios. Recent developments in nontraditional stable
isotopes provide an unprecedented opportunity to use additional
paleodietary proxies to disentangle complex diets such as omni-
vory. Of particular relevance for paleodietary reconstruction are
metals present in large quantity in bone and enamel apatite, pro-
viding that biologically mediated fractionation processes are con-
strained. Calcium isotope ratios (δ44Ca) meet these criteria but
exhibit complex ecological patterning. Stable magnesium isotope
ratios (δ26Mg) also meet these criteria but a comprehensive un-
derstanding of its variability awaits new isotopic data. Here, 11
extant mammal species of known ecology from a single locality in
equatorial Africa were sampled for tooth enamel and, together
with vegetation and feces, analyzed for δ26Mg, δ13C, Sr/Ca, and
Ba/Ca ratios. The results demonstrate that δ26Mg incorporated in
tooth enamel becomes heavier from strict herbivores to omni-
vores/faunivores. Using data from experimentally raised sheep,
we suggest that this 26Mg enrichment up the trophic chain is
due to a 26Mg enrichment in muscle relative to bone. Notably, it
is possible to distinguish omnivores from herbivores, using δ26Mg
coupled to Ba/Ca ratios. The potential effects of metabolic and
dietary changes on the enamel δ26Mg composition remain to be
explored but, in the future, multiproxy approaches would permit
a substantial refinement of dietary behaviors or enable accurate
trophic reconstruction despite specimen-limited sampling, as is of-
ten the case for fossil assemblages.
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Reconstructing the diet of extinct vertebrates is a challenging
task, especially when direct evidence such as stomach con-

tents or feeding traces is lacking. Geochemical studies using the
13C/12C ratio, the strontium/calcium (Sr/Ca) ratio, and the bar-
ium/calcium (Ba/Ca) ratio of the mineral fraction of the skele-
ton, bone, and enamel apatite have proved as useful as other
methodologies, such as morphofunctional and microwear anal-
yses (e.g., refs. 1–7). Nevertheless, the geochemical tools used in
paleodietary studies provide only limited ecological scope when
used on their own. For instance, although stable carbon isotopes
provide valuable dietary information, the constraints are re-
stricted to the type of vegetation ingested or rely on any in-
termediate consumer’s tissue imprinting a distinctive carbon
isotopic signature (debate in refs. 8 and 9). Thus, there is a need
to explore novel isotopic systems and to implement a multiproxy
approach, to tackle the complex mechanisms behind biological
fractionation and ultimately reconstruct diets of our extinct rel-
atives. One potential approach is to consider the isotope com-
position of bio-essential metals present in large proportions in
osseous tissues, i.e., calcium (δ44Ca) and magnesium (δ26Mg).
This offers two additional advantages. First, diagenetic modifi-
cation of the original isotope compositions is likely to be limited
because it would require unrealistic isotope compositions or
concentrations in diagenetic fluids. Second, only a few micrograms

of dental enamel and bone are necessary for the measurement of
the isotopic ratios, allowing the analysis of precious fossil materials.
Previous studies highlighted calcium isotope compositions as

a promising source for dietary inferences (e.g., refs. 10 and 11)
but evidence for a clear trophic level effect in terrestrial
vertebrates is questionable (12) and requires further investigation,
notably in the light of underlying biological processes (13).
Magnesium has been suspected of biological fractionation

during the synthesis of chlorophyll (14), it is the second most
abundant metal after calcium in biological apatite, and the
measurement of its variability in mammal bone from various
extant ecosystems permits the further assessment of its reliability
as a potential new isotopic tracer of diet (15). Moreover, the
concentration of Mg in teeth can be high (in the range of 1,000–
10,000 ppm).
Here, tooth enamel from the terrestrial vertebrate assemblage

of the equatorial forest at La Lopé National Park, Gabon, was
sampled and measured for its δ26Mg, δ13C, Sr/Ca, Ba/Ca, and
Mg/Ca ratios. Although our dataset is from extant species, and
therefore not subject to diagenesis, we chose to sample tooth
enamel to allow direct comparison with fossil tooth enamel data.
Except for the ecosystems of Ituri and Kahuzi-Biega, Demo-

