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ABSTRACT The Andes, which have a wide variety of diverse and distinct environmental zones ranging
from the hyperarid coast to the high-altitude altiplano, are an ideal region in which to explore
the use of oxygen isotope analyses to elucidate archaeological residential mobility. However,
some questions remain, including the mobility of water through the environment, the seasonal
and annual variability of precipitation in the past, and the role of water storage and beverage
preparation techniques. Here, the advantages and disadvantages of oxygen isotope analysis
in the Andes, and beyond, will be explored using oxygen isotope data from archaeological
human enamel and bone from Peru, Bolivia and Chile (c. AD 1–1500). Although strontium
isotope values from this region vary according to regional geology, oxygen isotope data do not
always follow expected patterns based on known environmental variables, and probably
reflect the movement of water throughout the Andes, complicating its use as a tool to identify
human migration in the past. Copyright � 2009 John Wiley & Sons, Ltd.
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Introduction

In the Andes, the wide variety of environmental
zones, from the hyperarid coast to the high-
altitude altiplano, has enabled an increasing
number of scholars to use oxygen isotope analysis
of archaeological human remains to investigate
residential mobility. However, some questions
remain. Because of the extreme environmental
variability as well as the long history of
bioarchaeological research and the growing
numbers of heavy and light isotope analyses
from the region, the Andes are an ideal area in
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which to explore the complexities of using
oxygen isotope analysis to identify archaeologi-
cal residential mobility.

Here, the advantages and disadvantages of
oxygen isotope analysis in the Andes, and
beyond, will be explored using oxygen isotope
data from archaeological human enamel and bone
from Peru, Bolivia and Chile (c. AD 1–1500)
(Figure 1). First, I briefly discuss oxygen isotope
analysis and its use in identifying archaeological
residential mobility. I then introduce the different
environmental zones in the Andes, including
temperature and precipitation regimes and
expected and observed oxygen isotope signatures
in meteoric water from each region. I then present
oxygen isotope data from enamel and bone
hydroxyapatite carbonate from individuals buried
at a variety of different archaeological sites in
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Figure 1. Map of the Andes with the regions included in
this study.
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central and southern Peru, Bolivia and northern
Chile. I conclude with a discussion of these data
and their implications for oxygen isotope
analyses.
Oxygen isotope analysis and
archaeological residential mobility

In archaeology, the fact that oxygen isotope
signatures vary according to a number of different
environmental factors is used to identify residen-
tial mobility in the past. The ratio of 18O and
16O varies throughout the environment since
water molecules that contain the lighter isotope
of oxygen, 16O, will evaporate more readily than
water molecules that contain 18O. On the other
hand, the heavier isotope of oxygen will
condense and fall out in precipitation more
readily than 16O. Rather than using ratios, oxygen
isotope data is expressed using standard
d18O notation, where d18O¼ (((18O/16Osample)/
(18O/16Ostandard)) – 1)� 1000 (Craig, 1961b;
Coplen, 1994). Therefore, d18O in precipitation,
or meteoric water (d18Omw), decreases with
Copyright # 2009 John Wiley & Sons, Ltd.
increasing altitude, increasing distance from
the coast, increasing latitude, and decreasing
temperature (Epstein & Mayeda, 1953; Craig,
1961a; Dansgaard, 1964; Gat, 1996; Koch, 1998;
Bowen & Wilkinson, 2002).

Oxygen from drinking water and food sources
is incorporated into phosphate and carbonate in
hydroxyapatite in tooth enamel and bone, since
d18O in body water equilibrates with d18O in
hydroxyapatite at constant body temperature
(Longinelli, 1984; Luz et al., 1984; Luz & Kolodny,
1985). Scholars from a variety of disciplines have
utilised d18O in various species to reconstruct
palaeoclimate (e.g. Bryant et al., 1994; Reinhard
et al., 1996; Stuart-Williams & Schwarcz, 1997;
Shahack-Gross et al., 2003; Zazzo et al., 2006),
animal migration and herding patterns (Kill-
ingley, 1980; Killingley & Lutcavage, 1983;
Balasse et al., 2006) and the provenance of plants
and animals (Kelly et al., 2005; Williams et al.,
2005a; Benson et al., 2006; Dufour et al., 2007).
Archaeologists and bioarchaeologists have used
differences in oxygen isotope signatures in
archaeological human tooth enamel and bone
to examine residential mobility when drinking
water is presumably from local sources that reflect
place of residence (e.g. White et al., 1998, 2000,
2001, 2002, 2004b, 2004c, 2007; Prowse et al.,
2007), while contemporary human populations
have been studied using hair and urine samples
(O’Brien & Wooller, 2007; Ehleringer et al., 2008).

Despite the promise of oxygen isotope analysis
to elucidate archaeological residential mobility,
questions remain. As with all isotopic techniques
that use archaeological enamel and bone,
biogenic signatures must be demonstrated.
Numerous studies have demonstrated that enamel
oxygen phosphate (d18Op), and oxygen carbon-
ate (d18Oc) to a lesser extent, is resistant to
diagenetic contamination, and there are a number
of methods to identify contamination if it exists
(Lee-Thorp & Merwe, 1991; Sharp et al., 2000;
Lee-Thorp, 2002; Lee-Thorp & Sponheimer,
2003; Shahack-Gross et al., 2003; Zazzo et al.,
2004). Bone, particularly fossilised specimens, is
more susceptible to diagenetic contamination
(Nelson et al., 1986; Iacumin et al., 1996b; Sharp
et al., 2000; Hedges, 2002; Lee-Thorp, 2002; Lee-
Thorp & Sponheimer, 2003; Shahack-Gross
et al., 2003). In addition to post-depositional
Int. J. Osteoarchaeol. 19: 171–191 (2009)
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Oxygen Isotope Analysis in the Andes 173
contamination, other factors that can affect
oxygen isotope signatures include heating above
3008C (Munro et al., 2007).

If biogenic oxygen isotope signatures are
retained, determining the relationship between
observed d18Omw and the water sources in the
diet is imperative. While some of the oxygen in
archaeological human remains comes from the
atmosphere via inhalation and some oxygen
comes from food consumed, most oxygen comes
from imbibed water (Longinelli, 1984; Luz et al.,
1984; Luz & Kolodny, 1985). This water may
derive from a number of sources, such as
rainwater collected in cisterns, river water, snow
or glacial meltwater, or groundwater obtained
through wells. Storage and preparation of water
or other oxygen sources will also affect oxygen
isotope signatures. For example, oxygen in
beverages that have been boiled, like Andean
chicha, or maize beer, will be enriched
in 18O, since 16O will evaporate during boiling
(Wilson et al., 2007; see also Wright & Schwarcz,
1998). All of these factors must be taken into
account rather than relying on observed d18Omw

values in precipitation; these factors will be
discussed below for the study region.

