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Abstract
Previous analyses of strontium isotopes from human bone and teeth have identiﬁed diverse patterns of residential mobility in the
South Central Andes during the Middle Horizon (AD 500e1100). During this time, the large polity of Tiwanaku exerted great
inﬂuence over what are now southern Peru, northern Chile, northwestern Argentina and Bolivia. Recently, ﬁve naturallymummiﬁed individuals were discovered in the cave of Juch’uypampa in the Pulacayo region of southern Bolivia. Although these
individuals were buried with a number of ﬁne Tiwanaku-style grave goods as well as non-Tiwanaku items, the burial site is isolated
and does not conform to the pattern of large Tiwanaku-aﬃliated cemeteries and residential sites outside of the Lake Titicaca Basin.
Strontium isotope analysis was performed on enamel from two adult men and bone from a third adult male in order to test the
hypotheses that one or more of the males was from either the Tiwanaku heartland in the Lake Titicaca Basin, the Chilean oasis of
San Pedro de Atacama, which contains a series of cemeteries with Tiwanaku-style grave goods, or the local area in which they were
buried. Results show that two individuals likely spent their childhood in the local area where they were interred, while the third man
probably spent at least the last twenty years of his life in that region before being buried there. This raises interesting questions
regarding the nature of Tiwanaku inﬂuence in southern Bolivia and the relationship between the Juch’uypampa mummies and the
Tiwanaku polity.
Ó 2005 Elsevier Ltd. All rights reserved.
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1. Introduction
In the years since Ericson and Krueger [30,31,69] ﬁrst
proposed the application of strontium isotopes to
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investigate archaeological human migration, strontium
isotope analysis has become an increasingly useful and
popular technique. For example, strontium isotope
analysis has successfully elucidated archaeological residential mobility and migration in the North American
Southwest [32,94], in Bell Beaker and Linearbandkeramik populations in Central Europe [6e9,48,49,
56,90,93], at a Norse cemetery in the Outer Hebrides
[81], at a Roman fortress in Germany [100,101], and at
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Teotihuacán in Mesoamerica [95]. Strontium isotope
analysis also has been used to reconstruct hominid
habitat utilization [55,105,106], to determine the last
place of residence of Otzi, the famous Iceman [53,82],
and to identify shipwrecked slaves buried in a mass
grave [25].
In the Andes, strontium isotope analysis has identiﬁed diverse patterns of migration during the Middle
Horizon (AD 500e1100) [60e63]. In addition, strontium isotope analysis is being used to address the origins
of Wari trophy heads and victims of ritual sacriﬁce
[114]. Building on these data, the current study
investigates the life histories and origins of three of the
ﬁve individuals buried in the cave of Juch’uypampa
in Bolivia (Fig. 1). These individuals were buried in
a remote cave in the altiplano, the high-altitude plain
that runs between the two major Andean mountain
ranges. Their mortuary textiles and other artifacts
suggest ties to the Middle Horizon (AD 500e1100)
Tiwanaku polity, which was centered at the site of
Tiwanaku in the southeastern Lake Titicaca Basin
(Fig. 1). At its height, the Tiwanaku polity exerted
great inﬂuence over southern Peru, northern Chile,
northwestern Argentina, and Bolivia [14,17,65e
68,88,89,107,119]. Strontium isotope analysis of the
three males and modern fauna from the region in which
they were buried may elucidate the geographical origin
of the men and provide key insights into understanding
their ties to the Tiwanaku polity.

2. The Tiwanaku polity in the South Central Andes
During the Middle Horizon (AD 500e1100), the site
of Tiwanaku, located in the Lake Titicaca Basin of
Bolivia, was the largest and most impressive site in the
South Central Andes (Fig. 1). Tiwanaku-style artifacts
such as mortuary textiles, ceramics, and hallucinogenic
snuﬀ kits (complejo de rape´) are spread throughout the
South Central Andes at this time [2,3,20,39,41,84,96,97,
108,111]. In addition, a small number of Tiwanaku
colonies, populated by individuals from the southeastern Lake Titicaca Basin, existed in southern Peru
and possibly northern Chile [11,12,36,39e41,43,44,
60e63,109,110,112].
Until now, the majority of burials of Tiwanakuaﬃliated individuals outside of the Tiwanaku heartland
have been found in southern Peru and northern Chile in
large cemeteries such as Chen Chen and Coyo Oriental
[11,12,23,37,38,42,43,45,74,84,85]. These cemeteries are
often near large residential sites, and it is clear that most
individuals buried in the cemeteries had been living in
the area before death, though some are likely immigrants from the Lake Titicaca Basin [60e63]. Juch’uypampa is notable because it contained ﬁve individuals
buried with goods with stylistic ties to the site of
Tiwanaku and the Chilean oasis of San Pedro de
Atacama. These artifacts do not appear to be locallyproduced imitations, and were likely traded or transported from Tiwanaku and San Pedro de Atacama.
However, Juch’uypampa is not a large Tiwanakuaﬃliated cemetery and it is not located near a Tiwanaku-aﬃliated site. Who were the individuals buried there,
and why were they buried with Tiwanaku-style grave
goods? What was their relationship with the Tiwanaku
polity? Strontium isotope analysis can help answer these
questions.

3. Strontium isotope analysis: an introduction

Fig. 1. Map of the study area in the South Central Andes with sites
discussed in the text.