cratic Republic of the Congo (16, 17), no other equatorial
mammalian assemblage has been analyzed for tooth or bone δ13C
variability. Among the 45 species of large mammals (>2 kg)
recorded, La Lopé National Park contains several species of
primates of differing feeding ecologies, including our closest
relatives the gorilla and the chimpanzee (18). These mammals
live in a complex environment dominated by deep canopy forests,
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interspersed with savannas and forested galleries (18). This
mosaic environment has existed for at least 9 ky (19) and offers
a complex and intermediate setting between a closed C3 equa-
torial forest and an open C4 savanna, available to animals oth-
erwise living uniquely in C3 forests (18). It also offers a setting
where the two types of photosynthetic pathways are available, C3
and C4, and therefore allows a direct comparison of the new δ26Mg
results across the expected C3–C4 dichotomy highlighted by
δ13C measurements.
Samples consisted of tooth enamel belonging to 49 individuals

from 10 species of small, medium, and large mammals (Dataset
S1), including two species of large primates (Gorilla g. gorilla and
Mandrillus sphinx) with known feeding ecologies in La Lopé
National Park (20, 21). The carcasses of these animals were
collected during biological surveys within a 10-km radius from
the research station over a period of 20 y, thus representing
a single localized origin. Feces representing the diversity of
mammals in this study were also collected during a 2011 field
survey. Plant material consisting of leaves belonging to 11 genera
was also analyzed for δ26Mg and δ13C. Finally, the bone and
muscle of four sheep raised in captivity were analyzed to better
characterize the mechanisms of Mg fractionation in the body.

Results
All of the samples fall on the Mg mass fractionation line (Fig. 1A
and Dataset S1). An overall characteristic of this dataset is that
mammal tooth enamel is 26Mg enriched relative to plants, whereas
feces are depleted in 26Mg. Differences in δ26Mg, Sr/Ca, Ba/Ca, and
Mg/Ca values between faunivores, omnivores, herbivores (grazers
and browsers), and plants are summarized in Dataset S2. The total
range of measured values for δ26Mg in tooth enamel is 1.34‰,
from –1.29‰ to 0.05‰ (Dataset S1 and Fig. 1B). The highest
values were measured in a group containing small faunivorous
mammals, M. sphinx and Potamochoerus porcus (–0.76‰ to
–0.05‰; n = 20), contrasting with the most negative values
exhibited by Loxodonta cyclotis, G. g. gorilla, and duikers (range =
–1.29‰ to –0.48‰; n = 18). Syncerus caffer nanus show in-
termediate Mg isotopic values overlapping with those of the other
two groups (range = –0.87‰ to –0.17‰; n = 11). The total
range of measured values for δ26Mg in plants is 1.12‰, from
–1.6‰ to –0.48‰.
The total range of measured values for δ26Mg in feces is

0.33‰, from –1.49‰ to –1.82‰ (Dataset S1 and Fig. 1B). So
far, feces from faunivores, omnivores, and herbivores have no
distinct values and all represent the most 26Mg-depleted bi-
ological samples of the present dataset. The total range of
measured values for δ26Mg in sheep is 0.53‰, with bone aver-
aging –1.07‰ (n = 4) and muscle averaging –0.96‰ (n = 4).
Here, the environment of La Lopé displays a C3 influence

comparable to that of Ituri forest (16, 17), but with a distinct C4
component highlighted by the analyzed Graminae possessing a
δ13C value of –11.82‰, compared with the clustering of all
other plants around –30‰. The total range of δ13C values for
tooth enamel is 18.4‰, from –21.4‰ to –3‰. Two groups are
distinct. S. caffer nanus (the forest buffalo) has the least negative
values, ranging from –9.1‰ to –3‰. The rest of the mammals
are all in a range from –21.9‰ to –12.5‰, with the exception of
one outlier (G. g. gorilla) that clusters with the Syncerus dataset.
Elemental ratios for Sr/Ca, Ba/Ca, and Mg/Ca are provided in

Dataset S1 and in Fig. 2 B–D. The log/log distribution of Sr/Ca
and Ba/Ca ratios clusters along a straight line with a negative
slope as in a previous study involving enamel analysis (3) (Fig. 2B).

