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Origin and Migration of the

Alpine Iceman

Wolfgang Miiller,’* Henry Fricke,? Alex N. Halliday,?
Malcolm T. McCulloch,” Jo-Anne Wartho*

The Alpine lceman previdec a unique windaw intn tha Nealithic-Copper Age of
Europe. We compared the radiogenic (strontium and lead) and stable (oxygen
and carbon) isotope composition of the lceman's teeth and bones, as well as
40Ar/3Ar mica ages from his intestine, to local geology and hydrelogy, and we
inferrad his habitat ana range from childhood Lu adull life. The fcerman's erigin
can be restricted to a few valleys within ~60 kilometers south(east) of the
discovery site, His migration during adulthood is indicated by contrasting
isotapie compositione nf anameal. hanes. and intestinal content. This demon-
strates that the Alpine valleys of central Europe were permanently inhabited

during the terminal Neolithic.

A well-preserved human mummy, the “Tce-

urau,™ was svuu vored from a glacier located
at the main Alpine watershed between Italy
and Ausiria in 1991, The Iceman was ~46
yoais old and lived 5200 years age. Both
the mummy and its associated equipment
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provided unprecedented insights into daily
lifa during the late Nealithic-Clopper Age
of central Burope (/—¢). One of the remain-
ing questions regarding the Iceman is his
place of origin Malecnlar penetic analvses
sugpest that the lceman’s mitochondrial
DA closely resembles that of central and
northern Europeans, including people from
the Alpine region (3). Puur proservation
prevented the recovery of nuclear DNA,
thereby restricting better spatial resolution
oI his orlgin (7, dYy. Pur s Tecman’s lato
adulthood, his southern origin in present-
day northern Ttaly has been deduced from
the pellen and mogs contents of his intra-

tine {7, &). The lack of pottery among his
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equipment prevented a conclusive archaeolog-
ical analysis regarding his affinity to northern ot
southem cultures (2, 9), although a southern
origin has been favored (3, 10).

We completed a comprehensive radio-
genic (St and Pb) and stable (O and C)
isotope study of samples of the Iceman
representing different ontogenetic stages to
determine his birthplace, habitat, and range
{11). These samples include tooth enamel,
dentine, cortical and trabecular bone, intes-
tinal content, and his clothing and equip~
ment. Enamel and bone represent archives
of childhood and adulthood, respectively
(12), whereas his activities during hig last
days can be inferred from the intestinal
content. Isotopic tracing is based on the
transfer {via nutrition) of the isotopic sig-
natures of soils and waters into biominerals
(13). Radiogenic isotopes allow prove-
nance determination relative to the loeal
geological environment, because different
lithologies show systematic isotopic varia-
tions caused by the decay of long-lived
radionuclides. Within the Iceman’s poten-
tial habitat, at least four lithological units
can be distinguished isotopically, including
Mesozoic limestones, Permian volcanics
(rhyolite), Eocene basalis, and a heteroge-
necus group of phyllites and polymetamor-
phic gneisses (Fig. 1). Stable isotopes pro-
vide information about altitude, latitude, or
position relative to a watershed (oxygen) or
paleodiet (carbon) (14, 15). The oxygen
isotopic composition (8'%0) of precipita-
fion can be reconstructed from 8'0 in
human biogenic apatite after correction for
metabolically induced isotopic fraction-
ation (/6), because oXygen in biominerals
is predominately derived from ingested wa-
ter. Spatial variations in 3'%0 of precipita-
fion arise from the preferential rainout of
H,'*0 from air masses during overland
transport, making precipitation at higher
altitudes or further inland systematically
depleted in '®0. This is crucial for con-
straining the Iceman’s origin, because he
was found at an Alpine watershed, where
there is considerable altitude contrast (Fig.
1). Areas north of the watershed predomi-
nately capture precipitation from the cooler
Attantic Ocean with long transport distanc-
es, whereas the nearby watmer Mediterra-
nean Sea supplies water masses to the
south. As a result, 830 values of precipi-
tation in the north are expected to be lower
than those south of the watetshed (17, 14).