The element strontium (Sr) is present in varying
concentrations in bedrock, groundwater, soil, plants and
animals in any given ecosystem. Although the concentration of strontium in an organism varies according to
trophic level, the amounts of diﬀerent isotopes of
strontium do not [5,13,21,33,34,52]. Strontium is composed of four naturally-occurring isotopes (84Sr, 86Sr,
87
Sr, and 88Sr) that vary in an ecosystem based on the
underlying geology [34]. More speciﬁcally, some of
the 87Sr is radiogenic and is formed over time by the
radioactive decay of rubidium (87Rb, t1/2=4.88!1010
years) [34]. Therefore, the amount of rubidium in a rock
and its age partially determine the amount of 87Sr in
bedrock, as well as the soil, groundwater, plants and
animals in that geologic zone. These factors ensure that
the 87Sr/86Sr ratios at the earth’s surface are highly
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variable. For example, very old rocks with very high Rb/
Sr ratios, such as shales and granites, will have the
highest 87Sr/86Sr such as 87Sr/86Sr=0.717 [113]. On the
other hand, geologically young rocks with low Rb/Sr
ratios typically have 87Sr/86Sr ratios of less than
87
Sr/86Sr=0.706 [99].
Strontium geochemistry is useful for bioarchaeologists because strontium substitutes for calcium in
hydroxyapatite, and the strontium isotope ratios in
human tooth enamel and bone reﬂect the strontium
isotope ratios in the food consumed during life
[30,31,69,94,102]. For individuals who consumed locallygrown food from and lived in one geologic region, the
strontium isotope ratios found in their dental and
skeletal elements will reﬂect where they were living
when that tooth enamel or bone was formed. Tooth
enamel does not take up elements from the body or the
environment after it has formed during childhood
[50,51]. Therefore, the strontium isotope ratios in tooth
enamel reﬂect place of residence during childhood, if
local foods were consumed [94]. In contrast, bone
continually regenerates and incorporates strontium
from the body [87]. The strontium isotope ratios in
bone, therefore, reﬂect place of residence if local foods
are consumed during the last years of life [92].

4. Geology of the South Central Andes and
strontium isotope signatures
The broadly-deﬁned geologic zones of the South
Central Andes are well-suited to the application of
strontium isotope analysis. The Tiwanaku heartland,
located in the southern Lake Titicaca Basin, is distinct
from other regions within the Tiwanaku sphere of
inﬂuence. Speciﬁcally, the Tiwanaku and Katari River
Basins, where the site of Tiwanaku is located, are
bordered by two mountain ranges, the Cordillera Blanca
and the Cordillera Real [4,10,71,98]. These two mountain ranges are composed of Paleozoic andesites, red
mudstones and sandstones [4,10,71,98]. In the Tiwanaku
and Katari River Basins themselves, the bedrock is

composed of igneous basalts and andesites and is
overlain by up to 10e20 m of Quaternary ﬂuvial and
lacustrine sediments [4,10,71,98]. Strontium isotope
ratios from surface water from Lake Titicaca itself are
87
Sr/86Sr=0.7082e0.7085 (n ¼ 3) and 20 samples from
four sediment cores taken from Lake Titicaca were
characterized by 87Sr/86Sr=0.7083e0.7087 [47]. These
values are slightly lower than the strontium isotope
ratios observed in modern guinea pig (Cavia porcellus,
commonly called cuy) bones from the southern Lake
Titicaca Basin. For two modern cuy from the Tiwanaku
River Basin archaeological sites of Tiwanaku and
Chiripa, 87Sr/86Sr=0.7093e0.7094 (Fig. 1, Table 1) [60,
63]. One modern cuy from Lukurmata, an archaeological site in the Katari River Basin just northeast of the
Tiwanaku River Basin, exhibited 87Sr/86Sr=0.7106
(Fig. 1, Table 1) [60,63]. Taking the mean of all three
cuy values plus or minus two standard deviations gives
87
Sr/86Sr=0.7083e0.7112; this encompasses the surface
water and sediment core values from Lake Titicaca and
provides an estimate of the local strontium isotope
signature of the entire southern Lake Titicaca Basin
(Fig. 2). However, there are parts of the northern Lake
Titicaca Basin with higher strontium isotope ratios. For
example, surface water from the Rı́o Suches in the
northeastern Lake Titicaca Basin has strontium isotope
ratios of 87Sr/86Sr=0.7120e0.7135 (n ¼ 2) [47].
The geology changes and the strontium isotope ratios
increase as one travels south through the altiplano from
the Lake Titicaca Basin [47,59,79]. The Pulacayo region
on the edge of the Salar de Uyuni is located in an area of
tertiary volcanics including andesite as well as a large
silver-rich polymetallic deposit that was mined from
1833 until 1958 (Fig. 1) [26,58]. Despite the extraction of
5000 metric tons of silver from Pulacayo [26], these
mining activities should not aﬀect the biologically
available strontium isotope ratios in the region. Since
mining activities were focused on the Tajo vein, a
2.7-km-long blind vein that was 1e6 m in diameter [26],
the removal of ore should not aﬀect the strontium
isotope ratios of the surrounding area. In addition, the
main source of metals in the ores is the surrounding

Table 1
Strontium isotope ratios for modern cuy bone and archaeological fauna from the South Central Andes [60,63]
LARCH
number