When using enamel oxygen isotope signatures,
the effect of oxygen in breast milk should also be
taken into account. As discussed above, enamel
samples are preferred because of their relative
lack of diagenetic contamination. However,
children who are breastfeeding will exhibit
enamel oxygen isotope signatures that are
enriched in 18O (Roberts et al., 1988). This is
because the oxygen in body water, and hence
breast milk, is enriched in 18O relative to imbibed
water since expired water contains more
16O (Roberts et al., 1988). While this enrichment
is very useful when examining the weaning
process in prehistory (Wright & Schwarcz, 1999;
White et al., 2004a; Williams et al., 2005b; Dupras
& Tocheri, 2007), it could also complicate
interpretations of residential mobility that rely
on oxygen isotope signatures in enamel that may
have formed while an individual was consuming
breast milk. It is possible, however, to use d13C in
hydroxyapatite carbonate to examine the intro-
duction of other foods during the weaning
process (Wright & Schwarcz, 1999; White
et al., 2004a; Williams et al., 2005b; Dupras &
Copyright # 2009 John Wiley & Sons, Ltd.
Tocheri, 2007), and to examine similar shifts
using carbon and nitrogen isotope data from bone
collagen (Herring et al., 1998; Schurr, 1998;
Wright & Schwarcz, 1999; Dupras et al., 2001;
Richards et al., 2002; Fuller et al., 2003, 2006;
Williams et al., 2005b; Dupras & Tocheri, 2007;
Turner et al., 2007) and strontium and calcium
concentrations (Mays, 2003). Understanding the
prehistoric weaning process and its effects on
oxygen isotope signatures in enamel or in the
bone of subadults is an integral aspect of
residential mobility studies that use oxygen
isotopes.
Previous work on Andean
residential mobility

Much of the previous work on Andean residential
mobility has utilised strontium isotope analysis to
elucidate migration during the Early Intermediate
Period (c. AD 1–600) Nasca polity (Buzon et al.,
2008; Knudson et al., in press), Middle Horizon
(c. AD 600–1100) Tiwanaku and Wari polities
(Knudson, 2004, 2007, 2008; Knudson et al., 2004,
2005; Tung & Knudson, 2006, 2008; Knudson &
Price, 2007; Knudson & Tung, 2007; Knudson &
Blom, in press), the Late Intermediate Period (c.
AD 1100–1400) Chiribaya polity (Knudson, 2004;
Knudson & Buikstra, 2007; Knudson & Price, 2007),
and the Late Horizon Inka empire (c. AD 1400–
1532) (Turner et al., 2006, 2008; Andrushko et al.,
2007, in press; Wilson et al., 2007). Fewer research
projects have used oxygen isotope analysis to
look at Andean mobility, although scholars are
beginning to combine strontium and oxygen
isotopes to look at mobility across different
geological and environmental zones (Tomczak,
2001; Turner et al., 2006, 2008; Knudson & Price,
2007; Slovak, 2007). However, the environmental
extremes in the Andes would seem to be an ideal
region in which to apply oxygen isotope analysis,
as I will discuss below.
Oxygen isotope signatures in the
Andes

Here, I review the major environmental zones of
the Andes, following the Quechua nomenclature
Int. J. Osteoarchaeol. 19: 171–191 (2009)
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174 K. J. Knudson
provided by Javier Pulgar Vidal (1981); while
eight zones are defined, I focus on the five zones
with the highest populations in the western
Andes, rather than discussing the eastern slopes
of the Andes and the Amazon. I also discuss the
expected and observed oxygen isotope signatures
for each zone. Finally, I finish with a discussion of
El Niño and its role in Andean environmental
variability.
The coastal chala zone

The coast, or chala, of Peru and northern Chile is
located below 500 metres above sea level
(m.a.s.l.) and is extremely arid, with many areas
receiving less than 50 mm of precipitation each
year (Pulgar Vidal, 1981; Tapley & Waylen,
1990). In fact, the Atacama Desert of southern
Peru and northern Chile is one of the driest
deserts in the world, and receives 0–20 mm of
precipitation each year (e.g. Núñez et al., 2002;
Houston & Hartley, 2003; Houston, 2006). Much
of the precipitation in the chala zone comes from
heavy fog, called garúa, between June and
November. However, the many rivers that
originate in the Andes and run west to the coast
ensure that the coastal valleys are habitable and
cultivable. With temperatures that can reach 25–
358C during the day, irrigation agriculture in the
costal valleys produces beans (Phaseolus vulgaris),
squashes (Cucurbita sp.), maize (Zea mays), peanuts
(Arachis hypogaea), and fruits like cherimoya
(Annona cherimola) and lúcuma (Pouteria lucuma).
Cotton (Gossypium barbadense) was an important
crop, and sugar cane (Saccharum sp.) became
cultivated widely in the 20th century. In addition
to agricultural products, the marine ecosystem is
very rich in small fish like anchovies (Engraulis sp.)
and larger fish like tuna (Thunnus sp.). Finally, the
coastal plant communities called lomas, which
contain epiphytic plants adapted to the fog, have
resources for both humans and camelids (Masuda,
1985).

Given the low altitude and short distance to
the ocean, expected oxygen isotope signatures
(d18Omw) in the chala precipitation should be
relatively high. For example, between 1988 and
2002, observed d18Omw(V-SMOW)¼�5.6%�
2.3% (n¼ 16, 1s) in La Serena, Chile, which
Copyright # 2009 John Wiley & Sons, Ltd.
is located on the Pacific Ocean 470 km north of
Santiago, Chile (IAEA/WMO, 2006; see also
Squeo et al., 2006). Fog from the lomas will
probably be enriched and exhibit higher d18Omw

than the rainwater along the coast (Aravena et al.,
1989; Ingraham & Matthews, 1995; Scholl et al.,
2002; Squeo et al., 2006). In addition, the water in
the arid soils along the coast will be enriched in
18O relative to the precipitation that falls because
of evaporation (Gat, 1996). However, the water
imbibed by individuals living on the coast will not
consist solely of coastal precipitation, given the
extreme aridity. Much of the usable water in the
chala consists of rainwater, snowmelt and glacial
ice melt from higher altitudes that flows down in
rivers. Precipitation from higher altitudes is also
incorporated into underground aquifer systems
that are accessed through wells and springs
(Magaritz et al., 1990; Squeo et al., 2006). River
water in the chala should therefore contain water
with lower d18O from higher-altitude precipi-
tation. In addition, evaporation that occurs while
the water flows to the Pacific Ocean ensures that
the river waters will be enriched in 18O, which
will result in a higher d18O signature. Surface
water from coastal rivers in northern Peru exhibits
d18O(V-SMOW)¼�3.3% to �5.7%, while
groundwater from springs in the region exhibits
d18O(V-SMOW)¼�4.2% to �5 ˙1% (IAEA/
WMO, 2006).
The mid-altitude yungas

The mid-altitude yungas zones, located between
500–2300 m.a.s.l., are characterised by more
precipitation and milder temperatures than the
coastal regions (Pulgar Vidal, 1981). Between
December and May, 50–200 mm of precipitation
from the prevailing winds that blow from the
southwest falls in the yungas zone (Tapley &
Waylen, 1990). Conditions are ideal for a number
of agricultural crops, such as maize (Zea mays),
coca (Erythroxylum coca), ajı́ peppers (Capsicum sp.),
and fruits like guayaba (Psidium guajava), cher-
imoya (Annona cherimola) and lúcuma (Pouteria
lucuma) (e.g. Brush, 1982).

Since the altitude in the yungas is slightly
higher than the chala zone, expected oxygen
isotope signatures (d18Omw) in the yungas
Int. J. Osteoarchaeol. 19: 171–191 (2009)
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Oxygen Isotope Analysis in the Andes 175
precipitation should be lower. While the Global
Network of Isotopes in Precipitation does not
currently include yungas precipitation values
(IAEA/WMO, 2006), these altitudinal effects
are apparent in observed d18O from springs
located at different altitudes but at approxi-
mately the same latitude and longitude,
where d18O (V-SMOW)¼�8.6% (2020 m.a.s.l.),
d18O (V-SMOW)¼�7.1% (1450 m.a.s.l.), d18O

(V-SMOW)¼�6.1% (990 m.a.s.l.), and d18O

(V-SMOW)¼�5.1% (105 m.a.s.l.) (IAEA/WMO,
2006). In general, water sources in the yungas will
consist of a mixture of precipitation, and rivers
containing precipitation and glacier melt from
higher altitudes; springs may also supply drinking
water and irrigation water.
The high-altitude quechua and suni zones

The high-altitude quechua and suni zones are also
agriculturally productive zones, although they are
located at 2300–3500 m.a.s.l. and 3500–
4000 m.a.s.l, respectively (Pulgar Vidal, 1981).
Given the higher altitudes, temperatures are
cooler with large diurnal ranges of 108C (Pulgar
Vidal, 1981). Here, extensive systems of agricul-
tural terraces are used to grow high-altitude crops
such as quinoa (Chenopodium quinoa), potatoes
(Solanum tuberosum) and oca (Oxalis tuberosa), which
are supplemented by camelids, guinea pigs and
wild plants (e.g. Browman, 1981; Brush, 1982).
While still semi-arid, precipitation in these zones
is 500–1000 mm annually and is predominantly
derived from the west (Tapley & Waylen, 1990).