Discussion
Magnesium Isotopes in Plants As Related to Mammal Diet. Mg has
a central role in plant physiology and possibly fractionates during
photosynthesis (14). A recent study showed enrichment in light
Mg isotopes from the roots to the stems and to the leaves with

a maximum Δleaf-root of 0.65‰ (23). Thus, at the scale of a single
plant, potentially different dietary sources with distinct δ26Mg
values exist. In La Lopé, the analyzed plants fall in the δ26Mg
range seen in other ecosystems (15, 23, 24) and cover the spec-
trum of values for mammal tooth enamel δ26Mg (below). Fruits,
seeds, and roots are major constituents of the diet of many
mammals (below). Although the Mg isotope composition of
fruits and seeds is unknown, reported δ26Mg values for roots are
high relative to those for leaves (23), and it could be hypothe-
sized that herbivores focusing on such plant components would
be indistinguishable from consumers at higher trophic positions.
This could explain the relatively high δ26Mg values of P. porcus
and M. sphinx but does not explain the high δ26Mg values of
S. caffer nanus, not known for feeding on fruits, seeds, or roots.
In our previous study it was uncertain whether a C4 photosyn-
thetic pathway might be responsible for the relatively high δ26Mg
values measured in osseous tissues of herbivores ingesting those
plants, for example S. caffer (15). The present results show that
this is unlikely, given the similar δ26Mg value of the graminae (a
C4 plant) analyzed here to that of other C3 plants (Fig. 1B). The
single sample of graminae measured in the mixed C3–C4 envi-
ronment of La Lopé presents one of the lowest δ26Mg values of
the plant dataset (–1.63‰). This value is inconsistent with the
expectation that buffaloes source their Mg in a diet enriched in
heavy Mg isotopes. However, it is currently premature to link
the observed δ26Mg range in herbivorous mammals with the type
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Fig. 1. (A) δ26Mg and δ25Mg in all of the samples measured in the study. As
expected from mass-dependent isotope fractionation, the slopes of the
least-squares straight line fit to the data are close to 0.5. Error bars are 2 SD
of the mean. (B) δ26Mg values grouped according to ecological category.
Statistical differences between the δ26Mg values of the two groups were
calculated using Kruskal–Wallis tests (Dataset S2). NS, nonsignificant P value;
*P value = 0.01–0.05; **P value = 0.001–0.01; and ***P value <0.001. The C4
graminae plant sample is highlighted. Note the general tendency for Mg
enrichment in heavier isotopes from feces to plants, herbivores, and omni-
vores/faunivores.
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(e.g., leaves, roots, fruits) or species of vegetation ingested and
its potential effect on fractionation up the trophic chain.

The Ecological Significance of Magnesium Isotopes in Mammals.
Despite a comparatively larger variability in diet source for
δ13C than for δ26Mg, there is much more variability in the measured
enamel samples for δ26Mg than for δ13C. Here, all vertebrates,
including faunivores, omnivores, and herbivores, with the ex-
ception of the buffaloes, indiscriminately overlap in δ13C, be-
tween –22‰ and –13‰ (Fig. 2A). The present dataset (Fig. 1B
and Dataset S1) represents to our knowledge the first assessment
of δ26Mg variability of mammalian tooth enamel in an equatorial
ecosystem and adds to one previous study on two modern
mammalian communities from South Africa (15). Here, the
δ26Mg values allow the distinction of teeth from individuals re-
presenting taxa classified as omnivores and herbivores according
to their known dietary behaviors as reported in the literature.
Magnesium isotope values of herbivores are distributed in two
groups (Fig. 1B and Dataset S2).
The first herbivore group has the most 26Mg-rich average