Sample
number

Site

F1024
F1026
F1025
F1635
F1636
F1714
F1027
F1028
F1029

Ch1A
T1A
L2A
QT6-18
QT6-33
SPA1
M5A
M9A
M14A

Chiripa
Tiwanaku
Lukurmata
Quitor-6
Quitor-6
San Pedro
Chen Chen
Chen Chen
Chen Chen

Region

Sample

Corrected
Sr/86Sr

87

Lake Titicaca Basin
Lake Titicaca Basin
Lake Titicaca Basin
San Pedro de Atacama
San Pedro de Atacama
San Pedro de Atacama
Moquegua
Moquegua
Moquegua

cuy (modern)
cuy (modern)
cuy (modern)
mouse (archaeological)
dog (archaeological)
cuy (modern)
cuy (modern)
cuy (modern)
cuy (modern)

0.709291
0.709368
0.710561
0.707659
0.707762
0.707511
0.706184
0.706452
0.706121
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of time covered by this study [27,86]. Individuals who
consumed large amounts of marine products would have
this strontium isotope signature in their tooth enamel
and bone.

5. Laboratory methods: TIMS analysis of tooth
enamel and bone

Fig. 2. Map of the South Central Andes with observed strontium
isotope values.

igneous rock [26,58]. Strontium isotope ratios from surface water from the major rivers ﬂowing into the Salar de
Uyuni and the Salar itself are 87Sr/86Sr=0.7074e0.7097
(n ¼ 7) [47]. Slightly higher values (87Sr/86Sr=0.7101e
0.7114, n ¼ 3) are found in surface waters in rivers just
east of the Salar [47]. However, even higher strontium
isotope ratios (87Sr/86Sr=0.7164-0.7178, n ¼ 3) are
found in the surface waters of rivers than drain from
Lake Poopó (Fig. 1) [47].
Further east, the late Cenozoic volcanics of the South
Central Andes are characterized by lower strontium
isotope ratios. For example, geologic samples from the
San Pedro de Atacama oasis in northern Chile are
87
Sr/86Sr=0.7062e0.7068 (n ¼ 8) [99] and range from
87
Sr/86Sr=0.7069e0.7079 (n ¼ 10) near Cerro Chascon
and 87Sr/86Sr=0.7081e7095 (n ¼ 17) near Cerro Purico,
approximately 30 km east of the oasis of San Pedro de
Atacama [99]. Analysis of modern and archaeological
fauna support these data; 87Sr/86Sr=0.7075e0.7078
(n ¼ 3) for faunal samples from the oasis (Fig. 2, Table
1) [60,63].
The strontium isotope ratios of the late Cenozoic
volcanics continue to decrease as one travels north. For
example, the Barroso volcanics of the Upper Osmore
Drainage exhibit 87Sr/86Sr=0.7054e0.7067 (n ¼ 7) [57].
Similarly, for modern cuy, or guinea pig, from near the
town of Moquegua in the Upper Osmore Drainage,
87
Sr/86Sr=0.7062e0.7064 (n ¼ 3) [60,63].
Finally, the strontium isotope signature of seawater is
87
Sr/86Sr=0.7092 [115]. Seawater mixing ensures that
this signature does not change depending on deep-sea
sediments or location, and has been stable for the period

Initial sample preparation was performed at the
Laboratory for Archaeological Chemistry at the University of Wisconsin at Madison by K.J. Knudson. Modern
fauna samples from the South Central Andes were not
treated for diagenetic contamination, as they had not
been in contact with possible contaminants. All modern
faunal bone samples were placed in a crucible and ashed
at approximately 800  C for 10 hours. The bone samples
were then crushed in an agate mortar and pestle.
In contrast, archaeological tooth enamel samples
were mechanically cleaned by abrasion with a Patterson
NC-350 dental drill equipped with an inverted-cone
carbide burr (White burrs HP-59 type 2 class 2) to
remove any adhering organic matter or contaminants.
The mechanical cleaning also removed the outermost
layers of tooth enamel, which are most susceptible to
diagenetic contamination [18,80,116e118]. Then, 5e
10 mg of tooth enamel was removed with a Patterson
NC-350 dental drill equipped with a carbide burr.
Because of the potential for diagenetic contamination, archaeological bone samples were mechanically
and chemically cleaned before analysis. Mechanical
cleaning with the Patterson NC-350 dental drill equipped with a carbide burr removed adhering soft tissue, all
traces of trabecular bone, and the outermost layers of
cortical bone that are most susceptible to diagenetic
contamination. The bone sample was then cut with the
Patterson NC-350 dental drill equipped with a diamond
disc saw and chemically cleaned in an ultrasonic bath.
The samples were sonicated in distilled water for 30
minutes and then rinsed with distilled water; this step
was repeated three times. The bone samples were then
rinsed and sonicated in 5% acetic acid for 15 minutes,
and ﬁnally rinsed and sonicated in distilled water for 15
minutes [83,91,94,104]. The bone samples were then
ashed at approximately 800  C for 10 hours.
Strontium isotope ratios of powdered tooth enamel
and bone ash were obtained at the Isotope Geochemistry Laboratory in the Department of Geological
Sciences at the University of North Carolina at Chapel
Hill by P. D. Fullagar. Three to six milligrams of bone
ash or powdered tooth enamel were dissolved in 15 mL
Savillex PFA vials using 500 mL of twice distilled 5N
HNO3 in a class 100 ﬁltered air environmental hood.
Then, the samples were evaporated and redissolved
in 250 mL of 5N HNO3. The strontium was separated
from the sample matrix using EiChrom SrSpec resin,
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6. Results and discussion
6.1. Strontium isotope ratios from Juch’uypampa
and Potosı´, Bolivia
As discussed above, strontium isotope ratios from the
Pulacayo area were initially determined based on
geologic analyses of surface water in the region [47].
To substantiate these values, modern fauna were also
collected in order to determine the biologically available
strontium in the region, and to serve as proxies of the
strontium isotope signatures of humans who lived in the
region during tooth enamel and bone formation [9,92].
Modern guinea pigs, or cuy, were collected from Potosı́,
Bolivia. Like the Pulacayo region, Potosı́ is located in an
area of tertiary volcanic rocks and should have a similar
strontium isotope signature (Fig. 2) [58]. Although
informants speciﬁed during interviews that the cuy ate
only locally-grown food, the strontium isotope signatures
in femoral bone from each cuy were very diﬀerent (Fig. 3
and Table 2). One cuy, POT-1, exhibited strontium
isotope ratios close to the expected range (POT-1,
87
Sr/86Sr=0.713233). However, POT-2 exhibited strontium isotope ratios that were much higher than the
expected values (POT-2, 87Sr/86Sr=0.720503). As will
be discussed below, the human strontium isotope ratios
were more similar to the lower strontium isotope ratio
exhibited in POT-1. Therefore, it is most likely that the