Compared with the yungas and chala zones,
d18Omw should be lower in the higher-altitude
quechua and suni zones. Given the higher rates of
rainfall in the quechua and suni zones, oxygen in
precipitation could have a larger effect on d18O in
human food and water sources. However, river
water that contains precipitation from higher
altitudes as well as snow and glacial melt could
also be an important source of oxygen in the
quechua and suni zones. Fractionation effects mean
that snowmelt and glacial melt will be depleted
when compared with the oxygen isotope
signatures of the snowpack itself (Stichler &
Schotterer, 2000).
Copyright # 2009 John Wiley & Sons, Ltd.
The high mountains and plains of the puna

The puna is located between 4000–4800 m.a.s.l.
and consists of grasslands and alpine tundra
(Pulgar Vidal, 1981). In the northern Andes,
where the highest altitude zones are lower in
elevation and generally wetter, this area is called
the páramo; in the southern Andes, the altiplano, or
high plain, runs between the two mountain ranges
of the Andes. While median annual temperatures
only vary by 58C, temperatures can vary as much
as 208C in a 24-hour period (Pulgar Vidal, 1981;
Brush, 1982; Binford & Kolata, 1996). Puna
precipitation takes the form of rain, hail and
snow, and averages 200–1500 mm per year, with
the driest areas in the south (Tapley & Waylen,
1990; Roche et al., 1991; Vuille & Ammann, 1997;
Núñez et al., 2002). The precipitation at these
altitudes is derived from both the Amazonian and
Pacific air masses (Grootes & Stuiver, 1989;
Binford & Kolata, 1996). However, most moisture
comes from the east, and east-facing slopes have
more precipitation than those facing west
(Binford & Kolata, 1996). The puna is an ideal
environment for camelids, and llamas (Lama glama)
and alpacas (Lama pacos) are herded in the area
while wild camelids, including guanacos (Lama
guanicoe) and vicuñas (Lama vicugna), are also found
at these altitudes.

In the Andean puna and altiplano, observed
oxygen isotope signatures in precipitation in La
Paz, Bolivia, were d18Omw(V-SMOW)¼�13.3% to
�10.8% between 1996–2001, while precipi-
tation near Puno, Peru, exhibited d18Omw(V-

SMOW)¼�13.3%� 5.3% (n¼ 20, 1s) between
2001–2002 (IAEA/WMO, 2006). Similarly, pre-
cipitation measured on Isla Taquile, Lake
Titicaca, Peru, exhibited d18Omw (V-SMOW)¼
�17.6%� 4.5% (n¼ 17, 1s) between 2001–
2002 (IAEA/WMO, 2006). While precipitation
will contribute to the oxygen isotope signatures
in water sources in the puna, rainwater, snowmelt
and glacial melt will also contribute (Gat, 1996).
At high altitudes, d18Omw in precipitation reflects
both its origin in the Atlantic and, in the case of
snow and glaciers, complex processes of depo-
sition and modification after deposition (Grootes
& Stuiver, 1989). For example, surface snow on
the Quelccaya ice cap increased from d18Omw(V-

SMOW)¼�10.4% to d18Omw(V-SMOW)¼�4.1%
Int. J. Osteoarchaeol. 19: 171–191 (2009)
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over a 12-day period because of freezing, thawing
and evaporation (Grootes & Stuiver, 1989).
Groundwater oxygen isotope signatures are less
variable than precipitation values, and reflect the
contributions of precipitation, glacial melt and
evaporation. For example, observed oxygen
isotope signatures in Lake Titicaca Basin sur-
face water were d18Omw(V-SMOW)¼�17.6% to
�12.6%, while the Llinqui River exhibited
d18Omw(V-SMOW)¼�12.4%� 2.2% (n¼ 7, 1s)
in 1998–2001 (IAEA/WMO, 2006). A spring
near Juli, Peru, exhibited d18Omw(V-SMOW)¼
� 16.7%� 0.3% (n¼ 7, 1s) in 1998–1999, which
probably reflects evaporation effects as well as
mixing from various sources (IAEA/WMO, 2006).
El Niño and its role in Andean environmental
variability

A major source of Andean environmental
variability during the Holocene is caused by El
Niño–Southern Oscillation (ENSO) events
(Thompson et al., 1984; Rollins et al., 1986;
Sandweiss et al., 1996, 2001; Magiligan & Gold-
stein, 2001; Dillehay & Kolata, 2004; Carré et al.,
2005). At irregular intervals between every 25–
50 years, the union of an eastern equatorial ocean
current with a warmer countercurrent off the
coast of Ecuador dramatically increases the ocean
temperature. As ocean temperatures rise, marine
animals either die or migrate to cooler waters. In
addition to major disruptions in the marine
ecosystem, ENSO events cause torrential rainfall
on the coast, where areas that generally receive
very little rainfall are inundated with 1000–
4000 mm of rainfall over a short period and often
suffer floods and landslides (Caviedes, 1975;
Waylen & Caviedes, 1986; Tapley & Waylen,
1990). In contrast, the high-altitude regions
receive less precipitation and endure droughts
(Caviedes, 1984; Tapley & Waylen, 1990). In the
past and today, highland farmers rely on the poor
visibility of the stars in the Pleiades in June to
predict upcoming ENSO droughts and irrigate
their crops accordingly (Orlove et al., 2000).

There are a variety of different lines of
evidence that can be used to identity ENSO
events in the past. For example, some scholars
have identified ENSO events based on oxygen
Copyright # 2009 John Wiley & Sons, Ltd.
isotope analysis of sea shells (Carré et al., 2005,
2006) or fish otoliths (Andrus et al., 2002, 2003;
see also Bearez et al., 2003), while others have
identified major flood events on the coast
(Moore, 1991; Satterlee, 1993; Reycraft, 2000;
Magiligan & Goldstein, 2001; Van Buren, 2001;
Zaro & Umire Alvarez, 2005). Years in which
ENSO events occurred in the past should be
characterised by a higher input of coastal
precipitation into the water sources imbibed by
coastal inhabitants (e.g. Squeo et al., 2006).
Past and present climate in the Andes:
the use of contemporary data to interpret
archaeological isotope signatures

In general, the basic Andean environmental
patterns described above have not changed for
the last 2000 years (Shimada et al., 1991; Baied &
Wheeler, 1993; Messerli et al., 1993; Bobst et al.,
2001; Hartley & Chong, 2002; Núñez et al., 2002;
Bush et al., 2005; Ramirez et al., 2007). However,
an understanding of the environmental con-
ditions at particular sites and during particular
time periods is of utmost importance when using
oxygen isotope signatures to reconstruct residen-
tial mobility. For example, palaeoclimate in the
altiplano, the Lake Titicaca Basin, which consists
of both suni and puna zones, and the San Pedro de
Atacama region of northern Chile was not
significantly different from the current climate
(Messerli et al., 1993; Bobst et al., 2001; Núñez
et al., 2002). However, there is evidence for a
drought in the Lake Titicaca Basin and altiplano
between approximately AD 1100–1300 (Thomp-
son et al., 1979, 1985, 1998; Ortloff & Kolata,
1993; Binford et al., 1997). While modern
precipitation values are useful in examining
general trends in oxygen isotope variability,
understanding the oxygen isotope signatures in
the water sources consumed and the climate for
the time periods and regions under investigation
is vital. Here, I present oxygen isotope signatures
from enamel and bone hydroxyapatite carbonate
from different regions in the Andes. By compar-
ing these data with strontium isotope data from
these individuals, which helps determine geo-
graphical origins based largely on regional
Int. J. Osteoarchaeol. 19: 171–191 (2009)
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geology (Bentley, 2006), the variability of oxygen
isotope signatures in the Andes can be explored.
Laboratory methodology for
isotope analyses