values of all herbivores and is represented by the only grazer of
the dataset: the forest buffaloes S. caffer nanus. Most individuals
in this group present intermediate δ26Mg values, overlapping
with those of the rest of the measured herbivores (elephants,
bushbucks, duikers, and Gorilla) and also overlapping with the
most negative δ26Mg values of the omnivore group. Only three
buffaloes could be considered true outliers in having distinctly
higher δ26Mg values than any other buffaloes. According to field
observations at La Lopé (18), buffaloes eat graminae, which is
consistent with the relatively high δ13C values of buffaloes seen
in the present study (Fig. 2A). An intermediate δ26Mg value for
buffaloes was also reported from a savanna ecosystem of South
Africa, suggesting that either physiology or the type of plant
ingested (namely C4) could be responsible for this value (15).
Analysis of the Mg isotopic composition of buffaloes from a
strict C3 context, such as buffaloes reported from the Ituri forest
(16), would test whether these animals still stand out in δ26Mg
value from other herbivores despite relying on different vegetation.
The second herbivore group possesses lower δ26Mg values and

includes browsers: the forest elephant L. cyclotis, the bushbuck
Tragelaphus scriptus, small duikers, and G. g. gorilla. The core
(70%) of the diet of L. cyclotis consists of foliage and bark (25)
and the diet of forest duikers mostly includes foliage and, when
available, fruit fallen from the canopy (18). In La Lopé, G. g. gorilla
relies primarily on fruit (40.9%) and leaves (33.8%) (13). Gorillas

eat high-cellulose content food, which they can digest through
a long gut passage (26). It is noteworthy that G. g. gorilla in La
Lopé deliberately incorporates an average of 30% of ants in its
diet (21). Whether this has any influence on δ26Mg values is
unknown but should be explored because insects also make up
a substantial part of the diet of hogs and mandrills, some of
which display higher δ26Mg values. The analysis of the isotopic
composition of consumer’s tissues, and comparison with the
known ingested food, is needed.
The Mg isotope values of all herbivores (grazers and browsers)

in the dataset differ significantly from those of the omnivores
and faunivores (Dataset S2), which show the highest δ26Mg
values of the present dataset (Dataset S1). Small faunivores are
represented by Genetta sp. and are the heaviest of the dataset,
overlapping with omnivores with nonsignificant differences. The
omnivores analyzed here include P. porcus (i.e., hogs) and
M. sphinx. The mandrill’s diet includes a large amount of fruit
(46.7%) and seeds (34.4%) but comparatively very few leaves
(5.7%) (18, 20). Moreover, its capacity to travel large distances
makes it prone to incorporate a great variety of other foods, both
vegetal and animal, and including insects (20). The diet of
P. porcus is considered omnivore and also includes seeds (16,
18). Clearly, beyond the work of Bolou-Bi et al. (23), the Mg
isotope systematics of plant organs (root, shoot, stem, fruit, and
seed) need to be investigated to better understand whether the
preferential consumption of a given plant component would lead
to an omnivore, or even a herbivore, being indistinguishable
from a faunivore.
Here, based on average values, omnivores can be distinguished

from herbivores, using δ26Mg or Ba/Ca values (Fig. 2B) but not
Sr/Ca or Mg/Ca values (Dataset S2). Choosing enamel over bone
for paleodietary investigations reduces the risk of diagenetic al-
teration due to the higher crystallinity and hence lower solubility
of apatite crystals. That Sr/Ca ratios measured in enamel are less
sensitive to trophic level effect than Ba/Ca ratios has previously
been demonstrated (2) and, unlike in bone, Sr/Ca ratios from
enamel do not distinguish browsers from carnivores. Our results
show that it is possible to discriminate browsers from omnivores,
using δ26Mg in enamel (Dataset S2); thus δ26Mg is complementary
to Ba/Ca ratios, and where Sr/Ca becomes uninformative, δ26Mg
can be used instead (Fig. 2C). In addition, the Mg/Ca ratio does
not reveal any relevant ecological patterning, with or without
consideration of the Mg isotopic ratio (Fig. 2D), confirming early
observations (27). Finally, omnivores cannot be distinguished from
faunivores due to the small number of specimens analyzed for the
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latter group (n = 5; Dataset S2). Despite an obvious 26Mg en-
richment up the trophic chain (Fig. 2B), the enamel δ26Mg values
do overlap between ecological groups. This can be explained in
several ways. First, as already mentioned above, dietary preference
among herbivores and omnivores can enhance Mg isotopic vari-
ability, because plants exhibit Δ26Mgleaf-organ ∼ 0.6‰. Second, the
bulk Mg isotope composition of an individual animal body most
probably varies according to metabolic and dietary changes. For
instance, aging is a metabolic change leading to a bulk isotopic
drift when inward (diet) and outward (feces, next section) fluxes
are not isotopically balanced. Such a mechanism has been pro-
posed for zinc and copper isotopes (28, 29) in mammals. Dietary
changes in Mg isotopes could occur in mammals during, for in-
stance, weaning, because milk may have a Mg isotopic “signa-
ture” similar to that of Ca isotopes (30). Third, we tried as far as
possible to collect a specific tooth type, but this was not always
possible (Dataset S1). If the so-called isotopic heterogeneities
discussed above are recorded in enamel, the disparate sampling
of teeth could be an extra source of Mg isotopic variation among
ecological groups.