Strontium Isotope Values from Juch’uypampa and Potosí
0.722
0.720503
0.720

Local Range for Lake Titicaca Fauna
87Sr86Sr=0.7083-0.7112

0.718

87Sr/86Sr

a crown-ether Sr-selective resin (50e100 mm diameter)
loaded into the tip of a 10 mL BioRad polypropylene
column. Total resin volume was approximately 50 mL.
The SrSpec resin was pre-soaked and ﬂushed with H2O
to remove strontium present from the resin manufacturing process. The resin was further cleaned in the column
with repeated washes of deionized H2O and conditioned
with 5N HNO3. Resin was used once for sample elution
and discarded. The dissolved sample was loaded and
washed in 750 mL of 5N HNO3, and then strontium was
eluted with 1 mL of H2O. Total procedural blanks for
strontium are typically 100e200 picograms. The sample
was then evaporated, dissolved in 2 mL of 0.1 M H3PO4
and 2 mL of TaCl5, and loaded onto degassed rhenium
(Re) ﬁlaments. Isotopic ratios were measured on a VG
Sector 54 thermal ionization mass spectrometer at the
University of North Carolina-Chapel Hill in quintuplecollector dynamic mode, using the internal ratio
86
Sr/88Sr=0.1194 to correct for mass fractionation.
Recent 87Sr/86Sr analyses (n ¼ 52) of strontium carbonate standard SRM 987 yield a value of 0.710260G10
(2s). Long term analyses over approximately 24 months
of SRM 987 yield an average 87Sr/86Sr value of
0.710242. Internal precision for strontium carbonate
runs is typically 0.0006 to 0.0009% standard error based
on 100 dynamic cycles of data collection.

0.716
0.713994

0.714
0.712358

0.712584

0.713233

0.712
0.710
0.708
PU-1 (bone)

PU-2 (enamel) PU-3 (enamel) POT-1 (bone) POT-2 (bone)

Archaeological Human Remains from Juch’uypampa

Modern Potosí Cuy

Fig. 3. Strontium isotope ratios from archaeological human remains
from Juch’uypampa and modern cuy from Potosı́.

high value of POT-2 does not accurately reﬂect the local
signature of the Pulacayo region. It is possible that the
anomalously high value in POT-2 reﬂects contamination
from fertilizers, or that this cuy was in fact eating food
from a diﬀerent geologic zone.
In addition to the cuy samples from Potosı́, samples
from three adults buried in the cave of Juch’uypampa
were analyzed in order to determine their origin. The
cave of Juch’uypampa contained the remains of ﬁve
naturally-mummiﬁed individuals, including three adult
males, one 7- to 9-year-old child and one 6- to 8-year-old
child. To determine the origin of the adults from
Juch’uypampa, dental samples were analyzed from two
adult males (PU-2, PU-3). Due to concerns over the
conservation of the specimens, only one bone sample
from the third adult male was collected and analyzed
(PU-1). A detailed bioarchaeological examination of
these burials, including the mortuary textiles and other
grave goods, is forthcoming from the Fundación ASUR
(Fundación para la Investigación Antropológica y el
Etnodesarrollo ‘‘Antropólogos del Surandino’’).
Tooth enamel samples from two of the adults exhibit very similar strontium isotope ratios (PU-2,
87
Sr/86Sr=0.712584 and PU-3, 87Sr/86Sr=0.713994)
(Fig. 3 and Table 2). In addition, strontium isotope
ratios from the left navicular bone of one other
individual are also similar (PU-1, 87Sr/86Sr=0.712358)
(Fig. 3 and Table 2). It is highly unlikely that these results
reﬂect diagenetic contamination. First of all, tooth
enamel is resistant to diagenetic contamination because
of the large size of its phosphate crystals and the small
amount of pore space in the enamel [51,64,103].
Numerous studies have demonstrated the resistance of
the inner layers of tooth enamel to diagenetic contamination [18,19,22,48,54,73,80,94]. Bone, unfortunately,
is much more susceptible to diagenetic contamination
than tooth enamel. Removing the outermost layers of
bone [70,91,116e118] and washing the remaining bone
sample with weak acid [83,91,94,104] removes primary
areas of contamination and eliminates calcite that can
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Table 2
Strontium isotope ratios for modern cuy bone from Potosı́, Bolivia and archaeological human tooth enamel and bone from Juch’uypampa, Bolivia
LARCH
number