Sampling strategy

Samples included in this study were collected
from archaeological sites in the following regions:
Nazca Drainage (southern Peru), Moquegua
Valley (far southern Peru), Lake Titicaca Basin
(western Bolivia), and the San Pedro de Atacama
oases (northern Chile) (Table 1, Figure 1). These
samples therefore cover a variety of environmen-
tal zones, from the chala to the puna. The enamel
and bone samples were collected to reflect a
minimum 10–15% representative sample from
each site. Finally, all samples were included in
previous and ongoing residential mobility studies
that utilised strontium isotopes (Knudson et al.,
2004; Knudson, 2007, 2008; Knudson & Price,
2007; Knudson & Blom, in press), so that each
sample has both strontium and oxygen isotope
data for comparison.
Laboratory methodology for oxygen and
carbon isotope analyses

Archaeological enamel and bone samples were
prepared at the Laboratory for Archaeological
Chemistry at the University of Wisconsin at
Madison, and at the Archaeological Chemistry
Laboratory at Arizona State University. Based on
established methodologies, enamel or bone
powder was treated with 2% NaOCl and
0.1 M CH3COOH (Koch et al., 1997). Prelimi-
nary oxygen isotope analysis was performed at
the Stable Isotope Laboratory in the Department
of Geosciences at the University of Arizona using
a Finnigan MAT 253 mass spectrometer equipped
with a Kiehl III automated carbonate sampling
device, where replicates of NBS-19 resulted in a
reproducibility of� 0.1% for d18O. The majority
of the samples were analysed in the W.M. Keck
Laboratory for Environmental Biogeochemistry
at Arizona State University on a Finnigan MAT
252 mass spectrometer. Replicates of NBS-19
Copyright # 2009 John Wiley & Sons, Ltd.
resulted in a reproducibility of� 0.15% for
d18O and� 0.04% for d13C. Oxygen and carbon
isotope ratios (d18Oc, d

13Cc) are reported relative
to the V-PDB (Vienna PeeDee belemnite)
carbonate standard and are expressed in per mil
(%) using the following standard formula:
d18O¼ (((18O/16Osample)/(

18O/16Ostandard)) – 1)�
1000 (Craig, 1961b; Coplen, 1994). In order to
compare the observed d18Oc(VPDB) values with
the observed d18Omw (V-SMOW) values in the
Andes, the conversion equations listed below
were used:

d18OVSMOW¼ (1.03091� (d18OVPDB))
þ 30.91 (Coplen et al., 1983)
d18OVPDB¼ (0.97002� d18OVSMOW) – 29.98
(Coplen et al., 1983)
d18Oc(VSMOW) ¼ (8.5þ (d18O p(VSMOW)))/
0.98 (Iacumin et al., 1996a)
d18Op(VSMOW)¼ (0.78� (d18Odw(VSMOW)))
þ 22.70 (Luz et al., 1984)
d18Op(VSMOW)¼ (0.64� (d18O dw(VSMOW)))
þ 22.37 (Longinelli, 1984)
Laboratory methodology for strontium
isotope analyses

Strontium isotope data provide an independent
line of evidence for archaeological residential
mobility in the Andes. Archaeological enamel
and bone samples were prepared at the Labora-
tory for Archaeological Chemistry at the Uni-
versity of Wisconsin at Madison, and at the
Archaeological Chemistry Laboratory at Arizona
State University. Enamel and bone samples were
mechanically cleaned by abrasion and bone
samples were also chemically cleaned with a
series of weak acetic acid washes and then ashed
(see Sillen, 1989; Sillen & LeGros, 1991; Sillen &
Sealy, 1995). Strontium isotope ratios were
obtained at the Geochronology and Isotope
Geochemistry Laboratory at the University of
North Carolina at Chapel Hill, and at the W.M.
Keck Foundation Laboratory for Environmental
Biogeochemistry in the School of Earth and
Space Exploration at Arizona State University.
The strontium was separated from the sample
matrix with EiChrom SrSpec resin based
on published methodologies (Knudson, 2007;
Int. J. Osteoarchaeol. 19: 171–191 (2009)
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Table 1. Isotope data from archaeological human remains from the Andes

Site, country Laboratory number Specimen number Materiala 87Sr/86Srb d18OVPDB
c,d d18Odw(V-SMOW)