Biological Fractionation of Magnesium Isotopes in Mammals. The
present observations demonstrate that δ26Mg increases up the
trophic chain, building on a previous study (15). This calls for an
attempt at explaining the biological mechanisms at work at the
scale of the mammalian body that result in trophic-level effects.
To gain insights into the Mg isotopic balance in the body, we
have collected feces because they represent the main Mg out-
ward flux, plants being the inward Mg flux for herbivores. Feces
are the most 26Mg-depleted biological material (–1.65‰), even
more than most plants from the same ecosystem (–1.05‰),
implying that during digestion light Mg is preferentially excreted
whereas heavy Mg is preferentially assimilated. Using this basic
observation, we can construct a very simple box model of Mg
isotopes for mammals (Fig. 3A). The observed difference be-
tween diet and feces in δ26Mg values, and the seemingly equal
δ26Mg value of bone with diet, implies that the mammalian body
is isotopically unbalanced and requires an additional reservoir
where δ26Mg values have to be higher than for bone (Fig. 3A).
An inventory of Mg in mammals reveals that ∼50% of dietary
Mg ends up in bone, ∼30% in muscle, and ∼20% in other soft
tissues (31). Thus, muscles represent a possible candidate for a
26Mg-enriched reservoir in the mammalian body. To test this
hypothesis, we measured the δ26Mg value of muscle and bone in
four sheep specimens. The results show that muscles are slightly
more 26Mg enriched than bone (Fig. 3B). Because mammals
excrete isotopically light Mg material at every step of the trophic
chain, all that remains in the body is Mg that is 26Mg enriched
relative to the diet, and this includes edible parts readily acces-
sible to higher-level consumers.
The physiology of Mg isotope fractionation needs to be elu-

cidated, but an active mechanism could be transport through
enterocytes, as already suspected for other metals (32). Poten-
tially, this can have important implications for the difference in
fractionation observed between browsers and grazers, the latter
presenting more 26Mg-enriched values. Linking digestive physi-
ology to Mg isotope values remains tentative until experimental
studies exploring the processes of biological fractionation of Mg
in mammals are conducted. Physiology appears to be a major
determinant of Mg isotope fractionation in mammal tissues. As
seen above, dietary Mg is equally partitioned between bone and
soft tissues, which implies that several fractionation processes
may explain the natural variation of magnesium isotopes. This
contrasts with Ca, which ends up almost exclusively in bone
(>99%). In addition, Ca is enriched in light isotopes up trophic
chains whereas Mg, as shown here and in ref. 15, is enriched in
heavy isotopes. Finally, the type of food ingested, in addition to
potential intraseasonal variations, might still be responsible for

the overlap between inferred trophic levels. For sure, Mg iso-
topes may not be used on their own but a multiproxy approach is
warranted, using not only traditional tracers of diet such as δ13C
and Ba/Ca, but also new systems (e.g., Ca) for which large ref-
erence datasets are still needed.