Sample
number

Site

F2780
F2782
F2784
F2778
F2779

PU-1
PU-2
PU-3
POT-1
POT-2

Juch’uypampa
Juch’uypampa
Juch’uypampa
Potosı́
Potosı́

Sample
human
human
human
cuy
cuy

accumulate in bone while buried. Both of these techniques were utilized in this study to minimize any diagenetic
contamination. Additionally, because the individuals
were placed in a fairly dry cave and naturally mummiﬁed
rather than being buried underground, contact with
potential contaminants in groundwater was minimal.
Since diagenetic contamination from the burial
environment cannot explain the similar strontium isotope values found in the three men, it is reasonable to
suggest that these three men consumed food from the
same geologic zone, or from diﬀerent geologic zones with
the same strontium isotope signature. However, because
we sampled teeth from two males and bone from
another, our data reﬂect strontium uptake at diﬀerent
stages of their lives. Since the left navicular was analyzed
from individual PU-1, the strontium isotope signature
reﬂects much of his adult life. The average rate of bone
regeneration is commonly cited as 7e11 years. However,
the actual rate of turnover varies according to the skeletal
element involved, and average turnover rates of 3% per
year in cortical bone and 26% per year in trabecular bone
have been estimated [46]. The navicular, one of the tarsal
bones of the foot, is a poorly-vascularized and slowlyremodeling bone [24,35,72] that should provide strontium isotope ratios from at least the last 20 years of life.
In contrast, the strontium isotope ratios observed in
the tooth enamel of the other two males reﬂects
strontium uptake during childhood. For example, the
upper left second incisor from individual PU-2 was
included in this study. Because the enamel in the
permanent second incisor begins to form 3e4 months
after birth and continues for 4e5 years [51], the
strontium isotope ratios in this tooth represent the
biologically available strontium in this individual’s diet
before 4e5 years of age. For individual PU-3, the upper
second molar was used in this study. Crown formation
of permanent second molars occurs between 3 and 7
years of age while root formation occurs between 8 to 12
years [1,28,51,75]. Therefore, strontium isotope ratios
from individual PU-3 represent strontium ingestion
between ages 3 and 7 years.
6.2. General discussion of results
The strontium isotope signatures from the three men
are very similar, suggesting that each man consumed