San Pedro de Atacama
Casa Parroquial, Chile ACL-0045 CAP-0001 LLP2 0.70781 �3.9 �6.2
Casa Parroquial, Chile ACL-0046 CAP-0001 LRM1 0.70767 �3.4 �5.6
Casa Parroquial, Chile ACL-0049 CAP-0001 R rib 0.70758 �6.0 �8.9
Casa Parroquial, Chile ACL-0051 CAP-0002 LLM2 0.71456 �5.6 �8.4
Casa Parroquial, Chile ACL-0052 CAP-0002 L rib 0.70757 �6.3 �9.4
Casa Parroquial, Chile ACL-0056 CAP-0008 LRM2 0.70778 �4.7 �7.2
Casa Parroquial, Chile ACL-0060 CAP-0010 ULM1 0.70785 �3.8 �6.1
Casa Parroquial, Chile ACL-0061 CAP-0010 URM2 0.70798 �4.0 �6.4
Casa Parroquial, Chile ACL-0062 CAP-0010 LRM3 0.70772 �4.8 �7.4
Casa Parroquial, Chile ACL-0065 CAP-0011 LLM3 0.70786 �4.2 �6.6
Casa Parroquial, Chile ACL-0066 CAP-0011 R rib 0.70779 �7.7 �11.2
Casa Parroquial, Chile ACL-0067 CAP-0011 L femur 0.70757 �6.5 �9.6
Casa Parroquial, Chile ACL-0071 CAP-0014 R femur 0.70775 �7.6 �11.0
Casa Parroquial, Chile ACL-0076 CAP-0020 LRM3 0.70775 �4.0 �6.4
Casa Parroquial, Chile ACL-0077 CAP-0020 R rib 0.70752 �7.4 �10.7
Casa Parroquial, Chile ACL-0079 CAP-0022 Molar 0.70859 �5.2 �8.0
Casa Parroquial, Chile ACL-0080 CAP-0022 Molar 0.70894 �6.6 �9.7
Casa Parroquial, Chile ACL-0081 CAP-0022 R rib 0.70754 �6.9 �10.2
Caspana, Chile ACL-0085 CAS-0013 URM3 0.707629b �4.9c �7.5
Caspana, Chile ACL-0086 CAS-0015 URM1 0.707701b �3.3c �5.5
Caspana, Chile ACL-0098 CAS-0031 URM1 0.70769 �3.3c �5.4
Caspana, Chile ACL-0099 CAS-0032 URM2 0.70762 �4.1c �6.4
Caspana, Chile ACL-0100 CAS-0032 URM3 0.7075 �4.7c �7.3
Caspana, Chile ACL-0101 CAS-0033 ULM1 0.70769 �3.4c �5.5
Caspana, Chile ACL-0102 CAS-0035 URM2 0.70759 �3.7c �6.0
Caspana, Chile ACL-0103 CAS-0042 URP2 0.70770 �4.6c �7.1
Caspana, Chile ACL-0104 CAS-0042 URM1 0.70767 �3.5c �5.7
Caspana, Chile ACL-0105 CAS-0047 URM3 0.70770 �3.3c �5.5
Caspana, Chile ACL-0107 CAS-0056 LRP1 0.70768 �3.6c �5.8
Caspana, Chile ACL-0111 CAS-0069 URC1 0.70767 �2.9c �4.9
Caspana, Chile ACL-0112 CAS-0069 URM2 0.70767 �3.5c �5.7
Caspana, Chile ACL-0113 CAS-S/N(11606) ULM2 0.70768 �4.1c �6.4
Coyo Oriental, Chile ACL-0114 CO-3938 LRC1 0.707712b �3.5 �5.6
Coyo Oriental, Chile F1637 CO-3978 ULM2 0.707773b �5.9 �8.8
Coyo Oriental, Chile F1638 CO-3981 ULM1 0.707628b �4.7 �7.2
Coyo Oriental, Chile ACL-0116 CO-3984 LLP1 0.707845b �4.2 �6.7
Coyo Oriental, Chile F1639 CO-3996 URM2 0.707825b �7.3 �10.7
Coyo Oriental, Chile F1641 CO-4049 URM1 0.707023b �5.0 �7.6
Coyo Oriental, Chile F1643 CO-4090 LRM1 0.708171b �3.5 �5.7
Coyo Oriental, Chile F1644 CO-4093 LLM1 0.707713b �3.9 �6.2
Coyo Oriental, Chile F1645 CO-4150 URM2 0.707862b �5.1 �7.8
Coyo Oriental, Chile F1649 CO-5377 LRP2 0.707879b �7.9 �11.4
Coyo Oriental, Chile F1651 CO-5383 LRM1 0.707684b �4.0 �6.4
Tchecar, Chile ACL-0234 TCH-1195 URM1 0.70764 �4.8 �7.3
Tchecar, Chile ACL-0235 TCH-1195 URM3 0.70763 �5.1 �7.8
Tchecar, Chile ACL-0236 TCH-1196 ULM2 0.70791 �3.9 �6.2
Tchecar, Chile ACL-0237 TCH-1196 ULM3 0.70765 �5.4 �8.1
Tchecar, Chile ACL-0239 TCH-1208 URM3 0.70769 �6.1 �9.1
Tchecar, Chile ACL-0240 TCH-1213 ULC1 0.70764 �4.2 �6.6
Tchecar, Chile ACL-0241 TCH-1213 URM2 0.70766 �4.6 �7.1
Tchecar, Chile ACL-0243 TCH-1219 ULM2 0.70767 �5.1 �7.7
Moquegua Valley
Chen Chen, Peru F1016 M1-1600 LLM1 0.706932b �6.5cd �9.6
Chen Chen, Peru F1205 M1-2947 LRM1 0.719211b �2.9cd �5.0
Chen Chen, Peru F1968 M1-3472 URM1 0.707031b �6.5cd �9.6
Chen Chen, Peru F1988 M1-3747 RML1 0.706844b �6.3cd �9.3
Chen Chen, Peru F1019 M1-3840 LLM1 0.708843b �5.8cd �8.7
Chen Chen, Peru F1020 M1-S/NB092 LRM 0.709995b �6.8cd �9.9

(Continues)
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Table 1. (Continued)

Site, country Laboratory number Specimen number Materiala 87Sr/86Srb d18OVPDB
c,d d18Odw(V-SMOW)

Chen Chen, Peru F1209 M1-S/NK380 LLM1 0.707422b �7.0cd �10.3
Lake Titicaca Basin
CK-Kirawi, Bolivia ACL-0713 CK65-1027 URM1 0.70991 �7.7 �11.2
CK-Kirawi, Bolivia ACL-0738 CK65-1027 LRI1 0.71132 �8.6 �12.3
CK-Kirawi, Bolivia ACL-0714 CK65-1041 URM1 0.71225 �4.8 �7.4
CK-Kirawi, Bolivia ACL-0715 CK65-1082 ULM1 0.71181 �5.7 �8.5
CK-Kirawi, Bolivia ACL-0716 CK65-1086 ULM1 0.71098 �8.0 �11.5
CK-Kirawi, Bolivia ACL-0717 CK65-1100 LRM1 0.70961 �9.2 �13.1
CK-Kirawi, Bolivia ACL-0718 CK65-1691 LLM2 0.71017 �10.3 �14.5
CK-Pocachi Kuntu, Bolivia ACL-0710 CK104.1-3433 ULM1 0.71086 �9.4 �13.4
CK-Pocachi Kuntu, Bolivia ACL-0711 CK104.1-3437 LRI2 0.71107 �5.0 �7.6
CK-Pocachi Kuntu, Bolivia ACL-0712 CK104.2-3524 LLM1 0.70872 �6.9 �10.1
Lukurmata, Bolivia ACL-0725 LKM-0043 LUM2 0.70911 �11.4 �15.9
Lukurmata, Bolivia ACL-0730 LKM-0364 LUM1 0.70943 �10.2 �14.4
Lukurmata, Bolivia ACL-0731 LKM-0471 LLI1 0.70955 �9.1 �12.9
Lukurmata, Bolivia ACL-0732 LKM-0472 LLM1 0.70919 �6.2 �9.2
Lukurmata, Bolivia ACL-0726 LKM-10407 LUM1 0.70921 �7.8 �11.3
Lukurmata, Bolivia ACL-0727 LKM-10415 RUM1 0.70915 �9.1 �12.9
Lukurmata, Bolivia ACL-0728 LKM-3042 RLM1 0.70924 �8.9 �12.6
Lukurmata, Bolivia ACL-0733 LKM-5454 LUM1 0.70999 �9.6 �13.6
Lukurmata, Bolivia ACL-0734 LKM-5454 lum2 0.70982 �10.1 �14.2
Lukurmata, Bolivia ACL-0735 LKM-5455 LLM1 0.70972 �8.1 �11.6
Lukurmata, Bolivia ACL-0736 LKM-8438 RLI1 0.71201 �7.1 �10.4
Lukurmata, Bolivia ACL-0737 LKM-9272 RLP2 0.71381 �4.7 �7.3
Tiwanaku, Bolivia F1013 AKE-08908 LRM1 0.710907b �16.6cd �21.1
Tiwanaku, Bolivia ACL-0697 AKE-30902 RLM1 0.71193 �11.0 �13.7
Tiwanaku, Bolivia F1189 AK-04931 RUI2 0.716256b �16.5c,d �20.9
Tiwanaku, Bolivia ACL-0691 AK-12149 RUM1 0.7095 �10.4 �12.9
Tiwanaku, Bolivia ACL-0692 AK-12149 LLM2 0.70937 �13.2 �16.6
Tiwanaku, Bolivia F1187 AK-12149 RLM1 0.709513b �17.4cd �22.1
Tiwanaku, Bolivia ACL-0693 AK-1777 llm2 0.71461 �6.1 �7.2
Tiwanaku, Bolivia ACL-0694 AK-21264 RUM1 0.71156 �9.8 �12.1
Tiwanaku, Bolivia ACL-0695 AK-21264 RUM3 0.71019 �11.9 �14.9
Tiwanaku, Bolivia ACL-0696 AK-21265 LUM1 0.71188 �9.5 �11.7
Tiwanaku, Bolivia F1014 CJ-35250 URI2 0.709674b �15.8c,d �20.1
Tiwanaku, Bolivia ACL-1481 MK-1065 LRM1 0.70947 �8.6 �10.5
Tiwanaku, Bolivia ACL-1483 MK-29412-8 URM1 0.70861 �9.9 �12.2
Tiwanaku, Bolivia ACL-1480 MK-31292 ULM1 0.70824 �10.5 �13.0
Tiwanaku, Bolivia ACL-1485 MK-39760 URM1 0.70960 �9.6 �11.7
Tiwanaku, Bolivia ACL-1482 MK-39786 LRM1 0.71152 �8.4 �10.2
Tiwanaku, Bolivia ACL-1486 MK-4599 LRM1 0.70955 �5.2 �5.9
Tiwanaku, Bolivia ACL-0684 MK-0764 RLP1 0.70957 �10.1 �12.4
Tiwanaku, Bolivia ACL-0685 MK-0799 LLM1 0.71082 �10.3 �12.7
Tiwanaku, Bolivia ACL-0687 MK-0874-2 LUM1 0.70879 �8.5 �10.3
Tiwanaku, Bolivia ACL-0688 MK-0876 RLM1 0.70885 �9.0 �11.0
Tiwanaku, Bolivia ACL-0690 MK-0985 RLM3 0.70839 �9.8 �12.0
Tiwanaku, Bolivia ACL-0681 MK-39787 LUC 0.71056 �9.5 �11.7
Tiwanaku, Bolivia ACL-0682 MK-39796 LLC 0.70779 �10.1 �12.4
Tiwanaku, Bolivia F2952 PUMA-A12 LRM2 0.710812b �12.2 �15.3
Tiwanaku, Bolivia F2953 PUMA-A12 LRM1 0.710284b �11.3 �14.1
Tiwanaku, Bolivia F2954 PUMA-A12 LRP2 0.71113 �11.7 �14.6
Tiwanaku, Bolivia F2959 PUMA-A12 R radius 0.709469b �8.6 �10.5
Tiwanaku, Bolivia ACL-0698 PUT-20836 LUM2 0.71478 �8.1 �9.8
Tiwanaku, Bolivia F1215 PUT-20995 ULM1 0.709523b �17.0c,d �21.5
Tiwanaku, Bolivia F1022 PUT-24106 LRM1 0.711303b �16.7c,d �21.2
Tiwanaku, Bolivia ACL-0699 PUT-25785-1 RUM1 0.71195 �8.6 �10.5
Tiwanaku, Bolivia ACL-0701 PUT-25940-1 LLI2 0.71319 �7.7 �9.3
Tiwanaku, Bolivia ACL-0702 PUT-25940-2 RUM1 0.71001 �7.8 �9.4
Tiwanaku, Bolivia ACL-0703 PUT-30499 RLM1 0.71346 �8.3 �10.1
TLOBS, Bolivia ACL-0704 TLOBS-0001 RUM1 0.71293 �9.6 �11.9
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Table 1. (Continued)