Conclusion and Perspectives
In this study, we provide to our knowledge the first dataset for
Mg isotopic composition of tooth enamel from an extant equa-
torial mammalian assemblage and compare it with other geo-
chemical proxies of known utility in ecological studies (Sr/Ca vs.
Ba/Ca and δ13C). The main result is a general trend of increasing
δ26Mg values from herbivores to omnivores. Our first results
seem to indicate that soft tissues of the mammalian body become
enriched in heavy Mg isotopes whereas the light isotopes are
preferentially excreted in feces. Therefore, physiology appears to
be a major determinant of Mg isotope fractionation in mammal
tissues, but the type of food ingested might still be also re-
sponsible for the overlap between inferred trophic levels. Addi-
tional care must be taken to select as many specimens as possible
of a single species. This will allow an assessment of species or
consumer group δ26Mg variability and the placement of key taxa,
for which available specimens are limited, in their ecological
context. Moreover, δ26Mg adds substantial information to the
already known and widely applied δ13C, allowing the discrimi-
nation of omnivores from some herbivores. Application of δ26Mg
in paleoanthropology might add relevant data, especially given
that interpretations gathered from the only other isotopic trophic
tracer to be preserved in tooth enamel and to resist diagenesis
(δ13C) still generate intense debates on the nature of our
ancestor’s diet (e.g., refs. 8 and 9).

Methods
Sample Collection. Vertebrate samples consisted exclusively of tooth enamel
from extant mammals originating from La Lopé National Park, Gabon, and
were collected and curated during a period of 20 y in a radius of 10 km
around the Station d’Étude des Gorilles et des Chimpanzés (SEGC) (Dataset
S1). The enamel surface was sampled with a diamond drill bit. Feces were
collected in a 2-km radius around the SEGC during August 2011, following
visual sightings (mandrills, elephants, and buffaloes) or during field surveys
(duikers and hogs). Plant leaves were selected in a 2-km radius around the
SEGC at the level of human reach to represent potential food material
available to herbivorous mammals present in the area.
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Fig. 3. (A) Schematic box model of Mg isotopes in the body. For a given diet
δ26Mg value, enamel is fractionated by +0.3‰, but the bone δ26Mg value
remains unchanged because the fractionation between enamel and bone
equals approximately –0.3‰ (15). The feces δ26Mg value is fractionated by
–0.6‰ relative to diet, leaving the body isotopically unbalanced. Muscle
(30% of body Mg) is a likely candidate to be the complementary 26Mg-
enriched reservoir. (B) According to the box model, the δ26Mg value of
muscle must be higher than that of bone. Measurements of δ26Mg in muscle
and bone in four sheep confirm this hypothesis.
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Carbon and Oxygen Analytical Technique. Powdered enamel was sent to Iso-
Analytical for sample preparation and analysis of δ13C and δ18O on tooth
carbonate. Samples and reference carbonates were weighed into clean
Exetainer tubes and the tubes placed in a drying oven for 24 h to remove
moisture. Once the samples were dry, septum caps were fitted to the tubes.
The tubes were then flushed with 99.995% helium. Phosphoric acid was then
added to the samples for overnight digestion (33), allowing complete con-
version of carbonate to CO2.

The CO2 gas liberated from samples was then analyzed by continuous
flow–isotope ratio mass spectrometry (CF-IRMS). Carbon dioxide was sam-
pled from the Exetainer tubes into a continuously flowing He stream, using
a double-holed needle. The CO2 was resolved on a packed column gas
chromatograph and the resultant chromatographic peak carried forward
into the ion source of a Europa Scientific 20-20 IRMS, where it was ionized
and accelerated. Gas species of different mass were separated in a magnetic
field and then simultaneously measured using a Faraday cup collector array
to measure the isotopomers of CO2 at m/z 44, 45, and 46.

The reference materials used during analysis of the samples were IA-R022
(Iso-Analytical working standard calcium carbonate, δ13CV-PDB = –28.63‰
and δ18OV-PDB = –22.69‰), NBS-18 (carbonatite, δ13CV-PDB = –5.01‰ and
δ18OV-PDB = –23.2‰), and NBS-19 (limestone, δ13CV-PDB = +1.95‰ and
δ18OV-PDB = –2.2‰). By using three carbonate reference materials treated in
the same way as the samples, the need to apply corrections for temperature-
dependent isotopic fractionation is removed. NBS-18 and NBS-19 are inter-
laboratory comparison standards distributed by the International Atomic
Energy Agency. IA-R022 has been calibrated against and is traceable to
NBS-18 and NBS-19.