This is confirmed by the oxygen isoto-
pic ratios presented here, which for rivers
north of the Alpine watershed (in Austria)
are ~1 to 2 per mil (%) lower than for
southern rivers (in Ttaly) at similar longi-
tude [for example, the Oz versus the
Schnals valley (Figs. 1 and 2A and table 51
{I1)]. Areas near low-altitude passes such

WWW.SCiencemag.

as the southern Wipp and Langtaufers val-
leys are influenced by both moisture sourc-
es because there is a limited amount of
transfer across the watershed. Superim-
posed on the north-to-south variation is am
overall lowering of riverine 3130 toward
the west of the study area. Coatributions of
precipitation from the highest altitudes
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(that is, snow melt) make river water more
negative in 5'%Q than small streams and
springs, which at inhabited terraces above
forested valleys are the likelier source of
drinking water (Fig. 2A). Overall, the least-
depleted 38!0 values are found in the
southeast of the area, in the Eisack/Isarco,
Rienz, Hohlen, and Non valleys. Convert-

polymetamarphic

gnaisses with white

mica K/Ar +

AAr39Ar ages:| 100-70

phyliites (350-315 Maj)

(impure} Mesozoic

carbonates

Permian volcanics

(276 Ma)

B Permian granites (s.2)
(280-270 Ma)

Tertiary granites (s.1.)

{42-30 Ma)
7+ Eocene basalts

_ Adige/Etseh . - F
{Vinschgau)

[i270y-230-
L. 100

PY Late Neolithic / Copper
age archaeoiogical site

+ spring / small stream
sampled for 3'8C
+___river with sampling
station for 5120
25 km

Switzerlang Austria

Mediterr,
sea

Fig. 1. Simplified geological-lithological map of the study area, showing the main fithologies that can
be distinguished using radiogenic isotopes (supporting ontine text). The decrease in white mica ages
(ages are shown in boxes) in polymetamorphic gneisses from narthwest to southeast reflects the
increasing overprint of an older { Variscan: ~330 Ma) by a younger (Alpine: ~80 Ma) metamorphic
event (26). Values in parentheses indicate alfitude in meters. The Alpine watershed runs along the
border between Austria and Italy. Abbreviations are as follows. Archaealogical sites: BA, Barbian; FE,
Feldthurns; 15, sera; JU, Juval; KA, Katharinaberg, MT, Margreid-Tolerait; PK, Piglaner Kopf; VP, Vilianders/
Plunacker; VS, Vils, Present-day towns: Br, Bruneck/Brunico; Bx, Brixen/Bressanone; 8z, Bozen/Bolzano;
In, Innsbruck; La, Landeck; Me, Meran/Meramo: Ry, Rovereto; Tn, Trento.
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ing (/6) the 8'%0 values of the Iceman’s
enamel to equivalent water values, it is
inferred that he was drinking water with
8180 values hetween —10.6%o (first preme-
lary and —11.0%. (canine) when he was 3 to
5 years of age (table S1). These values are
important because only waters south of the
Alpine watershed have such high values
(Fig. 2A). Cortical and trabecular bone
samples indicate that during aduithood, the
Iceman was drinking water with 8'%Q val-
ues of —11.7 and —11.4%s, respectively.
These 3'%0 bone values are considered re-
liable because ice from the Iceman site
vielded lower 8'20 values (—13.4 to —16.4;
the range may reflect varying contributions
of northern and southern moisture sources).
Postmortem alteration by meltwater would
shift trabecular bone more toward lower
3'%0 values, yet the opposite is observed.
Additionally, we converted &'80 data from
present-day human enamel taken from third
molars to equivalent water values {table
S1) and found that they reproduced the

observed §'®%0 values of corresponding
streams and springs (Fig. 2A and support-
ing online text). Different valleys (such as
the Eisack versus the Etsch/Adige) show
resolvable clusters of 880 teeth values,
with the single outlier for each valley being
explained by unaccounted-for migration.
The interpretation of the Teeman’s §'%0
record assumes that relative differences in
8120 observed for present-day waters also
existed ~5200 years ago, which is corrob-
orated by a spelecthem from a cave located
~110 km 8% of the Iceman site. It records
enly minor fluctuations [~0.3%s 8'%0p5p; s
measured relative to the Pee Dee belemnite
{(PDB) standard] and similar 3'30 values be-
tween 5330 to 5100 years ago and today (19).