Site, country Laboratory number Specimen number Materiala 87Sr/86Srb d18OVPDB
c,d d18Odw(V-SMOW)

TMV-228, Bolivia ACL-0709 TMV228-0196 RLI2 0.70748 �10.1 �12.5
TMV-Tilata, Bolivia ACL-0705 TMV101-0345 RLM1 0.70930 �8.3 �10.1
TMV-Tilata, Bolivia ACL-0706 TMV101-0406 RUM1 0.70934 �9.9 �12.1
TMV-Tilata, Bolivia ACL-0707 TMV101-0406 RLI2 0.70944 �10.4 �12.8
TMV-Tilata, Bolivia ACL-0708 TMV101-0468 LUM1 0.70827 �10.6 �13.2
Nazca Drainage
Aja, Peru ACL-0272 FMNH-170912 LLM3 0.706653b �9.1c �12.9
Cahuachi, Peru ACL-0260 FMNH-171240 LLM1 0.706692b �8.7c �12.5
Cahuachi, Peru ACL-0263 FMNH-171263 LRM2 0.706251b �8.7c �12.4
Cahuachi, Peru ACL-0266 FMNH-171300 LLP1 0.706995b �7.9c �11.4
Cahuachi, Peru ACL-0267 FMNH-171307 LLP1 0.706627b �6.6c �9.8
Cahuachi, Peru ACL-0270 FMNH-171187 LRM2 0.706134b �8.9c �12.7
Cahuachi, Peru ACL-0271 FMNH-171135 LRM3 0.706594b �9.2c �13.1
Cahuachi, Peru ACL-0273 FMNH-170222 URP1 0.708669b �3.8c �6.1
Cahuachi, Peru ACL-0276 FMNH-171096 URM3 0.706328b �9.6c �13.5
Cahuachi, Peru ACL-0277 FMNH-170224 URM1 0.707524b �6.1c �9.1
Cahuachi, Peru ACL-0278 FMNH-171097 ULM1 0.706493b �7.8c �11.2
Cahuachi, Peru ACL-0280 FMNH-171098 ULP2 0.706486b �4.1c �6.4
Cahuachi, Peru ACL-0282 FMNH-171136 ULI2 0.706593b �8.6c �12.3
Cahuachi, Peru ACL-0283 FMNH-171186 LRM2 0.706405b �9.0c �12.9
Cahuachi, Peru ACL-0284 FMNH-171099 URM3 0.706950b �10.6c �14.9
Cahuachi, Peru ACL-0286 FMNH-171185 LRM2 0.707490b �8.0c �11.5
Cahuachi, Peru ACL-0287 FMNH-171100 URM1 0.706156b �8.2c �11.8
Cantayo, Peru ACL-0262 FMNH-170998 LRM1 0.707803b �7.9c �11.3
Cantayo, Peru ACL-0264 FMNH-171025 LLM3 0.706856b �10.0c �14.1
Cantayo, Peru ACL-0265 FMNH-170993 LRM2 0.706273b �7.8c �11.3
Cantayo, Peru ACL-0269 FMNH-171023 LLM2 0.706314b �8.9c �12.7
Cantayo, Peru ACL-0275 FMNH-171008 LLM1 0.708860b �1.8c �3.6
Cantayo, Peru ACL-0285 FMNH-171058 LRM1 0.706586b �8.3c �11.9
Majoro Chico, Peru ACL-0259 FMNH-170469 LLM1 0.706575b �8.3c �11.9
Majoro Chico, Peru ACL-0261 FMNH-170493 LRM1 0.706323b �8.8c �12.5
Majoro Chico, Peru ACL-0268 FMNH-170499 LRM3 0.707318b �7.2c �10.5
Majoro Chico, Peru ACL-0279 FMNH-170489 URM1 0.706340b �4.8c �7.3
Majoro Chico, Peru ACL-0281 FMNH-170463 LRM2 0.707024b �9.7c �13.8
Paredones, Peru ACL-0274 FMNH-170157 LLM1 0.706437b �8.5c �12.2

aMaterials include both archaeological tooth enamel and bone. Tooth enamel samples are identified according to their
position in the maxilla (U) or mandible (L), location on the right (R) or left (L) and tooth type (e.g. M1 for the first molar).
Deciduous teeth are identified in lower-case letters.
bStrontium isotope data reported to the sixth decimal place and marked with a ‘b’ were obtained at the Geochronology
and Isotope Geochemistry Laboratory at the University of North Carolina at Chapel Hill using the thermal ionisation mass
spectrometer (TIMS). All other strontium isotope data were obtained in the W.M. Keck Foundation Laboratory for
Environmental Biogeochemistry at Arizona State University using a multi-collector inductively-coupled plasma mass
spectrometer (MC-ICP-MS).
cThese preliminary oxygen isotope data were published elsewhere (Knudson & Price, 2007; Knudson & Torres-Rouff,
in press; Knudson et al., in press).
dSamples marked with a ‘d’ were analysed at the Stable Isotope Laboratory in the Department of Geosciences at the
University of Arizona using a Finnigan MAT 253 mass spectrometer equipped with a Kiehl III automated carbonate
sampling device (Knudson & Price, 2007). All other oxygen isotope data were obtained in the W.M. Keck Foundation
Laboratory for Environmental Biogeochemistry at Arizona State University.
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Knudson & Price, 2007; Torres-Rouff & Knudson,
2007). At the University of North Carolina at
Chapel Hill, 87Sr/86Sr data were obtained using a
VG Sector 54 thermal ionisation mass spec-
trometer (TIMS), where recent analyses of
strontium carbonate standard SRM 987 yielded
87Sr/86Sr¼ 0.710245� 0.000018 (2s). At Ari-
zona State University, strontium isotopes were
measured on a Neptune multi-collector induc-
Copyright # 2009 John Wiley & Sons, Ltd.
tively coupled plasma mass spectrometer (MC-
ICP-MS), where SRM-987 has exhibited
87Sr/86Sr¼ 0.710265� 0.000010 (2s, n¼ 25).