Magnesium Analytical Technique. Powdered samples of tooth enamel apatite
were dissolved in 1 mL double-distilled concentrated HNO3 overnight, then
evaporated, and redissolved in 350 μL 2.0 M HNO3. Feces were attacked in
double-distilled concentrated HNO3 for 3 d on a hotplate, evaporated,
redissolved in H202, evaporated, and redissolved in double-distilled concen-
trated HNO3, using a microwave digestion at École Normale Supérieure
(ENS) de Lyon. Plant leaves were dried in an oven at a temperature of 60 °C
for 48 h and then milled into powder, using liquid nitrogen and an agate
mortar. Powdered plant was weighed and dissolved in 1 mL double-distilled
concentrated HNO3 overnight. To break down the organic matter, this ali-
quot experienced an extra dissolving step, using an autoclave asher at the
University of Bristol (3 h at a temperature of 300 °C and a pressure of 90 bar).

An aliquot of all solutions was taken for concentration analysis of Mg and
other elements. This was done on an Element 2 inductively coupled plasma
mass spectrometer (ICP-MS) by peak-height comparison with an in-house
standard. A secondary standard with a similar matrix to the samples was not
available for this study, but Mg, Ca, and Sr concentrations on the river
standard SLRS-5 reproduce to 7–8% (2 SD) and are accurate relative to
certified values to 3%.

Magnesium was separated from the remaining solution, using cation-
exchange resin (AG-50WX-12, 200–400 mesh) with ultrapure 2.0 M HNO3 as
the elution agent (details in ref. 34). To avoid isotopic fractionation during
column separation, over 99% of the Mg was collected. This was verified by

collecting and measuring the Mg content of a separate fraction of the el-
uant before and after the Mg elution peak.

The purified Mg fraction was measured for Mg isotopes on a Thermo
Neptune Multicollector ICP-MS at the University of Bristol, using an Apex-Q
for sample introduction (35). Purified apatite and plant samples were diluted
in 2% HNO3 to a concentration of 100 ppb. Measurements were conducted
at low resolution and each analysis consisted of 20 4-s integrations of the
24Mg, 25Mg, and 26Mg signals in static mode. Each analysis was preceded by
a measurement of blank 2% HNO3, and the signals for this background were
subtracted from the analyte signal before calculation of isotope ratios.
Measurements of purified feces samples were conducted on a Nu instrument
ICP-MS at the Laboratoire de Géologie de Lyon: Terre, Planètes, et Envi-
ronnement, ENS de Lyon. Samples were diluted in 2% HNO3 to a concen-
tration of 100 ppb. Delta values were obtained via bracketing analyses of
DSM-3 (36), with CAM-1 used as a secondary standard. In each analytical
session, samples (and occasional CAM-1) bracketed by DSM-3 were measured
in turn. This sequence was then repeated three more times so that four
separate analyses of the same sample solution were obtained. The uncer-
tainties reported in Dataset S1 represent 2 SD of these four analyses.

δ26Mg and δ25Mg values presented for samples in Dataset S1 are de-
fined as

δ26Mg=
�26Mg=24Mg  sample

26Mg=24Mg DSM3
− 1

�
× 1,000

δ25Mg=
�25Mg=24Mg  sample

25Mg=24Mg DSM3
− 1

�
× 1,000:

For δ26Mg uncertainties mostly range between 0.01‰ and 0.16‰ and for
δ25Mg between 0.01‰ and 0.18‰. The CAM-1 standard (n = 74 over a pe-
riod of around 18 mo) yielded a mean δ26Mg of –2.57‰ ± 0.16‰ (2 SD) and
a mean δ25Mg of –1.33‰ ± 0.10‰. These are close to published values, e.g.,
δ26Mg = –2.63‰ ± 0.05‰ (29). The δ26Mg and δ25Mg values obtained for all
samples and standards measured in this study lie on a line (R2 = 0.997) with
a slope of 0.5155, close to the theoretical value of 0.5.
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