Radiogenic isotope analysis was used to
refine how far south the Iceman lived (table
82). Soil leachates (/1) of the four main
lithologies have distinct Pb-Sr isotopic
compositions, although some overlap exists
for the Permian volcanics and the gneiss/
phyllite groups (Fig. 2B). These data are

c 0.7215

Hp 3sm_en

the basis for comparison with the radiogen-
ic isotopic compositions of the Iceman’s
samples (/7). Enamel fragments from all
three teeth are characterized by uniformly
high #7Sr/%¢8r ratios of 0.7203 to 0.7206
for the main dissolution step (Fig. 2B and
fig. S1). The smaller canine enamel frag-
ment (3sm, Fig, 2C) records a higher Sr
isotopic ratio of 0.7215, whereas for adja-
cent dentine, this value is only marginally
higher than for the other three enamels.
This allows the relative timing of all tooth
fragments to be established, because enam-
el mineralizes a few months earlier than
adjacent dentine (20), making the small
canine piece the earliest formed tooth frag-
ment. Its higher Sr isotopic signature may
indicate a different diet during earliest
childhood. Two cortical femur bone sam-
ples have fower *7Sr/*88r ratios of 0.7175
and 0.7181, whereas for trabecular hone,
this value is 0.7184 [final dissolution steps
(Fig. 2B and fig. 31)]. In contrast to enam-
el, all bone leachates yield higher Sr isote-
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caning; 4, first premolar; 5, second prernolar; sm, small; lg, large; en, enamel; de, dentine; cort, cortical: trab., trabecular; int. cont,, intestinal content.
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pic ratios than the final dissolution. This is
interpreted to reflect incipient postmortem
alteration of bones due to interaction with
high 3781/%%St meltwater, which is consis-
tent with ice cores closest to the Iceman
that have high 37St/%58r ratios of 0.723 to
0.729 (supporting onlineg text). Immersion
of the Iceman’s body in water has also been
deduced from the skin composition, trace
elements in bones, and the distribution of
artefacts (2/-23). Lower ¥81/%Sr ratios
for the enamel leachates do not record wa-
ter-related alteration but are consistent with
limited passive exchange of the outermost
enamel with saliva having *'8r/®%8r <
0.720 during adulthood, as deduced from
the Iceman’s bones. Dentine, having been
shielded by enamel, has a uniform Sr iso-
topic composition. Enamel and bone Sr iso-
topic compaositions of the final dissolution steps
have to be regarded as close, but nevertheless
minimum and maximum values for childhood
and adulthood, respectively.

A comparison of 3r-Pb isotopic compo-
sitions of the Iceman’s enamel with various
soils reveals that regions dominated by
limestones, basalts, and Permian volcanics
can be excluded as being the Iceman’s
childhood area (Fig. 2B). These regions
include the lower Etsch valley south of
Bolzano and further south (Fig. 1). Instead,
the enamel Sr-Pb isotopic signature is con-
sistent with compositions of gneisses and
phyllites, which ocour near the Iceman site
or in Schnals valley, Vintschgau [the Etsch/
Adige valley (N)W of Merano], Ulten vai-
ley, middle Eisack valley, and lower Fuster
valley (Fig. 1). These interpretations based
on S1-Pb isotopes are consistent with 3'%0
data, because precipitation south of the
lower Etsch/Adige valley (/8) has higher
8'80 values than inferred from the Ice-
man’s biominerals. Similarly, regions far
north of the [ceman site {(north of Inn val-
ley) that may record 8'®0 signatures of
precipitation (17) compatible with the [ce-
man can be excluded on the basis of the
prevalence of limestones (Fig. 1), The Sr-
Pb isotopic composition of the Iceman’s
bones apparently matches those of Permian
volcanics: however, it is known that other
gneiss/phyllite areas are characterized by
lower Srisotape values, which overlap with
the Permian volcanics (24, 25}.