Oxygen isotope data from Andean
archaeological sites

Results of oxygen isotope analyses of archae-
ological human tooth enamel hydroxyapatite
Int. J. Osteoarchaeol. 19: 171–191 (2009)
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carbonate samples using IRMS are shown in
Table 1. In the Nazca Drainage of southern Peru,
where the sites included date to the Early
Intermediate Period (c. AD 1–600), enamel data
range from d18Oc(VPDB)¼�3.8% to �10.6%
with mean enamel d18Oc(VPDB)¼�7.8%� 2.0%
(n¼ 29, 1s) (Knudson et al., in press). In the
Middle Horizon (c. AD 600–1100) Moquegua
Valley of far southern Peru, enamel data range
from d18Oc(VPDB)¼�2.9% to �7.0% with mean
enamel d18Oc(VPDB)¼ �6.0%� 1.4% (n¼ 7,
1s) (Knudson & Price, 2007). In the Middle to
Late Horizon (c. AD 600–1500) sites in the Lake
Titicaca Basin of western Bolivia, enamel and
bone data range from d18Oc(VPDB)¼�4.7% to
�17.4% with mean enamel d18Oc(VPDB)¼
�9.7%� 2.9% (n¼ 63, 1s); preliminary oxygen
isotope data from six of these individuals was
published elsewhere (Knudson & Price, 2007).
Finally, in the San Pedro de Atacama oases of
northern Chile, enamel data from the Late
Intermediate Period (c. AD 1100–1400) Loa
River Valley site of Caspana ranges from
d18Oc(VPDB)¼�2.9% to �4.9%, with mean
enamel d18Oc(VPDB)¼�3.8%� 0.6% (n¼ 14,
1s) (Knudson & Torres-Rouff, in press). At the
Middle Horizon (c. AD 500–1100) San Pedro de
Atacama sites of Casa Parroquial, Coyo Oriental
and Tchecar, enamel and bone data range from
d18Oc(VPDB)¼�2.9% to �4.9% with mean
enamel and bone d18Oc(VPDB)¼�4.8%� 1.3%
(n¼ 37, 1s).
Interpretations of oxygen isotope
data from Andean archaeological
sites

With the exception of the Lake Titicaca Basin
sites, the archaeological sites included in this
study are exceptionally well-preserved and many
of the individuals buried there are naturally
mummified. Furthermore, numerous studies have
demonstrated the resistance of enamel to
diagenetic contamination, although bone can
be more easily contaminated (Nelson et al., 1986;
Sillen & LeGros, 1991; Price et al., 1992; Kohn
et al., 1999; Budd et al., 2000; Sharp et al., 2000;
Hedges, 2002; Hoppe et al., 2003; Lee-Thorp &
Copyright # 2009 John Wiley & Sons, Ltd.
Sponheimer, 2003). As discussed elsewhere
(Knudson & Price, 2007), biogenic strontium
and oxygen isotope values have been demon-
strated for a subset of the data presented
here, with the exception of a small number of
strontium isotope values from the Lake Titicaca
Basin which may represent diagenetic strontium
as well.

The oxygen isotope data from archaeological
human enamel and bone hydroxyapatite carbon-
ate from a variety of Andean archaeological sites
shows substantial variability (Table 1, Figure 2).
This variability is still apparent when the
individuals interpreted as non-local to each site
based on strontium isotope data are removed
from the dataset (Knudson et al., 2004, in press;
Knudson, 2007, 2008; Knudson & Price, 2007;
Knudson & Torres-Rouff, in press) (Figure 3). It is,
of course, unrealistic to expect that the local
regions for strontium and oxygen isotopes are
isomorphic, since it is possible that an individual
could be highly mobile within one geological
zone while moving between many different
environmental zones, or vice versa. However,
in some Andean regions with constrained and
relatively well-understood water sources, like the
San Pedro de Atacama oases, it is highly likely
that individuals who are consuming strontium
from that constrained geological zone are also
obtaining their oxygen from the same constrained
environmental zone. However, even after remov-
ing the outliers from this dataset, based on
strontium isotope signatures, there is still a very
wide range of observed oxygen isotope signatures
in these regions, with much overlap between
different environmental zones (Figure 3).

Since some of these data were obtained from
enamel that formed before or during the weaning
process, it is possible that these enamel oxygen
isotope signatures are enriched in 18O since
breast milk is enriched in 18O (Roberts et al.,
1988). In individuals where it was possible to
sample multiple dental and skeletal elements that
formed at different times, both oxygen and
carbon isotope signatures were used to determine
the replacement of breast milk with imbibed
water and the addition of solid foods, such as
maize, to the diet during the weaning process
(Figure 4) (e.g. Wright & Schwarcz, 1998, 1999).
For example, for the individual assigned specimen
Int. J. Osteoarchaeol. 19: 171–191 (2009)
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Figure 2. Oxygen and strontium isotope ratios from human tooth enamel and bone hydroxyapatite carbonate.
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Figure 3. Oxygen and strontium isotope ratios from human tooth enamel and bone hydroxyapatite carbonate, with the
individuals interpreted as non-local to each region based on strontium isotope ratios removed.
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number PUMA-A12, oxygen and carbon isotope
data were obtained for the following dental and
skeletal elements: LRM1 (d18Oc(VPDB)¼�11.3,
d13Cc(VPDB)¼�12.1), LRP2 (d18Oc(VPDB)¼� 11.7,
d13Cc(VPDB)¼�10.5), LRM2 (d18Oc(VPDB)¼� 12.2,
Copyright # 2009 John Wiley & Sons, Ltd.
d13Cc(VPDB)¼�10.4), and R radius (d18Oc(VPDB)¼
�8.6, d13Cc(VPDB)¼�8.8). In the Andes, ethno-
graphic evidence shows that the first solid foods
introduced were potatoes and cereal grains such
as barley, and children were breastfed until the
Int. J. Osteoarchaeol. 19: 171–191 (2009)
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Figure 4. Oxygen and carbon isotope ratios from human tooth enamel and bone hydroxyapatite carbonate sorted by
first-molar enamel that formed before and during the weaning process and third-molar enamel and bone that formed well
after weaning.
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age of two years (Weismantel, 1988; Leonard
et al., 2000). The relatively low enamel d13Cc

implies that maize or other C4 plants were not
consumed in large quantities, and that it is
instead likely that this individual consumed
grains and tubers. Therefore, the d13Cc data
imply that the changes in d18Oc in the dental
elements analysed from PUMA-A12 were
influenced by weaning and the addition of solid
foods and water by 2–3 years of age. Similar
trends are apparent in oxygen and carbon isotope
data from Casa Parroquial (CAP-0001 (LRM1
(d18Oc(VPDB)¼�3.4, d13C c(VPDB)¼�5.5), LLP2
(d18Oc(VPDB)¼�3.9, d13Cc(VPDB)¼�3.9), and R
rib (d18Oc(VPDB)¼�6.0, d13Cc(VPDB)¼�6.5))
and CAP-0010 (ULM1 (d18Oc(VPDB)¼�3.8,
d13Cc(VPDB)¼�5.1), URM2 (d18Oc(VPDB)¼�
4.0, d13Cc(VPDB)¼�4.6), and LRM3
(d18Oc(VPDB)¼�4.8, d13Cc(VPDB)¼� 5.5))).
Although enamel and bone series from most of
the individuals in this study were not available, a
comparison of early-forming first-molar enamel
carbon and oxygen isotope data with late-
forming third-molar enamel and bone carbon
Copyright # 2009 John Wiley & Sons, Ltd.
and oxygen isotope data shows similar trends
(Figure 4). More specifically, data were analysed
from first molars, which form between approxi-
mately 10 weeks before birth and three years of
age (Gleiser & Hunt, 1955; Christensen & Kraus,
1965; Hillson, 1996), and third molars and bone
samples, which will represent imbibed water after
approximately the age of 15 years (Hillson, 1996;
Olze et al., 2006; Harris, 2007).