Age
30e40 years
45e55 years
young to mid adult
adult
adult

Sex
M
M
M
NA
NA

Sample
type

87

Corrected
Sr/86Sr

L navicular
ULI2
ULM2
R femur
R femur

0.712358
0.712584
0.713994
0.713233
0.720503

food from the same geologic region at least for some
time during their lives. Because the strontium isotope
values presented here reﬂect childhood diet for PU-2
and PU-3 and adult diet for PU-1, it is likely that the
ﬁrst two males grew up in a similar geologic zone from
which they obtained their food, while the third male
likely lived in the same geologic region during adulthood. This could also mean that each man consumed
a similar diet of imported foods.
In most residential mobility studies that utilize
strontium isotope analysis, individuals are identiﬁed as
local or non-local to the study area based on comparison with modern and/or archaeological fauna, and the
local range is identiﬁed as the mean of the faunal
strontium isotope ratios plus or minus two standard
deviations [7e9,60,63,92e95]. According to this methodology, the local range for the region around the cave
of Juch’uypampa is the mean of the two cuy samples
plus or minus two standard deviations and is
87
Sr/86Sr=0.7066e0.7272. This is so large it encompasses most of the geologic zones of the South Central
Andes; as such, it is a meaningless deﬁnition of ‘‘local’’.
Clearly, more cuy samples from Pulacayo and Potosı́ are
necessary to characterize a local range according to the
most common methodology. Alternatively, individuals
may be identiﬁed as local based on comparison with
a known local archaeological population; unfortunately,
no comparison populations have been identiﬁed in the
Pulacayo region.
When modern and archaeological fauna are unavailable or contaminated, it is still possible to make
meaningful interpretations based on archaeological
tooth enamel and uncontaminated bone [8,9]. It is
possible, then, to match the observed archaeological
human strontium isotope ratios with known strontium
isotope signatures in order to test hypotheses about the
origin and life history of these three individuals. First of
all, because these individuals were buried with Tiwanakustyle goods such as textiles, we hypothesized that they
were from the site of Tiwanaku itself or from the
Tiwanaku heartland in the southeastern Lake Titicaca
Basin. However, strontium isotope analysis of modern
cuy from three sites in the southeastern Lake Titicaca
Basin shows a local range of 87Sr/86Sr=0.7083e7112,
based on the mean of the cuy strontium isotope ratios
plus or minus two standard deviations (Fig. 2) [60,63]. In
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addition, strontium isotope analysis of 16 individuals
buried at Tiwanaku and the surrounding sites of Kirawi,
Iwawe and Tilata show that the majority exhibit
strontium isotope signatures within this range [60,63].
Because none of the individuals analyzed here exhibit
enamel or bone strontium isotope ratios that are within
this Lake Titicaca Basin range, it is unlikely that PU-2 or
PU-3 lived in the southeastern Lake Titicaca Basin
during enamel formation. Similarly, the strontium isotope data show that PU-1 did not live in the southeastern
Lake Titicaca Basin during adulthood. However, his
place of residence during childhood is unknown.
However, Tiwanaku-style artifacts are found at
a number of other sites in the South Central Andes.
Therefore, it is possible that these individuals were not
from the site of Tiwanaku itself but instead from
a provincial Tiwanaku site. For example, the largest
sites with Tiwanaku artifacts near the cave of Juch’uypampa are found in the San Pedro de Atacama oasis of
northern Chile. However, strontium isotope analysis of
modern and archaeological fauna from the oasis show
that the local range is 87Sr/86Sr=0.7074e7079 (Fig. 2)
[60,63], which is much lower than the Juch’uypampa
strontium isotope ratios. Similarly, although it is farther
from Juch’uypampa, the Upper Osmore Drainage in
southern Peru contains three large Tiwanaku-aﬃliated
site complexes near the modern town of Moquegua and
has a local strontium isotope signature of 87Sr/86SrZ
0.7059e7066 as determined by modern fauna (Fig. 2)
[60,63]. Again, this strontium isotope signature is much
lower than the Juch’uypampa samples.
Finally, none of these data match the strontium
isotope signatures of seawater, in which 87Sr/86SrZ
0.7092 [115]. Therefore, it is unlikely that these
individuals lived on the coast or consumed enough
calcium, and therefore strontium, from marine products
in quantities large enough to change their strontium
isotope signatures.
Although the archaeological human strontium isotope values do not match the strontium isotope
signatures in areas with known Tiwanaku-aﬃliated
sites, it is clear that four of the ﬁve strontium isotope
ratios presented here are very similar, and that the one
cuy bone value is anomalous. The mean of these four
samples (POT-1, PU-1, PU-2 and PU-3) is 87Sr/86SrZ
0.713042G0.000735 (1s). This is within the range of
values seen in other populations identiﬁed as ‘‘local’’ to
a particular region [8,9,60]. Instead of being displaced
Tiwanaku travelers, the Juch’uypampa burials may have
been individuals who lived in the Pulacayo and Potosı́
region during adulthood, in the case of PU-1, and in the
ﬁrst few years of life, in the case of individuals PU-2 and
PU-3. There are no known large Tiwanaku-aﬃliated
residential sites or Middle Horizon residential sites in
the area, which had previously been understood as
a well-traveled but sparsely-populated region of caravan
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networks [15,16,29,76,112]. This complicates our understanding of the relationship between the Tiwanaku
polity and the southern altiplano, and raises new
questions. For example, why was a small group of
individuals, identiﬁed as local by their strontium isotope
signatures, buried with a number of high-quality
Tiwanaku-style goods?
However, the enamel strontium isotope ratio of PU-3
(PU-3, 87Sr/86Sr=0.713994) is higher than the other
enamel and bone values. It is possible that this
individual would be considered non-local to the
Pulacayo region with a local range determined by
additional cuy samples. If this is the case, this group
of individuals may represent at least two diﬀerent
regions. This would support our understanding of
Tiwanaku as a diverse, heterogeneous polity with a great
deal of ﬂuidity between various regions under Tiwanaku
inﬂuence.
Finally, strontium isotope ratios of 87Sr/86Sr=
0.7120e0.7135 (n ¼ 2) have been measured in surface
water in Rı́o Suches in the northeastern Lake Titicaca
Basin [47]. Therefore, it is possible that these men lived
in the northeastern Lake Titicaca Basin and only
coincidentally match the Potosı́ cuy strontium isotope
ratio. As will be discussed below, the use of other
isotopes in addition to strontium may be used to test this
hypothesis.