A sample of the Iceman’s intestinal con-
tent was scieened for cereal fragments (&)
in order to constrain the origin of his last
meal. Because not enough fragments were
present, the entire sample was analyzed for
its Sr isotopic composition, which is inter-
mediate between the enamel and cortical
bone compositions and continues the trend
already indicated by trabecular bone (Fig.
2C). This intestinal sample also contained
12 100- to 400-pm white micas that are

believed to have been ingested as a result of
the grinding of cereal or from drinking
water (supporting online text). These micas
were individually analyzed for their *°Ar/
35Ar ages (table $3), which is important
because Permian volcanics, phyllites, and
polymetamorphic gneisses exhibit different
geological ages as a result of their different
magmatic/metamorphic evolution during
the Alpine [~90 million years ago (Maj]
and Variscan (~330 Ma) orogenies (26)
(Fig. 1). The resultant white mica ages
range between 95 and 300 Ma (with one at
440 Ma), with one broad peak between 160
and 220 Ma (seven micas) and a narrower
peak between 285 and 300 Ma (three micas;
fig. S2). This age distribution is found in
the gneiss lithology only and excludes the
Permian volcanics (276 Ma) and the phyl-
lites (315 to 350 Ma), It demonsirates that
the Iceman lived on gnheissic soils during
his later adulthood. Moreovet, the variable
but elevated Sr isotopic ratios of the Ice-
man’s clothing and equipment {table S52)
indicate that the Iceman used both animal
and plant materials from a wider area lo-
cated on gneiss/phyllite soils.

Our data indicate that the Iceman spent
his entire life in the area south of the
discovery site, which is consistent with
palagobotanical (7, 8) and most archaeclog-
ical analyses (2, 3, /0) but extends earlier
investigations into his childhood. This con-
trasts with a previcus study (24) that con-
cluded that the [ceman lived his final years
in the Otztal atea north of the Alpine wa-
tershed. This was based on a comparison of
trace elemental ratios and 3'%0 values be-
tween the Iceman’s bones and soil-buried
medieval bones (supporting online text).

Archaeclogical sites located on terraces in
the Eisack valley record the closest match in
8750 values between the Iceman’s enamel
and modern human enamel (Figs. 1 and 2ZA).
Furthermotre, one site, Feldthums, reveals the
closest match in Sr-Pb isotopes between the
Iceman’s enamel and local soils (Fig. 2B).
Excavations in Feldthurns have produced a
menhir typical of the Copper Age of the
region (3); thus, this may have been the re-
gion of the Iceman’s childhood. Because ar-
eas with incompatible isotopic sighatures can
be excluded with greaier certainty than posi-
tive assignments can be made, other potential
childhood areas include the lower Puster val-
ley (river Rienz), the lowest Vinschgau
(Etsch valley) near Merano, and the Ulten
valley. However, no archaeoclogical sites
from that period are known from the Ulten
valley. Conversely, the different isotopic
composition of the Iceman’s bones argues for
a different food source and hence migration
to a region with distinct soil and water com-
position during his adulthood (Fig. 2C). This
is also indicated by differences in 8'"°C be-

REPORTS

tween enamel and bone (table 81}, Maore
negative 3'0 values in bone indicate migra-
tion to slightly higher altitudes or further to
the northwest, where 8180 in precipitation is
lower. Besides Sr-Pb-O isotopes, the white
mica “°Ar%Ar age distribution from his m-
testine, especially the 95-Ma age, is consis-
tent only with a small area ~10 to 20 km
SW-NW of Merano in lower Vinschgau (the
Etsch valley). Among others, this includes
the site of Juval, which has been favered as
the home of the lceman during his aduitheod
(23). However, Juval has a Sr-Pb isotopic
composition incompatible with that of the
Iceman’s bones (Fig. 2B).

An alternative scenario to that of per-
manent resettlement is seasonal migration,
such as the Iceman’s involvement in tran-
shumance between low-altitude settlements
in the south and summer grazing areas
above the timberline in the north (such as
southern Otixztal), which started in the Mid-
dle Neolithic and is still practiced today
(23). If the §'°0 value of ~ —11%o is taken
to represent lower elevations, then the B0
data of —11.7 and ~11.4%o for his cortical
and frabecular bones are consistent with a
decreasing residence during adult life (from
~2 months to ~1 month per year, respec-
tively) in the southern elevated parts of
Otztal, with 8'*0 values of water of ~
~15%0. An indication of the validity of this
scenario may be the *751/%Sr ratio of ihe
Tceman’s intestinal wall {table S2), which
is similar to that of his sarliest enamel and
could represent the integrated value of his
final few weeks or months during the late
winter—early spring period.
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