In addition to attempting to understand
weaning behaviour through the introduction of
solid foods, such as maize, to the diet, comparing
oxygen isotope signatures in enamel that formed
before and during the weaning process with
enamel that formed well after the weaning
process can also elucidate the role of 18O-
enriched breast milk in this data-set. For each
region, mean enamel d18Oc(VPDB) for first molars
was compared with mean enamel d18Oc(VPDB)

from third molars and bone samples (Figure 5). In
the Nazca Drainage, mean first-molar enamel
d18Oc(VPDB)¼�7.2%� 2.2% (n¼ 11, 1s) while
mean third-molar enamel and bone
d18Oc(VPDB)¼�9.3%� 1.2% (n¼ 6, 1s). In
Int. J. Osteoarchaeol. 19: 171–191 (2009)
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the Lake Titicaca Basin, mean first-molar
enamel d18Oc(VPDB)¼�9.6%� 2.9% (n¼ 39,
1s) while mean third-molar enamel and bone
d18Oc(VPDB)¼�10.1%� 1.7% (n¼ 3, 1s). In
San Pedro de Atacama, mean first molar enamel
d18Oc(VPDB)¼�3.9%� 0.6% (n¼ 12, 1s),
while mean third-molar enamel and bone
d18Oc(VPDB)¼�5.7%� 1.3% (n¼ 16, 1s). In
these three regions, it is clear that first molars are,
as expected, enriched in 18O when compared
with third molars and bone (Figure 5). However,
it is also clear that the variability introduced by
18O enrichment in certain enamel samples does
not account for all of the variability in oxygen
isotope signatures that is apparent here.

Converting the observed third-molar enamel
and bone d18Oc(VPDB) values to drinking water
values (d18Odw(V-SMOW)) using the previously-
discussed conversion equations allows a com-
parison of observed and expected drinking water
signatures in each of the Andean regions
discussed here. In the Nazca Drainage, mean
third-molar enamel and bone d18Odw(V-

SMOW)¼�13.2%� 1.5% (n¼ 6, 1s), while in
Copyright # 2009 John Wiley & Sons, Ltd.
the Lake Titicaca Basin, mean third-molar enamel
and bone d18Odw(V-SMOW)¼�12.5%� 2.2%
(n¼ 3, 1s). Finally, in San Pedro de Atacama,
mean third-molar enamel and bone d18Odw(V-

SMOW) ¼�8.5%� 1.7% (n¼ 16, 1s). Based on
these data, the mean d18Odw(V-SMOW) values in
the Lake Titicaca Basin and the San Pedro de
Atacama region roughly correspond with the
observed d18Omw(V-SMOW) values discussed
above. However, the situation in the coastal
Nazca Drainage is much more complex, and will
be discussed below.

When d18Odw(V-SMOW) values from all enamel
and bone samples from each region are examined,
the Nazca Drainage mean d18Odw(V-

SMOW) ¼�11.3%� 2.6% (n¼ 29, 1s). In the
Moquegua Valley, mean d18Odw(V-SMOW)¼
� 8.9%� 1.8% (n¼ 7, 1s). In the Lake Titicaca
Basin, mean d18Odw(V-SMOW)¼�12.6%� 3.5%
(n¼ 63, 1s). Finally, in all sites in the San Pedro
de Atacama region, mean d18Odw(V-SMOW)¼
�7.4%� 1.7% (n¼ 51, 1s). Although some of
these enamel samples are undoubtedly enriched
in 18O, as discussed above, there are still some
Int. J. Osteoarchaeol. 19: 171–191 (2009)
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regional trends in the d18Odw(V-SMOW) data.
For example, mean d18Odw(V-SMOW) in the
Lake Titicaca Basin is lower than the mean
d18Odw(V-SMOW) in the lower-altitude Moquegua
Valley and San Pedro de Atacama region. This
trend is similar to expected differences in the
puna, suni and quechua zones, and the yungas, and
matches observed d18Omw(V-SMOW) in precipi-
tation and groundwater in these zones. However,
in the coastal Nazca Drainage, mean d18Odw(V-

SMOW) values are much lower than the expected
values based on observed d18Omw(V-SMOW) in
precipitation in the chala and yungas zones. It is
likely that this variability results from the
incorporation of water sources from higher
altitudes as well as long-term water storage on
the coast, and demonstrates that attempting to
match oxygen isotope signatures in precipitation
to oxygen isotope signatures in human remains,
without a more complex study of drinking water
sources, is inadvisable.

In summary, it is most likely that the variability
seen in oxygen isotope signatures from four
environmentally distinct regions in the Andes
reflects environmental variability and the com-
plex effects of the movement of water between
different environmental zones. As discussed
above, various lines of evidence support the
hypothesis that the basic Andean environmental
trends have not changed over the past 2000 years
(Shimada et al., 1991; Baied & Wheeler, 1993;
Messerli et al., 1993; Bobst et al., 2001; Hartley &
Chong, 2002; Núñez et al., 2002; Bush et al., 2005;
Ramirez et al., 2007). Although there have been
particular major drought events, for example in
the Lake Titicaca Basin (Thompson et al., 1979,
1985, 1998; Ortloff & Kolata, 1993; Binford et al.,
1997), the Lake Titicaca Basin samples included
in this study do not date to the same time period
as the drought at approximately AD 1100–1300.
In addition, while some annual variability in
precipitation patterns and river flow is expected
for these regions, the bulk enamel and bone
samples analysed here should provide averages of
multiple years of enamel or bone formation. It is
more likely that the variability in this data-set
reflects the movement of water from different
environmental zones, particularly from the high-
altitude zones to low-altitude zones with little
rainfall. Since oxygen isotope data from archae-
Copyright # 2009 John Wiley & Sons, Ltd.
ological human remains has not distinguished
between very different environmental zones in
the South Central Andean sites analysed here, we
need more research into the oxygen isotope
signatures in Andean precipitation, groundwater
and river water, as well as the behavioural factors
that affect oxygen isotope signatures, such as the
storage of drinking water and the preparation of
widely-consumed beverages.
Conclusion

In conclusion, oxygen isotope data from archae-
ological enamel and bone hydroxyapatite carbon-
ate demonstrate that the variability within each
site, even among individuals identified as local
based on strontium isotope signatures, is greater
than the variability between sites located in
different environmental zones. While some
regional trends are apparent, it would be
inappropriate to attempt to identify the environ-
mental zone in which an individual lived based on
her or his oxygen isotope signature alone.
However, continuing to explore and better
understand the complexities of oxygen isotope
analyses in the Andes, and beyond, through
detailed studies of drinking water sources and
their isotopic signatures will better enable
scholars to use oxygen isotope data to identify
archaeological residential mobility.
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