7. Conclusion and suggestions for further research
Strontium isotope analysis has been used here to test
the hypothesis that individuals buried with Tiwanakustyle artifacts in Juch’uypampa are from the site of
Tiwanaku itself, from the Tiwanaku-aﬃliated San Pedro
de Atacama region, or from the local area in which they
were buried. Based on strontium isotope ratios from
enamel or bone, two of the three men did not spend their
childhood in either Tiwanaku or San Pedro, and one
man did not spend the last two decades of his life in
either locale. Instead, it appears that all three spent
considerable time in southern Bolivia in the Pulacayo
region, or at least consumed foods from that region or
one with a similar strontium value. These data
contradict the material culture data from the burial
goods, and raise new questions regarding the nature of
Tiwanaku inﬂuence in the southern Bolivian altiplano.
Although strontium isotope analysis of the individuals
buried in Juch’uypampa has demonstrated that these
individuals are not from near the site of Tiwanaku or
from the San Pedro de Atacama region, more research
remains to be done. As previously discussed, more
modern and archaeological fauna from the southern
altiplano will help augment the strontium isotope data
from the Lake Titicaca Basin and lower-altitude sites like
San Pedro. In addition, expanding this study to include
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samples from the two juveniles buried in the cave of
Juch’uypampa as well as additional tooth enamel and
bone samples from the three adult men in the cave will
continue to identify their life histories. Finally, the
forthcoming analysis of the grave goods included with
these individuals will continue to elucidate the relationship these individuals had with the Tiwanaku polity.
In addition, lead isotope analysis shows much
promise for residential mobility studies in this region.
The South Central Andes are divided into discrete lead
isotope provinces [58,77,78]. Because lead isotopes are
dependent on the age of a geologic formation and
uranium and thorium decay, not rubidium decay, lead
isotope analysis gives complementary data when used
with strontium isotope analysis. Therefore, lead isotope
analysis of archaeological human bone and tooth
enamel samples from individuals buried in the cave of
Juch’uypampa may help identify the speciﬁc altiplano
origin of these individuals.
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Perú, 2001, pp. 139e168.
J.K. Gong, E. Burgess, P. Bacalao, Accretion and exchange of
strontium 85 in trabecular bone, Radiation Research 28 (1966)
753e768.
M.J. Grove, P.A. Baker, S.L. Cross, C.A. Rigsby, G.O. Seltzer,
Application of strontium isotopes to understanding the
hydrology and paleohydrology of the Altiplano, Bolivia-Peru,
Paleogeography, Paleoclimatology, Paleoecology 194 (2003)
281e297.
G. Grupe, T.D. Price, P. Schroter, F. Sollner, C.M. Johnson,
B.L. Beard, Mobility of Bell Beaker people revealed by strontium
isotope ratios of tooth and bone: a study of Southern Bavarian
skeletal remains, Applied Geochemistry 12 (1997) 517e525.
G. Grupe, T.D. Price, F. Sollner, Mobility of Bell Beaker people
revealed by strontium isotope ratios of tooth and bone: a study
of Southern Bavarian skeletal remains: a reply to the comment
by Peter Horn and Dieter Muller-Sohnius, Applied Geochemistry 14 (1999) 271e275.
S. Hillson, Teeth, Cambridge University Press, Cambridge, 1986.
S. Hillson, Dental Anthropology, Cambridge University Press,
Cambridge, 1996.
D.A. Hodell, R.L. Quinn, M. Brenner, G. Kamenov, Spatial
variation of strontium isotopes (87Sr/86Sr) in the Maya region:
a tool for tracking ancient human migration, Journal of
Archaeological Science 31 (2004) 585e601.
J. Hoogewerﬀ, W. Papesch, M. Kralik, M. Berner, P. Vroon,
H. Miesbauer, O. Gaber, K.-H. Kunzel, J. Kleinjans, The last
domicile of the Iceman from Hauslabjoch: a geochemical
approach using Sr, C and O isotopes and trace element
signatures, Journal of Archaeological Science 28 (2001) 983e
989.
K.A. Hoppe, P.L. Koch, T.T. Furutani, Assessing the preservation of biogenic strontium in fossil bones and tooth enamel,
International Journal of Osteoarchaeology 13 (2003) 20e28.
P. Horn, S. Holzl, D. Storzer, Habitat determination on a fossil
stag’s mandible from the site of Homo erectus heidelbergensis
at Mauer by use of 87Sr/86Sr, Naturwissenschaften 81 (1994)
360e362.
P. Horn, D. Muller-Sohnius, Comment on ‘mobility of Bell
Beaker people revealed by strontium isotope ratios of tooth and
bone: a study of southern Bavarian skeletal remains’ by Gisela
Grupe, T. Douglas Price, Peter Schroter, Frank Sollner, Clark
M. Johnson, and Brian L. Beard, Applied Geochemistry 14
(1999) 263e269.
D.E. James, A combined O, Sr, Nd, and Pb isotopic and trace
element study of crustal contamination in central Andean Lavas,
I. Local geochemical variations, Earth and Planetary Science
Letters 57 (1982) 47e62.
G. Kamenov, A.W. Macfarlane, L. Riciputi, Sources of lead in
the San Cristobal, Pulacayo, and Potosi mining districts, Bolivia,
and a reevaluation of regional ore lead isotope provinces,
Economic Geology 97 (2002) 573e592.
J. Klerkx, S. Deutsch, H. Pichler, W. Zeil, Strontium isotopic
composition and trace element data bearing on the origin of
Cenozoic volcanic rocks of the Central and Southern Andes,

912

[60]

[61]

[62]

[63]

[64]

[65]

[66]
[67]
[68]

[69]

[70]

[71]

[72]
[73]

[74]
[75]

[76]

[77]

[78]

K.J. Knudson et al. / Journal of Archaeological Science 32 (2005) 903e913
Journal of Volcanology and Geothermal Research 2 (1977)
49e71.
K.J. Knudson, Tiwanaku Residential Mobility in the South
Central Andes: Identifying Archaeological Human Migration
through Strontium Isotope Analysis, Doctoral dissertation,
Department of Anthropology, University of Wisconsin at
Madison, 2004.
K.J. Knudson, T.D. Price, J.E. Buikstra, D.E. Blom, Tiwanaku
Residential Mobility as Determined by Strontium and Lead
Isotope Analysis, Paper presented at the 66th Annual Meeting of
the Society for American Archaeology, April 18e22, New
Orleans, LA, 2001.
K.J. Knudson, T.D. Price, J.E. Buikstra and D.E. Blom,
Migration in the Middle Horizon: Bone Chemistry and the
Nature of the Tiwanaku Polity in the South Central Andes,
Paper presented at the 69th Annual Meeting of the Society for
American Archaeology, March 31eApril 4, Montreal, Canada,
2004.
K.J. Knudson, T.D. Price, J.E. Buikstra, D.E. Blom, The use of
strontium isotope analysis to investigate Tiwanaku migration
and mortuary ritual in Bolivia and Peru, Archaeometry 46 (2004)
5e18.
M.J. Kohn, M.J. Schoeninger, W.W. Barker, Altered states:
eﬀects of diagenesis on fossil tooth chemistry, Geochimica et
Cosmochimica Acta 63 (1999) 2737e2747.
A.L. Kolata, Tiwanaku: portrait of an Andean Civilization,
Field Museum of Natural History Bulletin 53 (1982) 13e18,
23e28.
A.L. Kolata, The Tiwanaku: Portrait of an Andean Civilization,
Blackwell, Oxford, 1993.
A.L. Kolata, Tiwanaku and Its Hinterland: Archaeology and
Paleoecology of an Andean Civilization, vol. 1, 1 1996.
A.L. Kolata, Tiwanaku and Its Hinterland: Archaeological and
Paleoecological Investigations of an Andean Civilization: vol. 2,
Urban and Rural Archaeology, 2 2003.
H.W. Krueger, Sr Isotopes and Sr/Ca in Bone, Poster paper
presented at Biomineralization Conference, Airlie House,
Warrenton, VA, April 14e17, 1985.
J.B. Lambert, J.M. Weydert, S.R. Williams, J.E. Buikstra,
Inorganic analysis of excavated human bone after surface
removal, Journal of Archaeological Science 18 (1991) 363e383.
A. Lavenu, Formación Geológica y Evolución, in: C. Dejoux, A.
Iltis (Eds.), El Lago Titicaca: Sı́ntesis Del Conocimiento
Limnológico Actual, ORSTOM, La Paz, 1991, pp. 19e27.
S. Lee, R. Anderson, Stress fractures of the tarsal navicular,
Foot and Ankle Clinics 9 (2004) 85e104.
J. Lee-Thorp, M. Sponheimer, Three case studies used to
reassess the reliability of fossil bone and enamel isotope signals
for paleodietary studies, Journal of Anthropological Archaeology 22 (2003) 208e216.
G. LePaige, Cultura de Tiahuanaco en San Pedro de Atacama,
Anales 1 (1961) 19e23.
H.M. Liversidge, Crown formation times of the permanent
dentition and root extension rate in humans, in: J. Moggi-Cecchi
(Ed.), Aspects of Dental Biology: Paleontology, Anthropology
and Evolution, Institute for the Study of Man, 1995, pp.
267e275.
T.F. Lynch, Camelid pastoralism and the emergence of the
Tiwanaku civilization in the South-Central Andes, World
Archaeology 15 (1983) 1e14.
A.W. Macfarlane, Isotopic studies of northern Andean crustal
evolution and ore metal sources, in: B.J. Skinner (Ed.), Geology
and Ore Deposits of the Central Andes, Society of Economic
Geologists, Littleton, CO, 1999, pp. 195.
A.W. Macfarlane, P. Marcet, A.P. LeHuray, U. Petersen, Lead
isotope provinces of the Central Andes inferred from ores and
crustal rocks, Economic Geology 85 (1990) 1857e1880.

[79] R.H. McNutt, J.H. Crockett, A.H. Clark, J.C. Caelles,
E. Farrar, S.J. Haynes, M. Zentilli, Initial 87Sr/86Sr ratios of
plutonic and volcanic rocks of the Central Andes between
latitudes 26 and 29 degrees South, Earth and Planetary Science
Letters 27 (1975) 305e313.
[80] J. Montgomery, P. Budd, A. Cox, P. Krause, R.G. Thomas,
La-Icp-Ms evidence for the distribution of lead and strontium in
Romano-British, medieval and modern human teeth: implications
for life history and exposure reconstruction, in: S.M.M. Young,
A.M. Pollard, P. Budd, R.A. Ixer (Eds.), Metals in Antiquity,
BAR International Series, Oxford, 1999, pp. 290e296.
[81] J. Montgomery, P. Budd, T. Neighbour Sr., Sr isotope evidence
for population movement within the Hebridean Norse community of Nw Scotland, Journal of the Geological Society 160
(2003) 649e653.
[82] W. Muller, H. Fricke, A.N. Halliday, M.T. McCulloch,
J.-A. Wartho, Origin and migration of the alpine Iceman,
Science 302 (2003) 862e866.
[83] C.M. Nielsen-Marsh, R.E. Hedges, Patterns of diagenesis in
bone II: eﬀects of acetic acid treatment and the removal of
diagenetic CO3, Journal of Archaeological Science 27 (2000)
1151e1159.
[84] A. Oakland Rodman, Textiles and ethnicity: Tiwanaku in San
Pedro de Atacama, North Chile, Latin American Antiquity 3
(1992) 316e340.
[85] B. Owen, P. Goldstein, Tiwanaku en Moquegua: Interacciones
Regionales y Colapso, in: P. Kaulicke, W.H. Isbell (Eds.),
Boletin De Arqueologı́a Pucp No. 5, Huari Y Tiwanaku:
Modelos Vs. Evidencias, Segunda Parte, Pontiﬁca Universidad
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